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ABTOMOOINBLHUN, PiYKOBUMN,
MOPCLKUU Ta aBialiMHUN TPaHCNOPT

V]IK 358.42:623.76 (477)

A. Jl. boiiko, B. JI. SIpmak

doi: 10.26906/SUNZ.2023.1.004

KwuiBchkuit iHCTUTYT BOIHOTO TpaHCTIOPTY iMeHi reTpMaHa [lerpa Konamesnya-Caraiizagaoro
JepkaBHOTO YHiBEpCUTETY iHPPACTPYKTYpH Ta TexHoiorii, Kuis

METO/I YHPABJIIHHA HENPUMHATHUMUA PUSUKAMUA
JIJIsI BAUBHAYEHHS BUTPAT HA 3AIIOBITAHHSA ABAPIHHUM
MOPCBKUM NOAIAM 1 3BHUKEHHA MOXJ/INBUX 3BUTKIB BI/{
HUX Y CUCTEMI YIIPABJIIHHS BE3IIEKOIO CYJIHOIIVIABCTBA

AHoTanisi. B cTarTi po3nsiHyTO METO]| yNIPaBIiHHS HENPUUHATHUMH PU3UKAaMU JJIsl BA3HAUCHHS BUTPAT Ha 3ar00iranHs
BUHUKHEHHS aBapiifHUX MOPCHKHX TOXiH (Iyke ceplio3HUX abo cepilo3HMX aBapiif) i 3HVKCHHSI MTOTCHIIHUX 30UTKIB BiX
HUX B CHCTEMI yIPaBJIiHHS O€3MEKOI0 CyTHOIUIABCTBA, B SKOMY BPaXOBYIOTHCS BCi 3aXOH MIONO 3ar00iraHHs abo 3HIKEH-
HSl HECTIPUSATIMBHX PU3UKIB BHHUKHEHHS aBapifHUX MOPCHKHX MOJii 3 MOPCHKUM ab0 piYKOBUM, IO JO3BOJIAE 3a0e3Meun-
TH MiHIMaJIbHI BUTPATH HA 3a00iraHHs] pU3MKaM BUHUKHEHHS aBapiHUX MOPCHKUX MOJIH 1 3HW)KEHHS MOTEHIIIHHOTO 301-
TKY BiJl HUX. YIOCKOHAJICHO MaTeMaTHYHY MOJIEIb BU3HAYCHHS y3aralbHeHUX BUTPAT, 10 3HWKYIOTh HECIIPUATINBHUIL pU-
3WK aBapiifHOi MOpCHKOT MOJil, sIka BpaxoBye JIy)e cepilo3Hi aBapii Ta cepiio3Hi aBapii, iIHTEHCHBHICTD ITOTOKY aBapilHMX
MOPCBKHX TOJil, 30MTKH, HIMOBIPHICTh 3aMI00IraHHS MOJISM Ta JJO3BOJISIE BU3HAYUTH IJTbOBUI PiBCHB IMiJBUIICHHS Oe3Ie-
KU CyJHOIUIaBCTBA 3a MiHIMaJIbHUX CyMapHHUX BUTpart. [Ipu iboMy BUKOHAHO (hOpMalIbHE NMPEACTABICHHS HECTIPHUATIHNBOTO
PH3MKY BUHUKHEHHS aBapifHUX MOPCHKHX MOIN 3 ypaXyBaHHSIM He TUIBKM YMHHUKIB, 10 BIUIMBAIOTh Ha O€3MeKy CyHOII-
JIABCTBA, aJIe i 0YiKyBaHOTO CEPeTHHOTO 30MTKY. BukoHaHO (hopManbHe MpeaCcTaBIeHHS 3aM00iraHHs aBapiifHUX MOPCHKUX
MOJiH 3 ypaXyBaHHSIM OCHOBHHX YWHHHKIB 1 BIPOBAKCHHS 3aXO0/iB OO0 3HIDKCHHS HECTIPUATINBUX PU3HKIB aBapiitHUX
MOPCBKHX MMOJiii. BUkOHaHO BH3HAYEHHS HECTIPHATIMBUX PU3UKY aBapifHMX MOPCHKUX MOAIN 3 ypaxyBaHHSM iX 3amo0i-
TaHHs (3HUKCHHS).

KaiouoBi cioBa: Meron; pusuk; aBapiiiHa MOpPChKa MOMisS; MOPCHKHI Ta PIYKOBHH TPaHCIOPT; PU3UK; 30MTOK; HMOBIp-
HICTb, YWHHHK; CHCTEMa YIIPaBIiHHS 0€3MeKOI0 CYy/THOIUIaBCTBA.

Beryn

MocTranoBka mpobuaemu. [Ipobrema ympaBIiHHS
pU3UKaMH Yy CHCTEMi YIPaBIiHHA OE3IEKOK CYIHOII-
naBctBa (CYBC) Ha nmaHwii yac € Ha/J3BUYAHO aKTya-
JBFHOIO 1 HEBHPIMICHOIO B TIOBHOMY 00cCs3i. AHali3 cTa-
Hy aBapiiHOCTI MOPCBKOTO Ta piukoBoro (uioTy Ykpai-
HHU 3a OCTaHHI CBIAYUTH MPO T€, IO VIS 3MCHIICHHS
MOTEHLIHOTO 30MTKY Bijl aBapiiHUX MOPCHKHMX MO
(AMII) HeoOXinHe BpaxyBaHHs Ta peanizalis pizHOMa-
HITHHUX 3aXO[iB IIOJ0 3amo0iraHHs abo 3HIKCHHS pU-
3uKiB BUHHKHEHHs 1ux mofii y CYBC [1-5].

Ha Oesnexky mpm ekcriyarariii 3aco0iB BOJIHOTO
TPaHCHOPTY BIUIMBAaE MHOXKMHA Pi3HHUX (pakTOpiB, 4acTo
HeraTMBHUX. TOMy ¥ HacJiJKH BiJ BIUIMBY TaKuX (hakTo-
piB MaTMMyTh pI3HMH XapakTep, 4acTO — HETaTUBHUH.
OueBniHO, IO y TaKii cUTyarii Uil JOCSATHEHHS TIEBHO-
rO piBHS O€3MeKH HEOOXiJHO BKIIAJNATH TMECBHI KOIITH Ta
3[IMCHIOBAaTH YMMaJi BUTPATH Ha OE3IEKy CyIHOILIABCT-
Ba. 3 iHmoro 00Ky HecTa4da BKJIAJIEHb y 0e3MeKy CyaHOII-
JIABCTBA € OJIHIEI0 3 TOJIOBHMX MNPHYMH BHUHHUKHEHHS
AMII. OTxe, BUHUKAE HETpHBiaJbHE 3aBIAaHHS MI0J0
3HAXO/DKEHHA OallaHCy MK HEOOXIZHUM MiHIMyMOM
00cCsITiB BKJIQJIeHh Ha JIOCATHEHHS TIEBHOTO PiBHS Oe3re-
KM CYIHOIUIaBCTBA, 3 OJHOTO OOKy, Ta 3a0e3MeYeHHSIM
eeKTHBHOCTI Oi3HECY CYHOBJIACHHUKIB, 3 IHILIOTO.

Takum 4ynHOM, MOTpedye pO3pOOKH MEXaHi3M BHU-
3HAUEHHS IEPIIOYEPrOBUX PHU3UKIB Ta Hale(eKTHBHI-
LIMX 3aXO/IB LI00 3HMKCHHS PIBHS [IUX PU3UKIB 331715

3a0e3nedeH s OanaHCy MK BKJIAJICHHSMH Ha Oe3rexy
CY/IHOILJIABCTBA Ta JIOCSTHEHHSM NMPUOYTKY CyIHOBJIAC-
HHKIB.

YuHHI iHCTPYKIIT 1 KEPiBHI IOKYMEHTH BUMAaratoTh
BiJI BJIACHMKIB Cy/IeH Ta PI3HMX OpraHizaiiil noctiiHo
MiABUIYBaTH PIiBeHb OC3MEKH CYIHOIUIABCTBA. AJe
JaHUH TIpoliec Oe3NepepBHO CTHKAETHCS 3 0OMEKEHUMHU
(iHAaHCOBUMH pecypcaMy Ta TOCTIHHO 3POCTAIOUNMHU
BHMOTaMH IIIOJIO PiBHA Oe3NeKd IiaBaHHs. [aHi yMOBH
MIPOUKTYBAJIM HEOOXIAHICTE PO3PAaXyHKY KOHKPETHOTO
piBHS Oe3leKkH CYTHOIUIABCTBA, SKHHA OyAe ONTHMAllb-
HHUM 3 TOYKH 30py €KOHOMIKH. AHaJji3 10CHiDKEHb MTPo-
LIECiB YIIPaBIiHHA PHU3UKAMH Y CHCTEMi YIpaBIiHHA
0e3IeKOI0 CyTHOIUIABCTBA JI03BOJISIE 3pOOUTH BUCHOBOK
PO Te, 0 Yy PaMKaX KX JOCHIPKEHb HE BPaXOBYEThCS
KpHUTepiil MiHIMATBHUX CyMapHUX BHTPAT MPU PO3POOII
3aX0[iB, MO 3HWXKYIOTh PH3UKH aBapiiHUX MOPCHKHX
nozii [6-10].

Takum unHOM, y Teopii i mpakTHLi 6e3nekn CyaHO-
IUTAaBCTBA BUSBWIIACS HEBIAMOBITHICTh. 3 OJHOTO OOKY,
MAXOAH, MO y TEMepPillHil Yac 3aCTOCOBYIOTHCS JIO YII-
paBIiHHS PHU3UKAMH y CHCTEMi YNPaBIiHHS Oe3IeKoro
CY/IHOIIABCTBA € TIEBHOIO MIPOIO 3aCTapijIMMH Ta MalOTh
0o0MekeHi MOYKIIMBOCTI. 3 iHIIOTO OOKY, MOCTIHHO 3pOC-
Taro4i MoTpedr i BUMOTH MPAKTUKH IIOJI0 3HIKCHHS PHU-
3ukiB AMII iHIMiFOIOTh HEOOXiAHICTH CTBOPEHHS aJICKBa-
THHX OCHOB JUTA MiJBUILECHHS O€3MEKN CyJHOIUIABCTBA.

Ile Bu3HAa4Yae HEOOXiTHICTH BUPIMICHHS aKTyallb-
HOTO 3aBJIaHHS IOJ0 YIPABIIHHS HENPUHHITHUMHU PH-
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3MKaMU JJIs BU3HAUCHHS BUTPAT Ha 3amoo0iranas AMII i
3HIDKEHHS MOKIIMBUX 30UTKIB Bl HHUX.

Meta cTaTTi. YI0CKOHAJICHHS METOAY yIpPaBIIiH-
HS HCTIPUUHSATHUMHU PU3UKAMU JUIS BU3HAYCHHS BUTPAT
Ha 3anobiranass AMII i 3HM)KEHHS MOXXIIMBUX 30UTKIB
Big Hux y CYBC.

OcHoBHHui MaTepian

CTpyKTYpHO METOJ yNPABIiHHSI HCIPUHHATHUMHU
pU3UKaM¥ JJI BH3HAYCHHS BHUTpPAT Ha 3amoOiraHHs
AMII i 3HImKCHHS MOXKIUBHUX 30UTKiB Big HUX y CYBC
MICTHTh TOCIIJIOBHE BUKOHAHHS OCHOBHHX MpOICIYP,
MPEJCTaBICHUX Ha puc. 1.

[ )

PopMVEaHEA
EXIIHHX T3HHX

Pospasoraos
IMOBIpHO CTeH
samobirasas AMII

Busaagenms
O THAMATEHHERT
IMOSipHO CTeH
zamofirasas ANTI

EBuzaauerma
VIAramyHeHHX Ta
MIHIMATEHEE
BHIPAT

Tak

1
PopayEaHES
ZAKOMIE, [0

SHHEENVIOTE DHIHE
AMNIT

[

FopaEaHEd
SBITYV 5 BHEXLTHHMH
OEHHEMH

—

Puc. 1. Ctpykrypa MeToy yHpaBIiHHS HENPUHHATHIMHI
pH3UKaMH JUTsl BU3HAYCHHS BUTpAT Ha 3anobiranas AMII
1 3HIDKEHHST MOXKJIMBUX 30HMTKiB Big HUX Yy CYBC

PosrisHeMo 3MICT BiAIOBIIHUX €TaIliB OLIbII Je-
TaJabHO.

1. Ilpouenypa ¢opmyBaHHS BXiIHMX JaHMX. Bxin-
HUMHU JIAHUMH JUISI METOIUKH PO3PAXYHKY ONTHMAIBHOT

HWMOBIPHOCTI €: THIT MOPCHKOTO 200 PIYKOBOIO Cy/IHA, CIIH-
cok unHHUKIB AMII, HaiiMeHyBaHHS 3aXO/IIB 31 3HIKCHHS
HETIPUHHATHOTO PH3HKY, IXHS BapTICTh, PO3MIp OUiKyBa-
Horo 30utky Bin AMII, 4ac (yHKIIOHYBaHHS BOJHOTO
TpaHCIIOPTY, IHTeHCHBHOCTI MoToKiB AMII Too.

2. Ilpouenypa po3paxyHKy HMOBipHOCTEH 3amobi-
ranns AMIT P(EME),, (muB. Bupas (1)) Bix BuTpar Ha
3aX0/H1, CIPSIMOBaHI Ha 3HIKEHHS HENPUWHATHUX pH-
3uKiB peamnizarii AMIL

Jns 3HIWKEHHS HempuiHATHOTO pu3nky AMII y
paMKax CHCTEMH YIIPaBIiHHA Oe3MeKO0 CYIHOIIaBCTBA
Ha MPT BmpoBamKyroThCs BigmoBimHi 3axomu. [lpu
LOMY 3aXOJH W00 3HIKCHHS HENPHHHATHOTO PU3UKY
AMII sBrsroTh c0000 Ait0 ab0 CYKYNHICTH Aid, Crps-
MOBaHHX Ha 3a1o0iraHHs abo 3HIKEHHS PiBHS HETIpHU-
HATHUX pusukiB AMII [11]. 3axomu 1momo 3HMWKEHHS
HETIPUHHATHOTO PH3MKY XapaKTepU3yIOThCs WMOBIpHIC-
Tio 3amobiranus AMII P(E), mix sikor0 po3ymiTHMeMo
BIJTHOIIICHHS IHTCHCHBHOCTI MMOTOKY IMO/Iil IEBHOTO C-TO
KJIacy aBapifHMX MOPCHKHX MOJIH MiCIIs BIPOBaKEHHS
3axofiB E M0 IHTEHCHMBHOCTI MOTOKY ITMX MOIH, sKa
Oya 10 BIPOBaKEHHS 3aXO/IiB:

P(E) = =

1
AEME

@)

ne Agyp — BHXiIHA iHTEHCHBHICTH MOTOKy AMII mo
BIIPOBA/KCHHS 3aXOIB MO0 3ar00iraHHs (3HUKCHHS)
HETIPUHHATHUX PU3MKIB, Ay — IHTEHCHUBHICTH IIOTOKY
AMII 3 ypaxyBaHHSIM 3aIl001’KHHAX 3aXOIiB.

IaTrencuBHOCTI MOTOKIB BingBepHeHNX AMII € TIpo-
THO3HHUMH BEJIHMYMHAMH 1 PO3PaXOBYIOTHCS €KCIIEPTHUM
METOZIOM. 3a KOXHAM YHHHHKOM FL-" 3axofmiB Eg 110110
3ano0iraHHs (3HWKEHHS) HETPUHHATHOTO PU3UKY MOXKE
OyTH aekiabKa. [Ipu 1bOMY OJHH 3aXiJ] MOXE BIUTUBATH
Ha KiJIbKa YAHHHKIB.

YMOBHI UMOBIpHOCTI (hopMambHO 337amMo Ui KO-
JKHOTO THITy BOJHOTO TPAHCIIOPTY (MOPCBKOTO YU Pid-
KOBOT0) OKpemo, ne kiaacu AMII, me myxe cepitozHoi
abo cepitosHoi asapii (j = 1,2) y Burmsai marpumi. i
PAOKH SIBISTIOTHE COOOK0 3aXOAM MIOAO 3amoOiraHHs
AMII, a croBmuuku — yuHHEMKH AMII (MaTpuis (2) 3
YMHHHUKAaMHU, 1[0 BILIMBAIOTh Ha OE3MeKy caMoro CyjHa,
MaTpund (3) 3 YMHHUKAMH, [0 BIUIMBAIOTH Ha Oe3MeKy
JIFOAMHY, MaTpuLd (4) 3 YMHHUKAMH, 110 BIUIMBAIOTH Ha
0e3neKy HaBKOJMIIHLOTO CEepe/oBHINA, MaTpulls (5) 3
YUHHUKAMHU, 1110 BIUTUBAIOTH Ha Oe3neKky BaHTaxy). Ha
MIEPETUHI PSAIKIB i CTOBIIIIB 3HAXOATHCS 3HAYCHHS BiJl-
MOBiHUX HIMOBipHOCTEH 3anobiranus AMIT

[P(FLIE,) P(FL|E))]

: : , )
|P(F}|Es) P(F2|E)|
P(FZ|E;) P(FZ|E)

: : , (3)
|P(F?|Es) P(FZ|E;)
[P(F3IE)) P(F3|E))]

: : , (4)
| P(F3|Es) P(FZ|Es))
P(F|E;) P(FIE

: : : (%)
|P(F{|Eg) P(F}Es)]
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TakuMm YHHOM, SKIIO 3aXOJiB KiibKa (puC. 2), TO
pe3yibTyr04a WMOBIPHICTE 3amo0iraHHs JIOPiBHIOBATH-
Me Mo0yTKYy WMOBIpHOCTEH 3amoOiraHHs MOfiil 3a mif-
CyMKaMH BIIPOBQ/KCHHS KOKHOTO 3aXO0Jy, IO 3HUXKYE
pu3HK moxiil. TakuM YMHOM, pe3yabTyroua HMOBIPHICTb
3arobiranas st AMII, mo cranacs 3 MpUIMHA YHHHU-
ka Fj', mpecTaBiseThCst TAKAM BHPA30M

P(FlﬁlE)rez = H§=1P(Fin|Es) . (6)

Az---hs As+1

L

Puc. 2. I'padiuHe npeacTaBiIeHHs IPOLECY 3ano0iranHs
aBapiHIA MOPCHKIH MOiT 3a migCcyMKaMH
BIPOBA/UKEHHS KIJIBKOX 3aXO0/iB

SIkio WMOBIPHICT 3amoOiraHHs aBapiifHId MoOp-
CpKill moxii 3a pe3ysibTaTaMH BIPOBAKEHHS 3aXOJiB
1070 3HIDKCHHS HETPUHHATHHX pr3uKiB AMII mopis-
HIOE HYJIIO, TO 3aXO0IU € Hee(pEeKTUBHUMH, 1 OIS pealri-
3yeTbes. SIkmo WMoBipHICT 3amobiranas AMII 3a pe-

R, = ICI ( y_
+[Th, Y(F.2|EMEF)P(F.2|EME.)][1—

4 (T (S v (R | EME )P (R | EME) )] [1 -

3yJbTaTaMH BIIPOBAPKCHHS 3aXOJiB MParHe 0 OIHHU-
1, TO 3aX0U € CPCKTHUBHUMH.

3. IlepeBipka rpaHUYHUX YMOB JJISl BAKOHAHHS PO-
3paxyHKiB 3 BUKOpHUCTaHHsIM BHpasiB (14) i (16) B pam-
Kax moOymoBu MatematiuHoi moeni (7) — (18):

UEME’ ],/1 Tf'VO >0,
0 < P(F'E,) < 1,
0 < P(EME),, < 1.

V BigmosizHocTi mo IlonoxenHs mpo Kiacudika-
if0, TOPSAIOK po3ciaigyBaHHs Ta o0miky AMII i3 cyn-
HaMHU, TiJ PU3UKOM PO3YMIIOThCS Iii, He mependadeHi
MIpaBUJIaMH, SIKUMH CIIiJI KepyBaTUCS y BU3HAYEHIH He-
CIPUATIINBII cHUTyallil, yCBIIOMJIEHO po3moyari 3 Me-
TOIO 3amo0iraHHs ado 3MEHIIEHHS LIKOAW JIIOASM, CyII-
Hy ab0 BaHTaxy, sKa MOXe OyTH 3amojisiHa M, SIKIIO B
yMOBaxX KOHKPETHOT HeOe3MeKH HEMAaE MOKIIUBOCTI [Tisi-
TH y BIZIMIOBITHOCTI 3 YCTaHOBJIEHUMH NpaBuiamiu [12].

VY pa3i BHpOBaKCHHs 3aXO[iB, CHPSMOBAHHX Ha
3amo0iranHs  (3HIDKEHHS) HECTPHUSATIUBOTO PHU3UKY
AMII, y3aranbHeHe 3HAUCHHS HECHPHATIHBOTO PH3UKY
IUTS BCIX BIAITOBIIHUX ITOXIM CTAHOBUTHME

i [I3=1 P(FHED] +

(19)

ta 1 P(FPIED] + X3, Y (FP|EMES)P(F7 |EME;)] {1 —
— 121 151 PCFP|EQ] + [Xf, Y (F[EMES ) P(F|[EME;)][1 —

4TI P(FAELD))). ()

Toxi cKOpoUeHHsI HECTIPHATIMBOTO pU3UKY peanizauii AMII Bij BOpoBajKeHHs 3aM001KHOTO 3aX0/1y MOXHA

NpEeACTaBUTH SIK

AR, =

z[eR

Z|C| Z] 1R] — |C| (Z

q - Rtlz' ®)
(Tf(z Y (F|[EME})P(F!|EME;) + X4_, Y(F?|EME})P(F?|EME;) +

+Y5 Y(Fi3 |EMEF)P(F?|EME)) + X, Y (F#|EME])P(F#|EME))))),q = T.Q..

Bubip 3ano0iKHUX 3aX0/1iB MOXHA 3pOOUTH Ha IIi-
acrai npunimiy [lapero (mpauno 80/20, npuHIMI
Haiimenmoro 3ycwuist) [13]. Bpaxysatu npunnun Ila-
peTo P MOAENIOBAHHI CKJIAJHUX CHCTEM MOJKHA, SK-
10 3aBJaHHS HAa MAKCHMYM BiIIOBiTHOTO (DYHKITIOHAITY
IIpY 337aHUX OOMEKEHHSX Ha BHKOPHCTaHHS PECypcCiB

ICI |c|
rrlleaIxR max [Z i 1R] = (Z

3aMIHUTH 3aBJAHHSIMH Ha MiHIMyM pecypciB MpH 3aja-
HoMy (OakaHOMY) 3HaueHHI ¢yHKiioHany. besnocepe-
JIHBO B POOOTI Ui OO HEOOXIAHO OOYMCIWTH He-
cupusitiuBi pusukun AMII, BimcopTyBaTH i BHOpaTH Ti,
sIKi HalleeKTHBHILIE BIUTMHYTh Ha 3HMKECHHS 3arajbHO-
T'O HECHIPHATIMBOTO PH3HKY:

(Tf(z Y (F [EME])P(F} |EME;) +

+ 3¢, Y(F?|EME}) P(Fiz |EMEj) + X5, V(FREME])P(F?|EME) + S, Y (A EMES)P(F{|EME)))))]. (9)

TakuM ynHOM, (POpPMaTI30BAHO MiIXOIH A0 pO3pa-
XYHKYy HecnpuaTiusoro pusuky AMII, mo BpaxoByrOTb
yCi KJ1acu, IHTeHCUBHOCTI, 30MTKH, YUHHUKA (IPUIHHH )
MoJIi¥i i HMOBIPHICTH 3aMOOIraHHs 32 TUCKPETHOTO PO3-
noziny 36utkiB. Lli ¢opmanizoBaHi npencTaBiIeHHs He-
00ximHI 11 moOyIOBM MATeMAaTHYHOI MOJIENI BH3HA-
YeHHS BUTpPAT Ha 3amo0iraHHs aBapifHUM MOPCHKUM
MOMiAM 1 3HIDKEHHS MOXIMBUX 30WTKIB BiJ HHUX Y
CYBC MPT [14, 15].

3anexxHICTh IMOBIPHOCTI 3amobiraHHsa aBapiiftHIM
MOPCBKUM MOJIisIM BiJl BUTPAT Ha 3aXO0/IH, L0 3HIKYIOTh

HecTIpuATINBHHA pr3uk AMII, BH3Ha9aeThCS Tak:
u

P(EME),, =1—e"o,
npu Vo = 0, P(EME),, - 0,
npu Vo = o0, P(EME) . - 1,
ne P(EME),, — imoBipnicTh 3anobiranus AMIL; Vo

(10)

MOCTIMHA TPOIECY, IO XapaKTepU3ye MBUAKICTh 3MiHU
nporiecy (TiABHIEHHST O€3MeKu CyTHOIIaBcTBa); U —
BUTpaTH Ha 3a0e3MeYeHHs OE3IIEeKN CyTHOIIaBCTBA.

3a XapaKTepUCTHKY EKCIIOHEHLIAIBEHOTO IIPOIECY
(3MiHa MIMOBIpHOCTI 3amOOIraHHsS 3aJIS)KHO BijJ BUTpaT
Ha 3a0e3neyeHHs] OE3NEeKH CYAHOIUIABCTBA) Y poOOTi
PO3IIISIHYTO MOCTIMHY Tpolecy, 110 BU3HAYA€E PO3MIp
BKJIQJICHUX KOIITIB y 3abe3medyeHHs Oe3neKu CyIHOII-
JaBCTBA. 3a TMiJACYMKaMH IHOTO TPOIIEC ITiABHUIIEHHS
piBHSI O€3MeKH, 10 BU3HAYAETHCSI €KCIIOHEHTOIO, J0CS-
rac 95% piena acumnrotn (P(EME),,. — 1). Menme
3Ha4eHHS V, O3HaJae paljioHaJTbHE BUKOPUCTAHHA Oi-
HAHCOBMX KOIUTIB 1 HaiOumbimry edexrtuBHicts CYBC
MOPCBHKOTO Ta PiuKOBOTrO TpaHcHopty. [locTiliHa mpore-
CY BHM3HAQUYa€ThCS aHANITHYHO. [IpH 1IbOMY 3BOPOTHO
BUTPATHU HA 3aXOJH HPEICTABISIETHCS SIK:

U= -V, in(1— P(EME),,). (11)
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3 Metoro 3abe3nedeHHs abo MiABUILEHHS Oe3neKH
CYJHOIIJIABCTBA MOXYTh PO3POOJISATUCS 1 3aCTOCOBYBa-
THCS pi3HI 3aX0, CIPSIMOBaHI Ha yCYHEHHS YHMHHUKIB,
mo 0e3nocepesiHbO BIUIMBAIOTH SIK Ha O€3MEKy camoro
CyJHa, TaK 1 Ha Oe3MeKy JIIOMHH, JOBKULIS 1 BAHTaXKY.

besnocepennbo (opManbHe NpenCTaBICHHS BH-
TpaT A BCiX 3aXOJiB MOXKe OyTH NPENCTaBIICHO Y BHU-
[JIS111 TAaKOTO BUpa3y (OKPEMO Ul YNHHUKIB N-TO THILY)

Upme = — X3=12i=1 Vois ln(l - P(FinlEs))- 12)

3i 30iMbIICHHSM BKJIaJeHb (DiHAHCOBHX KOIUTIB y
3anmo0iKHI 3axonn Oe3meka CyIHOIDIABCTBA IIiJIBUIYBa-
TUMETBCS. Alle BOAHOYAC e(QEKTHBHICTH JONATKOBHX
BKJIAJICHb Y 3aX0AH MOKe OyTH HIKYOIO, HIXK Y pa3i mo-
4aTKOBOTO BKJIAJEHHA 10 neBHOro piBHA P(EME)y, opt-
BaiBo BusHaunTH Take 3HadeHHA P(EME)p, ope, 3
SIKOTO €(peKTUBHICTh BKJIaJICHb Oy/Ie 3HIKYBATUCSL.

BukopucTaHHs €KOHOMIYHOTO KPHTEPil0 HpH YII-
paBimiHHI YnHHUKaMH pu3ukiB AMII BU3HauaeThCs He-
0OXIIHICTIO HOTPUMAaHHS OalaHCy pecypciB Uit 3a0e3-
neYeHHs 0e3NeKH CyIHOIUIABCTBA Ta OpraHi3allifo BHU-
poOHHLITBA. BupimeHHs 3aBIaHHS 3HAXOKEHHS PO3T-
JSIHYTOro OajaHcy MiXK JBOMa CKJIaJIOBUMU MOXIIUBE
Ha MiCTaBi KPUTEPIIO MiHIMAIBHUX 00'€JHAHMX BUTpAT,
JIOCSITHEHHSI SIKOTO O3Hayae 0ajaHCc po3Mipy BHUTpAT Ha
JIKBIJAIF0 MOXKIHUBOTO 30MTKY Bing AMII i Ha 3axoxau,
CIpsSIMOBAHI Ha 3amo0iraHHs BUHUKHCHHIO 30UTKY. Bis-
XWJICHHS BiJl MIHIMaJbHUX y3araJbHEHHX BUTPAT MOXKeE

O3Ha4YaTH HEOOIPYHTOBaHI BHTPAaTH a00 HENOCTAaTHICThH
pecypciB, MO BUAUISIOTBCS Ha 3a0C3ICUCHHS OC3MCKU
cyaHoraBcTBa. Po3B's3anHs wiei 3amadi mepenbauae
JOCSITHEHHSI TAKMX Pe3YJIbTaTiB:
{RqﬂnmP (13)
Ugme — min.

[Tpn npOMy MOIIYK ONTUMAIBHOTO 3HAYCHHS PiBHA
0e3meKkn CyIHOIUIaBCTBa Ma€ OyTH BUKOHAHHHU 3 ypaxy-
BaHHAM HapameTrpa edektuBHOCTI (Y IbOMY pa3i IMOBI-
pHOCTI 3amobiranus AMII), skuii XxapakTepusye piBeHb
3HIDKCHHS HenpuhHATHHX pu3ukiB AMII (edextus-
HICTB 3aXOJiB) i BapTicTh 3axo/iB. IMOBipHICTh 3amo0i-
ranast AMII xapakrepusye sikicte CYBC MPT.

[TeBHa npormopuis MiX y3aralbHEeHUMH BUTpaTaMH
Ta AMOBIpHICTIO 3amobiraHHs 3abe3nedyBaTHMe HaioOi-
nbiry e(EKTUBHICTh 3a0e3MeucHHs OC3MeKH CyIHOII-
JTaBCTBAa. 3 OISOy Ha 1€, 3a IapaMeTp ONTuMizamii
TNPUHHATO P(EME)pr opt> @ 38 KpHUTEpii onTumizarii —
MiHIMaJIbHI y3arajbHeHI BUTpatu. IMOBIpHICTH 3a1o0i-
raHHs aBapiilHUM MOPCBHKHMM IOAISM 1 MiHIMalIbHI y3a-
rajJbHEHI BUTPATH BHU3HAYAIOTHCS A KOXKHOTO KIacy
AMII. 3 mporo BCTaHOBIIOETHCS BIAMOBiTHA Kiachpi-
Kallis KpUTepiiB MiHIMaJIbHUX y3araJbHEHUX BHUTPAT. 3a
BioMHuX (pOpMaTBHIX BHPa3iB BKIAACHb Y 3a0e3eueH-
Hs1 O€3IIEKH CyIHOIUIABCTBA Ta HECTIPHATIMBOTO PU3UKY
peanizamii AMII, y3araqpHEHI BHUTpaTH BH3HAYaTH-
MYTbCSI TAKUM BHPa30M:

Voen = Ry + Upup = 242, (2§=1 4 (Tf([zir’n Y(FEMEF)P(F} |EME;)][1 — TTi= o= P(FY|ES)] +
+[Ziy ¥ (F2|EMEF)P(FZ|EME;)][1 — TTio TH-y P(FE|E)] + [8, Y (FF [EME])P(FF|EME))][1 — T2 13- P(F|E)] +

+[Ste Y (FAEMER)P(FH|EME))|[1 = TTiy TI=, P(FHES)]) ) — B520 Biey Vois In(1 — P(FPIE)).

Bupaz (14) siBisie co00l0 MaTeMaTH4YHY MOJIEINb
y3arajJbHEHHX BHUTPAT 1 JIOKUTh B OCHOBI METOIY YII-
paBIIiHHS HENPUIHATHUMH PU3MKaMH Ul BH3HAYCHHS
BUTpAT Ha 3al00iraHHs aBapiiHUM MOPCHKHM IOIISM i
3HIDKEHHSA MOXUTHBHX 30uTKiB Bix HUX B CYBC Ha mig-
CTaBi KPUTEPIO MiHIMaJIbHHUX y3araJbHCHUX BUTPAT.

MarematinuyHa MOJENb Yy3araJlbHEHHMX BHUTpAT 1
KpUTepiii MiHIMaTbHUX y3arajJbHEHHX BUTPAT IIPaIlio-
10Th 32 YMOBH:

R_, R, > 0;
o < poee (15)
0 < P(F!'|Eg) < 1.
IIpu 1bOMy TOUKA EKCTPEMYMY BU3HAUAETHCS BUPA3OM:
2{: Vois
P(FinlEs)pr opt = 1- ;—qo' (16)
Bun exctpemMmyMy — MiHIMYM BiATIOBiTHO 710 BUpa3y:
| Vois—————>0 @an
i=1"0is 2
(1—P(Fi"|Es))

V 3araqbHOMY BHIIQJIKy MaTeMaTH4Ha MOJIENb y3a-
raJbHEHUX BHUTPAT MPEACTABISETHCA K CHCTEMA TAaKHX
(dyHKIIOHATIB:

®(SUF,SCF,GM,SUD) = const. (18)

1. MHOXHMHa HEKOHTPOJILOBAaHNX (haKTOPIB (30BHIIII-

Hix BmmBiB) SUF (set of uncontrollable factors), siki 00'ex-
THBHO iCHYIOTb Ta BIUIMBAIOTH HA IIPOLIEC MOJICIIFOBAHHS:

SUF = {N, {EME}t}; TO! Tf’ {Y}}}’

(14)

ne N — ximpkicte AMII, o BimOyIucs 3a 4ac croctepe-
JKEHHS, {EME]t} — muoxuna AMII; T, — uac crocrepe-
JKEHHSI aBapiiHUX MOPCBKHUX MOJiH (KUIBKICTh POKIB, MpO-
TSrOM SIKMX 3a(iKCOBaHO BIANOBIMHY KutbKicTh AMII);
T¢ — vac QpyHKIIOHYBaHHs BOJHOTO TPAHCHOPTY TIpH O€3-
MOCepPEeIHROMY BHKOHAHHI TIepexoqy (OTHOTO peiicy);
{Y]} — MHO)KHHA 30UTKIB, 10 SKUX TpUBOIATE AMIL

2. MHOXWHa KepoBaHHX (BXiTHHUX 3MIHHHX) (paKTO-
piB SCF (set of controlled (input variables) factors), sxkumu
MO>KJIMBO YIIPABJISITH Y XO/Ii IPOLIECY MOJICITIOBAHHS:

scr = {¢,{tmR, . (7Y} (0, 5
ne C={cy,cyc3,¢,) — MHOKHMHA KiaciB AMIL
{{Fil}: ---,{Fj“}} — MHOXMHA YMHHHUKIB (npuunH) AMII;

{ flM } — MHOXHMHA TJAJKUX MOHOTOHHHX (YHKIIiif;
{E,} — MHOXWMHA 3aX0/iB 00 3aM00iraHHs (3HUKEHHS)
HenpuitHsTHOTO pH3KKy; P(F[*|Es) — WMOBIpHiCTh 3armo-
6iranast AMII 3a pe3ynbTaTtaMu BIIPOBaKEHHS 3aXOy,
o 3HWKye pusuk noxin; P(F'|EM Ejt) — YMOBHa WMO-
BIPHICTB TOTO, IO IOJIisl CTajIacs Yepe3 JIeIKNUil YNHHUK.

3. MHuoxwuHa 3aco0iB s MojenroBanHs GM (get
the model) — maremaTnunmii amapar, amapaTHi Ta Tpo-
rpamHi 3aco0u.

4. Muoxwuna Buximaux ganux SUD (set of output
date):

SUD =
{R;(F7"|EME), R (F{'|EME ), R}, Rg, Rg Uz, Vgen,
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ne Rj (FL-"|E ME]-t) — MaTeMaTH4YHE CIIOAIBaHHS BEJINYU-
HM 30UTKy BiJl HeOGaxkaHOi MOi; E(Fi"|EMEjt) — Mare-
MaTHYHE CHOIBaHHSA HEMPUUHSATHOTO PH3HKY aBapiid-
HUX MOPCBHKHX MOJIii; Rjt — MareMaTH4HE CIIOJ(IBaHHS
pU3UKYy aBapiiHUX MOPCHKHUX ITOAIN EMEit 3a BciMa
YHHHUKAaMH §  OYIKyBaHHUM CEepedHiM 30HTKOM;
R, — y3aranbHeHe 3HAYEHHSA HECHPUATIMBOIO PU3HKY
JUTSL BCIX BiJNOBITHUX TOJiH 0 BIPOBAXKCHHS 3aXO0/IiB;
Ry — ysaraqbHeHe 3Ha4YeHHS HECTIPUATIMBOTO PU3UKY
JUI BCIX BIATIOBIAHWX TOAIN y pa3i BIPOBAHKEHHS 3a-
xoxiB; Ugyp — BATPAaTH Ha 3aX01H; V., — y3araabHeHi
BUTpATH Ha 3ano0iraHHs aBapiifHUX MOPCHKUX MOJIH.

CxeMma y3araJibHeHOi MaTeMaTHYHOI MOJENi npes-
cTaBJeHa puc. 3.

SUF = {N.{(EME]}. 75,7, {1}

UE‘ME! l(qen}

'
qr

A5} 0.8

(F'|[EME}). R, Ry, R

SCF ]r {FY...

MaremaTn4yHa
MOLenb
N [~
.
o
4 =
=N
B
)
~
=
..... [
[a]
=
“

MatemaTtn4Hui
anapar, anapartHi Ta nporpamHi 3acobu

Puc. 3. Cxema y3aranpHeHOI MaTeMaTHIHOT MOJIET
y3aralbHEeHUX BUTpPAT

Buxonsun 3 onTEManbHOTO piBHA HWMOBIPHOCTI
3armo0iraHHs aBapifHUX MOPCHKHX TOMIH U ONTHMI-
3amii BUTPAT y CUCTEMi YIPaBIiHHI OC3MEKOI0 CYTHOII-
nmaBctBa MPT, HeoOXimHO 3 ycix HasBHHX BHOpaTH 3a-
XOJ¥ IIOJO0 3HIKCHHS HENPUHHATHUX pu3ukiB AMII,
BUXOJISIYH 3 TAKUX YMOB:

— MakcHMallbHe CKOPOYCHHS HeMPUIHATHUX PU3H-
KiB aBapiffHUX MOPCHKUX HOZIH;

— y3araJibHeHi BUTPaTH HE MOBHHHI MIEPEBUIITYBAaTH
MiHIMaJIbHi, pO3paxoBaHi 3 BUKOPHCTAaHHAM MaTeMaTH-
YHOT MOJIeTI y3araibHEeHUX BUTPAT.

s 3amava € 3amadero JHIHHOTO HporpamyBaHHS
[14].

SIx oOMeXeHHsS NPUIMAIOThCS y3arajbHEHI cyMma-
PHI BUTpaTH IPH JOCATHEHHI MIHIMAJIbHOTO PiBHS pH-
3MKiB. MareMaTHyHa IMOCTAaHOBKA 3a/ladi BU3HAYA€THCS
Tak:

Rg — min,

I
i=1 VOis < Vmin;

(19)

3a pesyibraramu po3B's3aHHs Bupasy (19) Oyne
BHU3HAYCHO ONTHUMAJbHUI IEpertiK 3axoxiB, 0 3abe3-
MEYUTh MiJBUIIEHHS O€3MeKH CYyAHOIUIABCTBA 32 MiHi-
MaJIbHUX y3arajJbHEHHX BUTPAT:

—. [Iponenypa BU3HAYEHHS ONTUMaJIbHUX WMOBIp-
HOCTell 3amo0iraHHs aBapifHMX MOPCBHKHX TOMIiH
P(F{"|Es)pr ope (BHpa3 (16)), y3aranbHeHHX BUTPAT Vjep
(Bupas (14)) ta MiHiMaIBHUX BUTPAT Vi, IO BIIMOBI-
JAIOTh ONTHUMAIBHIN iMOBipHOCTI 3amobiranas AMII
P(FinlEs)pr opt*

— Ilpouenypa dhopMyBaHHs TEpENiKy 3aXOJiB, IO
3HW)KYIOTh PM3UK aBapiiHUX MOPCHKUX MOMIH, BXKHUTTS
SKUX 3a0e3redye MiHIMalbHI y3araipHEHI BHTPAaTH Ta
Hali0iIpIIe CKOpOYeHHS pu3nKiB (Bupas (18)).

— @opMyBaHHS 3BITY 3 BUXIJHUMH [aHHMH, B
SIKOMY MICTATBCS PE3yJbTaTH BUKOHAHHS YETBEPTOTO i
M'ATOTO €TalliB METOMYy, a TaKOXX JOAaTKOBa iH(opMa-
ist, HEOOXiiHA IS MPUNHATTS PIIICHHS 3 yIPaBIiHHS
YMHHUKAMHU PU3UKIB Ha MiJCTaBl KPUTEPII0 MiHIMyMY
y3arajJibHEHHX BUTpAT.

BpaxoBytoui, 0 OKpeMi YHHHHKH y CHUCTEMI YII-
paBiiHHS OE3IIEKOI0 CY/AHOIUIABCTBA MOXYTh 3MiHIOBA-
THCS, @ TAKOXK MOXXYTb 3 SIBIISITHCS HOBI YMHHUKH, He-
00XiJTHO TIPOBOIMTH TEPEOIIHKY Ta 00pPOOKY PU3UKIB Y
CVYBC mpotsaroMm ycboro kurreBoro mukiay MPT s
CBOEYACHOTO Ta e(eKTHBHOTO BH3HAYCHHS BUTpAT Ha
3armo0iraHHs aBapiifHUX MOPCHKUX MOJIM 1 3HIKEHHS
MOXJIMBUX 30WUTKIB BiJl HUX.

BucnoBku

TakuM YWHOM, B CTaTTi BUKOHAHO ¢opMajbHe
NPE/ICTABICHHS HECIPUSTIMBOIO PHU3UKY BUHHMKHEHHS
aBapifiHUX MOPCHKHX TOJIH 3 YypaxyBaHHSIM HE TIIbKU
YMHHMKIB, 10 BIUIMBAIOTh Ha OE3NEKy CyTHOIUIABCTBA,
aye ¥ o4iKyBaHOTO CepeIHBOTO 30uTKy. Bukonano ¢do-
pMaibHE IPEACTaBICHHS 3ano0iraHHs aBapiifHUX MoOp-
CBKMX TMOJMiH 3 ypaxyBaHHSIM OCHOBHHUX YHHHHUKIB 1
BIIPOBAPKEHHS 3aXOJIiB MO0 3HIKEHHS HECTIPHUSTIIN-
BHX PH3HKIB aBapifHUX MOPCHKHX IMOJiH. SKmo WMOBi-
pHiCTh 3armobiraHHs aBapiiiHUX MOPCHKMX MOAIH 3a pe-
3yJIbTaTaMy BIPOBA/PKEHHS 3aXOJiB IION0 3HIKEHHS
HECHPUATIMBUAX PHU3UKIB aBapiiHUX MOPCHKHX MOMIN
JIOPIBHIOE HYJIO, TO 3aXO0[U € Hee(heKTUBHUMH, 1 OIS
peatizyeThes.

SIkmo MMOBIpHICTH 3amoOiraHHs aBapiiHIN Mop-
CBbKilf momii 3a pe3yibTaraMH BIPOBA/DKEHHS 3aXO0JiB
IIparHe J0 OJMHMHII, TO 3aX0/1H € eeKTHBHUMH. Buko-
HaHO BM3HAUCHHS HECHPUWSTIMBHUX PHU3HKY aBapiliHHX
MOPCBKHX TOJIil 3 ypaxyBaHHAM iX 3armoOiraHHs (3HU-
JKCHHS).

[Tpu oMy dopMaTizoBaHO MITXOAM 10 PO3paxy-
HKY HECIHPHUSTIMBOTO PU3MKY aBapiiHUX MOPCHKUX I10-
TliHA, 110 BPaxoBYIOTh YCi KJIaCH, IHTEHCUBHOCTI, 30UTKH,
YUHHUKN (TIPUYHHU) TOAINH i WMOBIPHICTH 3amobiraHHs
TP AUCKPETHOMY PO3MOIiTi 30MTKIB.

3anpornoHOBaHO MaTeMaTHYHYy MOJE]Ib BU3HAYCH-
HS y3arajJbHEHHX BUTpAT, L0 3HWKYIOTh HECTIPHATIIHU-
BUI pU3UK aBapiiiHOI MOPCHKOI MOfii, ska, Ha BiAMiHY
BiJI iCHYIOUHX, BPAaXOBY€E IyKe Cepio3Hi aBapii Ta cep-
1o3HI aBapii, IHTCHCUBHICTh ITOTOKY aBapiiHUX MOPCh-
KHX TOJii, 30UTKH, HMOBIPHICTh 3aMOOIraHHS MOMisIM
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Ta JI03BOJISIE BU3HAYNTH LiJbOBHHA PiBEHb IiJBHILICHHS
Oe3NeKr CyIHOIIABCTBA 32 MIHIMAJIbHUX CyMapHHUX
BUTpaT.

PosristHyTO METO ynpaBIiHHS HENPUHHATHUMHU
pU3MKaMM Ui BU3HA4YCHHS BUTpAT Ha 3amo0iraHHs
BUHHUKHEHHS aBapifHUX MOPCBHKUX MONIH (Iyxke cep-
Ho3HUX abo cepio3HUX aBapiif) i 3HWKEHHS MOTCH-
HiHHUX 30UTKIB BiJ HAX B CHCTEMi yNIpaBIiHHS 0e3-

MEKOK CYJHOIUIABCTBA, B SIKOMY, Ha BiJMiHY BiJa Bi-
JIOMUX, BPaXOBYIOTBCS BCl 3aXOH LIOJ0 3an00iraHHs
a00 3HMIKCHHS HECIPUATIUBHUX PU3HMKIB BUHUKHCHHS
aBapiifHUX MOPCHKUX HOJIH 3 MOPCBHKMM abo pidko-
BHM, IO J03BOJIIE€ 3a0€3MEYUTH MiHIMAIIbHI BUTPATH
Ha 3amo0iraHHs pHU3WKaM BHHHUKHEHHS aBapiifHUX
MOPCBHKHX TOJiH 1 3HWKEHHS MOTEHIIIHOTO 30WUTKY
BIJ HHX.
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Method of unacceptable risks management for determination of costs for prevention of maritime accidents
and reduction of potential losses from them in the system of navigation safety management

Anna Boiko, Viktor Yarmak

Abstract. The article considers the method of unacceptable risks management for determining the costs of preventing
the occurrence of maritime accidents (very serious or serious accidents) and reducing the potential damage from them in the nav-
igation safety management system, which takes into account all measures to prevent or reduce the adverse risks of maritime acci-
dents with sea or river, which allows to ensure the minimum costs of preventing the risks of maritime accidents and reducing the
potential damage from them. A mathematical model for determining the generalized costs that reduce the adverse risk of a mari-
time accident has been improved, which considers very serious accidents and serious accidents, the intensity of the flow of mari-
time accidents, losses, the probability of preventing events and allows to determine the target level of improving the safety of
navigation at the minimum total cost. At the same time, a formal representation of the adverse risk of occurrence of maritime
accidents was performed, considering not only the factors affecting the safety of navigation, but also the expected average dam-
age. Formal representation of prevention of maritime accidents considering the main factors and implementation of measures to
reduce the adverse risks of maritime accidents was performed. The definition of adverse risks of maritime accidents considering
their prevention (reduction) is performed.

Keywords: method, risk, maritime accident, maritime and river transport, risk, damage, probability, factor, navigation
safety management system.
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METOA MOHITOPUHI'Y CTAHY CTAINIOHAPHUX EJIEMEHTIB
OB’EKTIB KPUTHUYHOI IHOPACTPYKTYPHU BE3NLJIOTHAMMU JIITAJIbHAMHU
AITAPATAMM 3 BUKOPUCTAHHAM JTHUHAMIYHOI'O ITIPOI'PAMYBAHHA

AHoTanis. 3azaga MapmpyTH3anii OE3MiIOTHOTO JITAIBHOTO anapary € 6araTOKpOKOBOIO 3a/1auero, 110 IoJsrae y Bu6o-
Pl HACTYNTHOT TOYKH MOHITOPHHTY CepeX MHOXXKUHH MOXKIMBUX. OCKIUIBKH MpoLec MPUIHATTS pillleHb Y IJIaHyBaHHI Ma-
pIIpYTY MOKe OYTH PO3IUICHHH Ha OKpeMi eTany JOIUIBHAM € 3aCTOCYBaHHS AUHAMIYHOTO IporpaMyBaHHs. B cTaTTi po3-
TIITHYTO MpoOJieMy MapuipyTH3alii 0e3MIOTHOTO JITaJbHOTO armapary A MOHITOPHHTY cTallioHapHHX 00’ekTiB. IIpuH-
LUIOBOIO BIAMIHHICTIO PO3B'A3yBaHOI 337adi BiJl iCHYIOUHMX METOMIB € MPUIYIIEHHS NP0 AIbTEPHATUBHICTH YIIPABIiHHS.
3aBaaHHs ONTHMIi3allii BUPIIIYETHCS 32 YMOBH, 1110 Bei KoedilieHTH GyHKUIi pU3UKy B Mpasiit yacTuHi piBHAHHA benvana
3ajeXaTth BiJl j-ro Homepa oOpaHoi ainpTepHaTHBH. [IpoBeneHnit po3paxyHOK NONBOTHUX CHUTYAIiH, IO CBIAYHUTH MPO HEOO-
X1IHICTh BUKOPHCTAHHS CIIPOIIEHOTO MiJXOAY PO3PaxyHKY TOUKHU MOJNBOTY, AJSI IKOTO JOAATKOBO MOTPiOHI cepelHi 3Ha-

YEeHHS OpJUHAT PU3HKY.

Kno4oBi cioBa: Oe3mijOTHWIA JITANEHUN amapar, MapIIpyTH3allis, MONIYK MapIIpyTy, MOHITOPHHT, CTalliOHAPHUH

00’€eKT TMHaMIYHE IpOrpaMyBaHHs, piBHAHHA benmana.

Beryn

IHocranoBka mnpoOjeMu. AKTUBHUN PO3BUTOK
OesmioTHUX JnitaneHUX amapariB (BnJIA), TexHiuHEX
Ta MPOTPAaMHUX KOMIIOHEHT, IIHpoKa cdepa iX 3acTocy-
BaHHA BHMara€ IIONIyKy HOBHX pilleHb 3ajad,
IOB’s3aHMX 3 IX 3acTOCyBaHHsAM. Ha TemepimHiii yac
OC3IMUIOTHI CHCTEMH € HEBil'€MHOI YaCTHHOK Oy[b-
SIKOTO cepu JTFOJCHKOT IisIIbHOCTI: BiCbKOBa CIIpaBa,
MOLIYKOBO-PATYBaJIbHI MicCii, CLIbCbKE TOCIONAPCTBO,
OyIiBHULTBO Ta iH. BUIBIIICTH i3 3aBAaHb, 110 BUPIIIY-
I0ThCS MPSIMO YU OTOCEPEIKOBAHO IOB’s3aHi 13 MOIIYy-
KOM/MOHITOPHHIOM PYXOMHX Ta CTaTHYHHX OO0’ €KTIB
3eMHO{ TOBEPXHi.

B cBoto uepry, miABHINEHHS PIiBHS PO3BHUTKY Cy-
YacHUX 1H(POPMANIHHIX TEXHOJIOTiH, CIIOHYKa€e IO II0-
IIyKy aJTOPUTMIB TOOYAOBH CHCTEM MiITPUMKH TpPUHi-
HATTS pimieHs npu ynpasninHi brJIA, a 3amaga mapi-
pytu3zanii BriJIA my1st momryky Ta MOHITOPHHTY 00’ €KTiB
€ OKpeMolo 3as1aueto. [InaHyBaHHS MOHITOPHMHTY CTalli-
OHapHHUX 00’€KTIB BUMarae BpaxyBaHHS HHU3KH (akTo-
piB Ta mojsirae y BHOOpI TOYKU IMOJBOTY 13 MHOXKHHH
MOXUIMBHX. PO3iIEHHS 3a1a4i Ha OKpPEeMi €Tamu J03B0-
JIsiE 3aCTOCYBAaTH METOJI ONTUMi3alii 3a NPUHIUIIOM
benmana.

AHasi3 ocTaHHIX JociailikeHb 1 myOaikauii.
[TpoGmnemi moOMIyKy MapuipyTy MOJBOTY O€3IiJIOTHOTO
JITaJBHOTO anapaTry NpUCBSYEHA BelMKa KUIBKICTB po-
0iT 3aKOPJIOHHMX Ta BITYM3HSHHX aBTOpiB. Cepexn Haii-
OUTBII BiOMHUX TOTPIOHO BIAMITUTH HACTYIHHUX:
Gustavo Avellar, Ryan R. Pitre, X. Rong Li, Q. Zhang,
M. Jiang, Z1.B. Moicees, H.B. AmiinyeB y mparsx sSiKux
PO3TIISTHYTI MUTaHHS TOOYIOBM ONTHMAIBLHOTO Mapiil-
pyTY, ONMCY MPUHIIMIIB X POOOTH Ta peaizarii.

B po6Gori [1] 3anmponoHoBaHO Miaxi IIaHyBaHHS
MapHIpyTy Ajs ciiibHUX Miciit BriJIA 3 momyky Ta Bin-
cTexeHHs. 00’ekTiB. [y onTuMmizanii Mapupyry pyxy
BriJIA BukopucTaHo MOAM(pIKOBaHUH alrOpPUTM OITH-
Mi3alii POl YACTHHOK Ta IJILOBOI (YHKIN€, st
BU3HAYECHHS TPAEKTOPil. AJITOPUTM ONHUPAEThCS HA BU-
3HAUEHHS TPAEKTOPIi, IKa€ HAWKPAIIOIO JUIsl BUSBJICHHS

Ta BIJICTEXKEHHS LTI BPaXxOBYIOYM MOTOYHE Micue bn-
JIA.

B pobGora [2] mpucBsiuena mapmpytu3zanii brnJIA
UL Mepex 0e3npoToBHX nartdyMkiB. Mapumpyt BrJlA
BU3HAYAETHCS ILUIAXOM TOCIIJIOBHOTO KOPHUI'YBaHHS
po3TanryBaHHs KoxxHOTO BriJIA Ha OoCcHOBI aHami3y cTa-
Hy €Hepril JaT4rKa Ha OCHOBI miarpamu Boponoro. [l
MOUIYKY ONTHMAJIBHOTO PIIICHHS 3alpoOINOHOBAHO BH-
KOPHUCTaHHS METOMy BH3HAYEHHs ITOYaTKOBOTO Mapii-
pyty BrJIA 3 ypaxyBaHHAM eHEpTii JaTYHKIB.

B po6oti [3] BHKOPHCTOBYIOUH AWHAMIYHE IPO-
rpamyBaHHsI BUpIllIeHa 337a4a ONTHMAILHOIO MapuIpy-
Ty nBox brJIA npu mouryky pyxomof 1iji. 3anponoHo-
BaHMH B poOOTI MiJXiZ JI03BOJISIE CKOOPIMHOBATH YII-
pasiinHs BriJIA MiHIMI3yrOuM MOMHUIIKK TeoJIoKallii.

VY po6orti [4] npeacTaBieHo po3podiieHe MPorpam-
He 3a0e3neuenHss METPASS nuist nnmanyBaHHs Ta aHali-
3y Tpaektopiid momboty BrJIA 3 ypaxyBaHHSIM MeTeo-
pornoriunux naanx. METPASS no3Boisie ontumisyBatu
MOpSAAOK BUKOHAHHS Micii briJIA BpaxoByroum: omrTu-
MaJIbHY TPa€KTOPII0 PO3MIMICHHS HAa TPUBUMIPHIH CITII
JUIL TOYOK BIITIPaBJICHHS Ta TPUOYTTS B OCHOBI SKOT
NOKJIaJICHO 3aCTOCYBaHHS IiJIXOJy JWHAMIYHOTO IIPO-
rpamyBaHHs Ta QYHKIIi BApTOCTI, SIKa BPaXOBY€ €KOJIO-
riuHi HeOe3MeKH BITpy, MOJILOTY.

B po6orti [5] po3pobiaeHo MeTox aBTOMATH30BaHO-
ro Ta"HyBaHHS MapuipyTiB brnJIA 3 ypaxyBaHHAM TO-
PAAKY BHUSBJIICHHS CTAIliOHApHUX 00’ €KTiB. PamxyBaHH:
00’€KTIB MOUIYKY 3A1HCHEHO 3a BaXJIMBiCcTIO. B ocHOBY
3MiHM MapupyTiB noiboTy bnJIA BukopHcTOBYeThCS
0a3oBe MOHATTS Teopii CHUMIUIEKCIB — CHUMILTiLiapHIH
aHai3.

B po6ori [6] po3pobiieHO METO aBTOMAaTH30BaAHO-
ro IJIaHyBaHHS MapIIpyTiB INepecyBaHHS O€3MiJIOTHHUX
TPAHCHOPTHUX 3ac00iB 3aCHOBAHUII Ha MYpaIIUHOMY
anroputMi. MeToa 103BOJIsE€ 3a BXIAHUMU IAaHUMH Yy
BUTJIAAl MIHIMAIBHOI Ta MaKCHMAaJIBHOI IIBHIKOCTEH
pPyxy O€3MiJIOTHOTO TPaHCIOPTY, KOOPAWHAT ITOYATKY
pyXy, KOOpPJMHAT TOYOK 3yIHHOK, KOOPAWHATH KiHLIEBOI
TOYKH Ta OOMEXEHb y Yaci ojepKyBaTH BUXIiIIHI JaHi B
BHTJIAI MOCIIOBHOTO CIHCKY BifIBiIyBaHHS TOYOK, Ha
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SIKMH 3aTpadyeTbcs HalMEHIIE 4acy 3 BpaxyBaHHIM
MIHIMaJIbHOI T4 MaKCHMAaJIbHOI IIBUAKOCTI O€3MiI0THO-
IO TPAHCIIOPTHOTO 3ac00y.

Huska po6it [7, 8, 9, 10] noBoauTs niepeBaru au-
HaMIYHOTO NPOrpaMyBaHHs JUIS BUPILICHHS 3a/1a4 OIl-
TUMIi3a1lii, 30KkpeMa ISl 3a/1a4 IUIaHyBaHHS.

MeTto10 cTATTi BHUpIIICHHS 3a/1a4i HOIIYKy MapIi-
PYTy TOJBOTY OE3MUIOTHOTO JITANFHOTO amapary st
MOHITOPHHTY CTalliOHAPHHUX 00’€KTIB METOOM IMHAMI-
YHOTO MPOrPaMyBaHHS.

BukJian ocHOBHOro MaTtepiaay

Bupimenns 3anaui mMapmpyrusanii 6e3mijgor-
HOT'0 JITAJBbHOr0 amaparty JJIsi MOHITOPHHIY cTamio-
HApPHUX 00’€KTiB 32 J0MOMOI0I0 AMHAMIYHOIrO MpO-
rpamMyBaHHs. CKinbku MapmpyT brJIA, mo obupaeTs-
csl, € pe3yJIbTaToOM 0araTOKpOKOBOTO BHOOPY YEPTOBOTO
MIyHKTY, a IPUAHATTS PIIICHHS Ha KOKHOMY KPOII KpiM
MOTOYHOTO MTpady y BUTILSII BTPAUYCHOTO Yacy e Mae
HACJIJIKK JUI MaiOyTHIX KpPOKIB, HaWOUIbII eeKTUB-
HUM METOJIOM ONTHUMI3aIll € JHHAMIYHE MPOrpamMyBaH-
HA [11]. BpaxoByroun TUCKPETHHUM XapakTep anbTepHa-
TUBHHX PillIeHb NPH BHOOPI €JIeMEHTIB 00’€KTiB MOHI-
TOPHMHIY, piBHSHHS benMmaHa y 4YacTKOBHX HOXIJHHX
MOYKHa 3aIIUCaTH SK:

0€ . ade . 09€ . o0t .
—E=mj1n{f0j+axj+£zj+%aj}=
+6€x-—x 6€Zj—ZV+]
_ foj ox 1 0z 7; _
= min 0€a;—a = @
da 7
= Fi{x, z,a},

ne € - dynkuis benvana, Fj— @yHkiis notroyHoro pu-
3Ky 3 ypaxyBaHHSIM HaCIiJIKiB y MailOyTHbOMY, j— HO-
Mep IIyHKTY, III0 BUOMPA€ETHCS B MOTOYHWI MOMEHT 4a-
cy, ‘I’}-—BiZ[CTaHB Mix BITJIA 1 j-m oG'ektom, V - mBHA-
kicte BILJIA, x;, z; - koopauHaTH y 00'€KTa, X, Z — KOOp-
muHatu briJIA, a — xypcoBuit kyt bnJIA. Hanpuknan,
e Moke OyTH a00 MyHKT MOIepey Y HarpsMKy MOJIbO-
1y (j =1), 33any (j = 2), 3niBa (j = 3) abomnpaBopy4
(j = 4), six HaBeeHO HA puC. 1.

Z
=3

= X

=4

Puc. 1. PosrauryBaHHs myHKTIiB B okonuii briJlA,
I1I0 MaIOTh NPUOIU3HO OHAKOBY TOBKHHY
[UISXY, IO B PalOHI JIOCSKHOCTI

[IpuHIMNIOBOKO BiJIMIHHICTIO PO3B'sI3yBaHOI 3a/1adi
BiJI MPUHHSTOrO B ICHYIOUMX METOJaxX MPHITYLIEHHS I1PO
OC3MepepBHICTh YIPABIIHHI € Te, IO YIPABIIHHA €
QIbTEPHATHBHUM (30KpeMa, BIINOBiAHO 1O puc. 1,
j=1234).

Tomy mist HAONMIKEHOTO YIIPABIIHHS CKOPHCTA€E-
Mocs migxonom [12], 3acHOBaHOMY Ha oOumciieHHI (y-
HKIii MiHIMAIBHOTO PU3UKY F; JUIS Pi3HHX aIbTEPHATHE
y CHUTYyaIlisiX, ONM3bKUX A0 MEX IePEeMHUKaHHS IIPH Bif-
XWJICHHSIX «JIIBOPYY 1 MpaBopyy» BiA poOOYOi TOUKH, B
SIKIfl He MOXKHA BIJJIaTH MEpeBary >KOMIHIN anbTepHATH-
Bi. BiamoBinHO 10 npOro MeTomy, OOYHCIEHHS KX (Y-
HKIIA PHU3WKY, 3BaHUX OpOMHATaAMH pu3uKy C; 3miiic-
HIOETBCSI CIIOYATKy HIISIXOM nojaHHs ¢yHKuii benmana
CTATUYHHUM PSIIOM

e ) = (D) + ) fi(Dx +
=1

+ i 7. xz—lz + nz_:l i Yue (D x1xy,
=1

=1 k=1+1

)

ne £(X,, t)— ¢byukuis - benmana, a(t), (1), v, Yi—
Koe}iIieHTH TOoJTiHOMA, Xj— J-#i eleMeHT BeKTopa Koop-
JIMHAT Xp,.

HesanexxHo BijJ 3HaueHb BHXIIHHUX JaHUX PO3B'si-
syBaHoi 3amaui, GyHkuii pusuky Fj(X,,T) BUIAOThCA
MOJIIHOMaM# TOTO CaMOTo TOPSIKY, 110 i ¢pyHKIlisa bern-
MaHa &(X,, T), @ OpJIMHATH PU3HKY:

¢ = min{F;(%, — Ax,)};
J

o = m]m{FJ (%, + Ax)};
it = mjin{Fj(ip + Ax; + Ax)}

i koediuienTH [}, y;, Yy OOUUCIIOIOTHCS B MPUITYILEHHI
OYEeBHIHOI IlepeBaru ONHi€l anbTepHATHBM IIepen iH-
HIMMH B OKPEMHX TOYKaX MPOCTOPY CTaHy, HAPHUKIIAJ,
y CepeluHi iHTepBaly Xy, @ TaKOX Ha JIiBil Ta mpasii
MeKax IHTepBaJly MOXKJIMBUX 3HAYEHb 3MIHHUX X;.

Ha BigmiHy Bim BHUNAIKy BiAKpUTOI 00jacTi yii-
paBiinEs u(T) 3aBIaHHS ONTHMI3allii BUPIMIYEThCS 3a
YMOBH, 110 BCi KoedilieHTn (QyHKUii pu3nuKy B HpaBiii
YacTWHI piBHSHHA benMaHa 3anexaTh Bif j-ro HOMepa
o0paHol anbTepHATHBH, a MiHiMi3amis (QyHKIIOHAIa
3IIIICHIOETBCSI alPOKCUMAIlI€I0 MHOXHMHU (YHKLIN pu-
3UKy Fj, IO NMEPETHHAIOTLCS, OJHUM CTATHYHUM MOJIi-
HOMOM. JUIS 4YOTO BHKOPHUCTOBYETHCS METOA pobouoi
touku. L{e mo3Bosie 3amucatu cucteMy audepeHIiaib-
HUX PIBHSHB MIOJI0 IIYKAaHUX KOe(IiIlieHTiB anmpoKcHMa-
wii a(7), B (1), v, (t), Yy (t), BU3HAYMTH 3HAYEHHS IHX
KOeiIi€HTIB, 0 BCTAHOBHJIOCS, NMPH ACHMITOTHYHIH
MOBEIHIII ONTHMAIBHOI CHCTEMH 1 JOBECTH DPilICHHS
3aja4i 70 KiHI, SKOIO MPUPIBHSTH OPIUHATH PU3UKY
OJIH OTHOMY.

I .
Co=ct=¢ =cit. 3)
OO0unciIeHHs] OPAMHAT MiHIMAJILHOTO PU3UKY Y
pi3HuX mMOaLOTHUX cuTyanisx. [lomepemni mocmi-

JOKEHHS TTOKa3ajiH, 10 CTOCOBHO JaHOI 3aj1a4i MOAaHHs
¢ynkuii benrmana € y kBaapatudHiid (hopmi HemocTart-

11



Control, Navigation and Communication Systems. 2023. No. 1

ISSN 2073-7394

HbO, 1100 OTPUMATH ajeKBaTHUiA omuc. Tomy Oyna B3s-
Ta HACTYIHA alPOKCUMALIis:

e=a+ pix+ 0,57,x% + B,z + 0,57,z + fya+ 4
+0,5y73a2 + Y%z + Y3xa + Py3za + Axza,

ne B, Yi, Wik, A-KoedillieHTH, a OCTaHHIH JOJaHOK AXZa

MICTUTh AOOYTOK TPbOX 3MiHHHX. OTpHMAaBIIN 3HAYEH-
ng 22,2 %8, pupasy 4 i mizcrasuBIM B K0 BHpasy 2

ox’' 9z’ da pasy . A pasy £,
OTPUMAEMO Y BUIILAAI GOPMYITy A o0YncCIeHHS QyH-
Kiiit pusuky Fj(x, z, a):

F=—_
i = vae T

Xj — X

+(B1 +v1x + Y122 + Pysa + Aza) " v+
Zj]—Z

+(ﬂ2 + Y2z + lplzx + ¢23Z + lxa) +

a; L a

+(Bs + V3@ + Py3x + Y3z + Axz) L— = (5)

J

= + (B + VX + Y122 + Piza + Aza)ﬂV +
VAt 7
AZj
+(By +V2z + Yiox + P32 + Axar) TV +
A(Xj
+(Bs + v3a + P13x + P32 + Axz) TV'
j
ne Ax; =x;—x,Az; =z —z,Aq; = a; —a- 36imb-
LIEHHS KOOPJIUHAT BEKTOPAIOTOYHHUN CTAaH JUHAMIYHOI
CUCTEMH.

Tenep MoOXHa NPUCTYIUTH 10 OOYMCICHHS OpIH-
HAT PU3UKY, MOCTABUBLIM B SIKOCTI poO0OYOi TOUKH TI0-
noxenns briJIA, mpencraBieHe Ha puc. 1, Konu Biac-
TaHb 10 MyHKTIB 1,2,3,4 00paHO TaKMM YHHOM, IIIO BOHH
MpUOJIM3HO OJHAKOBI, 1 HE MOXKHA BiJIAaTH IEpPEBary
YKOJHIH 3 aIIbTCPHATHB.

[lpu naHWX MPUITYIIEHHIX KOOPIUHATH poOoUO0i
TOYKH IOPIBHIOKOTH X = X; Z = Zp; a = 0, aBifcTaHb
77 Mixk BriJIA Ta myHkTamu Oynu B3ATI KPATHUMH MiHi-
ManbHOMY pazxiycy R, nopiBarooe: r; = 8R, 1, =R,
r3 =1, = 3R. lle n03BoJsIE OOYUCIUTUTIEPIITY OPJAMHA-
1Ty Co sIK cepefHe 3HaueHHs 3 4 (GYHKIIH PU3MKY, IIO
BHHUKAIOTHIIPH 1epenboTi BriJIA y pisHHX HanpsMKax.
5,8R (6)
V2At

Tenep po3riisTHEMO TMONBOTHI CHUTYallil 3a BiIXU-
JIeHb Big pobouoi Touku. Ilpu X = xy + Ax; = x5 + R
MiHiMansHUH mTpad Oyne npu momsoti JIA myHkT 1, a
3a X = Xy + Ax; = xo — 9R Kpaiie JeTiTH B IyHKT 2,

CO = O!Zﬂl + O,Zxoyl + 0,2201/)[2 +

TOMY
x=x9+R
cf=mjnP}< zZ =2z, >=
/ a=0
7R
= (%o + R)y1 + Zo¥12 + VAt @)
x =xy+9R
cf=mjnF}-< zZ =z, >=
g a=0
8R

=1+ (xg —IR)y1 + ZoY1p + V2AL

Pi3ni 3a moxynem BimxumieHHS Ax; i Ax, Oynu
B3STi U TOTO, MO0 HampsMOK monsoty JIA Oyno on-
HAKOBO - BHepen. LmrocTparlisi MOJbOTHHX CHUTYyAIlii
MpeJICTaBIcHA Ha puc. 2, 3.

Z
3
+
C2
7o+ Az
- +
C-I 2=> » - > C ! —'_'DX
Xo - A%, Xg+ Ax,y 1

Je

Puc. 2. LimocTpaliis MOJBOTHUX CUTYAIiH IPH
MOYEPTOBHX BIIXWICHHSX IOJ0X Ta Z BiJl p0O0Y01 TOUKH

Posrisinemo BiaxuieHHs Az mo npyriii koopau-
Hati z. llpu z = z, + Azminimaneuuii nusix brJlA
Oyze mpu MOJBOTI 10 MYHKTY 3, a IpH Z = Zg + Az —
TIPY TIOJILOTI IO MMyHKTY 4.

Tomy npu Az = R oTpuMaemo:

X = X
C;— == l’l’lll’le (Z =Zy + R) = 0,8X01/)12 + 0,8ﬁ2 +
J

a=0
0.55 0.55x,
+0,8(zp + R)y, + Tﬁ3 + Tlpm +
N 0.55(zy + R) 0.55x4(zy + R) 37R
R 23 R VaAt’
X = xo (8)
¢; = mink; (z =Zy— R> == —0,8xqy1, —
J a=0
0.55 0.55x,

0,86, — 0,8(zg — R)y, — Tﬂg - T¢13 -

0.55(20 - R) 0.55x0(20 + R) 3,7R

R z R V2AtL

LmrocTparist I OiHOK OPAMHAT C3 Ta C; TAKOXK
npejcTaBieHa Ha puc. 2. Jlami, 3aMaBIIACh BiIXUIICH-
HiMU a, ipu Aa = +7/2 orpumaeMooueBUAHNUIT BUOIp
ANBTEPHATHB TOJBOTY, SIK IMOKa3aHO HA pUC. 3, MIPH JO-
CSITHEHHI ITyHKTIB 3 Ta 4.

++

Puc. 3. InrocTparist moJbOTHUX CUTYALil PY BiAXUICHHI a i
NomnajgaHHi B MyHKTH 3 Ta 4 1 HOMapHUX BIAXHUICHHSIX
[0 X Ta Z MPH TOMaAaHHi B MyHKTH | Ta 2
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Ilpu Aa = 7/2 noTpiOHO JNETITH B MYHKT 3, MpH
Aa = —z/2 B myHKT 4, 1 1Ie 3a0e3MeYnTh MiHIMaIBHUI
4ac MoJbOTY.

Tomy opaunatu ¢i Ta c3 piBHi:

4R
5 = %P2t Pt 2y +5 (1/’23 +x0A) + o5 VZIAL

4R
€3 = [xollhz + B2+ 2oy + 5 (1/’23 + xo’D] VZAL

Tenep moTpiOHO MONMAPHUMHU BiIXMUIEHHIMHU KOOP-
JMHAT CHCTEMH 1, SIK TOKa3aHO Ha puc. 2 Ta 4 4ucio
MOJBOTHUX CHUTyalidl 30uIbIyeThess BABiUi. Tak mpu
BIIXWJICHHSX 1O X 1 Z BUHUKAIOTH 4 CUTyamii, s TKUX
OYeBHIHA IepeBara IepeNboTy B MYHKT 1 TpH
X = Xg + Ax41 B IyHKT 2 1IpH X = X, + Ax,.

3okpema, 3a X = xq + R; z = zy + 3R oTpumae-
MO:

o 0,02
¢ty = 0,97f; = 0,148 — ——B5 +0,97x

X(XO + R)yl - 0,14’(Z0 + R) + 0,97Z01p12 -
0,02 0,02 ©)

_T(xo R)YY13 — — (2 + Ry —

7,2R
—0,02(xg + R)A + —— VIAE
AHAIIOTIYHAM YHHOM MO>KHA HAaJIUTH B OLIHII Op-
JMHAT MiHiManbHOTO pu3MKy Cq3 mijg yac posrisny 4
CHUTYaIliii, TOKa3aHUX Ha puc. 4.

Puc. 4. InrocTparist MOJBOTHUX CHTYALIN

Tomy opaunatu puzuky C,3 piBHI:
c3 =P+ R+ 20y, +

T XoTC 3R
+x0Y12 +§¢23 t At
€33 = =P+ (R — 20y, — Xo12 +
+ T 4 XoTC 4 3R
Vst g vaat’
2 2x,
C%s = __ﬂ1 __Bz __33 - _Vl

V3 — ElplZX
Zo

“hys +
R P23

T 10
R (10)
X
X(Z0+x0 +R)+(1_E0)l/)13 -
XoZo T R
LXP

2vear’
.2 21 2
Cy3 = _;31 +;.32 _Eﬁz N + (20 — R)x

—=(zo +R)y, +
T[(Zo V2

+(ZO+R—

T 2 X
X;Yz+ﬁy3—E(Zo—xo—R)llhz—(l—f)X

Zy X0Zo T R
Wit T~ (0 R=T) 4 g

3anummnocss po3TISHYTH OCTaHHIM BHMANOK OJ-
HOYACHO TPHOX MOXKJIMBHX BiIXmieHb AX, Az, Aa, kUM
BiAmoBimae 8 MOKIMBHMX KOMOIHAIi, TNOKa3aHHX Ha
puc. 5.

MIPY TIOTIAPHUX BIIXWICHHAX & 1 X 1 BIATIOBIOHO - @ 1 Z

VY 1mx BUMagKax Kparie JETITH 10 MyHKTY 2, SKII0

X = Xg—Ax, 1 mo myHKTy 1, SKImOX = X, + Axy.

Tomy oTpumMaemo, 30Kkpema, Inpu X = x; +R,

Aa = 7/2 oninky ci3t MiHIMaIBHOTO PU3KKY y BHTIISII:
0,225

Cf3+ = 0,87ﬂ1 - ’_ﬁ3 + 0,87(XO + R)yl -

’

5 Xo
Vs + 087201, — (1,145 + o,zzsﬁ) s —

8R
V2At

[lpu momapHUX BiIXWICHHSX (¢ 1 Z TaKOX BHHU-
KaroTh 4 CUTYaIlii, iTFOCTpOBaHI Ha pUC 5, TPUIOMY:

B NYHKT 2 Kpame JeTiTH mnpu z =z, + R,
Ao =—nf2 iz =zy + R Aa = /2,

BUYHKT 3 —nipu z = 2z, + R, Aa = /2,

B YHKT 4 —nipuz = zy — R, ,Aa = —7x/2.

Xo
_0,22520 ¢23 (1,145 + 0,225 - =) zod +

Puc. 5. Imtoctpaitist 8 MOJBOTHUX CUTYaIlill PH OTHOYACHOMY
BIZIXWJICHHI TI0 X, Z Ta & BiJl po00Y0i TOUKH

3okpema, npu
X =Xy +R; z =2y +R; Aa = 7/2

MOTPiOHO JIETITH B MYHKT 3,

pusuky ci55t nopisuioe:

et = —-0,44p8, + 0,888, +

1 BIMOBIAHO OpJMHATa

R

—0,44(xy + R)y; + 0,88(xy + R)y, +

R

—(0,44 zy + 0,88x, + 0,44R)1, +  (11)
0,22x, 0,22z,
+ ( R - 0,46) ll/13 + ( - 1r6) l/)23 +
+ (O,ZZxOZO 0,52 + 1,64x + 0 93R) L
R Zo X V2At
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TakuMm 4nMHOM, SKIIO NPOAHaIi3yBaTH BCi pO3IJIs-
HYTI BHIIE MOJBOTHI CUTYalii, TO MOXXHA 1M00AYUTH, 110
BCHOT'O BUXOJAUTH 27 PI3HUX OPAMHAT, a IIPUPIBHIOBAHHS
iX ofauH OJHOMY Ui OIHKYU 10 mykaHux koedilieHTiB
B1, V1, Y1k, A dyskuii benmana npencraBise BaKKo
OCSDKHE YHCIIO CHCTEM DIiBHSHB, IOPIBHIOE KITBKOCTI
noennans C39.

ToMy OyB BHUKOPUCTaHUMN CIPOIICHUHN MiIXiJ, IS
SIKOTO JTOJJATKOBO MOTPiOHI Tak 3BaHI «cepenHi» opau-
HaTH pm3uKy Cq3 i C,, obuncieni 3a popmynamu:

Cis ~ 0,25(cs + ¢ + oy + ci3); (12)
Cos = 0,25(cs5 + ¢y + ¢33 + ¢33 ).

OTxe, CHpPOINEHWH WiAXiA HO3BOJIIE BU3HAYUTH
CepelHi 3HAYeHHS OpIMHAT PU3UKY HEOOXiTHI U po3-
PaxyHKy MOJBOTHUX CUTYALH.

BucHoBku

3amava mobyaoBu Mapuipyty brJIA € Garatokpo-

TOYKH TIOJILOTY 3Ba)KalOYM Ha MOJBOTHY cuTyauito. Jis
BHUpINICHHS 3aJla4i ONTUMI3alii BBEJCHA CHCTEMa
wrpadiB - NPUAHATTS pILIEHHS HAa KOKHOMY KpOII,
KpiM IIOTOYHOTO, HaKJagaeThcs mrpad y BUIISLAI BTpa-
YEHOT'0 Yacy, 0 Ma€ HaCIiAKK JUIsl MalOyTHIX KPOKIB,
a OT)Ke CHPABEIJIMBUM € IPHITYIICHHS, 0 YIPaBIiHHI
BbnJIA € anpTepHaTUBHUM.

B craTTi BupimeHa 3aqaya miiaHyBaHHS MapHIpyTy
monsoTy BrmJIA i3 3acTOCyBaHHSAM IOHHAMIYHOTO IIPO-
rpaMyBaHHs 3a npuHOUIoM benmana. 3aBoaHHS ONTH-
Mi3amii BUPIOIYEThCA 32 yMOBH, IO BCi KoedimieHTH
¢yHKUIT pU3UKY B NpaBiii yacTUHI piBHsAHHA benmana
3aJIeXxarth BiJ j-T0 HOMepa 00paHoi albTepHATHBY.

[TpoBenenuii po3paxyHOK IOJBOTHHUX CHUTYyaliH,
[0 CBIIYUTH TPO HEOOXITHICTH BUKOPHCTAHHS CIIPO-
LIEHOTO IiAX0AY PO3PaxyHKY TOUYKH IOJIBOTY, JUIS KO-
IO JI0JIaTKOBO IMOTPiOHI cepeqHi 3HAueHHs OpJMHAT PH-
3HKY.

OTxe, 4aCTKOBA 3a/1a4a MapUIpyTH3allii 0e3miaoT-
HOTO JIITAIBHOTO anapary Uil MOHITOPUHTY CTalliOHap-

KOBOIO Ta MOTpebye Bij omeparopa BUOOPY HACTYNHOI ~ HMX 00’€KTiB € BUPILIEHOIO.
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Method of monitoring the condition of stationary elements of critical infrastructure objects
by uavs using dynamic programming
D. Galinskiy, R. Kulish

Abstract. The task of routing an unmanned aerial vehicle is a multi-step task consisting in choosing the next monitoring
point among many possible ones. Since the decision-making process in route planning can be divided into separate stages, it is
advisable to use dynamic programming. The article considers the problem of routing an unmanned aerial vehicle for monitoring
stationary objects. The fundamental difference between the problem being solved and the existing methods is the assumption of
alternative control. The optimization task is solved under the condition that all coefficients of the risk function on the right side of
the Belman equation depend on the j-ro number of the chosen alternative. Flight situations have been calculated, which indicates
the need to use a simplified approach for calculating the flight point, which additionally requires average values of risk ordinates.

Keywords: unmanned aerial vehicle, routing, route search, monitoring, stationary object, dynamic programming, Bel-
man equation.
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PETI'YJIIOBAHHA KPEHY BIIA
13 3ACTOCYBAHHSAM IMPOTrHO3YIOYO1 MOJIEJI

AHoTauis. B crarti po3mistHyTo nporec perymoBanHs kpeHa BITJIA 3 ¢ikcoBaHUM KpHIIOM 3 3aCTOCYBaHHSAM IPOTHO3Y-
1040i Mozeni. MeTolo CTaTTi € aHaIi3 Ta ONTHMI3allis IPOIeCy PeTyIIOBaHHS KPeHa 3a JOIIOMOTO0I0 CHCTEMH aBTOMaTHIHOTO
kepyBaHHs. [IpoBeneHo aHaNi3 iICHYIOYMX TEXHIYHUX PIICHb Ta MaTEMaTHIHUX MOJeJIeH, SKi OMHICYIOTh MOBEIHKY JITaNb-
Horo amapary B nositpi. HaBeneno anroput™ ¢ynkuionyBanas Model Predictive Control (MPC)-MeTony, sKuit I€XHUTE B
OCHOBI CXeMH KepyBaHH: AUHaMIYHUMHE 00'ekTamu. Bymno o6pano cucremy aunamixu st BITJIA 3 dikcoBannM Kpuiom, sika
JIO3BOJISIE SIKICHO MATPUMYBAaTH KyT KpeHy OJMHM3BKO A0 Hyls TpaxyciB. Po3misHyTO BHpIlICHHS 3aBIaHb ONTHMI3amii i3 3a-
CTOCYBaHHSM MIPOTHO3YI0Y01 MOZEI. 3a pe3yAbTaTaMM JOCIIKCHHS OTPUMAHO XapaKTePUCTUKY MEePEXiTHUX NPOLECIB s

CHCTEMH PETyIIOBaHHS TPETHOTO MOPAAKY.

KawouoBi caosa: BIUIA, mitak, KyT KpeHy, cCHCTeMa aBTOMaTH4HOro kepyBaHHsi, MPC-MeTon, nporao3yroda Moziels,

nepenarHa QyHKIis, ONTUMI3aLis.

Beryn

CucreMH aBTOMaTHYHOTO KEPYBaHHS JalOTh MOX-
JUBICTH MIATPUMYBATH HEOOXiTHI peskUMHU poOOTH pi3-
HUX TEXHIYHHX 00’ €KTiB Oe3mocepeHb0 0e3 ydJacTi Jio-
IWHU. 30KpeMa, Taki CHCTEMH JIO3BOJITIOTH pealli3yBaTH
nporpamue kepyBaHHs BITJIA 3 gikcoBaHUM KpHIIOM Ha
pi3HUX eTamax moaboTy [1], mI0 3HAYHO CIpoIIye Ta po-
6uth OiTBII e(DeKTHBHIUM BUKOPUCTAHHS aBialliifHOT TeX-
Hiky, 30kpema BILJIA, HaBiTh IpU BUPINIyBaHHI CKiIaj-
HUX 3a]a4 MiJIOTYBaHHS.

Cucrema aBTOMAaTHYHOI'O KEPYBaHHS J03BOJISIE BU-
KOPHCTOBYBATH HEBEJIUKY KUIBKICTh AaTYMKIB iHPOpMa-
i1 PO CTaH MOJILOTY SIKY MO’KHA OTPUMATH BiJl 30BHIII-
HiX cucteM. OOUHUCITIOBAIIbHE SIPO TAKUX CHCTEM 3a0e3-
Ie9ye TOCTATHBO HAIIHHICTB Ta CTa0LIBHICTD 32 PaXyHOK
6araToKpaTHOTO PE3ePBYBAHHS Ta OXOIUIEHHS CHCTEMOIO
BOYZIOBaHOT'O KOHTPOJIIO.

B 3B’s13Ky 3 pO3BHTKOM CKJIQJIHOCTI 3aBJlaHb Ta Ha-
mpsimMiB 3actocyBaHHs BITJIA, Takox 3pOcTae CKIaIHICTD
QJITOPUTMIB KEPYBaHHS Ta MPOJIOBKYETHCSI IIPOLIEC ABTO-
Maru3alii OKpeMHX eTaliB TMoJboTy. TouHa Mozenb
BITJIA 3 dikcoBaHUM KPHJIOM, SIKa OITUCY€E HOTO MOBeIi-
HKY B MOBITpI sIBIIsiE 0000 cCUCTEMY HENiHIMHUX ande-
PEHLIHNX pIBHSIHB 31 3MIHHHMH IapaMeTpaMH, METO-
JIMKa 3HAXOJKEHHS PIILIeHb SIKUX JIETalbHO BUKIIA/IEHA Y
[2], ane Ti HETOJTIKOM € 3HAYHA MaTeMaTHUYHA CKJIAHICTb,
IO YCKJIAJHIOE ii BHKOPHCTaHHS B MaJOpPO3MIPHUX
BITJIA 3 GopTOBMMH KOMIT'IOTEPAMH HEBEJIMKOi 00YHnC-
JIOBaJIbHOI TOTYKHOCTI. B crarti Oyne posrimsiHyTa
O1IbII TPAaKTHYHA MOJEIb KEpyBaHH:.

Orusia iCHYI0YMX TeXHIYHHMX pillleHb

OHMMHM 3 TIEpIIMX PEryJSITOPIB 10 3aCTOCOBYBa-
JIMCH JJIsL KEPYBaHHS ITPOLIECOM TIOJIbOTY JiitakiB Oyiu I1-
ta [11/l-konTponepu. Bonn nosenu cBoro e(heKTHUBHICTH B
YIIpaBIIiHHI PI3HOMaHITHUMH IpouecaMy. BukopucranHus
TaKMX KOHTPOJICPIB HE BHMarae 3HaHHS TOYHOI MoOpeli
Tpoliecy, TOMy BOHH €()EKTHBHI B YIIPaBIiHHI IPOMHUCIIO-
BUMHU TIPOLIECAMH, MaTeMaTW4HI MOJENi SKUX JOCHTh
cknanni. I1I- Ta ITI/]-koHTpONEpH OYmMyIOThCS Ha OCHOBI
KJTACHYHOI TeOpii YIpaBITiHHS Ta MPOCTi IS pO3YMiHHS,
TOMY BCTAQHOBJCHHS 3B'S3KIB MK  TapaMeTpamu

VIPaBIiHHS HiIMH CHCTEMH MOXYTb 3IiHCHIOBATHCA iH-
KEHEPaMH-TIPaKTHKaMH Ta Oe3I10CEepeHbO OIepaToOpaMH.
Kpim TOrO, 32 OCTaHHI MECATWITTSA PO3POOJICHO KiIbKa
meroniB HajamtyBanHs [11- ta ITI/]-konTponepis. Hampu-
Kiaj, 3irep 1 Hikonbe 3ampornoHyBaiu METo | HajalTy-
BaHHsI, 3aCHOBaHMUI HA JaHKX IIPO PEaKiito Ha OQUHIYHUI
crymindactuil BruiB. Llei MeTon MMpoKo BUKOPUCTOBY-
BABCs MPOTSTOM 0araTboX POKIB 1 BUSIBUBCS IOCUTH eek-
THUBHUM Ha mpakTuili. Ha #foro ocHoBi Takaxami 3ampo-
noHyBaB MeTo HanamtysanHs 1uis [11- ta I[TIJ]-koHTpone-
piB 3 AHCKpeTHHM YacoM. Binbin cydacHwmiA croci aBTo-
MarngHoro HamamryBaHHS [1I- Ta [TI/]-koHTpOMNEpiB OYyB
3anporioHoBaHmii Himwkasoit y po6oti [3]. Bin Bumarae
ofIadi BXiJJHOTO BHUIIPOOYBAIFHOTO CHUTHATY JUIS OLIHKH
napaMeTpiB mporiecy KepyBaHHs. ONTHMabHI 3HAYCHHS
I1I- Ta I1IJ]-mapamMeTpiB 1OCATAIOTHCS NUISIXOM MiHiMi3arii
3Ba)KEHOT'O IHTErpaja KaaparuuHoi nomuiku. OfHak, no-
pAan 3 Bunie3a3HaueHuMHu niepearamu, I11- ta I11/I-koHT-
poriepu MaroTh 1 psi HemouikiB. Tak, sIKIo podoya Touka
TIpoLiECy 3MIHIOETHCS, MTApaMETPU KOHTpoJIepa MOTPiOHO
TIepEeHACTPOIOBATH BPyUHY, 11100 OTpHMAaTH HOBE ONTHMa-
JbHE HAJNAIITYBAaHHS, SIKE Ma€ BUKOHYBATHCS JOCTaTHBO
JOCBITYEHUM oriepatopoM. {1 cucteM i3 B3aeMOiIo-
YMMH KOHTYpaMH Lisl IIPOLielypa MoXke OyTH CKJIaTHOO Ta
3aiiMaty Gararo gacy.

OnHuUM i3 Cy4acHHMX IMIIXOAIB JI0 aHall3y Ta CHH-
Te3y CHCTEM KepyBaHHs, 10 0a3ylOThCs Ha MaTeMarhy-
HUX METOJ[aX ONTHMIi3allii, € Teopist KepyBaHHS AWHAMIY-
HUMH 00'€KTaMH 3 BUKOPHCTaHHSM ITPOTHO3YIOUHX MO-
neneit — Model Predictive Control (MPC). Ileit meton
1oyaB po3BUBATHCS 11 Ha Toyatky 60-x pokiB XX crto-
piudst, Uit KepyBaHHS MTPOIleCaMy Ta 00JIaIHAHHSM Yy Ha-
(TOXIMIYHOMY Ta EHEpPreTHYHOMY BUPOOHHWITBI, JUIs
SIKMX 3aCTOCYBaHHS TPaJULIHHUX METOIB CHHTE3Y OyIo
BKpail yTpyAHEHEe y 3B'SI3Ky 3 BUHATKOBOIO CKJIAJHICTIO
MaTeMaTHYHUX MOJENEH IO 3aCTOCOBYIOTHCS. lnest on-
TUMi3aIlil MPOrHO30BAHOTO MPOTPAMHOTO PYXY, IO € OC-
HOBOIO MPC-MeTo/1iB, BHHHKIIA B paMKaXx JIBOX HE3aIeXK-
HUX, OJHAK OMU3bKUX MO CcyTi miaxoxiB. [lepmmii 3 HUX,
mo Ha3uBaeThess Dynamics Matrix Control (DMC), po3-
BUBaBCs 3ycnusiMHu (axiBiiB kommanii Shell Oil, a npy-
ruif — Model Algorithmic Control (MAC) — 6yB po3po6-
JeHui QpaHIy3bKUMH 1HXEHepaMH XiMi4HOI NpOMMC-
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noBocTi. Ha 0CHOBI OCTaHHBOTO MiJXOLy TaKOXK BIIEpIIE
OyJ10 cTBOpEeHO KomepuiliHui maker mporpam IDCOM
(Identification and Command), sikuif EBHOO MipOIO TO-
CITy’)KMB TPOOOpPA30OM Cy4acHOI MpOrpamMHOI MiITPUMKH
METOIIB KEPYBaHHS 3 TIPOTHO30M.

B mam wac MPC-meton nepeGyBae y cTanii iHTEH-
CHBHOTO PO3BUTKY, PO IO CBiTYNTH BEJIMKA KiTBKICTH
OmyOTIKOBAaHMX 332 OCTaHHI POKH HayKOBUX IpaIlb, IPUC-
BAYCHUX JaHil mpoOiemaruii, 30kpema B [4] meTanbHO
OTIMCYETHCSI AITOPUTM TTOOYJOBH TaKUX MOJIEINEH, ae He
HaBeJeHa peajri3allis MeTosia caMe Ha KOHKPETHUX IPHK-
Jajax, B TOMy YHCIIl B CHCTeMax KepyBaHHs. Y po0ori [5]
no0y/ioBaHa MOJIeNIb KepyBaHHS 3 MPOTHO3YBaHHM, T10-
Ka3zaHa MOXKJIMBICTb CTab1IbHOT pOOOTH 00’ €KTA 32 TAKUM
TUIIOM KepyBaHHs, ajle BOHA OTpeOye 6araTo KpoKiB At
ONTHMI3alil NPOLECY, IO YTPYAHIOE T1 MPaKTHYHE 3aCTO-
cyBaHHs 14 kepyBaHHs nonibotoM BITJIA. Cdepa npax-
THUYHOTO 3aCTOCYBaHHS METO/A TAKOXK CYTTEBO PO3IINPHU-
Jlacsi Ta OXOILTIOE TEXHOJOTIYHI MpoIecH B XiMiuHiH [6]
Ta OymiBeNbHIH IHAYCTpIi, JIETKiil Ta Xap4oBii MpoMmC-
7oBocCTi [7], B a8pOKOCMIYHHX JOCTIKEHHX, Y Cydac-
HHUX CHCT€Max CHEPreTHKH Tomlo. Po3BHTOK imeit kepy-
BaHHs 3 MPOTHO3YBaHHSIM BiJIOYBAE€ThCSI y HANPSIMI BUKO-
PHUCTaHHS HENIHIHHUX MOJIENICH, 3a0€3MeYCHHS CTIHKOCTI
3a JISmyHOBMM JUIsl KOHTPOJILOBAHUX PYXIiB, HAJaHHS PO-
0acTHUX BJIACTHBOCTEH 3aMKHYTIil cUCTeMI yIpaBIliHHSA,
3aCTOCYBAaHHS Cy4aCHUX ONTUMI3aliifHUX METOIIB y pe-
IBHOMY MaciITadi Jyacy.

MerTol0 cTaTTi € ONTHMI3aMisg MpoIecy KepyBaHHS
kpeHoM BITJTA 3 ¢ikcoBaHMM KPIJIOM 3 BUKOPHCTaHHIM
MporHo3ytounx Mozenel. [Ipu npomy po3risHyTO BUpI-
LIEHHS I[bOTO 3aBAAHHS 3 ypaxyBaHHSIM BHOOpY Pi3HHX
KPHUTEPiiB ONTUMAJIBHOCTI Ta MOMXJIMBOCTEH IXHBOI TeX-
HIYHOT pearizarii.

Pe3yabTaTu nociiazkeHnb

OcHosHoto nepeBaroro MPC-mMetony, 1110 BU3Ha4Ya€e
HOT0 yCIiITHEe BHKOPUCTAHHS y TPAKTHI IMOOYIOBH Ta

YNpaeniHHA B MUHY/IOMY
U A

eKCIUTyaTalii CUCTeM KepyBaHHs, € BiJIHOCHA IPOCTOTa
6a30B01 cxeMH ()OpPMYBaHHSI 3BOPOTHOTO 3B'SI3KY, L1I0 10~
€THYETHCSI 3 BUCOKUMH aJIalITUBHUMH BJIACTHBOCTSIMH.
OcranHsi oOCTaBHHA JIO3BOJISIE KEpyBaTH OaraTtoBHMIip-
HUMH Ta Oararo3B's3aHUMHU O0'€KTaMM 31 CKIJIAJHOIO
CTPYKTYpOIO, IO BKJIFOYAE HETIHIHHOCTI, ONITUMI3yBaTH
MIPOIECH B PEXKUMIi PEabHOTO Yacy B paMKaxX OOMEXEeHb
Ha Kepylodi Ta KepOBaHi 3MiHHI, BpPaXOByBaTH HEBH3HA-
YeHICTh y 3aBIaHHI 00'€KTiB Ta 00ypeHb [0 BUHUKAIOTH
B mporieci kepyBaHHs. KpiM TOro, MOXKIIHBE BpaxyBaHHS
SIK TPAHCIIOPTHOTO 3aIli3HEHHSI TaK i 3MiH KPHUTEPIiB KO-
CTi MiJ] Yac MpoIiecy, a TaKOXk BiIMOB AAaTYHUKIB iHpOpMa-
LiI{HO-KeYI040i CHCTEeMU. ANTOPUTM (YHKIIOHYBaHHS
MPC-MmeTony, SIKUil JIeKUTh B OCHOBI CXeMHU KepyBaHHS
JUHAMIYHUMH 00'€KTaMU HOJISATAE B HACTYITHOMY:

1. Posmspaerses aesika (JOCTaTHRO POCTa) Mare-
MaTH4YHa MOJieNb 00'€KTa, MOYaTKOBUMH YMOBaMH JUIs
sKo1 € #oro (00’ekry) motounuii craH. [Ipu 3amanomy
MIPOTPaMHOMY YIPaBIiHHI BHUKOHYETHCSI 1HTETPyBaHHS
piBHSHB i€l MOZeNi, MO Ja€ MPOTHO3 PyXy 00'ekTa Ha
MIEBHOMY KiHIIEBOMY BiZIpi3Ky 9acy - TOPH30HTI MPOTHO-
3yBaHHS.

2. BUKOHYETHCS ONTHMI3allis IPOTPAMHOTO Kepy-
BaHHSI, METOIO SIKOTO € HAOJIVKEHHS PETYJIbOBAaHUX 3MiH-
HHX IIPOTHO3YIOYOT MOJIENTi 10 BiAMOBIIHNUX CUTHAJIB Ha
TOPU30HTI MPOTHO3YBaHHSI.

3. 3milicHIOETBCS ONTHMI3allis 3 ypaxyBaHHIM
BCHOT'O KOMILIEKCY 00OMEXeHb, HAK/IaJeHUX Ha yIpaBIsi-
04l Ta peryabOBaHi 3MiHHI.

4. Ha xpomi oOdnciieHb, KA CTaHOBHUTH (piKco-
BaHy MaJly YaCTHHY TOPH30HTY IPOTHO3YBaHHS, peaiy-
€TBCSl 3HAMJICHE ONTHUMAaJbHE KEPyBaHHS Ta 3HIHCHIO-
€TBbCS BUMIpIOBaHHS (200 BiHOBIICHHS 32 BUMIpSIHUMH
3MiHHUMH) (PaKTHIHOTO CTaHY 00'€KTa Ha KiHEIb KPOKY.

5. TOpW30HT MPOTHO3yBaHHS 3CYBAETHCS HA KPOK
yIepes i MOBTOPIOIOThCS MyHKTH 1-3.

Cxema KepyBaHHsI 32 1[IM METOJIOM 3 ypaxyBaHHIM
NPOTHO3YBaHHA HaBeJleHa Ha puc. |.

3anponaHoEaHHiA
cueHapiid ynpaeniHHA

yCTaEKa

AN

T R N .

nporHosyro4a peakuis
npoueca

Yacoea 3aTPUMKa
y 4—{
EMXigHUI npouec y

MHWHYNOMY i

- P

MuHyne

Tenepimuuii MoMeHT t

maibyTHe

yac ¢

Puc. 1. Cxema KepyBaHHS Ha OCHOBI IIPOTHO3YBaHHS
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Jyis po3risgaHHs JWHAMIYHUX MPOIECIB yIpaB-
ninns BITJIA 3 dhikcoBaHMM KpHiioM, HE0OXiaHO OOy Iy-
BaTH MaTeMaTHYHY MOJETb 00'€ekTa KepyBaHHsA. BoHa
MMOBHHHA KOPPEKTHO BiZI0Opa’kaTH OCHOBHI BIIACTUBOCTI
peanpHOro 00 €kTa Ta OyTH JOCTATHHO MPOCTOO IS J0-
cimimpkeHs. Ha BiAMiHy Big MaTeMaTH9HOI MOJENi Kepy-
BaHHS, sKa HaBelleHa y [§8], B IbOMY BHIIAJIKy TIepeaTHa
(GYyHKIIA HE MaTUMe OJHAKOBUX HYJIB Ta MOJIOCIB, IO
3HAYHO TIOJIETIIYE 33/1a4y PETYJIIOBAHHS.

A(w)
A

VY GaraThOX BUNAJKax Taki CHPOLICHHsS y MareMa-
THYHIA MOJIEl MOKYTh €()EKTHBHO BUKOPHCTOBYBATHUCS
MpHU aHaNi3l Ta CHUHTE31 SIK OKPEMHX KOHTYPIB YIpaB-
JIHHSI, TAK 1 CHCTEMH B IIJIOMY.

AUX mae Oytu oOpaHa TakuM YHMHOM, LIO0 MpH
4gacToTi mo nparue a0 0, aMIUTiTYIa Iparayia 10 He-
CKIHYCHHOCTi, a TPH BENHKHUX YacTOTaX aMmILITyxa
nparayna 1o 0.

I'pagix HeoOximnoi AYX HaBeneHO Ha puc. 2.

>
w

Puc. 2. I'pacdik He0OXiTHOT aMIUTITYIHO-4aCTOTHOT XapaKTePHCTUKI

Cucrema kepyBanHst nonoxxeHHsaM BITJIA 3 ¢ikco-
BaHNM KPHJIOM Y MOBITPi € 3aMKHEHOO 1 TAKOIO IO CKJIA-
JA€ThCS 3 TIICHITIOBadYa, IPUBOIY €JICpOHA Ta Iepear-
Hoii QYHKIIT THHAMIKH. AJIe HA BiIMIHY BiJl CHCTEMH IO
3alponoHoBaHa y [9] HomiIbHO 30UIBIIUTH KOS(IIiEHTH
amepioANYHUX JIAHOK, Hampukian, mo 10 Ta 11 Bigmo-
BIJTHO, JIJISl TOTO 100 JOCSTHYTH MOTPIOHOT XapakTepuc-
THUKY HaBEIICHOI BHUIllE. B SKOCTI 3BOPOTHOTO 3B'SI3KY 00-
paHO OIMHUYHUI HEraTUBHUM 3B 530K K, = 1.

Posrisinemo mogens auaamiku BITJIA 3 ¢ikcoBa-
HHUM KPWJIOM Y BUIJISAL TIepenaTHoi GpyHKuii, ska 3B’ a3ye
BiIXWJICHHS eNepoHiB 1 KyT kpeHy BIIJIA 3 ¢ikcoBanmM
kpuitoMm. CTpyKTypHa cXema Takoi MOZeT HaBeleHa Ha
puc. 3.

3rigHo 3 HaBeAeHUM MeTogoM MPC orpumMaHna mo-
TOYHA TIepeaBaibHa (PYHKITIS:

_ 110
Kp) = p(p+1)(p+10)’ (1)

Tomi aMILIITYIHO-4aCTOTHA XapaKTepPHCTHKa Oyje

MaTu TaKU BUIIISIA:
110 110
Aw) = |———=~ = s (@
Jjo(jw+1)(jw+10) wV1+w?V100+w

[Ipouec perynaroBaHHs CKIANAETHCS 3 MIATPUMKH
KyTa KpeHy, TakuM 11100 BiH OyB ONu3bKuWil 10 Hys 3a
Oynb-KHMX HerepeadadeHux 30BHIIIHIX 00ypeHs. Le pe-
IYJIOBaHHS Ha IMPaKTHLI BigOyBaeThCs 3a JIONOMOTOO
3MiHH KOCQIIIEHTIB i ICHITIOBaYa Ta TiPOCKOIY.

—O’—" k -,

10 11

=1 p+10 p(p+1)

v

K.

Puc. 3. CtpykrypHa cxema kepyBanHs BITJIA 3 pikcoBaHnM Kpuiom

B sikocTi TOpH30HTY IPOTHO3YBaHHS OYJI0 B3ATO MO-
piBHAHO HeBenukui iHTepBan yacy [0,40] c, Ta mpose-
JICHO MOJENIOBAaHHS MPOLECY PEryJIIoBaHHS B CHCTEMi
Simulink. Ha ocHOBi po3po6iieHoi MareMaTn4Hoi Moesi
13 3aCTOCYBaHHSIM 3a3HAUYCHOTO METO/Ia KEPYBaHHS OTPH-
MaHO TIepeXiTHUH Tporec, rpadik SKOTO HAaBEIEHO Ha
puc. 4.

OTpuMaHa XapaKTePHUCTHKA NEPEXiTHOTO MpPO-
LIeCy Ma€ BiTHOCHO HU3BKHUH KOEQIIi€HT Iepeperyito-
BaHHs (He Oimbmie 3a 15%) Ta B WiJOMy Mae BUIIISIA
3aracardoro Mmporecy, Mo HiATBEPIKY€E KOPEKTHICTH
00paHoi MareMaTUIHOI MOJeii, Ta MOXKIHBICTH il
MPAKTUYHOTO 3acTOCyBaHHS Ay kKepyBaHHs BIIJIA 3a
KpPEHOM.
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Puc. 4. I'padix nepexiHOTO TPOIECY
MUIOTHOTO JITAJIBHOIO amapary 3 (IKCOBAaHMM KPHJIOM,
BucHoBkH pary 3 ¢ P

1110 I03BOJISIE ONTHUMI3yBaTH MPOLEC KEPYBAHHS B PEXXUMI
1. IlpoBenenuii aHani3 onTUMi3aLii Ipolecy pery-  PeasbHOTO Jacy.

JIIOBaHHS JOBOJUTE 1[0 METOJ KEPYBaHHS 3a T0IIOMOT'0I0 2. OrpumaHi 3aJIe)KHOCTI aMILTITYIHO-4aCTOTHOT

nporrosyrounx Mmogeieil (Model Predictive Control,  XapakTepHUCTHKH Ta IEPEXiJHHUX MPOLECIB PETYTIOBAHHS,

MPC), Hali6inb noBHO, opiBHAHO 3 I11- Ta I[1I[]-ynpaB-  AK CUCTEMH TPETHOTO MOPSIKY, JOBOAATH e(EKTUBHICTH

JIHHAM, 3B’A3y€ BIIXWIEHHSA €JE€POHiB Ta KpeH 0e3-  3aCTOCYBaHHS I[bOTO METOAY Ha MPAKTHII.
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UAV roll adjustment using a predictive model
Mykola Denysenko, Dmytro Karaman, Andrey Zuev, Mykhailo Gunbin

Abstract. The process of roll control for a Fixed-Wing UAV using a predictive model is considered. The purpose of the
article is the analysis and optimization of the aircraft roll control process using an automatic control system. An analysis of existing
technical solutions and mathematical models describing the behavior of the aircraft in the air was carried out. The MPC-method
functioning algorithm is presented, which is the basis of the control scheme for dynamic objects. A dynamics system was chosen
for a fixed-wing UAV, which allows to qualitatively maintain the roll angle close to zero degrees. The solution of optimization
tasks using a predictive model is considered. According to the results of the study, the characteristic of transient processes for the
third-order control system was obtained.

Keywords: UAV, aircraft, roll angle, automatic control system, MPC-method, predictive model, transfer function, optimi-
zation.
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METOA IMOBYAOBHU TIHBOBUX 30BPA’KEHDb OB’€EKTIB KOHTPOJIIO
PEHI'EHIBCHKHUX CUCTEM ABIAIIIMHOI BE3ITEKH

Anortanis. CrarTsa npucBsYeHa po3poOii MeToa MoOyJOBH TiHBOBUX 300pakeHb 00’ €KTiB KOHTPOJIO PEHTICHIBCHKUX
IHTPOCKOIIB Ta aHai3y HOro 3acTOCYyBaHHS Uil PO3Mi3HABaHHA HeOE3MEeYHHX Ta 3a00pPOHEHMX IPEAMETIB Ha 30-
OpakeHHAX Oaraxy. Bimomo, mo Oe3mneka apiallii 3HauHHMM YHHOM BH3HAYa€ThCA 3aX0JaMu 3 3a0e3IeyeHHs aBia-LiifHOT
Oe3mekd. 11 1bOro BUKOPUCTOBYIOTHCS PAJiOCIEKTPOHHI CUCTEMH Ta KOMIT I0TEPH30BaHiI KOMIUIEKCH JOTJISA0BOI TEXHi-
ku. Ile o6nmagHaHHS BKIIIOYAE PEHTI€HIBCHKI IHTPOCKOIH, METAIOIETEKTOPH Ta METAIONIyKadi, CKaHepH Tija, ra3oaHaiiza-
TopH Tommo. Ob6naHaHHA JOTIIAI0BOI TEXHIKA BUKOPHCTOBYETHCS [UISl BUSBICHHS He-0€3MeYHNX Ta 3a00pOHEHNX IpeaMe-
TiB y macakupiB Ta B iXHbOMY Oaraxxy. OJHi€I0 13 OCHOBHHX IpoOJIeM MY IEOMY CIIi{ BBB&XATH BUCOKY HMOBIPHICTb XH-
OHOT TPUBOTH IIiJ] Yac BHUSBJICHHS HEOE3MEUHUX IPEIMETIB PEHTIe-HIBCbKUMH CHCTeMaMH. Y NeSKHUX BHIaIKax I HMOBip-
HICTh MOke ckianatu 0,3, 0 HeraTUBHO BIUIMBA€E Ha MPO-IIyCKHY 3[aTHICTh MAaCAXUPOIMOTOKY aepoIOpPTiB. 3 METOIO yCy-
HEHHS BKa3aHOTO HEJONIKY B IIii CTaTTi HABO-AWUTHCS IETAIbHUI OMUC HOBUX TEXHOJOTiH BUSBICHHS HeOC3MEUHHUX Npes-
METIB Ha OCHOBI BUKOPHCTaHHS NPOEK-IIIHNX TIHOBUX 300pakeHb 00’ €KTiB KOHTPOJIO. 3alPOIIOHOBAHUI MeTo] 100y 10-
BU TIHBOBUX 300pa)XCHb I'PY-HTYETHCS HA BUKOPUCTAaHHI MpaBHIIa MOMIOHOCTI TPUKYTHHKIB, Teopemu Ilidaropa, Teopemu
CHHYCIB i KOCHHY-CIB Ta (OpMYJI AJIsi BU3HAYCHHS] TPUTOHOMETPHYHUX (DYHKIIH KyTiB IMPSIMOKYTHOTO TpUKyTHHUKa. [Tosic-
HEHHs Me-TOJly OTPUMAaHHS TIHBOBHX 300pakeHb BUKOHYETHCS Ha MPHUKIIAAl 00 €KTy KOHTPOJIIO Y BUIIIAAl mumiHapa. [Ipu
LOMY CIIOYaTKy HAaBOJMTHCS CTaHIApPTHA METOAMKA BH3HAUCHHS MaTeMaTHYHOI MOJEN TiHi y OIHIN IUIONIMHI CKaHyBaH-
Hs1. Jlani BUKOPUCTOBYIOTBCSI PO3pOOICHUI METO CKaHyBaHHS, SKHH Iependadac mpssMuid Ta 00EpHEHUH mepexia 10 LHIi-
HJIPUYHOI Ta JIeKapToBoi cucTeM KoopanHaT. OTpHMaHi MaTeMaTH4HI MOJIENi TIHBOBUX 30-0OpakeHb MPOCTOl (JOpMH BHUKO-
PHUCTOBYIOTBCS Al MOOYAOBH MOJEeH CKIIAAHOI (OPMH, SIKi MOXKYTh BBOKATH-CS MOJEIIMHU 3a00pOHEHUX Ta Hebesmed-
HUX 00’€KTiB JOTJISIOBOTO KOHTPOJI0.MeETol OTpHMaHHS TIHBOBHX 30-OpakKeHb € CKJIaJOBOI METOJUYHOTO Oa3ucy Uit
CHHTE3Y CIEKTPAJIBHOrO BHSBIIIOBAaYa. AJITOPUTM BHSBJICHHS Hependayae 3HAXOIDKEHHS MPOCTOPOBOTO MEPETBOPEHHS
®yp’e Bia TIHLOBOTO 300paKCHHS 3 MOJATBIIOI0 3TOPT-KOIO 31 CIIEKTPOM MACKH IIyKAaHOTO 3a00pPOHEHOT0 Y HeOe3MeuHo-
ro mpenMeTy. 3alpolOHOBAHUH BUSIBIIOBAY BH-KOPHUCTOBYE MPABHJIO HPUHHSATTS PIlICHHS Ha OCHOBI Kputepiro Heiimana-
[Mipcona. Y cTaTTi BUKOHAHO aHaJi3 pe3yJIbTaTiB MOAETIOBAHHS BUSBIIIOBAYA U PO3II3HAHHS IICTOJETY Ha 300paKeHHSX
Oaraxy. i aHanizy ee-KTHBHOCTI BUSIBJICHHS PO3PaxXOBaHOBINOBIHY XapaKTePHCTYKy BHSBICHHS. AHaJi3 JOBIB ede-
KTHBHICTb CIEKT-PaJbHOTO BUSBIIOBAYa 3 TOYKH 30py CTATHCTUYHMX XapakTepUCTHK. [Ipu oMy min 4ac po3mi3HaBaHHS
MCTO-NIeTy WMOBIPHICTh NMPAaBUIILHOTO BUsBICHHS ckinanae 0,99997, a fimoBipHicTh XuOHOT TprBoru — 0,01. Pesympratn
JOCII/PKEHHST MOXKYTh OyTH BUKOPHCTaHI JJIsl aBTOMATH3AIlis IPOLIECIB AOTIIALY acaXupiB Ta Oaraxy.

KawuoBi caosa: asiariiiHa 6e3meka, peHTTCHIBChKI IHTPOCKOIIH, TIHOBI 300paskeHHs, 00p0o0Ka 300paXKeHb, CIIEKTpa-

JIBHUI BUABIIOBaY, Kputepiit Heitmana-Ilipcona.

Beryn

3abe3neueHHss Oe3NEeKH € TOJOBHUM 3aBIAaHHIM
JUI1 [HBITBHOI, BIHCHKOBOI Ta KOMEpIIiifHOT aBiarfil.
Besrneka BU3HAYa€ThCS SK CTaH, 3a SIKOTO PU3MKH aBia-
WIfHUX TOAINH 3HMKYIOTBCS Ta KOHTPOJIIOIOTHCS J10
npuiiHATHOTO piBHA [1]. ABiamiiHy Oe3mexy Mo-)XHa
PO3MIIsIaTH SIK AWHAMIYHUI CTOXAaCTHYHUIT mpouec [2],
SKMH 3aJIe)KUTh BiJ 0araTtboX (DakTopiB, BKIHOYAIOYH
oprasizaniifHy CTPyKTypy aeporopTy, HaIilHICTh aBia-
miHHOTO OONamHAHHS, JTIOJACHKAN (haKTop, eKCIuTyara-
[iHI YWHHUKWA, YMOBH HAaBKOJIMIIHLOTO CEPEIOBHINA
TOLIO.

ABgianiiiHa Oe3neka € BaXXJIMBOIO CKJIAJIOBOIO 0e3-
meKku asiarii. MeTorw MisIIbHOCTI CITy)KO aBiamiiHOT
Oesriexu € 3a0e3neyeHHs aBianiiHol 0e3neKky, eheKTHB-
HOCTI poOOTH aepomnopTiB LMBUIGHOI aBiallil MUITXOM
3MIMCHEHHS 3aXO0JIiB IOJI0 3aXHCTY Bijl aKTiB HE3aKOH-
HOTO BTPY4YaHHS BIAMOBIJHO /10 YMHHUX HPaBHJI, PEKO-
MEH/IOBaHOI MPaKTHKH Ta mpoueayp [3].

Ha ocHOBi cucremHoOro miaxonxy Ta aHamizy Mix-
HaposaHa opradizamis nusiasHOI apianii (ICAO) Bu-
3HauYMIIa OCHOBHI 3arpo3u aBialliifHii 6e3merri:

— 3aXOIUICHHS TOBITPSIHUX CYAEH TEPOPHCTaMH Ta
IHIIUMH 3JIOYMHHUMH €JIEeMEHTaMH Ta AUBEPCIiHI aKTH;

— HE3aKOHHE NepeBe3eHHsI HeOE3NEYHNX BaHTaXIB;

— He0e3MeKH TiJ Yac MOJBOTIB MOBITPSHOTO CYJ-
HA 3 BHHHU arpeCHBHAX a00 NICHXiYHO HEBPIBHOBAXCHHUX
MTACaKHUPIB;

— 3aCTOCYBaHHS TEPOPUCTAMHU PAKET KJIACy «3EM-
JIS-TIOBITPSI»;

— HE3aKOHHE MepEeBe3CHHs SACPHUX Ta PaJli0aKTH-
BHHX PEYOBUH;

— KibepTepopusm.

OCHOBHUM 3aBIaHHSIM CIIy)XOM aBiauiiiHol Oe3-
MeKW € BHABJICHHA HeOe3meyHnX 1 3a00pOHEHHX
00’€eKTIB M yac INepeBipKM HacaxkupiB i Oaraxy [4].
Jis mporo mepcoHan ciyOu aBiamiiHOi Oe3leKu BU-
KOPHCTOBYE pi3HE OONaJHAHHSI: PEHTTCHIBCHKY JIOTJIS-
JIOBY CHCTEMY, CKaHEpH Tijla, METAI0/ICTEeKTOPH, JeTEK-
TOPHM PYXOMHX IOHIB, JJETEKTOPHU CIiJIiB BUOYXOBHUX pe-
yoBrH. CydacHi aeponopTH BUKOPHUCTOBYIOTH Bil TPHOX
JI0 AT PiBHIB AoTisAy Oaraxy. Jlormsa macaxupis
3MIMCHIOETHCS JTIHIMHAM PEXUMOM. PeHTreHiBCchKa J0-
IJIAI0Ba CHUCTeMa Hajae iHQOpMaIiio Mpo BHYTPINTHIO
CTPYKTYpY TpeAMeTiB Oaraxxy Ta Ja€ MOXIUBICTh BU-
SIBUTH BHOYXOBI PEYOBMHM, HAPKOTHKH, BOTHEMAJILHY,
XOJOAHY 30por0 Ta iHOI HeOe3me4yHi Ta 3a00pOHEHi
npeamMetu [5].

AHaJti3 JiTepaTypH Ta mocTaHoBKa 3aaaui. Bin-
MOBIZTHO JI0 CYYacHHMX PEKOMEHAaliil 1Mo OyAiBHULTBY
aeporopTiB, NependavyacTbes, MO0 BECh Oarax IpoXo-
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JUTh aBTOMaTHYHUI JOTJIS 32 JIONIOMOT'OI0 PEHTIE€HIB-
CBKHUX IHCHEKUiifHnX cucteM.OJHaK Ha >Kajb, BHCOKA
JIOCTOBIPHICTh BHSIBJICHHS HEOE3NEYHHX MPEIMETIB i
MarepianiB (IMOBIpHICTh IPaBHIBHOTO BUSIBJICHHS BHIIE
0,99) TakoX CyNpPOBOMKYETHCS BHUCOKHMHU PIBHSIMHU
HMOBIPHOCTI TTOMHJIKOBOI TPHBOTH (IsI WMOBIpHICTBH
npubmm3Ho nopisaroe 0,15...0,3) [5, 6].

OCHOBHIMH TIPUYWHAMH JOCHTH BHCOKHX PIBHIB
HMOBIPHOCTI MTOMHIIKOBHX TPHBOT €:

1. 3anexHICTb XapaKTEPHUCTHKH BHUSIBICHHS BiJ
SIKOCTI OTPUMAHUX 300pakeHs [7].

2. Henoniku y BHU3Ha4Y€HHI HMOBIPHOCTHHUX Xapa-
KTEpUCTUKAaX TEXHOJIOTiH Bi3yamizalii Ta BUKOPUCTOBY-
BaHHUX AJITOPUTMIB PO3Mi3HABaHHS HEOE3NEYHUX Ta 3a-
0OpOHEHMX O00’€KTIB MiJl YaC PEHTICHIBCHKOTOIOTIISTY
[8].

3. Jrwoacekwuit pakrop [9].

4. HecnpaBHocti, 3001 Ta BiIMOBH 00JaTHAHHS
[10].

BukopucTaHHS aBTOMAaTH30BaHUX TEXHOJIOTIH BH-
SIBIICHHS Ta PO3Mi3HABAHHS HEOE3MEYHUX 1 3a00POHCHHUX
00’€KTIB y TIpoIIeci MepeBipKH TO3BOJIIE OIepaTopaM 3
aBialiiiHOT Oe3NeKu 30cepeJuTUCS Ha acleKTax MepeBi-
PKH, a cucTeMa BUKOHY€E (YHKLII CKaHyBaHHsI, aHAII3y
Ta BUSIBJICHHS 3aJaHuX 00’ekTiB y Oaraxi [11].Y crarti
[12] npencTaBneHo MeTOT aBTOMAaTH30BAHOTO BHSBIICH-
Hsl HeOe3MeuyHNX 00 €KTIB 3 BUKOPHCTaHHSIM aJarToBa-
HOl HesiBHOI (opMu Mopeni ckanyBanHs. Lleit mimxif
BUKOPHCTOBY€ BIi3yaJIbHUH CIIOBHUK [UIS1 BHSBICHHS
HeOe3meyHnx 1 3a00poHEeHNX 00’€KTiB. ABTOPH JIEMOH-
CTPYIOTh IOCTATHIH piBeHb HMOBIPHOCTI HMOMHJIKOBHX
TPHUBOT TIPH BUsBICHHI OputB i ctopikenis (0,02 i 0,06
BiJINIOBiJTHO), aJie il YacC BHSBJICHHS IICTOJNETIB PiBCHb
MTOMIJIKOBAX TPHUBOT BUCOKHU (AMOBIPHICTH TOPIBHIOE
0,18).

Cy4acHMM IHCTPYMEHTOM pO3Mi3HaBaHHs HeOe3-
MEeYyHUX 1 3a00pOHEHHMX 00’ €KTIB € BUKOPUCTAHHS IJIHU-
0okHx 3ropTkoBHX HeiipoHHHX Mepex (CNN). Crarrs
[13] mocmimkye nomnepeanso HaBueHy CNN Ha OCHOBI
rapajiurMy HaBYaHHS 32 MEPEHECEHHM. 3alporoHOBa-
HUH iIXiq T0Ka3aB e()eKTUBHE BUSABICHHS ITICTOJICTIB 3
HU3BKOI0 WMOBIPHICTIO TIOMHIIKOBOi TPUBOTH (B Jiama-
301 0,0021 ... 0,024 3amexxsHo Bim mapamerpiB CNN).
Amnani3 WMOBIPHICHUX XapaKTEPHUCTHK JUIS BHSBICHHSI
pizHEX 00’€ekTiB 32 gomomororo CNN HaBenmeHo B [14].
IcHyroTh nmeski BaockoHaneHHs Ta Momudikamii CNN,
gk mokazaHo B [15]. 3arazom CNN e edekrtuBHOIO Ta
HaJIHOI0 TEXHIKOIO BHUSBJICHHS HeOe3meyHux 1 3a00-
poHerux 00’ekTiB [16], ame BoHa mMOTpeOye 3HAYHOL
00YHCITIOBAIEHOI OTY>KHOCTI.

[IpoBexenuit aHami3 MoKa3aB, IO PEHTTEHIBCHKA
cUcTeMa 3acCHOBaHAa Ha IPSIMOMY METOAl Bi3yamizarii.
[psimi MeTomM Bi3yamizamii CKIATAFOTHCSA 3 HACTYITHHUX
orieparin:

— OIIPOMIHEHHSI 00’€KTY JIKEPEJIOM pPEHTIeHIBCh-
KOT'O BUIIPOMIHIOBaHHS;

— TpUHMaHHS PO3CITHOTO Ta IIOCIA0JICHOTO BH-
MIPOMiHIOBaHHSI,

— MEepPETBOPEHHSI OTPUMAHOI0 BUIPOMIHIOBAHHS B
EJIEKTPUIHHIA CUTHAI Ta 00pOOKa CHTHAIY;

— TIEPETBOPEHHS ENCKTPHYHOTO CHUTHATY B ONTHY-

Jpyra omeparisi moB’si3aHa 3 PEKOHCTPYKLIEIO Ti-
HBOBHUX 300pakeHb. TiHbOBE 300pakeHHs 00’ €KTa KOH-
TPOJIIOSIBIISIE COOOIO TiHB 00’€KTa B PEHTTEHIBCHKOMY
niama3oHi. OCKUIbKH pi3HI 00’€KTH NOTJHHAIOTH PEHT-
TCHIBCbKE BUIIPOMIHIOBAHHS, TIHHOBE 300paKe€HHS II0-
Ka3y€e pO3IOALT aMIUTITy! PEHTTeHIBCHKOTO BHIIPOMi-
HIOBaHHS Ha €KpaHiIETeKTOpa Iicisl HOTO MPOXOKEH-
HSA Kpi3b 00’ €KT KOHTPOITIO.

AHai3 JiTepaTypy TakoX ITOKa3ye, M0 PEeKOHCT-
PYKLis TIHBOBHX 300pa’keHb € MEPCIEKTHBHUM Harpsi-
MKOM, SIKHH, 30KpeMa, CIPSMOBAaHMHA Ha IIiIBUIICHHSI
e()eKTUBHOCTI POOOTU CHCTEM PEHTI€HIBCHKOTO CKpH-
HIHTY.

MaremMaTHyHHH ONMHKC IMOCIA0ICHOTO BHIIPOMIHIO-
BaHHS 00’ €KTIB, sSIKi IEPEBIPAIOTHCS 33 JONOMOTOI0 CHC-
TEeMU PEHTT€HIBCHKOTO JOTJISIY, MOKHA HaJaTH HACTY-
HAM YHHOM:!

p(xy)=¥Y(F,G,P,1), @
Je X 1y — koopauHaTH (abcuucara OpJrHATA) HA SKPaHi
npuiiMaua; F — mapamerp Qopmu, sikuit 3amae ckiai-
HICTh 00’€KTa KOHTpONIO (MOxe OyTH mpocToro abo
cKknasiHow); G — reoMeTpuuHI mapaMeTpu 00’ €KTa KOH-
TPOJIIO, SIKi 3a/Ial0Th YMCIIOBE 3HAYCHHS HOTO PO3MIpiB;
P — ¢izuuni napamerpu 00’€KTy KOHTPOJIO (LIiJIb-
HICTb, KOC(IIIEHT MOTJIMHAHHS, KOe(Dilli€HT pO3CitoBaH-
Hi Ta iHW); | — mapaMeTpu Haxmiry 00’€KTa KOHTPOIIO
BIJTHOCHO OCEil KOOpIMHAT.
Merto10 wi€i cTaTTi € MaTEeMaTHYHUHN OMHC TPOIIe-
Cy BH3HAYEHHS OCJIa0JIEHOTO BHIIPOMIHIOBAHHS Ha Jie-
TEKTOpax PEHTI€HIBCHKOTO IHTPOCKOITYy Ta aHali3 MOX-
JMBOCTI BUKOPHCTaHHS [MX MaTEeMaTHYHHX 3aJIC)KHOC-
Tell U BUPIMICHHS 33241 PO3Mi3HaBaHHS HEOC3METHNX
1 3a00poHEHNX 00’ €KTIB.

MeTton peKOHCTPYKUil TIHLOBHX 300pa:KeHb

V3arajibHeHa CTPYKTypa JIOTJIIJOBHX  CHCTEM
BKJIIOYAE JDKEPENa BUIPOMIHIOBAHHS, 00 €KT KOHTPOJIIO
Ta npuiiManbHy yacTuny. [IpuilManbHa 4acTUHA CKiIaja-
€TBCS 3 00NMamHaHHA s 00poOKU 300pakeHsb 1 BimoOpa-
JKeHHS 1H(OpMaIlil ISl OIepaTopiB CITy>KOW aBiamiiHOT
6e3neku. Y Guori 00pobku hopMyeThest iHpopmaltist po
TIHBOBE 300paxkeHHs 00’ ekTy KoHTpOoJIo [10].

OO0’eKT KOHTPOJIIO PO3TALIOBYIOTh MIXK JDKEPEIOM
BHITPOMIHIOBaHHS Ta €KPaHOM Ha IeBHill BiacTani [17].
Y KkoXHi# Touri expaHa (iKCyeTbCs 3HAUCHHS Mapame-
Tpa BHIIPOMIHIOBAaHHS, 10 MPOWIIIO yepe3 00’eKT (am-
IUIiTYAa, Tossipu3anis Ta iHmi).KoxkHOMy 3HaueHHIO
L[LOTO TTapaMeTpa BiAIOBIJA€ TEBHA SICKPABICTh ONTHY-
HOTO 300pakeHHs. Y 3arajlbHOMY BHIAIKY PO3MOALT
SICKPaBOCTI ONTHYHOTO 300pa)KEHHSI TaKOX € TPUBUMIp-
HOKO (DYHKITIEFO 1 3aJIC)KUTH BiJl YABHUX KoopauHar (X, Y,
Z). Y HaACTYNHUX aHAIITHIHUX MOJENISAX PO3MOIT SICK-
PaBOCTI ONTHYHOTO 300pa)KE€HHSI 337a€ThCs aHAJIOTIYHO
MIPOCTOPOBOMY PO3IOJLTY peanbHoro napamerpa. Ocki-
JBKU TIPOCTOPOBHUH MapaMeTp € MOCTIHHOI0 BEIINIHHOIO
B MEXax IEBHOTO 00’eMy, QYHKIIS SICKPaBOCTI ONTHY-
HOTO 300pa)keHHS B MEXaxX IIbOTO IEBHOTO 00’eMy Ta-
KOX € BEIMYMHOIK0 TocTiiHOW. Lleit 00’eM oOMexeHMi
JBOBUMIpHOIO (yHKIiE0 ¢'(X,Y). OTpuMaHe ONTHYHE

300paKE€HHSI BHBOJUTHCS HA MOHITOP PEHTTEHIBCHKOL
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JOTJISII0BOT CHCTEMH 1 ToMy € nBoBuUMipHHM. Koopau-
HaTHU 33JaI0Th MIEBHY TOYKY Ha eKpaHi MoHiTopa. OTxke,
(haKTUYHO SICKPABICTh 300pak€HHs BHU3HAYAETHCS JIBO-
BUMipHOIO QyHKIiE0 @'(X,Y).

3aramom, ISl TiABHIEHHS e(QEeKTHBHOCTI poOOTH
IOTIISLIOBOI CHCTEMH HEOOXIIHO IIOCTIMHO BIOCKOHA-
JIFOBATH CTPYKTYpPY OOPOOKH JaHUX, OCKIJIBKH:

a) pPI3HOMAHITHICTh 00’€KTIB KOHTPOJIO MOCTIHHO
30UIBIYE€THCS;

0) 00’€KTMBHO BMHHUKAIOTh HIYMH PI3HOTO IOXO-
JDKSHHST;

B ) 30UIBIIYETHCS 0OCST TOBITPSHOTO TPAHCIIOPTY;

T) CKOPOYYETHCS Yac NPHHHATTS PIlIEeHHS II0J0
BHSIBJICHHS 3a00pOHEHHX 00 €KTiB [5].

B 1ux yMoBax akTyaJbHHM CTa€ MHTaHHS BUKOPU-
CTaHHS HOBHX TCOPETUYHHUX Pe3yJIbTATIB y ramysi oopo-
OKM [aHWX, 30KpeMa CTAaTHCTUYHUX 1 (iIbTpamiifHuX
MeToiB 00poOku curHaiiB. Ha erami cuHTE3y Ta aHai-
3y CTPYKTYp 0OpOOKH JaHUX JOLJIbHO BUKOPUCTOBYBA-
TH METOJU Ta 3aCO0U €JIEKTPOHHOTO Ta CTaTHCTHYHOTO
MozentoBanHs [ 18].

Ha puc. 1 HaBeneHO y3araibHEeHy CTPYKTYpY oOIle-
paTopiB 0OpOOKM MaHUX JJIsl PEHTTCHIBCHKHX CKPHHIH-
TOBHX CHCTEM.

D:.'mﬁ:j:n: Tonepexas
PeHTTEHIBChEE nﬂp!‘:lu

IiII]'IIPDMiII}CIH.H HHs

3dip indopuanii

¢~ BURBIeHHA
nebesmeynnx Ta
safopoHeHnx
\  ob'exTin /

(TlepeTbopenns )

ETERTPHYHOTD
CHTHANY B

\  onTHuHmA

Puc 1. Y3aranpHeHa CTpyKTypa OlepaTopis
00pOOKH TaHUX I PEHTTEHIBCHKUX CHCTEM

VY3araqpHeHUH METOMWYHUHN MiIXiJ A0 MOOYIOBH
TIHBOBHX 300paXKeHb MPEeIMETIB pi3HOI (popMu BKIFOUAE
HACTYITHI eTamnu:

1. Bubip tuny mkepena BUIPOMIHIOBaHHS Ta aHa-
73 Horo ¢i3nYHUX OCOOJIMBOCTEH, a TaKOX METOLY
CKaHyBaHHS. Hampuxiaz, SIKIIO DKEpE0 TOYKOBE, TO
XBWISL Ma€ chepuaHUi QPOHT, SKIIO JKEPETo JIiHiHHE,
TO Ma€ NWTHAPUIHAN QPOHT.

2. AHaii3 reoMeTpHYHUX OCOONMBOCTEH 00’€KTa
KOHTpOJIIO Ta HOTrO pO3TallyBaHHsS BiTHOCHO JDKepena
BHITPOMIHIOBaHHA, ()OPMYBaHHS BEKTOPIiB BXITHHX Ja-
HUX (po3MipH, BIACTaHB BiJ IpKepena N0 00’€KTa KOHT-
poJIIo, BiJCTaHb BiJ 00’€KTa KOHTPOJIO 1O €KpaHa To-
1110).

3. AHaii3 pO3MOBCIOMKEHHS €JIEKTPOMAarHiTHOTO
BUIIPOMIHIOBAaHHS 4Yepe3 00’€KT KOHTPOJIIO JI0 NpuiiMa-
4iB (exkpaH, nerekropH). Lli sBuIIa migKOpsIOTHCS piB-
HsHHIO bepa-JlamOepra Ta 3akoHaM reoMeTpii.

4. ®opMyBaHHS TIHBOBOTO 300pakKeHHS Ta HOTO
KOJIyBaHHS B TICEBIOKOJIIPHIH IIKaJIi.

3rimHo 3 piBHsAHHAM bepa-JlamGepra iHTEHCHB-
. 2 .
nicts |E|” BUNPOMiHIOBAHHS, 110 MIOLIMPIOETHCS B OIHO-

pimHOMY cepemoBHIIi (00 = const), OMMUCYETHCS HACTYII-
HHM BHPa3oM:

IE]* = E§ exp(- ), )

Ie o — KoeilieHT MOTIMHAHHS MaTepialy 00’ eKTa KOH-
Tpomo; A — BiJICTaHb, Ha Ky PEHTITEHIBCHKI MPOMiHi

TIOLIMPHIIMCS. BCEPEIUHI 00’ €KTa KOHTPOJIIO; Eg — iH-

TEHCUBHICTh BUIIPOMIHIOBAaHHS JIO0 IIOIJJaHHS Ha 00 €KT
KOHTPOJTIO.

OCHOBHI 3aKOHHM TeoMeTpii Uil 1oOyI0BU TiHBO-
BHX 300pakeHb BKJIFOUAIOTh:

— IpaBWIa TOAI0HOCTI TPUKYTHHKIB,

— teopemy Iligaropa,

— TEOpPEMHU CHHYCIB i KOCHHYCIB,

— (opmynH U1 BH3HAYEHHS TPHTOHOMETPUYHHX
(yHKIINA KyTiB IPAMOKYTHOTO TPUKYTHHKA.

Po3risiHeMO 0CcO0MBOCTI BH3HAUEHHS TIHBOBHX
300pakeHb HaWMOpocTimmx mnpeaMmeriB. Hexait e
00’exT — nmninap. Po3ramryBaHHs nUIiHApa B CKPHUHIH-
TOBilf CHCTEMI ITOKa3aHO Ha puc. 2.

Expan
1 r
Maxepeno ;
ook | OF@r £
KOHTPOTIO |
P\ ;
i d : h e
: : A >|

Puc. 2. Po3ramryBanHs UIHWITIHAPY
B CKPUHIHTOBIH cUCTEMi

BBaxaemo, 1110 JpKepesio BUIPOMIHIOBaHHS TOYKOBE.
Hutiaap mae po3mipu paziyc r ta Bucoty h. Bicrans
MDX JDKEPEIIOM BHUIIPOMIHIOBAHHS Ta JOCIIKYBAaHHM
06’extom nopiBHioe 0. Bigcranb Mik 00’€KTOM KOHT-
pOJIIO Ta eKpaHOM MpuitMada JOpiBHIOE €. JlocmimKyBa-
HUH 00’€KT Ma€e OIHOPIAHY CTPYKTYpYy, TOMY Koedirri-
€HT 0 = const. [IpsiMa, Mo croiy4ae NEHTP Mac MMTIHI-
pa i [UKepeno BUIPOMIHIOBAHHS, MEPICHANKYISIPHA JI0
eKpaHa, TOOTO 15l IpsiMa MPOXOJUTh Yepe3 LEHTPAIbHY
BiCh NWJTIHpA.

[Ifo6 oTpumath 3arajibHe MaTeMaTHYHE DPiBHSIHHSA
JUTSL TIHBOBOTO 300pa)KEHHS, CIIOYATKY PO3IIITHEMO (o-
PMyBaHHS TiIHBOBOTO 300pakeHHS B OJHIHM IUIOIIWHI, a
MMOTIM BUKOPHUCTAEMO METOJ CKAaHyBaHHSL.

[poexkmis po3ranryBaHHs IIIIHAPA Ha IUIONIMHY,
TIEPIICHWKYJIPHY 10 OCi OpJIMHAT, 300pakeHa Ha puc. 3.

Bicp aOcruic BiANoOBiae HanmpsMKy BHU3 Ha II0-
BepxHi ekpaHa. [lo4aTok CUCTEMU KOOPIUHAT PO3TAIIIO-
BaHUIl Ha MOBEpXHI ekpaHa B Touli O, 10 SIKOi CIpsiMO-
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BaHWH INEPIICHIUKYJISAp Bin pkepena. TiHpboBe 300pa-
KEHHsI Oyne OnucyBaThCsl NapHOO (YHKLIE, TOMY
PO3paxyHOK IpPOBOAUTHMETHCS JIMIIE JUIS JOJATHUX
3HAYCHb.

EI\PBH__. D

\ B

Puc. 3. IIpoexuist po3ranryBaHHs ITIHAPA HA UIOUIHHY,
HEPIICHUKYJIISPHY 10 OpAMHATH

Ha mepmiomy ertarti o04ucIeHs IPOBEAEMO MTPOMEHI
BiJI JDKepena 10 BEpIIUH MPSIMOKYTHHKA (Ha PHC. 3 BOHH
MO3HAa4YeHl CHHIMU MyHKTHPHUMH JiHisiMH). O4eBHIHO,
mo OA = OB, OC = OD. 3a npaBuiioM N0oAiOHOCTI Mpsi-
MOKYTHHX TPUKYTHHKIB MOYKHA 3aIICaTH MPOMOPIIT

%_d+h+eTa%_d+h+e
r d+h rd
Tomy
on-rdxhre) oo _r@+hre) o
d+h d

Ha npyromy erami po3paxyHKiB NpOBEIEMO [Ba
NpoMeHi Bij Jokepena no ekpaHa. OJUH MPOMiHb MOT-
paruise B TOYKy Ha Biipisky OA, a iHIIMH — y TOYKY Ha
Binpisky AC. HeoOxinHO BU3HAYMTH BincTaHi A Bcepe-
JIMHI TOCTIKYBaHOTO 00’€KkTa (Ha pHC. 3 BOHH IIO3Ha-
YeHi YePBOHUMH BiJ[pi3KaMH).

Posrnsremo mepmmii mpomie. 11100 BU3HAUUTH
PO3MIITHYTHH BiZIpi30K, 3HAHAEMO TiMOTEHY3y IPaBOTO
TPUKYTHHKA 3 BepIIMHAMH B JDKepeni, Touui Ota Touli
xHa Bipizky OA

g=yx2+(d+h+e)?.

3a mpaBWIOM TMOAIOHOCTI MPSAMOKYTHHX TPHKYT-
HHUKIB MOXEMO 3aIHCaTH MPOTIOPITI0

A__h
g d+h+e’
3Biacu
h [2 2
=—\Xx“+d+h+e) . 4
d+h+e ( ) @

Posrsinemo apyruit npomins. [IpsMoKyTHHH Tpu-
KyTHHK 3 BEpIIMHAMH B JDKependi, Touni OTaTodii XHa
Binpi3ky AC Mae rinoreHysy

g=yx2+(d+h+e).

3a npaBwiIOM NOAIOHOCTI NPSIMOKYTHHX TPUKYT-
HUKIB MOYKEMO 3aIlKCaTH IPONopLii

e d

hm_r _d
g d+h+e’

g X
ne hy — rinorenysa NpsAMOKYTHOIO TPHKYTHHKA 3 BEp-
MIMHAMH B [pKepeni, Tourti MqTta touni N, h, - rimo-
TeHy3a MPSIMOKYTHOTO TPUKYTHHKA 3 BEpLUIMHAMU B
Jokepenni, o4t M 5 ta Touni N5 . OueBuaHo 110

A=h —hy ==(£_ﬁ],/x2+(d+h+e)2 . (5)

3 ypaxyBaHHsAM piBHsHB (3), (4) Ta (5), MoxeMo
BH3HAYWTH MaTEMaTHYHE PIBHSIHHS TiHi

L\lx2+(d+h+e)2,

d+h+e
r(d+h+e)
d+h

Vx2+(d+h+e)?,  (6)

r(d+h+e)<|x|<r(d+h+e)
d+h "
0, BiHIIMX BUNAJKAX.

SIKIIIO |X| <

r d

A=\ dene

SKIITO

Jlnist oTprMaHHs 0CTaTOYHOT MaTeMaTHYHOT MOJel
TIHBOBOTO 300pa)KCHHS Ha CKpaHi IMpuiiMaya po3rJisiHe-
MO METO/]l CKaHyBaHHsI, OCOOJIMBOCTI SIKOTO TIOKa3aHO Ha
puc. 4.

.
'
.
.
.
.
v
'
H
‘"
i
"
,
.
.
—

Hanpsamok cKaHyBaHHs

oo

Puc. 4. [Ipoexkuis po3ranryBaHHs HUITIHAPA
Ha IUIOMINHY, HePIeHINKYISIPHY 10 OpAUHATH

[Tpouec ckaHyBaHHS Kpallle PO3IIIAIaTH B LMIIIHII-
puaHiit cucteMi xKoopawHaT. Bick aGcrmc 36iraeTscs 3
Biccio p. [Ipu bOMY TUIOILIMHA CKAHYBaHHS 3MIHIOETHCSI
B 3JIEXKHOCTI BiJl KyTa Haxwmy 0.

Iepepizom muniHApa MpH pi3HUX KyTax Haxwmiy 0
€ TPSAMOKYTHHK 3i ctoponoto B(6) . Ilpoekiist posra-
LIyBaHHS LUIIHIpa Ha IUIOLIMHY Ul Pi3HUX KyTax Ha-
xuiny 6 Oyze Takoro X, K Ha puc. 3, ane 3amicTh 2
orpumaemo B(0) . 3a Bu3HaueHHAM (QYHKIIIi KOCHHYC

B(6) = C(% . @)
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Hns 3pyunocti QopmyBaHHs (QyHKIIH 3poOUMO
3BOPOTHHI MEpexil Bif NUIIHAPUYHOI CHCTEMH KOOp-
JMHAT 3 apryMeHTaMu p 1 0 10 nexapToBoi cucteMu
KOOpIMHAT 3 aprymeHtamu X i Yy.1{1o omeparito MoxxHa
3IIMCHUTH 33 JOTIOMOTOI0 BiIOMHX (hopMyJT

o(x, y)= arctg% L ol y)=x2+y?.

Bukopucrosytoun pisasaus (6), (7) Ta mosicHeHui
METOJI CKaHYBaHHS 3 MEPEX0I0M 10 LUIIHIPUIHOI CUC-
TEMHU KOOPAHMHAT i 3BOPOTHUM IEPEXO0/I0M, IICIIs Mare-
MaTHYHOTO CIIPOIIEHHS KiHIeBE PiBHAHHS VIS TiHBOBO-
ro 300pa)XCHHS MUIIHIPAa MOKHA MPEICTABUTU HACTYII-
HUM YHHOM:

d+—2+e\/x2+y2+(d+h+e)2,
SKIIO \/X2+y2 SM,
d+h
r d 2. .2 2
A(x,y) = - \/x +y*+(d+h+e), (8)
x2+y2 d+h+e
o r(d+h+e)S X2+yzgr(d+h+e)’
d+h d
0, y iHmmx BUmajKax.

PiBusiaHs (8) mpezcraisic 300pakeHHs TiHI B JIO-
rapudmiuHOMy MacmTadi. PeasbpHa BemMYMHA TIHHOBO-
ro 300pakeHHs MOXXKHAa OTPUMAaTu 3a JONOMOTOI0 piB-
HsiHHs bepa-Jlambepra (2), ane y pa3i BUKOpUCTaHHS
TMICEBJJOKOJILOPOBOI IIKAIK JorapudMiuHa 1kana jae Oi-
JBLIE MOJKIJIMBOCTEH Ul MOJAJBLIOTO PO3IMi3HABAHHS
meBHUX 00’ekTiB. Ha puc. 5 moka3zaHwii mpuKian TiHBO-
BOTO 300pakKeHHS HITIHPA.

Puc. 5. [Ipuknan TIHLOBOTO 300paKeHHS MUTIHAPa

3a aHANOTIYHOI0 METOIMKOI0 MOXYTh OyTH OTpH-
MaHI MaTeMaTHYHI MOJeNi /s TiHBOBUX 300pa)KCHb
IHIIMX THUIIB 00’ €KTiB KOHTPOJIIO, 30KpeMa MapaJielieri-
nesia, KOHyca, KyJii, Topa Ta IHIINX 'e€OMETPUYHHX (i-
ryp. 3a3HaueHi 06’€KTH € 06’ eKTaMu TIPocToi hopmu. Tk
KOMOIHAIlisl Ta KOMITO3MLIS MOXYTh OyTH BHKOpPHCTaHi
JUTSE OTPUMAHHS CKJIATHUX 00’ €KTiB, SIKi MOXKYTh BBaXKa-
THCS MOJIEJISIMHA 3a00POHEHUX Ta HeOe3NMeUHnX 00’ €KTIB
JOTJISAI0BOTO KOHTPOJIO.

Metoa noOyI0BU TiHROBHX 300paXKeHb PO3pobIIe-
HUH 3 METOI0 CHHTE3y HOBUX TEXHOJIOTIH PO3Mi3HABaH-
Hs HeOE3MeYHHMX MPEJMETIB IiJ] 4Yac CKaHyBaHHs Oara-
Y PEHTTCHIBCHKUMHU IHTPOCKOIAMH.

VY wiif cTaTTi JOCHTIMHKEHO CIEKTPaIbHUNA METO
BUSIBJICHHSI HEOE3NEYHHX IPEIMETIB Ha MPHUKIAAL IIic-
Tojera. Blok-cxeMa CIeKTpanbHOro MEeTOIy 300paxeHa

Ha puc. 6.

Po3mip 300paxkenns,
iMOBipHiCTH XHOHOI TPHBOTH,
KUIBKiCTD iTepamiit

y

-
BuzHaueHHst

MaTeMaTHYHOI MojeJTi
TiHbOBOI'0 300PaKEHHS

JlBoBuMipHe
neperBopeHHs1 Pyp’e Bix
300paKeHHsI

v

Pospaxynok
BHUpilIaIbLHOI
CTATHCTHKH

v

BusHaveHHs nopory
NPUAHATTSA pilIeHHst

v

Pospaxynoxk imoBipHOCTI
NPaBHJILHOTO BHSIBJICHHS

XapaKkTepHCTHKA
BHSIBJICHHS

Puc. 6. biok-cxema CrieKTpaJibHOrO METOLy
BUSIBIICHHS ITICTOJIETY

[TowyarkoBoro iH(pOpMAIi€0 Ul aHANi3y METOmy
po3Mi3HaBaHHs € po3Mip 300pakeHHs, KUIBKICTh iTepa-
wiit i ¥WMoOBipHICTH XMOHOI TpuBOrW. sl CHpOIIEHHS
po3paxyHKiB 0yi10 00paHO po3Mip 300pakeHHs B IiKCe-
ns1x. KojkeH miKkceNnb MICTHTh iHpOopMaIlito mpo Komip 3a
JormoMoroto 512 muckpeTHuX 3HadeHb. KinmbKicTh iTe-
pamiii Moxe OyTH NOBITBHOI, aje B IIbOMY JIOCIHIi-
JokeHH1 0yno obpano 1000 itepamiii. IMOBipHICTE O XU-
6HO1 TpuBOTH Oyi1a BcTaHOBIIEeHA HA piBHI 0,01.

[TepmM kpokoM OyJI0 OTpHMaHHS TIHBOBUX 30-
Opa’keHb MiCTOJIETa, MOJIEIb SIKOTO CKJIAAa€ThCsl 3 TIHEH
TpboX 00’€kTiB: 1) mapaneneminena (Juist 300pakeHHs
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PYKOSITKHM TicTOseTa); 2) muitinapa (Juis BizoOpakeHHs
CTBOJIA MTicTOJIeTa); 3) Apyroro HuiIiHApa (Juist BinoOpa-
JKEHHsI yJIHOTO 3pi3y IMICTOJIeTa).

OCKITbKY MaTepiaj MicTojieTa He MPOITyCKae PeHT-
TeHIBCbKE BUIIPOMIHIOBAaHHS, TiHb BiJ MiCTONETa Ha 30-
OpakeHHI BiAMOBiNa€ MAaKCHMaJIbHOMY DIiBHIO PEaKIIii.
TiHp micTonera yTBOPIOE 300pakeHHS MAacKH po3Mipy
70 x 35 mikceniB. TiHbOBE 300paXKeHHSI MiCTOJETA BH-
MaJIKOBUM YMHOM HaKJIaJaeThCsl HAa 300pakeHHsT PO3Mi-
pom 256x 256 mikceniB. Takum 4uHOM, OYyJI03reHEpO-
BaHO BHITAJIKOBE PO3TAIITyBAaHHS Ta OPIEHTAIlIO MICTO-
JIeTa Ha 300pakeHHI JJIsl KOXKHOI iTepallii MOJICITFOBaH-
Hi. OKpiM TOro, AJIsl KOXHOTO MiKceNsi 300pakeHHS
(opMy€eThCS aIUTUBHUN rayCiBCHKHH LIyM.

JpyruM KpoKOM € pO3paxyHOK IIPOCTOPOBHX
CHEKTPiB aHaJIi30BaHUX 300pakeHb. /lasii BUKOHYEThCS
PO3paxyHOK BHUpIIIANBHOT CTATUCTHKH. Ll omeparis
peai3yeThes SIK 3rOpTKa CIEKTPiB 300paKeHH MacKH,
HAKJIQICHOTO Ha Take 300paKeHHdA, SKe Mae po3Mip

256 x 256 mikcemniB 6e3 UryMy Ta JOCIiKyBaHe 300pa-
eHHs. [lopir IpUitHATTS pilieHHs 0OUPAETHCS 3 METOIO
OTpPHMaHHS 3a/1aHOi HMOBIPHOCTI XHMOHOI TPHUBOTH.

OcTaHHIM KPOKOM TN Yac pO3paxyHKy € o0dmc-
JICHHS WMOBIPHOCTI NMPaBHIILHOTO BHSBICHHS Ta 1OOY-
JIOBa XapaKTEPUCTHKU BHSBJICHHS. 3a3HaueHy HMOBIp-
HIiCTh OyJI0 pO3paxoBaHO SK BiJHOUICHHS PillleHb MO0
HAsIBHOCTI MICTOJIETa JO 3arajibHOi KUTBKOCTI iTeparlii
JUISL pI3HUX 3HAYCHb aMIUIITYJM CHUTHAJIYy Ta IIyMy.
[punyimeHnHs npo pi3Hi 3HAUSHHS aMILTITYH CUTHAY €
i7ieai30BaHUM 1 MOKe OyTH BUKOPHCTAHE JHIIC JUIs
MaTeMaTHIHOT MOJENI, OCKIIBKH TiHb IICTOJIETA 3aBKI1
Ma€e MaKCHMalbHYy aMInITyxy. Tomy omiHIOBaHE 3Ha-
YeHHs1 HMOBIPHOCTI PAaBHUIIBHOTO BHUSIBIICHHS OYyJIO0 BHO-
paHo IS CHIiBBiAHONIIEHHS CHTHAJ/IIYM, IO JOPIBHIOE
1. JIms 1pOT0 MOJENOBAaHHS HMOBIPHICTH IPaBUIIEHOTO
BusiBICHHS AopiBHIOE 0,99997 (ms 100000 iteparmiit).

XapakTepucTHKa BHSBJICHHS ITICTOJNIETa IOKa3aHa
Ha puc. 7.

1

0.8

0.6

0.4

0.2

IMOBIpHICTh MIPABHJILHOTO BUSBICHHS

0 0.2

0.4 0.6

BigHomenHss curaaj/zasana

Puc. 7. XapakrepucTruka BUSBICHHS ITiCTOJETY

MonenroBaHHsST 3aCBiTYMIIOTAKI TI€peBard CIEKT-
PATFHOTO METOIy pO3IMi3HaBaHHS HeOe3NMeYHHX 1 3a00-
POHEHUX TIPEIMETIB!

1. Bucoka edekTUBHICTh BUSIBICHHS IicTOJETa
(MMOBIpHICTh ~ TIPaBHJIBHOTO  BHSIBJIICHHS  JIOPIBHIOE
0,99997, iimoBipHicTs xubHOI TpuBory — 0,01).

2. 3aBASKM BIACTHUBOCTSAM IPOCTOPOBOTO CHEKTPY
e(eKTUBHICTh BUSBIEHHS IICTOJIETA HE 3aJICKUTh Bif
TIOJIO’KEHHSI, PO3TAlllyBaHHS Ta Opi€HTAlii MICTOJIeTa Ha
JOCITIKYBAaHOMY 300paskeHHi.

3. Bucoka mBUAKOIIS 1 HU3bKA BapTICTh OOYUC-
JIFOBaJIbHUX PECYPCIB.

BucnoBku

VY craTTi po3rIANAIOTHCS MPHUHIOWIN OOpOOKH Ti-
HBOBHX 300pa)K€Hb NPH CKaHyBaHHI Oaraxcy peHTICHiB-
CBKOIO cHCTeMOI0. MareMaTH4Hi pPIBHSHHS TiHBOBHX
300pakeHb OTPUMaHi Ha OCHOBI 0a30BHX 3aKOHIB reoMe-
Tpii Ta piBHsHHA bepa-JlamOepra 3 ypaxyBaHHsAM 00Opa-
HOI METOJMKM CKaHyBaHHS. L[ craTTst 30cepe/pkena Ha
NIPUKJIAJIl OTPUMAHHS MaTeMaTHYHHUX MOJIEJIEH TIHBOBOTO
300pakeHHs U IWTiHApa. TiHROBI 300paXKeHHS TPOC-
TAX OO0’ €KTIB MOXYTh OYTH BHKOPHCTaHi IJIi OIHCY
CKIIQIHUX HeOe3MeyHuX i 3a00pOHEHHUX MpeaMeTiB. 3a-

TIPOTIOHOBAHUH CHEKTPaJbHUI METOJ PO3Mi3HaBaHHS Ha
OCHOBI iH(pOpMAIil M0N0 BHYTPIMIHBOI CTPYKTYpH
00’€KTIB KOHTPOITIO 32 JIOTIOMOTO0 TiHROBHX 300pa’keHb
JIa€ MOXIIMBICTH 3 BHCOKOIO HMOBIPHICTIO BHSIBIISITH He-
Oe3nieyHi 00’€KTH B pealbHOMY dYaci, MiJIBHIILYE IIBH]I-
KICTh MPUAHATTS PILLICHHS I0JI0 HASBHOCTI HEOE3MEeUHHUX
OpeaMeTiB y Oaraki Ta MOXKE CIPHUSTH aBTOMATH3aIlis
MPOIIECIB IOTOJISITY MACAKHUPIB Ta Oaraxy.

MaitOyTHI JOCHIPKEHHS TOB’s3aHl 3 HACTYITHUMH
HarnpsiMaMHu:

— 30ip 6a3u JaHUX TIHBOBHX 300paXKeHb NPOCTHX 1
CKJIQJIHUX 00’ €KTIB,;

— 30ip 0a3M JaHWX TIHBOBUX 300pakeHb Hebesre-
YHUX Ta 3200pOHEHNX 00’ €KTIB aBianiiHOI Oe3MeKH;

— aHai3 ABOBHMIPHUX HPOCTOPOBHX CIEKTPIB Ma-
COK HeOe3MeyHnX i 3a00pOHEHNX 00’ €KTIB;

— CHHTE3 QJITOPUTMIB CHEKTPAJbHOTO BHSBJICHHS
pi3HOMaHITHHX HebOe3meyHnx i 3a00pOHEHMX 00’€KTiB
Ha ocHOBi kpurtepito Helimana-ITipcona ta OaifeciBch-
KOTO MiIXO0aY;

— aHaJi3 e(eKTUBHOCTI METOJUKH pO3Ii3HaBaHHSI
32 BUKOPHCTaHHIM TiHBOBUX 300pakcHb (OILIHKA HMO-
BIPHOCTI NPaBWJILHOTO BUSIBJICHHSI Ta HMOBIPHOCTI HO-
MUIIKOBOT TPHUBOTH).
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Method for building shadow images
of the inspected objectsusing X-ray system of aviation security

M. Zaliskyi, O. Shcherbyna, L. Tereshchenko, A. Osipchuk, O. Zharova, P. Stanko

Abstract. The article is devoted to the development of a method for constructing shadow images of control objects of
X-ray introscopes and the analysis of its application for the recognition of dangerous and prohibited items on baggage images. It
is known that aviation security is significantly determined by measures to ensure aviation security. For this, radio-electronic sys-
tems and computerized complexes of screening equipment are used. This equipment includes X-ray introscopes, metal detectors
and metal detectors, body scanners, gas analyzers, etc. Screening equipment is used to detect dangerous and prohibited items
from passengers and their luggage. One of the main problems with this is the high probability of false alarms when dangerous
objects are detected by X-ray systems. In some cases, this probability can be as high as 0.3, which negatively affects the passen-
ger capacity of airports.In order to eliminate this shortcoming, this article provides detailed description of new technologies for
detecting dangerous objects based on the use of projection shadow images of control objects. The proposed method for construct-
ing shadow images is based on the use of the triangle similarity rule, the Pythagorean theorem, the theorem of sines and cosines,
and formulas for determining the trigonometric functions of the right triangle angles. The explanation of the method for obtaining
shadow images is made on the example of control object in the cylinder form. In this case, the standard method for determining
the mathematical model of the shadow in one scanning plane is first presented. Next, the developed scanning method is used,
which provides for direct and inverse transition to cylindrical and Cartesian coordinate systems. The resulting mathematical
models of shadow images of a simple form are used to build models of complex shape, which can be considered as models of
prohibited and dangerous objects of control. The detection algorithm involves finding the spatial Fourier transform of the shadow
image, followed by convolution with the spectrum of the mask of the desired forbidden or dangerous object. The article analyzes
the results of modeling a detector for recognizing a handgun on luggage images. To analyze the detection efficiency, the corre-
sponding detection characteristic is calculated. The analysis showed the effectiveness of the spectral detector in terms of statisti-
cal characteristics. In this case, when recognizing the handgun, the probability of correct detection is 0.99997, and the probability
of a false alarm is 0.01. The results of the study can be used to automate the processes of screening passengers and baggage.

Keywords: aviation security, X-ray system,shadow images, image processing, spectral detector, Neyman-Pearson criterion.
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XapKiBChKHIA HAIlIOHATBHUN YHIBEPCUTET PaliOeNeKTPOHIKH, XapKiB, YKpaiHa

o1y METOAIB KEPYBAHHSA BE3IIJIOTHUMMU JIITAJIBHUMMU ATTIAPATAMMU

AHoTanisi. AKTyaabHicTh. [IpoTsAroM oCTaHHIX JECSATUIITH 31 CTPIMKAM PO3BHTKOM KOMITTOTEPHHUX TEXHOJIOTIH Ta TeX-
HOJIOTiif aBTOMaTHYHOTO YIPABIiHHSA, JOCIIHKEHHS 0e3MiToTHHX JitanbHuX anapartis (BITJIA) mpuBepHymn 1o cebe BemuKy
yBary 3 ychoro cBiTy. 30kpeMa, depe3 IIONUT Ha Pi3Hi NUBUIBHI 3aCTOCYBaHHS, KOHIENTyaubHUH qu3aiH BITJIA i TexHoOTIT
aBTOHOMHOTO YIPaBIiHHS ITOJHOTAMH B3a€EMHO IIPOCYBAIOTHCS i PO3BUBAIOTECS. MeT0I0 JaHOI pOOOTH € CTPYKTypyBaHHS
METO/iB KepyBaHHs O€3M1IOTHIMHU JTiTAIbHUMH arapaTaMy Ta OCIiIKEeHHS iX MPUHIHIIIB po0oTH. 00’ €KTOM A0CTiTKEeHHS
€ iporiec kepyBaHHsS BILJIA, apxitekTypa Ta mporpamHe 3abe3nedeHHs 1ux anapaTis. [Ipeamerom gociskeHHs € METOIH
KepyBaHHs OC3MUIOTHUMH JITanbHUMH anapatamu. PedyabraTu. Y nasiii poOOTi NpoBEOEHO aHANi3 NUTAHb KEPyBaHHSI
BIUIA, BxiIoUarouyd MaTeMaTHYHY MOJIENb KBaJpOKOITepa Ta pi3Hi MiAXxoau A0 kepyBaHHs. [IpoimocTpoBaHo Ta 00roBo-
PEHO OCHOBHI iie1, yMOBH BUKOPHCTAHHS, IEPEBAry Ta HEMOJMIKHM X METO/IB. PO3MIIAAat0ThCs MaiiOy THI HATIPSMKH JTOCITi-
JDKEHB B IiH Tany3i. BucHoBoK. Bu3HaueHi MeToan KepyBaHHS Ta X apXiTeKTYpHI CKJIaI0BI IUIaHY€THCSI BHKOPHCTOBYBATH
IIpU po3poO1Lli APoHa JUIs NUBUIHLHUX MOTPed Ta MOJAIBIINX JOCIIDKEHb Y Lil cdepi.

Kaw4doBi cioBa: MeTonu kepyBaHHS, OS3MUIOTHHHN JIITATBHUHN anapaTt, MUIOTaXHUI METOA, HaBiraitHUK METO, aBTO-

MaTHYHUH METOI.

Beryn

IocTaHoBKa MpooeMH. TeXHOJIOTYHI iHHOBALIT
NPU3BEJU JI0 MOSBU OE3MUIOTHUX JIITAJbHUX anapaTiB.
BIUTA — 1e nmiTanpHU amapar, sSIKUil MOXKe JiTaTtu 0e3
JIFOIMHU-TIJIOTa Ha OOpTY.

3a ocranHi poku momymspHicTs BIIJIA Han3Bu-
qaifHo 3pocina. KpiM Toro, Bxe OLTbIIe TECATH POKIB CIIO-
cTepiraeThes 30UThIICHHS KUTBKOCTI HOBUX 3aCTOCYBaHb
mux amapatiB. Cmouatky BIIJIA BukopucTOByBammcs
JUTS BIHCHKOBOT PO3BIIKH, CIIOCTEPEKEHHS, 300py pO3Bi-
nyBaJbHOI iH(opMarii Ta 3axorureHHs nutel. [Ipore, po-
3BUTOK TIJI00AJIbHOI cucTemMu mo3umioHyBanus (GPS),
€JIEKTPOHIKH, JABUI'YHIB i MIKPOKOHTPOJIEPIB CIHOHYKaB
BUPOOHMKIB CTBOPIOBATH JIETILI 1 ZienieBIi qpoHu. Tenep
JPOHU IIMPOKO BUKOPHCTOBYIOTHCS JJIsl 0araThOX HEBii-
CHKOBHUX IIIJIEH, TAKHUX SIK OIIIHKA BPOXKAI0, JOCIIHKEHHS
KJIIMaTy Ta HABKOJIMIIHBOTO CEPEeIOBHIIA, HAIaHHSI TIep-
10T MEINYHOI JIOTIOMOTH, TypHU3M, MOHITOPHHT JOPOXK-
HBOTO PYXY 1 MOTOHUX YMOB TOmIO [2].

Bararo mociimHUKIB TpaIfoBay HaJ MOOYIYBOO
BIUTA, sKi mpamorTh aBTOHOMHO. PO3BUTOK aBTOHOM-
HUX TIOJIFOTIB MPHU3BIB JI0 MIPOPUBY B TEOPii YIpaBIiHHS
1 3po0OMB BeJIMYE3HUII BHECOK Y JiTepaTypy. 3 pokamu
KBaJIpOKOIITEPH CTAIIM BXKIIUBOIO TIIAT(HOPMOIO ISt 10-
cmipkens 1 po3pobok BIUIA [3]. Cuctema xepyBaHHA
MOJBOTOM € (DYHAaMEHTAIbHUM AacCIleKTOM KBaJPOKOI-
tepa. Kpim Toro, mpobiemu, siki He0OXiTHO BpaXxOBYBaTH
IIpH JOCHTIKEHHI KOHCTPYKIIil CHCTEMH KepyBaHHS KBa-
JPOKOIITepa — IIe CKIIAHI HeTiHIHHI JUHAMIYHI PiBHIHHS
pyXy, Oarato BXiJgHi-0araTto BHXiIHI XapaKTEepHUCTHKH
JUHAMIYHUX PIBHSHB, 3B's3aHI MiJICUCTEMH, THHAMIYHI
HEBH3HAYEHOCTI, BITPOBi 30ypeHHs 1 T.11. [4]. Takum un-
HOM JUIS TIOKpALICHHS XapaKTEpPUCTHK IpU T00YI0Bi
BITJIA noTpiOHO 4YiTKO Opi€HTYBATHCS B apXiTEKTypi Ta
B METOZIaX KePyBaHH:I, SIKI MOXHA 3aCTOCYBATH JI0 TAKUX
amapatiB. g ormsamoBa cTaTTS MiJCYMOBYE OCTaHHI
cTpaTerii yIpaBIiHHs, 10 3aCTOCOBYIOThCS 10 BITJIA.

AHani3 ocTaHHiX gocaimkens i myOaikanin. [Tn-
TaHHS KEpyBaHHs O€3IMIIOTHUMH JIITATLHUMH arapaTaMu
4acTO PO3TIBINAETHCS JOCHiTHUKaMu. PoOiT 1 mocmin-
xeHb Oarato [1-16]. YV poborax aBTOpH pO3IIISAAIOTH

METOJIM OCHOBaHi Ha JiHIIHI KBaJpaTH4HI PETyIATOPaXx,
NPONOPLIHHO-IHTErpaJbHUX MOXITHUX, PETYIATOpax 3
KOB3HHAM PESKUMOM Ta iH. {7 ImpOCTIIIOro po3yMiHHA
BHHUKA€E HEOOXITHICTh YIIOPSIKYBATH IIF0 iHPOpPMAIIiIO B
3arajpHy CTpaTerito ynpapiiHHsA. TOMy BHHUKAa€ MOT-
peba npoaHaiizyBaTH Ta CTPYKTypyBaTH 0a30Bi MUTaHHS
MertoniB kepyBanHs BITJIA.

MerToro ni€i po6oTH € IPOBEACHHS aHATI3Y PI3ZHUX
MmeroniB kepyBaHHs BITJIA Ta mocmimkeHHS NPUHLIKIY
X poOOTH 1 BAKOPUCTAHHS, IPYHTYIOUHCH Ha apXiTEKTypi
TaKUX amapariB.

OcHOBHA YaCTHHA

ApxiTekTypa 10oOyJ0BH OE3MIJIOTHHUX JITAIBHHUX
arnapatiB MOXke OyTH Pi3HOIO, 3aJIe)KHO BiJl BUMOT 1 MOC-
TaBJICHUX 3aBJaHb.

Sk mokasye 0CBiJ pO3pOOJICHHS OE3MIIOTHHUX JIi-
TaJIbHUX arapariB, y KOHTEKCTI kepyBaHHs BIIJIA icHy-
I0Th /IBa OCHOBHI eneMeHTu. [lepmmii — BHKOHaBYMH,
TOOTO IIe caM IUIaHep i3 CHIIOBOIO YCTAHOBKOIO 1 PYJIbO-
BUM MeXaHi3MoM. Jlpyruii — komannaui. Lle Toit eme-
MEHT, SIKMH CTaBHUThH 3aBJaHHA Ha IOJIT, YXBaIIO€ pi-
[ICHHS, SKIIO € HEOOXiTHICTh 3MIHHUTH TPOrpamy IIo-
JBOTY, BUKOHY€E KOPEKI[I0 PyXY JITAJILHOTO amnapara B
pasi ioro BixxuieHb BiJl 3a71aH0i TpaekTopii pyxy [4].

‘ f1 f2

Puc. 1. CTpyKkTypHa cxema ApoHa, sk 00'€KTa KepyBaHHS

ITix yac moOyaoBM KOMIUIEKCY yrnpaBiinas BITJTA
KOMaHIHUH e1eMeHT abo HOro 4acTHHAa BUHOCHUTHCS 3a
MEXIi arapara i 3B'SI3y€ThCSl 3 BUKOHABYUM €JIEMEHTOM
JHIEIO TIepenayi.
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Haii0inbi TpyqHOL BUHUKAIOTH MiJ 9ac po3po0-
JICHHSI cHCTeMHU KepyBaHHs. Lle moB's3aHo 3 THM, 10
BIIUTA nmoBuHEH BUKOHYBATH 3aBJaHHS B yMOBaX aBTO-
HOMHOT'O TOJIEOTY, OTXKE, MaTH MOBHY (YHKIIOHaJIbHO
3aMKHYTy cucteMy kepyBaHHs (CK). V 3B'13ky 3 num CK
MTOBMHHA BHUPIIIyBaTH TaKi 3aBJIaHHS:

— crabimizamiss  mapamMeTpiB  pyxy
BiTHOCHO 30BHIIIHIX MEPEIIKO]] pi3HOI IPUPOIH;

— aHai3 30BHIMIHIX JaHUX OOPTOBMMH 3acO0aMH
i BHU3HAYEHHS TMPIOPUTETHOI METH 3aJEKHO BiA
noctasieHoro nepexn bIUIA 3apnanss;

— pPO3paxyHOK ONTHMAJILHOI TpaekTopii pyxy 3
METOI0 3MEHIIICHHS Yacy pyxy 1 Butparu pecypcis BI1JIA;

— KOHTpOJIb PaBUJILHOCTI yTPUMaHHS TPAEKTOPIi;

— 3a0e3neyeHHs  BIIMOBOCTIiKOcTi  00'exTa
YIpaBiIiHHS 200 KOMIIEHCAIlis 3MiH HOTO XapaKTEepUCTHK
00pTOBHMH 3aC00aMU;

— BUKOHAaHHA 00YHCITIOBATBHUX oreparii
BEJIMKOTO OO0CSATYy B peaJlbHOMY MacmTabi dacy Ui
peamizanii anroputMiB kepyBanas BITJIA [3].

Crix miaKpecIuTH, M0 OCHOBHOIO (YHKINIEO, SIKY
po3Bs3ye CK, € kepyBaHHS pyXOoM IIEHTPY Mac (TpH Ka-
HaJIM KepyBaHH:) 1 kyroBuMu pyxamu BITJIA mono nen-
Tpy Mac (TpY KaHAIU KePYBaHHS).

J1i1s1 TOTO, 1100 HAOYHO OITHCATH PYX MOJIEII KBapO-
KOITepa, HEOOXiJHO BUOpAaTH KOOPAWHATH MOJIOKEHHSI.
Mopenb KBapoKonTepa B Liii po0oTi 3aJa€ThCsI KApKacoM
koprycy B i3emneto E , sx mokasano Ha puc. 2. Hexaii
BEKTOP [X, Y, Z]' TI03HAYAE MOJIOKECHHS [IEHTPY Baru KBa-

o0'exTa

JPOKOTITEpPA, a BEKTOP [u, v, W]' — JNiHIHY MBUIKICTH y
cuctemi koopausat. Bekrop [p,q,r]" — kyrosa mBma-
KICTh KBAJIPOKONTEpa, M — 3arajbHa Maca, § — IIPUCKO-

PEHHs UK TsOKiHHS, | — BimcTanb Bif LEHTPY KOKHOIO
poTopa 10 eHTpy rpasitaii [7].

SIkio He MOTPiIOHO TOYHO BUTPUMYBATH PyX JIiTa-
JILHOTO arapara 3a 3aJ[aHOI0 TPAEKTOPIEI0, TO KEPYIOTh
TUIBKU HOTO KyTOBUMH PYXaMH.

Bua Ha koMI’1oTepi

Buz Ha manmTi

3

Puc. 2. basosa Mojiens KBagpokonrepa [7]

VYrpaBiaiHHS KYyTOBHMH pyXaMu 3a0e3Medye MiTKOM
meBHe monoxkeHHs BIIJIA B mpocropi momao BekTopa
IIBHIKOCTI IICHTPY Mac. YTPaBIIiHHA PyXOM LIEHTPY Mac
3a0e3medye MOJIT 32 HAWKPAIor (ONTHMAIIFHOIO) TPae-
KTOPI€I0, HAMIPUKIIAJ, 32 HAWKOPOTIINM IUITXOM 3a Haii-
KOPOTLIMI yac.

Taxkum unHOM, ynpasininHs noasotoM BITJIA 3Bo-
JUTBCS 10 YIPaBJIiHHSA MMapaMeTpaMy HOro pyxy: KyTo-
BUMH KOOPJMHATAMH, KyTOBUMH IIBUIKOCTSIMHU 1 IIPHUC-
KOpPEHHSMH, JIIHIHHUMH KOOpJIUHATaMU (JajbHICTIO, BU-
COTO¥0, OIYHIM TEPEMIIIIEHHIM) TOIIO.

Icayroui CK mopinsgioTh Ha aBTOHOMHI Ta HEaBTO-
HOMHI. KpiMm Toro, B OKpeMy TpyIy MOXYTb OyTH BHIi-
neni komOinoBani CK [5].

Oco01MBICTIO aBTOHOMHHUX € T€, 1110 CHT'HAJIN Kepy-
BaHHS PYXOM BHPOOJISIIOTECS anapaTyporo, MOBHICTIO Po-
3TalIOBAHOIO Ha OOPTY, IPUUOMY Iis arapaTypa micys 3a-
MYCKYy He OTpUMYE XOJHOI iH(opMmarii 3 MyHKTY Kepy-
BaHHs. ABroHoMHl CK niroTh 3a 3a3iaserins BU3Ha4e-
HOIO MPOTPAMOIO.

Kontpons nomsoty
Ha IyIbT1

.8I'T'n mepenaBat Bigeo-
Ta ayJl0CHTHATY

30BHIIIHS
Kapra Iam’sri
WILAN

Puc. 3. TIpuxiaa Ha3eMHOTO MYHKTY KepyBaHHs [3]

[lig wac BUKOPHCTaHHS aBTOHOMHHX CHUCTEM iCHY€
JIBA METOJIM OTPUMAHHS KEePIBHUX CUTHAIIB. MoXKHa 3a-
3JIAJIET1/Ib TIEPE/l CTAPTOM PO3PaXyBaTH, K MAIOTh 3Mi-
HIOBAaTHCS B 9aci ocHOBHI mapametpu pyxy BIUIA (mBu-
JKICTh, KyT TOIIO), IO BU3HAYAIOTH TPAEKTOPIIO PYXY.

OtpumaHni QyHKUii yacy BBOISTHCS B CHELiaJIbHI TPH-
crpoi CK sk 3anaHi BeTMIHHU a0 POTrpamH.

[Ticns crapty B npoueci noaboty BITJIA Binmnosin-
HUMHU TIPUCTPOSIMU Oe3TMepepBHO 3MIiHIOIOTHCS MMOTOYHI
(miiicHi) 3HaveHHs 3a3HadeHuX mnapamerpiB. CK 3mitic-
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HIOE TIOPIBHSHHS PO3PaxXyHKOBUX 3Ha4€Hb IapaMeTpiB i3
MIOTOYHUMHM 3HAYEHHSIMU 1 B pa3i ix HepiBHOCTI BUPOOIISiE
BiJINIOBITHI CUTHAIA KEPYBaHHS.

Sxmo Ha BITJIA BcTaHOBNEHO amaparypy, 1O JIa€
3MOry BecTH Oe3rnepepBHE BUMIPIOBAaHHS ii KOOpAWHAT Yy
MIPOCTOPi, TO aBTOHOMHE KEpyBaHHS MOXKHA 3IiHCHUTH
mo-inmomy. Koopnunatu, ofepixaHi BiJ anapaTypH, aB-
TOMAaTHYHO BBOISITHCI B OOPTOBHH OOYMCIIOBANbHUI
TIPUCTPiH, SIKMH BiTNOBITHO IO 3a34aJ€Tifb 3aKJIaJeHOl
TporpamMu OOYHCIIOE BEIMYUHY CHTHAIIB YIIPABIIiHHI.
OTxe, 3a37aeTigs HE 3aJa€ThCs MEBHA TPAEKTOPIs, a
opa3y OOYHCIIOETHCS 3aJIEKHO BiJl TOTOYHHUX KOOPJIH-
Hat. [Ipu npoMy nependavaeThes, Mo KOOPAUHATH 00'e-
KTa IMOTEPEHbO 3aKiaJeHi B 00UNCIIOBAILHUN MPHUCT-
piit. Ha po6oty Taknx CK He BIUIMBaIOTh IITYYHO CTBO-
proBaHi nepemkoau. lle ocHoBHa ixHs mepesara. Kpim
TOTO, IIi CUCTEMU MOYKHA 3aCTOCOBYBATH JUIsl KEPyBaHHS
BIJTA 3 BenHMKOIO JaibHICTIO TONBOTY [§].

BusHaueHHS BIaCHUX KOOPIMHAT IMOBITPSHIM CY/I-
HOM BigOyBaeThCSA IIOMHUTI 32 CTAaHTAPTHOI POOOTH
mpuiiMada CyImyTHUKOBOI HaBiranitHoi cuctemu (CHC).
[lig yac mepeHaNamITyBaHHS MpUiiMada 9acTOTa BU3HA-
YEeHHsI BJIACHUX KOOpPAWHAT MOXKe OyTH 30LiblIeHa.
[IpakTU4HO 301IBIICHHS YaCTOTH HE JJa€ BUTPAIILY B TOY-
HOCTI BHU3HAUCHHS KOOPAWHAT, OCKIUIbKH INBUIKICTH
3MIHM KOODJMHAT HaKjagae OOMEKCHHS Ha MaHEBpe-

nicte BITJIA. XapakTep pyXy NpOTSIroM OJHI€] CEKyHIH
3MIHIOETBCS Majio, 1 moytoxkenHs BITJIA MoxHa HOCHTH
TOYHO PO3paxyBaT 3a HOro momepenHiM MOJIOKEHHSM,
JMHAMIKOIO MOJIbOTY 1 TOTOYHUM MaHEBPOM. Y peasbHO-
CTi CTOITh 3aBJJaHHs HE TIJIbKH 3HATH, JI¢ 1 B KU1 Yac 1e-
pebyBae 00'eKT, a # 3aJIe)KHO BiJl HOTO MICI PO3TaIILy-
BaHHS BUPOOUTH BiIIOBIIHY peaKIiro.

OTxe, cUTyaIlilo MOXHA TOJUINTH HA TPH YMOBHI
kareropii. [lepma — HalinpocTimmii BUMTaZ0K MOHITOPH-
HTy. 3aBJJaHHS CHCTEMH TI0oJIATae y (pikcarii MicIs po3ra-
ITyBaHHS 00'€KTa 3 IPHUB'SI3KOI0 110 yacy. [pyra — e po-
3mupenHs nepuoi. [Ipyuomy, Ha ogaTOK 10 criocTepe-
JKEHHsI, cucTeMa BUpOOIIsie BcepeauHi cebe BiINOBIAHY
peakuiro (curHanizaniro, Habip 00UUCIIOBaILHUX MTPOIIe-
Iyp, BUpOOJIEHHSI BHYTPILIHBO1 KOMaHAN). Y 1[bOMY BH-
MaJIKy Yac Ha BUPOOJICHHS BiIOBIIHOT peaKilii i Ha 11 BU-
KOHaHHS Mi3€pHO MaJINii MOPIBHSHO 3 IUCKPETHICTIO BiJl-
JiKy Micus po3TamryBaHHS 00'ekta. Tpers kateropis —
repeiada OOYHCIICHNX y JPYTOMY BHIIAIKY JaHUX Ha3aj
Ha 6opr mitaneHOTO anapara. Hampukian, 3 MeToro Ko-
pekii Horo pyxy. A 1aHOMY BHIIaIKy BPaXOBYIOTHCS 4ac
NepeiaBaHHsl KOOPJAWHAT i3 JITAJBHOTO arapara Ha
ITYHKT CIIOCTEPEKEHHS1, BUPOOJICHHsI KOMaH/HM 1 neperia-
BaHHs KOMaH/IY Ha3a] Ha OOpT amapara.

OnuuM i3 MeToiB kepyBanHs BITJIA e ninotaxHuii

(puc. 4).
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Puc. 4. Ctpykrypa minoTaxxHoro Merony kepyBanHs BITJIA

V wiii cutyanii ynpaBiiHHS BUKOHY€ThbCs Oe3roce-
peIHbO BUKOHABYMMHU MEXaHi3MaMH IUIaHepa. 3 IyHKTY
YIpaBIIiHHS NepeNaroThCs 3ajaHi KyTH BiAXHMIIEHHS pYy-
JIBOBHX aePOAMHAMIYHUX IUIOIIUH 1 PEKUMH POOOTH CH-
noBoi yctaHoBkH. J{7ist BITJIA 3 BUCOKOIIBUIKICHUMU Xa-
PaKTepUCTHKaMH 1 BHUCOKOIO MAaHEBPEHICTIO MOTpiOHE
Jy’Ke IIBHIKE JOCTABJICHHS KOMaHJ yIPaBIiHHSA 3 MyH-
KTy KepyBaHHSA Ha 60pT. OHOYACHO 3 MM MiIOTAXKHE
YIpaBITiHHS BIMarae BUCOKOTO CTYICHS BTPy4YaHHS OTle-
paropa B IpoIlec YIPaBIiHHS JITAJIFHUM arapaTom, 1o,
CBOEIO YEProlo, BUMarae BHCOKOI KOHIIEHTpaLii orepa-
TOpAa, a TAKOX BHCOKOT'O CTYICHS MiATOTOBKH [8].

Hacrtymauii MeTox kepyBaHHs Ha3MBAETHCS HaBira-
uiitaum (puc. 5).

KepyBanns BITJIA 3milicHIOETECS HE Tepenadeto
HoMy KOMaHJ AJsl BUKOHAHHS MAaHEBPIB, a IUIIXOM

3aBJIaHHs TOYOK MapIIPYTy L1010 3eMHOI roBepxHi. Llei
Croci0 KepyBaHHS BUMarae NepeHeceHHs YaCTHHHU 004 H-
CJICHb 13 yHKTY KepyBaHHs Ha 6opt BITJIA.

VYci o6uncneHHs 3 BUSBICHHS BiIXWIECHb Y pyci Bif
3aJ1aHo1 TPAEKTOPii BUKOHYIOTHCS BKe Ha OopTy. Binmo-
BiJIHO, 111¢ OiJIbIIIe 3HIMAETHCS HABAHTAXKEHHS 3 Palioi-
Hii. [To Hili mepemarOThCS TIMBKH 3MiHM HaBITaIiiHOI
mporpam# (3MiHa MapuIpyTy pyXy LIOJO paHilie 3aruia-
HOBaHOTO0). Y IIbOMY pa3i B pa3i BAHUKHEHHSI Oy Ib-SIKUX
BIIXWJICHB BiJl 33J]aHOT TPAEKTOPIl HaBiraiiHui 004wC-
JIIOBay 3JIaTHUH caM, 0e3 ydacTi 30BHINIHBOTO IyHKTY
yIpaBIiHHSA, BHpOOWTH HaOip KOMaHA Ui KOpeKii
PyXy.

OpnHak Take KepyBaHHS IIiJIBUILY€ BUMOTH JO ara-
parypu HapiramiiiHoro o6uncmoBada (IO mam'sTi, mpo-
IYKTHBHOCTI Ta IPOTPAMHOTO 3a0€3MECUCHHS).
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Hasirauiiiauii kommieke BITIIA

GPS npuitmaa

CucTeMa iHEpUIfHEX JaTUHKIB

CucTeMa NOBITPAHHX CHIHAIB

Boprosa cuctema 38°a3Ky BILIIA

Tpaucrionaep

JliHiA nepenayi JaHHX

Hasemunif mysxT
kepysanHa BITTIA

Puc. 5. Ctpykrypa HaBiramiitnoro merony kepyBanHs BITIJIA

VY Ttakomy pasi 70 ckiamy GOpTOBOrO KOMILIEKCY
HaBirauii Ta KepyBaHHs MalOTh BXOJUTH:

— npuiiMad  CyNmyTHMKOBOI — HaBiramii, IO
3abe3neuye MpUAMAaHHSA HaBiramidHoi iHdopmarii Bix
cuctemu GPS;

— cHCTeMa iHepIialbHUX JIaT4uKIB, 110 3a0e3meuye
BU3HAYCHHsI OpieHTaNil Ta napamerpiB pyxy BIIJIA;

— CHCTEeMa TOBITPSHUX CHTHAIIB, IO 3a0e3redye
BHMIiPIOBAaHHS BIUCOTH i TIOBITPSIHOT MIBUIKOCTI;

— amapaTypa JiHii Tepenadi JaHUX, Pi3HI BUAH
aHTEH, IPU3HAYEeH] /Il BUKOHAHHS 3aBIaHb.

BoproBa cucrema HaBiramii Ta ynpaBiiHHS 3a0€31eUye:

— MONIT 3a 3aJaHuM MapuipyToM (3aBIaHHs
MapIIpyTy HPOBOAUTHCS i3 3a3HAYCHHSM KOOPIUHAT i
BHCOTH TIOBOPOTHHX IyHKTIB MapLIPyTy);

— 3MiHy MapuIpyTHOTO 3aBAaHHs a00 MOBEPHEHHS
B TOYKY CTapTy 3a KOMaHAOK 3 HAa3eMHOIO ITyHKTY
yIIPaBIiHHS;

— 00T 3a3HaY€HOT TOYKH;

— aBTOCYTIPOBiJ 00paHOTO 00'€KTa;

— crabimizanito KyTiB opieHTarii BITJIA;

— MITPUMAHHA 33aJaHUX BHCOT 1 IIBUIKOCTI
MOTBOTY (IUITXOBOT 200 MOBITPSHOI);

— 30ip i mepexady TenemMeTpuyHOi iH(opM™marii mpo
napaMeTpy MOoJIbOTY i POOOTY LITLOBOTO 00T THAHHS;

— TporpamHe yIpaBiiHHS OPUCTPOSIMH LiJTHOBOTO
oOmagHaHHS.

BoproBa cucrema 3B'A3Ky:

— (QyHKIIOHYye B J03BOJICHOMY
pamioyacror;

— 3alesneuye mepenaBaHHA JaHWX 3 OOpTy Ha
3eMJIIO 1 3 3eMuli Ha OOpT.

MaHi, o nepenatoTbes 3 60pTy Ha 3eMITIO:

— IapaMmeTpu TeJleMeTpii;

— TIOTOKOBE Bifie0- 1 POTO300pakeHHS.

JaHi, mo nepenaroTbes Ha OOPT, MiCTATh:

— xkomaHau kepyBaHH: BITJIA;

— KOMaHJM KepPyBaHH LIIbOBOIO allapaTyporo.

Iadopwmanito, orpumany 3 BIUIA, noTpi6HO Ki1acu-
(ikyBaTH 3aJIe)KHO BiJ cTyneHs 3arpo3u. Kiacudikamis

nmiara3oHi

MPOBOJIUTHCS OMEPaTOPOM, abo Oe3nmocepeHb0 OopTO-
BuM Komm'totepoM (aBromiorom) BIUIA. V npyromy
BUIAJKy MpOrpaMHe 3a0e3NeueHHs] KOMIUIEKCY MICTUTh
€JIEMEHTH IUTYYHOTO IHTEJEKTYy, 1 MOTpiOHO BUPOOUTH
KiJIbKICHI KpHUTepii Ta rpajanii piBHiB 3arposu. Taki kpu-
Tepii MOXKyTh OyTH CPOpPMYIIBOBaHI IIISAXOM EKCIEepT-
HUX OLIHOK i (JOpMasIi30BaHi TAKMM YHHOM, III00 MiHiMi-
3yBaTH HMOBIPHICTh IOMHJIKOBOTO CUTHAITY TPUBOTH [9].

Tperiit meron ynpasninasa BIIJIA — e aBTomaTHy-
HUl (puc. 6).

BITIA

BHYTpIIHA cHCTeMa KepyBaHHA
(yHKIIOHYBaHHAM

ABTOnuIor

TpancnoHzep

7 N
Jlinia Hq)eJﬂ‘liJﬂHllXJ l—

7

Hasemuiii myHKT
kepyBauHs BILJIA

Puc. 6. Ctpykrypa aBTOMaTHYHOTO MeTOxy KepyBaHHs BITJIA

J1s ioro BUKOPUCTaHHS Mae OyTH CTBOPEHA BHYT-
pimHS cucTeMa ymnpaBiuiHHS (QyHKIioOHyBaHHSIM BITJIA.
Bona npu3HaueHa Juis peasizalii aaropuTMiB GyHKIIOHY-
BaHHS BHYTPILIHIX CHCTEM 1 MPUCTPOIB JIITAILHOTO ara-
para Jyis TOCATHEHHST METHU 3aBIaHHsI 1 (aKTHYHO peatizye
JIOKaJTbHI (pyHKIIT yIIpaBIiHHS B TOBITPSIHOMY TIPOCTOPI.

BucnoBxku

OcranHim yacom 3acrocyBanHs BITJIA y Bilicbko-
BOMY Ta LIMBUIBHUX CEKTOPax CTPIMKO 3pOCTAE 3aBASKU
X rHy4YKOCTI Ta yHiBepcaibpHOCTI. TUM He MeH1, Mij yac
NoJIbOTY 200 BUKOHAHHS 3aBJJaHb BUHUKAIOTh MIEBHI ITPO-
OneMu, siKi HEOOXiJHO BpaxoByBaTu i BupimyBaTu. Lli
npoOJieMH BKIIIOYAIOTh JTMHAMIYHI HEBU3HAUYEHOCTI, 30y-
PCHHS HABKOJIMIIHBOTO CEPEIOBHINA, HEOCTATHE CIIpa-
[FOBYBAHHS 1 CHJIBHO TOB'I3aHy HEINIHIIHY AMHAMIYHY
MOJIeNb. SIK HAaciOK, po3poOKa e(heKTHBHUX 1 Ha/lIHHNUX
MEXaHi3MiB KepyBaHHs UIsl TMHAMIYHOI CHCTEMH KBa[-
pOKOIITEpa € KPUTUYHO BAXKIHBOIO.

VY 1iéi po6oTi 0OTOBOPIOETHCS OTIISA PI3HUX MiAXO-
IiB 10 KepyBaHHS, 110 3aCTOCOBYIOThCs it BITIIA. Me-
TOJIM KEpYBAaHHS MalOTh CBOi YHiKaJbHI IIepeBaru, oome-
JKEHHSI Ta AITOPUTMHU.

Busnadeni MeToau KepyBaHHS Ta iX apXiTeKTypHi
CKJIaJI0BI1 IUTAHY€THCS] BAKOPHCTOBYBATH ITPH MaHOyTHIH
po3podui BIUIA ast nuBiIbHEX MOTPEO Ta MOJABIIHX
JIOCITKEHB y 1iH cdepi.

[MpaxTnuHicTh 6230BUX METOJIIB YIPABIIHHS MOJIBO-
TOM 301JIbIIMIIA OYIKYBaHHS JIFOJEH MI0/I0 IXHBOI'O BUKO-
pHUCTaHHS B OUTBII CYCITUIBHUX cdepax i IUBUIBHOMY I10-
BiTpsiHOMY IIpocTopi. 3 omHoro 6oky, BITJIA moxyTh 3a-
MIPOIIOHYBATH BEJINYE3HNH MTOTEHIIiaN ISl 3aCTOCYBAHHSI B
MICBKOMY CEPEIOBHII — BiJ MOHITOPHHTY iH(pPACTPyK-
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TYPH 10 CHOCTEPEIKEHHS 33 JOPOXKHIM PYXOM, pearyBaHHs
Ha HaJ[3BUYaliHi CUTYallii i JOCTABKY MENYHOTO BAaHTAXKY.
3 iHmoro OOKy, CKJIaJHICTb 1 pi3HOMaHITHICTb 3aB/1aHb, a
TaK0o)X HEBU3HAUCHICTh YMOB €KCILTyaTallil CTaBJISITH JIO-
JIATKOBI BUMOTHU JI0 @BTOHOMHOCTI, 1HTEJIEKTY 1 Oe3reKu
cuctem BITJIA, sKi MOXYTh OyTH HETOCSHKHAMH JUIA iCHY-
FOYMX METO/IIB YIPABIiHHS NOJTbOTAML.

HermonaBHi AOCSATHEHHS B raiy3i MAIIMHHOTO HAB-
YaHHS 1 METOZIB HAa OCHOBI JaHMX, a TAKOK HOB1 MOKJIU-
BOCTI 30HyBaHHS 1 CIIPUUHATTS, IO 3'IBJISIOTHECSA B PO-
OOTOTEXHIll, BKa3ylIOTh Ha NEPCIEKTHUBHUI TEXHIYHUN
[UIAX JI0 CTBOPEHHS OLIBII ABTOHOMHUX 1 1HTEJICKTyallb-
Hux cucreM BIIJIA, mo3Bonsgrodun iM BUMTHCS Ha BIIac-
HOMY JIOCBiJli i CIIpuiMaTH HABKOJIUIITHE CEPEIOBHIIIC.
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A SURVEY OF CONTROL METHODS
FOR UNMANNED AERIAL VEHICLE

Yuliia Ivanenko, Oleksii Liashenko, Tetiana Filimonchuk

Abstract. Topicality. Over the past decades, with the rapid development of computer and automatic control technologies,
research on unmanned aerial vehicles (UAVs) has attracted much attention from around the world. In particular, due to the demand
for various civilian applications, UAV conceptual design and autonomous flight control technologies are mutually promoted and
developed. The goal of this work is to structure the methods of controlling unmanned aerial vehicles and study their operating
principles. The object of research is the process of UAV control, architecture and software of these vehicles. The subject of
research is the methods of controlling unmanned aerial vehicles. Results. This paper analyzes the issues of UAV control, including
the mathematical model of a quadrotor and various approaches to control. The main ideas, conditions of use, advantages and
disadvantages of these methods are illustrated and discussed. Future directions of research in this area are considered. Conclusions.
The identified control methods and their architectural components are planned to be used in the development of a drone for civilian
needs and further research in this area.

Keywords: control methods, unmanned aerial vehicle, manual control method, navigation control method, automatic con-
trol method.
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XapKiBChKHIA HAIlIOHATBHUN YHIBEPCUTET PaliOeNeKTPOHIKH, XapKiB, YKpaiHa

T'EPUIHAN METO/I PIIEHHS 3AJAYI MAPIIPYTHU3AIIL TPAHCIIOPTY
3 YPAXYBAHHSAM JOJATKOBUX OBMEXEHDb

AHoTalisi. AKTyaJbHiCTb. Y CydacHOMYy CBITi € moTpeba y 3aCTOCYBaHHI aBTOMaTH30BAaHHX CHUCTEM B OOJIACTi TpaHC-
MOPTHOI JIOTICTHKH, 3 METOIO 3a0IIa/KeHHs pecypciB. [Ipu moOynoBi MuIIXy mepeMilieHHs TPaHCIIOPTY BUHUKAIOThH MPO-
6JIeMM 3HAXO/DKEHHS ONTHMAJIbHOTO MapIIPYTy 3 BpaxyBaHHSM JOAATKOBUX OOMEXKEHb, TaKUX SIK BaHTaXOMiAHOMHICTD
TPAHCHOPTHHUX 3ac00iB a00 4acoOBi BiKHA KII€HTIB. Y 3B’A3KY 3 LIUM € HEOOXIAHICTh BIOCKOHAJICHHS ICHYIOUUX 3aCO01B BH-
piIIeHHs 3amadi MapmpyTH3aLii TpaHcnopTy. MeToio AaHoi poGOTH € CTBOPEHHS TOPHIHOTO METOIY pilIeHHS 3a7adi Ma-
pIIpyTH3aLil TPAHCIIOPTY 3 ypaxyBaHHSAM JOJATKOBHX oOMexeHb. 06’ €KTOM MOCITizKeHHS € IIPOLeC MOIIyKY ONTHMAb-
HUX MapuipyTiB B yMOBaxX OOMEKEHHs BaHTaXXOIMITHOMHOCTI Ta BpaxyBaHHs JacoBuX BikoH. IIpeqmerom mocimimkeHHs €
ITOPUTMH JUISl PIIICHHS 3ajad MapHIpyTH3alii TPaHCIIOPTY 3 YpaxXyBaHHSAM 3aJaHuX oOMexeHb. PesyabTaTn. YV naHiit
PpOoOOTi PO3TIATAIOTECS OCOOIMBOCTI 3aCTOCYBaHHS TiIOPHIHOTO MiAXOIY, 32CHOBAHOT'O Ha BUKOPHCTAaHHI T€HETHUYHOTO Ta
KIIACHYHUX AJITOPUTMIB, AJs BUPIMIEHHS 3adadi MapUIpyTH3amii TPaHCHOPTY 3 ypaxyBaHHAM JOJATKOBHX OOMEXKEHb.
IpencraBneHi pe3ynbTaTd eKCIEPUMEHTAIBHUX JIOCIIKEHb, 10 IEMOHCTPYIOTh IIEPeBard Ta HEIOMIKH KOXXHOTO 3 PO3r-
JISHYTHX aJTOPHTMIB JUIA PIilICHHS MOCTaBieHOI 3a1adi. BucHoBok. HalOimbIny TOYHICTh Ta HIBUAKOZIIO 3a0e3medye 3a-
MIPOTIOHOBAHUH T1OPUIHMI MIIXi HA OCHOBI TEHETHYHOTO aITOPUTMY Ta MOAN(IKOBAHOTO XKaiGHOTO aJrOPUTMY.

KawuoBi caoBa: rpad, MmapmpyT, 3a1ada MapIipyTH3aLii TPAHCIOPTY, YaCOBi BiKHA, BAHTaXKOIII JHOMHICTb, yKaXiOHUI

AJITOPUTM, METOJ T1IOK Ta MEX, aTOPUTM 30epekeHb, TeHeTHIHHH alroOpuT™, KPOCOBEP, MyTallis.

Beryn

[Ipomec €KOHOMIYHOTO POCTY CYNPOBOIKYETHCS
IiIBUIIEHHSAM TONHTY Ha TPAHCIIOPTHO-JIOTICTHYHI TO-
cinyra. Baacninox mporo, mpoOieMa BHpINICHHS 3a1ad
Mapmpytusanii Tparcmopty (3MT) crae Bce OibIn ak-
TyaibpHOIO Ta 3aTpebyBanoio [1, 2].

TonoBHOt MeToro pizHoBUIiB 3MT € moOynosa
MapuUIpyTiB JJI TPAHCIOPTHHX 3aco0iB, M0 0OCIyro-
BYIOTh IIEBHY KiJIbKicTh KiieHTiB. 3MT € Monudikaiero
Ta PO3IIMPEHHM 3a/1a4i KomiBospkepa [1]. Binminaictio
3a/a4i MapIIpyTU3aIlii BiJ 3a/1a4i KOMiBOSDKEpa € HasB-
HICTh CHELiaNbHOT BEPUIMHH (JIe10), B Ky MOXHa i
Yac NMPOXOUKEHHS IO0YJ0BAaHOTO HIISXY IHOBEpTATHCS
0e3 ypaxyBaHHsS OOMEXEHHS HAa BUKOHAHHS YMOBH OJ-
HOPA30BOTO Bi/IBiTyBaHHS BEPIINHHU (TOYKHA MAPIIPYTY).
[pu Bukopuctranxi 3MT Ha mpakTHIN YaCTO BUHUKAIOTh
JOJATKOBI OOMEXCHHS ISl MOOYJOBaHUX MapIIPYTIB,
IO BUMAarae BJIOCKOHAJEHHs ICHYIOYHMX MaTeMaTHYHHX
MOJIeNeli Ta anropuTMiB pinreHHs [2].

3MT BigHocuthes 10 NP-TIOBHUX 3371a4, TOMY IS
rpadiB 3 BEIMKOIO KITBKICTIO BEPIINH BUKOPHUCTOBYIOTh
QITOPUTMHU, 1110 IPYHTYIOTHCS Ha PI3HUX €BPUCTHKAX Ta
ix xomGinamisx [3]. EBpucTHYHI amropuTMHu pillieHHS
3MT 3a3Buuail JO3BOJISIIOTH 3HAWTH BapiaHTH, IO €
JvIe HaOJNVDKEHUM /10 ONTHMAJIBHOTO PIIICHHS, TOX
JOLIIBHAM € B/IOCKOHAJIEHHS LIUX aJITOPUTMIB.

Bigowmi knacuysi anroput™u 1o BupimenHio 3MT.
Anroputm Kiapka-Paiita [4] 3acHoBaHuii Ha mporeci
3IUTTS APIOHUX MapUIPYTiB, JOKH € MOXIIMBICTh 3MEH-
IIATH CyMapHy BapTicTh 00’i31y. MeTox Tilok Ta Mex
[5] monsrae B po30UTTI 3a1aui Ha CHOpOILIEH] mig3anaui,
nUIIXoM (iKCyBaHHS 3HAYCHHS 3MIHHOI PO3TayKESHHS.

s Bupimenss 3MT nomiTbHAM € BUKOPUCTAHHS
MIXO/iB Ha OCHOBI 3ac00IB OOYHCIIOBAIBLHOIO 1HTEJE-
Kty [6], 30kpema, renetnunux anropurmis (I'A). B [7]
nokasaHo, mo ['A MoxyTb OyTH 3actocoBaHi aiast 3SMT
13 CKJIaAHUMH OOMEKEHHIMHU 200 TX KOMOIHALIIMH.

I'A MOXyTb OyTH BJOCKOHAJICHI IIUISIXOM TriOpuan-
3anii 3 IHKMMU Tinxonamu. Hampukian, BUKOpUCTaHHS
CIELiaJIbHOTO OIIepaTopy JIOKAJIBHOTO CITyCKYy, IO 3a-
CHOBAaHWI Ha YOTHPBHOX PI3HUX THIAX 3MIHH MOPSIKY
BUKOHYBaHHX KPOKIB, JI03BOJISIE MPUCKOPUTH 301KHICTh
anroputMy [8], mpu yMOBI BUKOPHCTaHHS 1IBOTO OTEpa-
TOPY TUTBKH UI HAaHKpaIINX pillleHb Y MOTOYHIN IOITy-
JISIIT.

Peanizauis T'A, 3anponoHoBana B [9], BukopucTo-
Bye omeparop cxpemryBanHs OX Ta omeparop MyTamii
3aCHOBaHUI Ha 0OMiHI MiCIIIMHU JBOX BHIAJKOBO O0pa-
Hux BepumH. B [10] DoCimKyOThCS COCOOM KOMY-
BaHHsI 0COOMH (BapiaHTIB MapIIPYTIB), 3alpONOHOBaHA
cXeMa KOJIyBaHHs1, 3aCHOBaHa Ha BUIIJKOBUX KIIIOYaX.

Ha ocHOBI aHamizy cydYacHMX HAayKOBHX JOCIi-
JUKEHb MOYKHA 3pOOUTH BHCHOBOK, LIIO HE3BaXKAIOUM Ha
YHCJIEHHI IIepeBaru, pPO3MJISAHYTI METOIU BUPIICHHS
3a7a4 MapupyTH3amii TPaHCIIOPTY MarOTh HEJOCTATHIO
TOYHICTh Y BWIIQJIKy BeJUKOi po3mipHocti [11] Ta ma-
FOTB PSII HENOJIIKIB, SIKi CIIEIU(IUH] AT OKPEMHIX METO-
IiB (MOXIIUBICTh MOMIAAAaHHS Y JOKAIBbHI MiHIMyMH, ITe-
penuyacHa 301XKHICTb Ta iHIII).

MeToro wi€i po6oTn € po3podka ribpuaHOoro Me-
toxy pimeHHs 3MT 3 oOMexeHHSM Ha BaHTAXKOIIJI-
WOMHICTh Ta YaCOBMMH BIKHAMHU, 3aCHOBAHOI'0 Ha ITOEI-
HaHHi ['A Ta BapiaHTIB KIIaCHYHUX AITOPUTMIB, a TAKOX
MpOorpaMHa peamizalfisi po3pobJeHOr0 METOAy Ta IMpo-
BE/ICHHS €KCIIEPUMEHTAIHUX JIOCIIIKEHb.

ITocTaHoBKa 3agaui

3MT Bu3HaueHA y BHUTJIAAL TOBHOTO HAIIPABIICHOTO
rpapa G=(V,H,c,t), ne V={0,1,...,n} — MHOXHHa
BepiinH. Koxna BepuinHa 3 innekcom i € V/{0} Biamo-
BiJae KiieHTy, m0 Mae HeBim emumidi momut di<Q Ta
yacoBe BiKHO [j, bi], a Bepumna O sBise coborw aeno
JUISL P TPaHCIIOPTHUX 3acO0IB 3 BaHTAXKOIIIJHOMHICTIO
Q. Marpuus H={(i, ) :i,] € V,i#]} onucye MHOXHHY
JyT, 11O BiAIIOBiJa€ TPAHCIOPTHIA Mepexi MiX By3ia-
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MH. 3 KOXKHOIO Jyrol0 IOB’s3aHa BapTiCTh IEepeMillieH-
HS Cjj Ta wac mepeizny tij, me (i,]) € H. 3MT motpebye
BU3HA4YCHHS] HA0Opy MapuIpyTiB M, cyMapHa BapTiCTh
SIKMX 3BOJIUTHCS 10 MIHIMYMY 1 Taka, I110:

e KOXXEH KII€HT BiBIAYETHCS TUTBKU OIHH pa3 B
OJTHOMY MapILIpPYTi;

e MapIIpyTH IMOYMHAIOTHCS Ta 3aKIHYYIOTBCS B
Ieno;

e 3arampHa mMOTpeOa KIEHTIB, IO OOCIYTOBY-
IOTBCSL B OTHOMY MapLIpyTi, HE MEPEBHUILY€E IPOIYCKHY
3matHicTh Q;

e KUIBKICTH MapUIPyTiB M HE MEPEBHIIYE KiJlb-
KIiCTh TPAaHCIIOPTHHX 3ac00iB p;

e 00CIyroByBaHHS KII€HTa MOBHHHO 3]IHCHIOBA-
THCS B paMKax HOT0 4acOBOT'O BIKHA.

Hexaii OiHapHa 3MiHHA Xij BU3HAYa€ MepEeMillleHHs
TpaHcrnopTHOro 3aco0y r € {1,2,...,p} mo aysi (i,]) B
pilIeHHi 3aadi, a 7j — 9ac 1MoYaTKy 0oOCIyrOBYBaHHS Be-
PIIUHH i.

Marematnuna mozaens 3MT 3 ypaxyBaHHs J10JaT-
KOBHX OOMEXEHb MOXKe OyTH ONMCaHa HACTYIHUM YH-
HOM. MiHiMi3anis 1inboBoi QyHKIIT:

P n n
ZZ Z Cijxrij — min. (l)
r=1i=0 j=0,i=j

3 ypaxyBaHHSIM yMOB:

pn
> D X%ij=LVie{l..n}, @)
r=1i=0,ij
p
ZXrOj =1vre{l.., p}, A3)
j=1
n n
Z djXi <Q,Vvr e{l...n}, 4)
i=0 j=li#]

aiSriSbi,‘v’ien, (5)
Xrij e{O,l},Vr e{l,..., p},i, j E{O,...,n},i #j.(6)

LinboBa ¢ynkuis (1) MiHIMI3ye 3arajabHy BapTiCTh
nepeBe3eHs. OOMexenHs mojeni (2) 3adesmneuye, o0
KO’KHOTO KITI€HTa BiJBiaB TIMBKU OJWH TPAHCIIOPTHHMA
3acid. O6mexeHHs (3) rapaHrye, 110 KOXXEH TPaHCIIOP-
THHUH 3aci0 MOXXe NMOKHHYTH JIeTO TiIbKH OIWH pa3. B
(4) 3amaeTbcst 0OOMEXKEHHSI BAaHTAXKOIIIJHOMHOCTI TpaHc-
OPTY, TOOTO cyMa MOTped KIIEHTIB, IO HAJECKaTh Ma-
pLIpYTY, TOBUHHA OyTH MeHIIEe abo AOpiBHIOBATH BaH-
TaXOI IHOMHOCTI TPaHCIIOPTHOTO 3aco0y. YMoBa Bifl-
BilyBaHHS KIII€EHTY B MEXaX BiJNOBIJHOTO YacOBOTO
BikHa (opmaiizoBaHa 3a mgomoMoror obomexenus (5).
Bupasu (6) Bu3Haua0Th 0671aCTi 3HAYE€Hb 3MiHHHX.

I'iopuaamii meTon Ha ocHoBi I'A n1s pimenHs
3MT 3 ypaxyBaHHAM 00MeKeHb

s Bupimensas 3MT 3a qomomororo I'A HeoOXi-
HO 00patH crocib KoxyBaHHSA 0cOOMH (pimneHs). Pimren-
HiM 3MT € CyKynmHICTh MapIIpyTiB TPaHCIOPTHUX 3a-
c00iB 1T 0OCTYTrOBYBaHHS YCiX KITI€HTIB, TOX Tpaju-
uiifHo BHKopucroByBaHe y I'A 0iTOBe mpencTaBiIeHHS

0COOMH TPONOHYETHCS 3aMIHUTH IIOJAHHSM Y BHIJISAIL
Ha0Opy MapLIpyTiB, sIKI ONMHCYIOTHCS SIK JIAHLIOTH YH-
cell, JIe KO>KHE YMCIIO M03Havae AesKy BepiuuHy. [loso-
JKEHHsI KOKHOTO YHCJIa B PAIKY BIANOBIZAE MOPSIKY
BepLIMHY B MapupyTi. KoxkeH MapuipyT okpemoro Tpa-
HCTIIOPTHOTO 3ac00y IMOYMHAETHCS Ta 3aKiHIY€ETHCS BEp-
muHOIO Jemo. HeoOXimHo Moam¢pikyBaTH TEHETHUHI
OIIepaToOpy KPOCHHTOBEPY Ta MyTallii, JJIs iX cyMicHOC-
Ti 3 00paHNM CIIOCOOOM KOIYBaHHS BapiaHTIB PillICHb.

Jlo oCHOBHMX TpOOJEM, IO BHHUKAIOTH IPH BHU-
kopuctanui A s pimenus 3MT [12], moxkHa BimHec-
TH BHOIp CHOCO0IB KOAYBaHHS OCOOMH, MOYAaTKOBHX I1a-
paMeTpiB anroputMmy (MOTOYHOTO Ta MAKCHMAaIbHOTO
po3Mipy TOMmyJsiii, KPUTEpiiB 3yMHUHKH), MapaMeTpiB
¢iTHeC-(YHKIIIT, ATOPUTMY AJIsI CTBOPEHHSI II0YaTKOBOT
TIOMYJISALIT, TUIIB MyTallii Ta CXpellyBaHHsS OCOOHH.

[opsinok podoru I'A nnst Bupimenus 3MT 3 ypa-
XYBaHHIM BaHTAXOMIIHOMHOCTI TPAaHCTIOPTHHX 3ac00iB
Ta YaCOBHX BIKOH HACTYIHUIL:

1. CrBopeHHs MOYaTKOBOI MOMYJIALIl 3 BUKOPHUC-
TaHHAM OOpPaHOTO KJIIACHYHOTO alropuTMy (TiOpmmn3a-
mist ['A 3 iHIINMA aNTOpUTMaMH).

2. Binbip 0ocoOuH 3 MOMYJIAIT A1 BUKOPUCTAHHS
IpH reHeparliii HOBOro MOKOJIHHS.

3. CxpeuryBanHsi (BUKOHAHHSI OIlepaTopa Kpoco-
Bepa), JOKM He Oyje OoTpuMaHa HeoOXigHa KiIbKICTh
Halla KB Bi[IOpPaHUX OCOOHH.

4. Jlo ycix ocoOuH y momyJisii 3 Jesikoro HMOBI-
PHICTIO 3aCTOCOBYETHCS KOKHA 3 O0OpaHUX MyTaIliid.

5. 30epexeHHs 0COOMHH, IO Ma€ HAMHIDKIE 3HA-
yeHHs1 (itHec-PyHKIIT (¢ HadikpamuM pimeHHEsM 3MT
Ha TIOTOYHI iTeparii anroputmy). @opMyBaHHS HOBOTO
MTOKOJIHHA (MHOKMHU BapiaHTiB pimeHs 3MT).

6. SIkmro He JOCATHYTO KpUTEpiil 3yMUHKH, HEO0O-
X1JTHO TIOBEPHYTHUCSI 10 IYHKTY 2.

st reHepaniii mo4aTKoBOI MOMyJIsiiii BUKOPUCTO-
BYIOTBCS TaKi KJIACHYHI aJITOPUTMH, SIK JKaJi0OHUI aro-
PHUTM, METOJ TUJIOK Ta MeX Ta anroputM Kiapxa-Paiita.
Takox y noCHiJPKeHHI 3alpONOHOBaHMH MOIU]iKOBa-
HUH KaIiOHUI alropuT™, 3aCHOBAHUN HA MaKCHMI3allii
3aBaHTaXEHHs TPAHCIOPTHUX 3aco0iB, a He MiHiMi3amii
BapTOCTI MPOi3y.

BukopucranHs ’kafiOHOTO aNropuTMy IIPH CTBO-
PEHHI OCOOWH MOYATKOBOi IMOMYJIALIi € JOIUTBHUM 3
ypaxyBaHHSAM IOJaJIBIIOr0 HOTO MOKPAIIeHHs Yy Mpolie-
ci podoru I'A. It 3abe3neueHHs pi3HOMAHITTS IOYaT-
KOBOI MOITyJIAIii, cepe 3aJaHoi KibKOCTI Mepei3diB 3
HaWKpamiow BapTICTIO OOMPAETHCS OIUH BHIIAIKOBUM
yuHOM. [yl BpaxyBaHHS YMOBHU YacOBHX BIKOH Ha KO-
JKHOMY eTari MoTpiOHO CIoYaTKy pO3TIISAaTH BEPIIUHH
JUTSE TIEPEMIIIEHHS, IS SIKUX 9ac 00CIyTOBYyBaHHS Oy/ie
B ME)ax 4acoBOTO BiKHa.

Merto TiNOK Ta MEX — OJJMH 3 KOMOIHATOPHHUX Me-
TOJIB, SIKWI1 MoJIsirae B nepe0opi Ta po3rIIsil TIIBKU THX
BapiaHTiB, AKi € 32 NEBHUMH O3HaKaMW KOPUCHUMH IS
3HAXOJUKEHHS ONTHMAJIBHOTrO pimeHHs. [lpu owmiHi
MHOXUH BPaxOBYETHCSI BaHTAXKOIIIJHOMHICTh TPaHCIIO-
PTY Ta 9acoBi BiKHA KIII€HTIB.

Anroputm Knapka-Paiita onuH 3 HaliBimoMimmx
anroputMiB BupimeHas 3MT, OCHOBHY poiib B SIKOMY
rpa€e TMOHATTA «30CPEKECHHS» — 3HIDKCHHS 3arajgbHOL
BapTOCTI pillIeHHsI, OTpUMaHe TIpH 00’ €THAHHI JBOX Ma-
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pupytiB (7). [piOHi MapiipyTu 3j1HMBAIOThCS y OLIbII,
CHMPAIOYHCh HA BEINYNHY 30€pPEKEHHS, JOKU € MOXKIIU-
BICTh IIOKPAIIyBaTH PillICHHS.

saving;; = Cjg +Coj +Cjj - )

Jn1st 3mUTTA crioyaTtky oOMparoThCs MapLIPyTH, 4ac
o0ciryroByBaHHs AKHX OyJie B MeXax 4acOBOTO BiKHa, a
MOTIM OOMPAIOTHCS B 3aJIeKHOCTI BiJl BeIWYHMHH 30epe-
JKEHHsI. AJITOPUTM JO03BOJIS€ 3HAWTH pimieHHs HaOnu-
’KEHE JI0 ONTUMAJILHOTO 32 IIPUHHATHHUI Yac.

Moaudikaris >xagiOHOrO aJropuTMy, 3acCHOBaHA
Ha MakcuMi3auii 3aBaHTa)XCHHS TPAHCIIOPTHHUX 3aC00iB,
TIPAIfO€ HACTYITHUM YHHOM:

1. Ominka MiHIMaNTBbHOI KUJIBKOCTI TPaHCIOPTHUX
3ac00iB Pmin, HEOOXiTHOT OO BMICTUTH BaHTAX, IO
MOTPiOHO JOCTABUTH KITi€EHTAM.

2. ®opMyBaHHS Pmin MAPLIPYTIB 3 BEPIIUH 3 Ha-
OUTBIIMMHU TOTpeOaMu, TPU IIBOMY BPaxXOBYIOTHCS Ya-
COBI BiKHa.

3. JIns KOXKHOT BEpIIMHY, IO 3aJIUIIAIACS, 3/ii-
CHIOEThCS CIpo0a MOMICTHTH 11 B 01uH 13 chopMoBaHKX
MapUIPYTiB, LUIIXOM BUKOHAaHHS B HUX IEPECTAHOBKH
BEpLINH, sIKa JO3BOJIUTH 3BUILHUTH MICIIE JUIsl BAaHTAXY,
10 OTpeOye 1el KITEHT.

4. SIkmio BepHIMH HE 3QJIMIIIIOCS, JITOPUTM 3a-
KiHIy€ CBOIO pOOOTYy Ta moBepTae c(OPMOBAHE PilllcH-
H$, 1HAKIIIE — TIOBEPTAETHCS A0 MyHKTY 1, ajie mpamoe 3
MHOXKUHOIO BEpIINH, [0 HE MOTPAIMIN 10 XOTHOTO 3
c(hopMOBaHINX MapUIPYTiB.

Bepumnu Uit mepecTaHOBKM y IYHKTI 3 oOupa-
I0ThCS 32 IONOMOrolo nepedopy. Lle He cTBoproe 3Hau-
HOTO JIOJIATKOBOTO OOYMCIIOBAaJbHOTO HaBaHTAXKCHHS,
TaK K OUIBIIICTh MapUIPyTiB HEe MPUUMAIOTh y4yacTi y
posrisiii, 60 HE MICTATh BEPLIMHY, sKa IOTEHIINHHO
3/1aTHA 3BUIBHUTH MiCLIE JUIsl BAHTAXKY.

Jist cxpenryBaHHS 0coOMH 00pano onepatop PMX
[13] ta amanroBaHo ioro mix HOBI ymMoBH. Ha koxHii
iTepanii poOOTH aJlrOPUTMY, ONEPATOP 3aCTOCOBYETHCS
JOKH He Oyzle OTPUMAaHO 3aJaHy KiIbKICTh 0coOuH. Bu-
0ip 0aTBKIBCBKHX OCOOWH [UISA CXpEIlyBaHHS BinOyBa-
€ThCS 32 JOIIOMOTOO TYPHIPHOTO BiOOpY.

Jlyisi BHECEHHsI PI3HOMaHITTS y IOMYJIsIilo, a Ta-
KOX JUTS JIOCIIJKEHHS OLIBLIOrO J[iarna3oHy MOMIIMBHX
pillieHb, IPOIIOHYEThCS BHKOPHUCTOBYBAaTH TPH BHIU
MyTaIliii, 10 aJanToBaHi mij o0paHuii crocid Ko yBaH-
HA. [HBepcHa MyTaris Ta MyTamis BUIIaJKOBOI IepecTa-
HOBKH BEpIIMH Yy MeXax OJHOI0 MapIpyTy JI03BOJIS-
I0Th TIPOBOJIUTH TOIIYK KPAIIOro JIOKAILHOTO PillIeHHs,
110 J03BOJIsIE 3MEHIINTH BUTPATH Ha IEPEMIIECHHS MiX
By3JIaMH Ta JOCSITH BUKOHAHHS YMOBH YacOBHX BIKOH.
MyrTauist 0OMiHy MiZIMHOKHMH BepUIHH ((parMeHTiB Ma-
PIIPYTiB) MK pI3HUMH MapIIpyTaMH y pamKax OJHi€l
0COOMHM [I03BOJISIE PO3MIISAAATH PIIIEHHS, 10 MAalOTh
Pi3HYy KUTBKICTh MapIIpyTiB, HOKpAIyBaTH HAIIOBHEHHS
TPAHCIOPTHHUX 3aCO0iB BaHTa)keM Ta NIYKaTH Kpaiie
rio0anbHe pilIeHHS 3 MEHIIMMHU BUTpAaTaMH Ha Tepeis-
mu. KoxkHa 13 MyTalliii 3aCTOCOBYETBCS IO KOXHOI 0CO-
OWHM B MOMYJIALIT 3 ASSIKOIO 33aHOI0 HMOBIPHICTIO.

Jn1s OLiHKK OTPUMaHMX pillIeHb BUKOPUCTOBYETh-
cs1 piTHEeC-(YHKIIIsI, 110 BPaXOBY€ BapTICTh IEpPEMillICHb
y BCIX MapuIpyTax pillICHHS, HAllOBHEHICTh BaHTa)XeM

TPaHCIIOPTHUX 3ac00iB, BAKOHAHHS YMOBH YacOBHX Bi-
KOH Ta KiJbKicTh MapupytTiB. Hexall c;. — 3arajibHa
BapTIiCTh MepeMillieHb y pillieHHi, Oy, — 3aranebHuil 06-
CSII' BUIBHOTO MICIISl Y BCbOMY TPaHCIIOPTI, 10 BUKOPHC-
TOBYIOTBCS, M — KUNBKICTh MAapUIPYTiB y pimieHHi, K —
KUTBKICTh BEPIIMH VIS SKUX OOCIyTrOBYBaHHS BinOyBa-
€TBCS 32 MEKaMH 4acoBOTO BikHA. Toxi ¢iTHeC-QyHKIIA
BU3HAYAETHCS SIK

f= Caae.ckoe([). + deiﬂ.DKoe¢. +mM Koeq. + kKKoe(j). ) (8)

1€ Cuoegps Droegp, Mroeg, Kioep. — KO€ilienTu, mo Brmu-
BalOTh Ha 3HAYUMICTh XapaKTEPUCTHK OTPUMAHOIO pi-
IICHHS TIPpU po3paxyHKy ¢itHec-¢ynkmii. [Tixbip xoe-
¢imienTiB ¢itHeC-QYHKINT € BaXKIMBUM LIS PaBIIIBHOT
poOOTH aNrOpuUTMy, HEOOXiTHO BPaxOBYBAaTH ITOYATKOBI
rmapaMeTpH Ta I, A SKUX BUPINTYEThCS 3a1ada (Bif-
HOCHY BaXXJIUBICTh KPUTEPiiB ONTUMAIBLHOTO PIillICHHS).

i1 yHUKHEHHSI pillleHb, ¥ SKUX KUTBKICTh MapIi-
pyTIB Oinbllle 33aHOTO 3HAYEHHS, BHUKOPUCTOBYETHCS
MoauGikoBanuii BapiaHT ¢iTHec-¢yHKUil (8). ko
KUTBKICTh MapUIPYTIB HE 3aJO0BOJIbHSE 33aJaHUM YMO-
BaM, TO (hiTHec-PyHKIis HE NMPOBOAUTH OLIHKY pillleH-
Hsl, 1110 JO3BOJISIE€ MPUCKOPUTH poboTy T'A.

Jnst miBUILEHHS TPOAYKTUBHOCTI poboTtu A pe-
aTi30BaHi HACTYITHI ONTHMIi3aIlil:

e Ha eTami CTBOPEHHS IT0YaTKOBOI IOIYJIALIi Ba-
piaHTIB pilIeHb JOJaHA MOXIIUBICTH CTBOPUTH IIEpPIIE
pIlICHHS 32 JOIOMOT0I0 0OPaHOTO KJIACHYHOTO arOpH-
TMY, a iHII — KJIOHYBaTH 3 oTpuMaHoro. l{e 3Ha4HO Ti-
JIBUIILY€ MIBUIKOIIO TPHU TiOpUAM3AIl] 3 aJrOpUTMAMH,
II0 TeHEPYIOTh OJIHE M Te )X came DIllleHHs Ha OJJHAKO-
BOMY Ha0Opi JjaHUX;

e anroputrMm 30epirae iHGOPMAIIO TUIBKH PO
CBOI mapaMeTpu, HalKpaile pillieHHs 3a BECh 4ac Ta Io-
ToyHy mnonyssigito. lle 103Boysie BUKOPHCTOBYBATH
MEHIIIE TTaM’SITi TIPH POOOTi aITOPUTMY .

HamamryBanas mapameTpiB ['A isi KOHKpETHHX
3a7a4 BiOYBAETHCS MUIIXOM OOYMCIIOBAJILHOTO EKCIIe-
PUMEHTY.

Pe3yabTaTu excriepuMeHTAJBHUX J0CTIIKEHD

Jlng mpoBeIeHHS eKCIIEpUMEHTIB Oyl BHKOpPHC-
TaHi NMOBHO3B’s13HI rpadu, mo ckiaxarTses 3 25, 50,
75, 100, 150, 200, 300, 400, 500 Ta 1000 BeprmH.

Jus 3MT Oynn o6paHi HACTYIHI TApaMeTPH:

e  BaHTAXOIIiTHOMHICTh KOXHOTO TPAaHCIIOPTHOTO
3aco0y mopisHIoe 2000;

e BapTICTh MEpPEMINICHHS MDK JBOMa BY3JIaMH
NeKUTh B miana3oni Bix 10 mo 1000, matpuns — acumMe-
TPUYHA;

e TOTpeOW KITIEHTIB y BaHTaXi Jie)kKaTh B Jliama-
30mH1 Big 250 g0 1000;

e Yac MEepeMilleHHs] MiX JBOMa BYy3JaMH 3HaXO-
INUTHCA B Mexkax Big 1 go 100;

e KOXEH KIIEHT MAa€ 4acoBe BiKHO, sSIKE TEHEPY-
€Tbes y miamasoi Bixg 10 mo 200.

Jlns  ouiHKK OCOOMH 3aCTOCOBYETBCS (hiTHEC-
¢ynkuist 3 TakuMu KoedinmieHTaMH: Cyoep. = 0.1, Dyo-
ep. = 10, Muoep. =100, Kioep. = 1. Taka xomOiHamist xoe-
¢ilieHTiB 3a0e3Meuye 10CTaTHHO 30aIaHCOBAHY OLIHKY
pimens st 3SMT 3 00paHUMU TTapaMeTpaMH.
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I'A OyB HanamToOBaHWIl HACTYITHUM YHHOM:

e JUIS TeHepallil MOYaTKOBOI MOMYJISIT BUKOPHUC-
TaHO KaAiOHMH AJTOPUTM, METOJ TIJIOK Ta MEX, ajlro-
putMm Kunapka-Paiita Ta MmoaudikoBaHuil BapiaHT kai-
6Horo anroput™my. KinbkicTh HOYaTKOBUX OCOOMH JOPi-
BHIOE 10;

e NI CXpEIIyBaHHS 3aCTOCOBYETHCS KpPOCOBEP
PMX. IlizMHOXMHa BepUIMH KOXXEH pa3 TCHEPYEThCA
BHITAIKOBO B MeXKax Jiama3oHy Bif 2 110 5;

e BuOip OaTBKIBCBKUX OCOOWH BigOyBaeThCs
[UIXOM TYpHIPHOTO BinOopy 3 3 YYaCHUKIB TYPHIPY;

e BUKOPHCTOBYIOTHCS TPH THIIM MYyTalii: iHBepc-
Ha, BUIIQJIKOBA [IEPECTAaHOBKA BEPIINH B OJJHOMY Maplil-
pyTi Ta OOMiH HiIMHO>KMH BEPIIMH MK Pi3HUMH Maplil-
pyramu. 3 iimogipHicTio 0.1, 0.1 Ta 0.4 BigmoBinHo.

B xoni ekcnepuMeHTaNbHUX JOCIIIKEHb 3aCTOCY-
BaHHS TiOPUIHOTO MiaXoay Ha ocHOBI ['A B xoMOiHamii
3 PI3HUMH AITOPUTMAaMH, SIK [OKa3aHO Ha pHUC. |, BUIB-
JIeHO, 10 MoeaHaHHA ['A 3 METOJOM T1JIOK Ta MEX 3Ha-
XOJUTh HAWTIpIIi PillICHHS y MOpIBHAHHI 3 iHmuME. Lle
OB SI3aHO 3 THM, IO JAHUH METOJ TeHEpy€e MOYaTKOBY
MO JIALI0 0€3 AOCTaTHROTO PI3HOMAHITTSA Ta MPOIIO-

HYE pIIIEHHS 3 BEJIMKOIO KiJIbKICTIO MapLIpPYTiB.

1000

350000
300000
250000
200000
150000
100000

L Kl ‘
" wme i 1N RENN
150 200 300 400 500
m HagibHuit anropurm

MeTog rinok Ta mesx

B Anroputm Knapka-Paiita W Mogaudikanjin wagibHoro anropurmy

Puc. 1. liarpama 3Ha4eHb ¢GiTHec-QyHKIIT 11 3HAHICHUX
pimeHs Ha rpadax 3 pi3HOIO KUIBKICTIO BEpLIMH

OtpumManuii pe3ynabtaT riopunusauii ['A 3 anropu-
T™O0M Kiapka-PaiiTa mOosSICHIOETBCS TUM, 0 KJIACUYHHMA
ITOPUTM TIPUCTOCOBAHUH /10 CUMETPUYHHMX MaTpHIb
BapTOCTEH MepeMilleHHS.

Pesynbratn koMOinamii ['A 3 xagiOHUM anropwur-
MOM 3a0€3MeUyIOThCS Pi3HOMAHITHICTIO TOYaTKOBOL
MOMYJIALIl, SIKa NPU3BOJUTH O OOCTEXEHHA OimbIIol
00acTi HOIIyKy.

Haiikpamii pimeHHs oTpuMani 3a nonomororo I'A
Ha OCHOBI Mojudikauii >kaliOHOrO aJropuTMy, 3acHO-
BaHOI Ha MaKCuMi3alii 3aBaHTa)XEHHsS TPAHCIIOPTHUX
3ac00iB. Lle MoB’s13aHO 3 THM, 10 TOYATKOBA ITOMYJISIIis
CKJIQIAETHCSL 3 PIllIeHb, y SIKUX KUIBKICTh MapIIpyTiB
HaOMKeHa 0 MiHIMAaNbHOI, NMPH [FOMY BapTICTH ITe-
PEMIIIeHHS IO HUM MO>Ke OyTH BiTHOCHO BHIIOIO, HIXK y
IHIIUX PO3TIIAHYTHX MiaxoniB. Lle 00yMoBIeHO THM, IO
JUTS MiHIMi3amii KiITBKOCTI MapIIpyTiB IPH CXpEIyBaHHI
abo MyTamii HEoOXiZHO 3IIHICHUTH BEIUKY KiJIBbKIiCTBH
TIIBKH TAKHX HEPECTAaHOBOK BEPILHH, IO MPUBEAYTH 10
3MEHIIEHHS KUJIbKOCTI MapmpyTiB. J{ist Toro, mob 3me-
HIIUTH BapTiCTh MEPEMillleHb JOCTaTHHO OJHi€el abo se-
KUTPKOX 3MiH 3 BepIIMHaMHu, ToMy ['A Bupimiye mpo-
OneMy 3 BapTiCTIO Tepei3fiB, sK MOKa3aHO Ha pUC. 2,
MICNISL TOCTATHBOT KiJIBKOCTI iTepalliii Ta 3HaXOIUTh pi-
IICHHS, [0 € HAOJIVKEHUM JI0 ONITHMAIIBHOTO.

250 500 750 1000 1250

1500

Puc. 2. I'padix 3MiHH cepeaHBOT BapTOCTi IepeMilieHb pU
BUKOPHCTaHHI ribpuaHoro Merony Ha rpadi 3 300 BepiumHamMu

B Tabn. 1 mpencraBiieHi pe3ysibTaTH MOPIBHSIHHS
3aCTOCYBaHHS TiOpUAHOTO Migxoxy Ha ocHOBI ['A 3
ONMCAaHUMHU KJIACHYHHMH anroputMamu. Kpurepismu
e(pEKTHBHOCTI € 9ac poOOTH aNrOpuTMy Ta 3HAYCHHS
¢iTHec-QyHKIIT, sSKe BPaxOBYE BCi XapaKTCPUCTHKH
OTpHMaHOTO pimieHHs. PesymbraT (ikcyBammcs mpu
JOCSATHEHHI OJHOTO i3 KPUTEPIiB 3yITHHKH:

e ajroputm BukoHas 1500 itepartiii;

e ajroputMm BukoHaB 150 itepariiii 6e3 ymocko-
HaJICHHS [IOTOYHOTO HAWKPAIIOro PillIeHHS.

106 yHMKHYTH BHUKPHBICHHS Pe3yJbTaTiB yepe3
BUIAIKOBI 3HAYCHHSI, 1[0 BUKOPHCTOBYIOTHCS B JIOTIII
AITOPHUTMIB, KOKEH allTOPUTM Ha KOXXHOMY Habopi na-
HUX 3aIlyCKaBcsl 5 pasiB, pe3yibTyloue 3HayeHHs Opa-
JOCst SIK cepeiHE apu(METHYHE.

Tabauys 1 — IlopiBHAHHSA pe3y/bTaTiB 3acTocyBaHHs ['A 3 po3rIAIHYTHMH KJIACHYHUMM AJATOPUTMAMM

3acTocoBaHi aJropuTMu 1Js KinbkicTs Bepmux

CTBOPEHHSI MOYATKOBOI 10~ Kpurepii .

nyastuii eheTHBHOCT 55 | 50 | 75 | 100 | 150 | 200 | 300 | 400 | 500 | 1000

Kani6uuit anroputm Yac, ¢ 3641499 6.36 | 7.97 |11.4114.39]21.79 | 30.65 | 38.75 | 86.72
Orinka 524319749 1478916830 | 30112 | 31431153723 | 73876 | 87635 |211026

MeTo TijoK Ta MEX Yac, ¢ 3.71 1 5.07 | 6.64 8.7 |11.75]115.85|24.36 | 34.69 | 44.94 | 129.62
Orrinka 696219989 | 1972518799 | 33723 | 37867 | 65392 | 101089 | 119636 | 299124

Anroputm Knapka-Paiita UYac, ¢ 3.7 1502 6.74 | 8.08 |11.72| 14.7 | 23.02 | 31.26 | 39.01 | 91.01
Orrinka 739518880 1735816596 | 30790 | 31350 | 55231 | 76029 | 86171 | 229837

Momudikanis sxamioHoro an- | Yac, ¢ 3.6514.89 | 6.35 1.7 11.2 | 14.38 | 21.22 | 29.49 38.2 83.73

ropuimy Ortinka 525117499 | 14089 | 12698 | 25270 | 26926 | 47321 | 60569 | 74777 | 203121
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3 HaBeeHOT TaOJIMIl BUILIMBAE, IO 3aCTOCYBAaHHS
ribpuaHoro migxoxy Ha ocHoBi I'A 1 MoxudikoBaHOTO
XKaJi0HOTO aNrOpUTMY JI03BOJISIE OTPUMATH Kpauli pi-
LIEHHs 32 MEHIIWH 4ac, HDK B PE3yNbTaTi 1HIIMX PO3r-
JISIHYTUX aJITOPUTMIB.

BucHoBxku

B po6oTi 3anponoHoBaHu# T1OPUAHUN TAXI IS
pilIeHHs 3aja4i MapLIpyTH3alii TPaHCIOPTY, 3acHO-
BaHHMH Ha MOEJHAHHI TEHETHYHOTO Ta KIACHYHUX aj-
roputMmiB. Halibinbpiry TOYHICTH Ta MIBHAKOJIIO 3a0e3-

Monudikamnii xaaiOHOro aNropuTMy, 3aCHOBAHOTO Ha
MaKCUMi3allil 3aBaHTaKeHHSI TPAHCIIOPTY, y HOPIBHSH-
Hi 3 KOMOIHAIlIIMU T€HETHYHHUX AJIITOPUTMBIB Ta IHIINX
AITOPHUTMIB.

B Maii0yTHbOMY IOLITEHUMH € TaKi HalpsIMU PO3-
BUTKY PO3IJIHYTOTO IiAXO.Y:

* 3aCTOCYBaHHS IEKUIBKOX KJIACHYHHX aITOpPHT-
MiB OTHOYACHO JJIs1 JOPMYBaHHS ITOYATKOBOT MOMYJIAIIi{
Ta 3a0e3evYeHHs] pi3HOMAaHITTS;

e aHali3 3aCTOCYBAaHHS PI3HHX BHIIB KPOCOBEDA,
MyTaliii Ta iHIIUX CTpaTerii BimOOpy OAaTBKiBCHKHUX

mevyye TiOpuau3amis TEHeTHYHOTO AaITOPUTMY Ta  OCOOHMH.
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A hybrid approach for solving the vehicle routing problem
with additional constraints

Heorhii Ivashchenko, Artem Skliarov, Olesia Barkovska

Abstract. Topicality. In the modern world, there is a need to use automated systems in the transport logistics, in order
to saving resources. When constructing a vehicle route, there are problems of searching the optimal route, taking into account
additional constraints, such as the carrying capacity of vehicles or time windows of customers. In this regard, there is a need to
improve the existing means of solving the vehicle routing problem. The goal of this work is to create a hybrid method of solving
the vehicle routing problem with additional constraints. The object of research is the process of searching optimal routes with
load capacity limitation and taking into account time windows. The subject of research is algorithms of solving vehicle routing
problems with additional constraints. Results. In this paper, the features of the application of a hybrid approach based on the use
of genetic and classical algorithms to solve the vehicle routing problem with additional constraints, are considered. The results of
experimental studies demonstrating the advantages and disadvantages of each of the considered algorithms for solving the given
problem are presented. Conclusions. The proposed hybrid approach based on the genetic algorithm and the modified greedy al-
gorithm provides the highest accuracy and speed.

Keywords: graph, route, vehicle routing problem, time windows, carrying capacity, greedy algorithm, branch-and-bound
algorithm, conservation algorithm, genetic algorithm, crossover, mutation.
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Hepxasauit H/I BumipoOyBans i cepTudikarii 030poeHHs Ta BiHChKOBOI TexHikH, Yepkacu, YkpaiHa

AHAJII3 OCOBJIMBOCTEN BUKOPUCTAHHSA OKYJISIPIB HIYHOI'O BAUEHHSI
MIJIOTOM BEPTOJIBOTY TA IX BILIMBY HA BE3IEKY IOJIBOTIB

AHoTaumif. Y CTaTTi PO3MIITHYTO OCOOIMBOCTI BUKOPHUCTAHI OKYJIIPIB HIYHOTO OaYCHHS Ta BU3HAYCHO OCHOBHI (haKTOPH,
SIKI BIUTMBAIOTh Ha PIBEHb OC3IMEKH MOJbOTIB MPH BUKOHAHHI MOJBOTIB Y TEMHHH Yac 00U, a TAKOXK BaKIMBICTh TEXHIYHHX
rapaMeTpiB OKyJISIpiB HIYHOTO OadeHHs. Y 3B 3Ky 31 CTPIMKHUM PO3BUTKOM OKYJISIPiB HIYHOTO OaYeHHS, Ta BUMOT JI0 SIKOCT1
TXHBOTO (PYHKIIOHYBAHHS OCHOBHOIO 3a/1auero [Uisl 3a0e3MeueHH s aBialliiHoT Oe3IeKH MOJbOTIB € SIKiCHE BUKOHAHHSI aJIa-
TaIil CBITIOTEXHIYHOTO OOJaJHAHHS BEPTOJBHOTIB, HABYAHHS CKIMlaXiB Ta NOTPHMAaHHS YCiX OOMEXKEHb Ta 3acTEpeKECHb
MIpH BUKOHAHHI 3aBJJaHb B TEMHY TIOpPY JOOH SIK JUIS iCHYIOUYHX, TaK i HOBUX BEPTOJBOTIB Pi3HOTO MPU3HAYCHHS, 10 CKIIATy
00aHaHHS IKAX BXOAATH OKYJISIPU HIYHOTO OayeHHs JPYToro i HACTYIMHUX MOKOJIHb.

KurouoBi ciioBa: ajganraiiisi CBITJIOTEXHIYHOTO 00Ja{HAHHS, OKYJISIpU HIYHOTO OaueHHs, Oe3MeKa MOJIbOTIB, BHYTPILIHBO-

kabinHa iH(popMais, 3axabiHHa iHGOpMAIIis.

Beryn

IMocranoBka mpodsiemMu. BUkopucTanHs OKyISpiB
HiuHOTO OaueHHs BHOYI €Kilma)kaMHu MPU3BOIUTH /O iH-
¢dopmariitHoro mepeBaHTakeHHs abo amedimmry iHpOp-
Marlii, 0 B MOEJHAHHI 3 KOPCTKUM JIIMITOM Yacy Mo-
KYTh CTaT¥ NPUYMHOIO IMOMHJIKOBUX [l Ta MPU3BECTH
JI0 3HIDKEeHHsI Oe3MeKy BUKOHAHHS noubkoTiB. [Ipu 3acrto-
cyBaHHI OKyJsIpiB HiuHoro OayeHus (OHB), sik omHiei 3
CHCTEM BioOpaxkeHHs1 Bi3yasibHOI iH(opMalii, HeoOXi-
HO BpaxyBaTH peajibHi MOKJIMBOCTI 30pOBOTO aHasi3aro-
pa JbOTYHKIB, 30KpeMa: KyTOBOTO PO3MIpy CIPHIMaHOTO
300paXeHH:, PIBHA aalTOBAHOI SICKPABOCTi, KOHTPACTY
MDK 00'€KTOM CIIOCTEpEeKeHHS 1 (HOHOM, KPUTHIHOI Jac-
TOTH MHTOTIHHS, Yacy iHepuii ouel, 3aTPUMKH CIpHIi-
HSATTS, CIIIMYY01 ICKPaBOCTi, BITHOCHOI BUITUMOCTI.

AxTyajbHicTs pochimkenns. Jlocin 3acrocy-
BaHHS BEPTOJBbOTIB y MOIIYKOBO-PATYBAILHHUX Ta B iH-
IIMX OIepallisXx MPOJCMOHCTPYBaB, IO aBialidHUA
KOMITOHEHT BUKOHAHHSI 3aBJIaHb BEPTOJILOTAMHU BiJlirpae
BXJIUBY POJIb MO0 MOCATHEHHS IIiJIel oreparliii, a B
JIeSKUX BUIIaJIKaX BUKOHYE TOJIOBHY POJb y BHUPIIICHHI
TIOCTABJICHUX 3aBJIaHb.

Oco0mMBOCTI 3aCTOCYBaHHS BEPTONBOTIB, J03BO-
JISIFOTH BCe O1IBII IIMPOKE iX BUKOPUCTAHHS JUIS BEICH-
HS CIIOCTEPEXXEHHS B HIYHUX yMOBax, aje TUM CaMHUM
BBOJIUTECS psil OOMEXEHb LI010 JOCSTHEHHS aBialiiHOi
Oesnekn 1MosbOTIB. BaxmnBe 3HaueHHs s 3a0esme-
4YeHHS e(eKTUBHHX JAid y TEMHHUH yac 100M Ma€ BHKO-
puctanss exinaxxem OHB.

AHani3 ocTraHHIX AocaigKeHb Ta myOaikamiii.
ITutanHs BU3HAYEHHS TOJOBHHUX OCOOMMBOCTEH Ta (hak-
TopiB mozo BBy OHB Ta amanrarii cBiT/IOTeXHIYHO-
ro oOragHaHHS Ha OE3MeKy IMOJBOTIB BEPTOJBOTIB € Ta
3aJIMIIAETHCS MajogocikeHnM. CKiaj 1 XxapakTepuc-
tukrn OHB moBuHHI BiAmoBimaTH MCUXO(i3i0IOTIYHUM
MOXJIMBOCTSIM 1 OOMEKEHHSIM JIbOTYHMKA 31 CIIPUHHATTS,
nepepoO1li, CBOEYACHOTO 1 IPaMOTHOTO BHUKOPHUCTAHHS
iH(opManii st NPUIHATTS PilIeHHS.

Iadopmariitne nmepeBaHTakeHHS ab0 AedimuT iH-
¢dopmarii B mMoegHAHHI 3 XKOPCTKUM JIIMITOM 4acy Mo-
XKyTb CTaTH NPHIMHOI MOMIJIKOBUX IiH JBOTYHMKA Mif
gac Bukopuctanas OHB. XapakrepucTuku 30pOBOTO
aHamizaTopy BimoOpakeHi B Ta0I. 1.

JlokiaaHi MOSCHEHHS MO KOXHIH 3 XapaKTepUCTUK
MOJKHa 3HaiiTu B poboTax Illubanosa I'. II. [1, 2], Ma-
cmoBa C.B. [3]. Yci 1i XapakTepUCTHKA B TOBHOMY
o0cs13i MOBHHHI OyTH BpaxoBaHI NMPH NPOCKTYBaHHI i
BurnpoOyBaHHAx sk camux OHB, Tak i BepTONBOTIB,
o0JialHaHNX HAMH.

TakuM YMHOM, HE3B)KAIOUM Ha HEOOXIIHICTh BH-
kopuctanass OHb npn BUKOHaHHI OTBOTIB BEPTOIHOTA-
MH BHOYI UIS IiABHIIEHHA €()eKTHBHOCTI pOOOTH TIiJIO-
TIiB, CJiJ 3ayBaKUTH, IO 1€ HEJOCTATHBHO IOCIIKEHO
BB BukopucTanus OHB Ha Ge3neky nosboTiB.

BukJ1ag 0CHOBHOTO MaTepiay

Jlo HemaBHBOTO Yacy 4Yepe3 HU3BKY OCBITJICHICTHh
BHKOHAHHS OUIBIIOCTI 3aBJaHb 3 BHUSBICHHSI Ta PO3IIi-
3HAaBaHHA MiJIEH B HIYHAX yMOBaX BHKIHKAJIO HEOOXil-
HICTH IITYYHOTO MiJCBIYYBaHHS IUX LiJIeH. Al B psii
BUNAMKIB Take IJCBIYYBaHHS TMOTIPIIyE BUIUMICTD
yepes BIUIMB 3aCBiUyBaHH I1apy armocgepu abo mpoc-
TO HEJOMyCTHMeE. Y BCiX IUX CHUTYyaliixX JUIs OCHAIIEH-
Hsl eKinaxKiB MOTpiOHa HalicydacHilla TEXHiKa HIYHOTO
OadeHHSI.

BukoHaHHS 3aBHaHB €KilTaXOM BEpPTOJBOTIB, 00-
JaTHAHOTO OKYJSIpaMH HIYHOTO OadeHHs, He3ale)KHO
Bil METEOYMOB, TIPH 3MCHIICHHI BHCOTH IIOJBOTIB [0
TPaHNYHO MAaNol, 3HAYHO IiJBHIIMIA BHMOTH IIOJO
3a0e3neueHHs aBiallifHOT Oe3MeKH JHOTYHKIB 1HCTPY-
MEHTAJILHUMHU 3aco0aMu  BiOOpakeHHs 3aKabiHHOTO
mpocTopy, skumu i € OHB.

Ha croroaHinmHii feHb, y 3B°SA3Ky 31 CTPIMKAM PO-
3suTkoM OHB, Ta BUMOTr 70 SIKOCTI iX (DyHKIiIOHYBaHHS
OCHOBHOIO 3a7auero s 3a0e3meueHHs aBialiiHoi 6e3-
MEKH I0JILOTIB € SKICHE BUKOHAHHS afaITailii CBITI0Te-
XHIYHOTO 00JaJHAHHS BEPTOJIBOTIB, HABYAHHS EKIMaXKiB
Ta JAOTPUMAHHS YCiX OOMEKEHb Ta 3aCTepEeKEeHb IPH
BUKOHAHHI 3aB/IaHb B TEMHY NOpY J00H SK AJIs iCHYIO-
YHX, TaK 1 HOBUX BEPTOJHOTIB PI3HOTO NPU3HAYEHHS, /10
cknany obnanHaHHA skux Bxoasate OHB npyroro it Ha-
CTYIHUX TIOKOJIiHb.

Cydacui OHbB, na BigMiHy Bix TeneBi3iifHOTO Ta
TEIUIOBI3iifHOTO 300pa’keHp Ha IJIOCKOMY €KpaHi iHIu-
KaTopiB, 1al0OTh MOXKIIUBICTh CIIPUHHSTTS TPUBUMIPHOTO
3aKabiHHOTO MPOCTOPY, 3a0e3MeUyI0Yr OCHOBHI TICHXO-
(hizionoriyHi MexaHi3MH 30POBOTO OPiI€HTYBAHHS.
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Tabnuys 1 — XapakTepHCTHKH 30pPOBOT0 aHAJII3aTOPA JILOTYMKA

Hassa xapaxrepuctik
30pOBOTO aHaji3aTropa

dopmyna 11 po3paxyHKy KUIBKICHOTO
3HAUCHHS XapaKTePHCTHKU

[Tapamerpu, BifJ SKUX 3aJI€XKaTh
XapaKTepHCTHKU 30pOBOTO aHaJIi3aTopa

KytoBuii posmip
300paKeHHS

tg%: h/21

h — niniitauii po3mip crocrepiraemoro 06'exta; | — BigcTanp
BiJl OYell JHOTYMKA IO CHOCTEpiraeMoro o0'ekTa Bi3ipyBaH-
HS; f — KyT MK IBOMa IPOMEHSIMH, HAIIPABIECHUMU BiJ ouei
JHOTYHKA JI0 KpaiHIX TOYOK 300paKeHHs

PiBeHs sickpaBocCTi 1
(Cepenns i3 cipuitHsaT- Lvep== I Lv(A)dA
TS OYMMa SICKPaBOCTi) 4 A

Lv(A) — MOMeHTaJIbHE 3HAYCHHS SICKPABOCTI €JIEMEHTapHOI
IUISTHKA dA CBITIHHS TIOBEPXHI NPHIATHOI MTaHeIi IPH BUKO-
pucransi okyisapis OHbB;

A — cUpUIHATTS OYMMa CyMapHOI IUIOIII CBITIHHSA HOBEPXHI
MPHUJIAIHOT MMAHENi MPY BUKOpHCTaHHi okyisipiB OHB

SckpaBicTh 00'ekTa
CIIOCTEPEIKEHHS
(k1 / m?)

div
V=—-o-—-—
dAcos0

Lv — cuma cBiT/ia, BU3HAYAEMO SK BIJHOIICHHS CBITOBOI'O
MOTOKY SIKHH PO3MOBCIOKYETHCS BIJ JUKEpeaa B PO3MOBCIO-
JHUKEHOMY HAIlpaBICHOMY BCEPEIMHY MaJloro TLICCHOTO Ky-
Ta, JI0 I[LOTO TUIECHOTO KyTa; © — KyT MK PO3MOBCIOIKYIO-
YUM HampaBlICHHSIM 10 MuitHKY, dA — Bugaol B OHB mimi
200 CBITIHHSI OBEPXHI MPUJIAIHOT HaHEe1

Kpuruyna uacrora
MUTOTIHHS

fip =9,61g (1041 Lv) +65

fyp — "acTOTa MOSIBY CBITJIIOBOIO CHTHANy, SIKYy OKO B 3MO3i
posnizHary; npu Lv= 30; 110; 250; 350 (kn/mM?) KUM pisHa
BignoBiaHo 40; 45; 47, 49 I'n

L () = Lyge ™"

Yac inepuii oueit

Lvo — sickpaBicTh B MOMEHT NMPU3YNHHEHHS Aii NOAPa3HIKa;
7— IIOCTiliHa yacy iHepuii oka

Crimyya siCKpaBicTh

ch:Lva"'iisxﬂ

Lvc, Lva — ciminydya Ta ajantyroda sCKpaBicTh BiIIOBIIHO;
f — TinecHUH KyT, I SIKUM JILOTYMKY BHIHO OCBITJIICHHS
MOBEpxHi (B cTepaiaHax).

[d-(1-a)/ n]{l—(l—o:)ﬂ

a—10Tu, p=0,01 ¢ (4acTOTHI XapaKTEePUCTUKHU SIEKTPOE-
Hiedatorpamn);

d — gucno piBHO WMOBIPHHUX aJbTEPHATHBHUX CHUTHAIIB, SIKi
HOCTYIIAIOTh 30BHI B ONIEPAaTHBHY HaM'sTh JILOTYHKA;

N — 9UCJIO0 HEeWTpabHUX ETaJOHIB CIIOCTEPIraeMux 00’ €KTIB
B IIOPiBHSIHI 31 3HOB CHTHAJIAMH, 1[0 HAJIXOJISATh

Ey— ocBITIEHICTh CIPUHHATTA 00°€KTa; Evn — MOpPOTroBe 3Ha-
YEeHHS OCBITJICHOCTI, sIKe 3a0e31euye MpaBUIIbHEe CIIPUHHSATTS
300pakeHHs1 00’ €KTa crocTepexeHHs; K — koedimieHT, 3Ha-
YEHHS SIKOTO eKCIIEPUMEHTAILHO BCTAHOBIEHO piBHUM 0,85

R — 30poBe Bim4yTTsl, SIKE€ BUKIUKAETHCS JKEPEIOM BHIIPO-
MIHIOBaHHS TOBXXHHOIO XBHII 550 HM; R; — 30poBe BigdyTTH,
sIKe BUKJIMKAETBCS JDKEPENIOM Ti€l JK MOTYXKHOCTI, aje TeHe-
PYEMUM BUITPOMIHEHHSIM, TOBKHHA XBUJI SIKOT JIOPiBHIOE 1

IlepuentusHa
3aTpHMMKa oueii L =
" (d+1) o’p
3aTpUMKHU CTIPUAHSATTS t =t 1
: : 6~ "n3
CBITOBUX CHTHAIIIB 1+Klg(E,/Ey, +1)
BinHocHa BUOUMICTH
(eHepreTuuHa XapaKTe- K, — Ry
pUCTHKA 30pOBOT0 aHa- » R
JizaTopa)
SlckpaBicTs, K 2
. . . 1
GYHKIsT BiJHOCHOT L, '[kz Ky, (2)da

BUIMMOCTI

Al...A2 — BUOIPKOBHII Aialma30H BUIPOMIHEHHS, XapaKTepHHUH
Ut KaOiHU KOHKpeTHOTO JIA

ITpu 1poMy 30epiraeTbcsi royIOBHUN (HakTop IJH-
OMHHOTO 30py — OIHOKYJISIPHHIA Mapajakc, KOJU JIFOAnHA
6aunth 00'extH yepe3 OHB KOXHUM OKOM, SIK B MIPUPO/I-
HUX ymoBax. KpiM Toro, Ha BiIMIHY BiJ IJIOCKOrO 30-
OpaxkenHs, 6iHokyysipHi OHB 103BONIAIOTH HAMIAHO OITi-
HIOBAaTH IIPOCTOPOBE MOJIOKEHHS BEPTONBOTY IO BiJHO-
IICHHIO JI0 3¢MHOI ITOBEPXHi i 30BHIMIHIX 00'€KTIB (Opi€H-
THUPIB, JIEH), a TAKOK TUHAMIKY IXHIX TIepEeMIlllCHb.

3actocoBytoun OHB, ekinmak Moke crocrepiraTté
32 HaBKOJMIIHIM IIPOCTOPOM Y TIIOJIi 30py OKYJISPIB
TUIBKY Y BiINOBiTHOMY ceKkTopi. ToMy B 3a/Ie>KHOCTI Bij
YMOB TMOJBOTY (BUCOTA, IIBHAKICTh, METEOPOJIOTidYHA
JATBHICTh BHJIMMOCTI, BOJIOTICTh MOBITPSI ¥ MPO30pPICTh
atMocdepu, pUpoHA HiYHA OCBITIEHICTh, PEIhEP Mi-
CIIEBOCTIi, XapakTep MiJACTUILHOI MOBEPXHI TOIIO) 3Mi-
HIOETBCS XapaKTep PO3MOIUTYy yBard eKimaxy Mix Bizy-
IBHKUM 1 TIPUJIAIOBUM minoTyBaHHsM. [TokazaHHs npu-
NagiB eKimax 34uurtye 3 nudepbnariB abo MOHITOpIB,
MepeBOASYH IIOIJISA] MOB3 OKYJSIPHM HIYHOrO OadeHH:.
MacmTab 300pakeHHS 3aKaO0iHHOTO MPOCTOPY CTaHO-
BuTh npubnusno 1:1 [4], mpore Bim3Ha4ueHO HasBHICTH

MOMUJIOK JIbOTHUM CKJIaJ10M (OCOOJMBO MaJIOI0CBIaue-
HOro abo sSIKMi Mae MepepBH B MOJbOTAX) B OKOMIPHUX
BU3HAYCHHIX T€OMETPUYHOT BUCOTH 1 TAILHOCTI 710 00'-
ekTiB. BeanunHa nomunku moxe gocsaratu 1o 10% Bix
ictuHHOTO 3HaueHHA. I[Ipanesmatnicts cydacHnx OHB
0 BiOOpa)XEHHIO 3aKaOiHHOTO MPOCTOpPY 30epiraerhes
JI0 piBHIB MPHUPOIHOT HIYHOI OCBiTIIEHOCTI Bif 1 JIK IO
5x10° nx B [giama3soHi cHexTpa IIPU MEBHIH JOBXKHHI
XBHJIb.
[TinoryBanHs BepToabOTy i3 3acrocyBanHsiM OHbB
Mae psin ocobnuBoctei (puc. 1), BUXOASYH 3 TAKOTO:
3MEHIICHHS PO3MIpiB MOJIB 30py B MOPIBHSHHI 3
JCHHUMHU YMOBaMH, 10 PU3BOJHTH 10 CTBOPEHHS “‘Ty-
HEJBHOTO e(eKTy” YABICHHS 3aKa0iHHOTO MPOCTOPY;
BUpPaXEHA 3aJIeXKHICTh SKOCTI EJIEKTPOHHOIO 30-
OpakeHHs 3aKa0iHHOTO MPOCTOPY BiJ PiBHS NMPHPOTHOI
HIYHOT OCBITJICHOCTI Ta 1HIIUX 30BHIIIHIX YMOB,
O0OMEXEHHsI JaIBbHOCTI BHIUMOCTI 3aKabiHHOTO
npocropy. Huspka po3niibHa 30aTHICTH €JIEKTPOHHO-
ONTHMYHMX NIEPETBOPIOBAYIB 3 Mepeladi MalIopo3MipHUX
00'exTiB 1 iX meTanei;
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HHU3bKAa  3aBajio
3aXUIIEHICTh Bij CBi-
TIOBUX JDKEpEI, IO
MOTPAIUISIOTh B TOJIC
30py OHB;

HEOOXITHICTD
3YNTYBAaHHS  [pHUIIa-
J0BOT iHpopmarii
nos3 OHB, mo BuMma-
rac Bij eximaka Bifn-
BOJIIKAHHS YBarw Bif
CIIOCTEPEIKCHHS 3a
30BHILIHIM  TPOCTO-
poMm;

MOJJIUBICTL BH-
HUKHCHHS Y JIbOTYHKA
UTF030pHUX BITYYTTIB,

3MeHIIICHHS PO3MipiB MOJIiB 30py B
HOPIBHSHHI 3 ICHHUMH YMOBaMH,
10 HPU3BOAHUTD IO CTBOPCHHS
“TyHENbHOTO e(heKTy” ySBICHHS
3aKabiHHOTO [IPOCTOPY

BupaxeHa 3aleKHICTb SIKOCTI
€JICKTPOHHOTO 300pasKEeHHS
3aKkabiHHOTO MPOCTOPY Bifl PiBHS
HPUPOIHOT HiYHOT OCBITIEHOCTI Ta
IHIIMX 30BHILIHIX YMOB

OOGMEIKEHHSI JATbHOCTI BUAMMOCTL
3akabiHHOro rnpocropy. Husbka
PO3JIiIbHA 3aTHICTb €IEKTPOHHO-
OINTUYHHUX EPETBOPIOBAYIB 3
nepefadi MaIopo3MipHUX 00'€KTIB i
iX nmeraneit

{}

Heo0xigHicTh 0COOIMBHUX METOJIIB
TCUXOJIOTIYHOT MiATOTOBKH
JILOTYHKIB, TIOB'A3aHUX 31 3MiHOIO
3BHYHHX JUIS IbOTYHKA YMOB
CNIPUHHATTS 3aKabiHHOI 1
BHYTpikabiHHOT iHpopmartii

Ocobnueocmi ninomyeanns
eepmonvomy 3 OHb

2N

Husbka 3aBao 3aXUILEHICTH Bix
CBITJIOBHX JDKEped, 0
MOTpaIuIsioTh B oje 3opy OHB

<)

BUHVKHEHHS B4y TTS BTOMH
IMIHUX M'S31B, OPraHiB 30Dy,
HAasIBHICTb 3araJlbHOr0 CTOMJICHHS

BHHHUKHEHHS Y JIbOTYHKA
1TF030PHUX BIAYYTTIB, B yMOBax
00OMeKEeHOI BUAUMOCTI, BIICYTHOCTI
BHIMMOCTI JIHIT IPUPOTHOTO
TOPHU30HTY, PAIITOBOIO TOSBOO
CBITJIOBUX MEPELIKOJ

HeoOxisHiCTh 34NTYBaHHS
npuiagoBoi inpopmarii mos3s OHB,
110 BUMArae Bij eKimaxa
BiZIBOJIIKAHHS yBAru Bij
CIIOCTEPEKEHHS 32 30BHIIIHIM
IPOCTOPOM

0co0MMBO B yMOBax
oOMekeHol BHAMMOC-
Ti, BIICYTHOCTI BHAUMOCTI JiHii IPHUPOTHOTO TOPH30H-
Ty, PalTOBOIO TOSIBOIO CBITJIOBHX INEPEIIKO/], YACTKOBY
a6o moBHy BiamoBy OHB Tom10;

BUHHMKHEHHS BIIYYTTS BTOMH IIMHHHUX M'A3iB, Op-
raHiB 30py, HasBHICTh 3arallbHOrO CTOMJICHHS, IO CY-
MIPOBO/KYIOTCS. BHPAXXEHUM 3pPOCTAHHSIM HEPBOBO -
€MOIIHHOT Hampyry, A0 KIHLS MOJLOTY TPUBAIICTIO 3
TOAMHH 1 OlnbliIe B OHY JILOTHY 3MiHY;

HEOOXITHICTh OCOOJMBUX METOJIB MCUXOJIOTTYHOT
MIATOTOBKH JILOTYHKIB, MOB'I3aHUX 31 3MIHOK 3BUYHHAX
JUTS THOTYMKA YMOB CIIPUHHATTS 3aKaOiHHOI 1 BHYTpiKa-
6irHOi iH(OpMaIii, 3pocTaHHAM (IO TPAaHWYHHUX 3Ha-
YeHb) NCHUXO(i310JIOTIYHOTO 3aBaHTAXCHHS YBarm W
HEOOXiqHICTIO (pOpMyBaHHS HOBOI MOCTIIOBHOCTI i i
MIepepo3moILTy (PYHKIIIH B eKilmaxi.

ITiAroTOBKa JHOTYMKIB 10 BUKOHAHHS IIOJLOTIB 3
OHB mpoBoIUTHCA Ha peaTbHUX BEPTOJHOTAX 1 B pea-
JIbHAX YMOBaX, IO HEPiJIKO NPU3BOJHUTH O BUHUKHEH-
HS Y eKilaka MCUXOJIOTIYHOT HAPYTH 1 CTpecy.

JlocBia MpOBECHHS HAYKOBO-IOCTIIHUX POOIT Ha-
3eMHHX 1 JIbOTHUX BUIPOOYBaHb Ha 0a3zax IiANPUEMCTB,
aepoZpoMax CBIIYHUTH MPO IMO3UTUBHHUN €(eKT 3acTocy-
BanHs OHB, mo, B mimoMmy, mo3Boisie OOTpYyHTYBaTH
JOLIBHICTh 1X BHUKOPHCTAHHS €KiMakaMH CydYacHHX
BEPTOJILOTIB JUIA BHpIIMICHHS CIENU(IYHUX 3aBIaHb
BHOUI. Po3mmproroun Koo 3aBAaHb, SKi BUPIIIYIOTECS Y
HIYHOMY T0JBOTI, BUKopuctanHs OHB Bumaraiots mo-
CUTh CyBOpOI perjaMmeHTamii iX 3acTocyBaHHs, 100
YHHUKHYTH TEpelyMOB 110 BUHUKHEHHsI OCOOJMBHUX CH-
TyaIiii Ta BiJMTOBiJHOTO 3HIKEHHS OE3MEKU TOJBOTIB.
Tak, BinnoBigHO Haka3zy MiHicTepcTBa 060poHN YKpai-
Hu Ne2 Big 05.01.2015 “TIpo 3aTBepiKeHHS TPaBHII
BUKOHAHHS MOJBOTIB JIep>kaBHOI aBianii YkpaiHu” Ta 3a
pesynbraramu BUNpoOyBaHb [5—7], MakcUManbHUA Ha-
miT ekimaxa i3 3acrocyBaHHsM OHB B npoTHYy 3MiHy
HEMOBUHEH IIEpPEeBUIYBAaTH 3 ToJ, B OJHOMY MOJbOTI
2 rox ( Ha TPaHUYHO Malid BHCOTI 1 Tox).

[Micns noCsITHEeHHST BU3HAYEHOTO MaKCHMaJIbHOTO
HaIIbOTY YW 3aKiHYEHHS CTapTOBOTO Yacy IMOJAIIbIIHIA
MOJIT eKiNaxy BEepPTOJIbOTY J03BOJSIEThCS BUKOHYBATH
ITiCJIS BiATIOYMHKY (CHY) HE MEHIIE 8 TO/I.

Hammipae Buxopuctanus OHB, sk mpaBuiio, mpu-
3BOJIUTH JI0 3HAYHNX HABAHTa)KCHb HA OPTaHH 30Dy €Ki-

Puc. 1. OcobauBocTi MiioTyBaHHs BepToiapoTy 3 OHB

maka, a 3roJlOM JO CKapr Ha OOJBOBI BITUyTTSH i, AK
pe3ynpTaT, MOXKe TMPU3BECTH /IO aBiallifHUX iHIIUICHTIB
Ta MOIIMN.

Pesynpratu mOCiiDKEHb MIATBEPAWIIN, 3 OJHOTO
00Ky, (i3i0oNOriyHy eKBIBaJICHTHICTh OIHOKYJISIPHUX
OHB, a 3 inmoro iHpopMaTUBHY HEEKBiBaJECHTHICTh
NPUPOJHOT 1 MpuIIaIoBo1 Bizyasizauii 3akabiHHOTO ITPo-
cropy npu 3acrocyBanHi OHB. L1 obcraBuHa He mo-
3Bousie KilacugikyBati yMoBH noiboTy B OHB, sk mo-
JT 3a TpaBWIAMH Bi3yalbHHX TONBOTIB. [Ipm 1mpomy
OCHOBHOIO MEPEIIKOJ0I0 € HE MOPYIICHHS BiANOBITHOC-
Ti MDK pearbHUM IMPOCTOPOM 1 HOoro 300paKeHHAM, a
HeCTAOIBHICTB i€l HEBIAMOBIIHOCTI.

SIKo yMOBHO BBECTH KOSQIMIEHT aleKBaTHOCTI (iH-
(hOpMaTUBHOCTI) BiIOOpaskeHHS 3aKabiHHOTO IPOCTOPY, TO
Horo BeNMuMHA B 3aJISKHOCTI BiJl PI3HUX YMOB OyJe 3Mi-
HIOBaTUCS BiJ] JIOIYCTHMHX JI0 HENPUHHITHUX 3HAYEHb.
Tobto OGe3rnocepenHbO BIUIMBATH HA 3MiHY HEOOXiJHOTO
piBHsI Oe3neku MonboTiB i3 3acrocyBanHsiM OHB.

BUHUKHEHHS UTI031 MOXKE CHPHUATH 10 JE30Pi€H-
Talil JIbOTYKMKA, IO MOXE HPH3BOIUTHU JO Hemependa-
YeHHX, KaTacTPO(IYHUX HACTIIKIB MOIBOTY. OCOOIUBO
HeOe3IeYHO BWHWKHEHHS U031 TOOMM3y 3eMili, Ha
eTanax 37bOTy, TOCAJIKH, BUCIHHS, MOJBOTY Ha IPaHUY-
HO-Mayii BHCOTI (Hwkue Hixk 50 M). AHamiz LIr03ii
MPOCTOPOBOTO TOJIOXKEHHS 1 PyXy, IO 3ycTpidanucs y
JILOTYMKIB B moJiboTax 3 OHB,

3aCBiTYMB, IO BOHM MOXYTHb 3yCTpi4aTHUCS Ha
BCIX pexnMax i eTamax moiboTy. Limro3ii 30epiratotbes,
SIK TIPABUJIO, BiJ KIIBKOX 10 JecsatkiB (30 c. Ta Oiiblie).

OCHOBHMMH TIPHYMHAMH TOSBH 1M03id (puc. 2)
Oynu:

Halpy’>XeHICTh, 110 BHHUKAJA y JBbOTYHMKIB IIPH
OCBO€HHI HOBOT'O BH/IY IOJIbOTIB;

pi3ka 3MiHa 30BHILIHIX YMOB (3HMXXEHHs OCBIiTIIe-
HOCTI, ITOSIBa OTAJliB, CBITJIOBHX MEPEIIKO]] TOIIIO);

BTpaTa OPIEHTUPY Ha PEKUMi BUCIHHS Haj Malna-
HYHMKaMH 3 OJJHOMaHITHUM PebePoM;

HasBHICTh BUCOKO{ TPaBH, IO BiAXWISETHCS TOTO-
KOM, IO #Je BiJ HECY4Oro TBHHTA i CTBOPIOE 10310
TepeMilIeHHsT BEPTOIBOTY;

3aTpUMKa yBaru (TOTJISIAY) Ha OHOMY O0'€KTi, Ii-
JBHUL IIPOTATOM TPUBAJIOTO Hacy.
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3aTpumMka yBaru (morssiay) Ha
OJHOMY 00'€KTI, AIMBHHULI
HPOTSTOM TPUBAJIOTO YaCy

OcHO6HI npudunu noaA6u
inwo3iil

HanpykeHicTb, 1110 BUHUKANA y
JBOTYHKIB TIPU OCBOEHHI HOBOTO
BHIY IIOJIBOTIB

)

<

HasBHICTH BUCOKOI TpaBH, 1110
BIAXWISETHCS IIOTOKOM, 1[0 HJIE Bif
HECY4YOro IBUHTA i CTBOPIOE 1ITI03110

MEePEeMIILICHHS BEPTOJILOTY

Brpata opieHTHpY Ha pexuMi
BHUCIHHS HaJl MaliJaHYMKAMH 3
OTHOMAaHITHUM pebehoM

Pi3ka 3miHa 30BHINIHIX YMOB
(3HMKEHHS OCBITICHOCTI, OSIBA
OMAa/IiB, CBITJIOBUX MEPEIKO/
TOLIO)

Puc. 2. OCHOBHI MPUYNHH MOSIBY 1TI031i

Jlyis monepeIKeHHS TOSBY 1JTF031H, @ TaKOXK X ma-
pUpYBaHHSA HEOOXiTHO TOCTIHHO NepeMilllaTH ITOTJIST
0 CKIIIHHIO KaOiHU 1 MPOCTOPY MiACTHIBHOI MOBEPXHI,
MUIOTYBaTH OIMBIN IIABHO, HDK Yy JCGHHHX YMOBax, a
TaKOX HE JIOIYCKATH PI3KUX PYXiB, HIOBOPOTIB TOJIOBH i
Tima. KpiM Toro, mpu BHHHKHEHHI UTI03ii Ba)KITMBO HE
BTPATHTH CaMOBIIQJIaHHS, IIEPEBECTU TOIJIA] HA JIHIIO
TOPHU30HTY, TPH 11 BIICYTHOCTI — Ha E€JICKTPOMEXaHIYHi
npuiaau. [lpu 30epexenHi 03l nepeifTn Ha MinoTy-
BaHHs 3a NpwiazamMu 1 HaOpatu Oe3neyHi BUCOTY i
LIBUKOCTI NONBOTY. be3neka noaboTy, eeKTUBHICTS i
SIKICTh B3a€EMOJIIi B CHUCTEMi “JTHOTYMK — BEPTOIIT —
OHB” 3a0e3meayIoThC:

JIOCTaTHIM TpodeciifHIM piBHEM IIiITOTOBKH €Ki-
axy;

HeoOXimHnMHU XapakTtepuctukamu OHB (momsivum
30py, UyTJIHUBICTIO €JIEKTPOHHO-ONTHYHUX IEPETBOPIO-
BayYiB, 3aBaJI0 3aXHIICHICTIO BiJl [UKEPEI CBITIA);

NPUIHATHAMH YMOBaMHU MOJIBOTY (PiBHEM MPHPO-
JHOT HIYHOI OCBITJIEHOCTi, BHCOTOK 1 IIBUAKICTIO

MOJIBOTY, XapaKTepoM 1 penbedoM MiCTHIIAI0u0i HOBe-
PXHi, HAasBHICTIO NPUPONHUX 1 INTYYHHUX IIEPEIIKON,
METEOPOJIOTIYHHX YMOB TOIIO).

I'o10BHI BUCHOBKH Ta MePCHEeKTHBH
BHKOPHCTAHHS Pe3yJbTaTiB 10CTiIKeHb

BukoHaHHS 3aBIaHb BEPTOIHOTAMH BHOYI 3HAYHO
3HIKYE MOXKIIMBOCTI JIbOTYHKA 3 MTOBHOIIIHHOTO BHKO-
pucTaHHs sK 3aKaOiHHOI, Tak 1 BHyTpikaOiHHOI iH]Op-
Marlii, yCKJIaJHIOE BEACHHS OPI€HTYBaHHs Ha MiCI[eBOC-
Ti.

Jlnist ycninHOTro BUKOHaHHS 3aBJIaHb EKillaKeM Be-
PTOJILOTY OCHOBHE 3HAa4YEHHsI HaOyBalOTh IHCTpyMEHTa-
JbHI 3aco0M BimOOpaXKeHHsS 3aKabiHHOTO MPOCTOPY,
CHCTEMH aBTOMaTH3allii POIIECiB MIOTYBaHHA, HaBira-
1ii Ta 60HOBOTO 3aCTOCYBAHHS.

Po3pobka meromy amanTamii CBITIOTEXHIYHOTO
oOmagHaHHs BepTonboTy mpu BHKopuctaHHi OHB B
TEMHY TOpYy JO0OW TO3BOJHTH 3HAYHO ITOKPAIIUTH Pi-
BEHB O€3IeKH TOIBOTIB.
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Analysis of features affecting the safety of helicopter flights when using night vision goggles at night
V. Kolomiiets

Abstract. The article discusses the main factors and features that affect the level of flight safety when using night vision
goggles at night. The importance of technical parameters of night vision goggles to ensure effective actions in the dark time of
day when used by pilots. In connection with the rapid development of night vision goggles and the requirements for the quality of
their functioning, the main task for ensuring the aviation safety of flights is the high-quality implementation of the adaptation of
the lighting equipment of helicopters, the training of crews and the observance of all restrictions and precautions when perform-
ing tasks in the dark, as for existing, as well as new helicopters of various purposes, the equipment of which includes night vision
goggles of the second and subsequent generations.

Keywords: adaptation of lighting equipment, night vision goggles, flight safety, in-cabin information, behind-the-cabin
information.
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YAOCKOHAJIEHHA CUCTEMM BI3YAJIBHOI'O BUSHAYEHHS TA TIOAOJIAHHA

NEPEIHIKOA JJIA BE3IIJIOTHOI'O JIITAJIBHOI'O AITAPATY

AHoTauis. buTbIIicTh BiAMOBIANBHUX 3aBAaHb BUKOHYIOTHCS O€3MNOTHUMH JiTanbHUME amapatamu (BITJIA) min kon-
TpojeM omneparopa. OnHak B3aemMois poOOTa Ta omepaTopa B Cy4aCHHX YMOBaX B)K€ HE € yNPaBIiHHAM B TPaAULIHHOMY
Burisai. CyyacHi BITJIA ocHamieHi cucTeMaMu TEXHIYHOTO 30pYy, 0a3aMu JaHUX Ta 3HaHb, HA OCHOBI SKHX JIITaJbHUH ama-
pat Moxe caMOCTiiHO mpuiiMaTu pimeHHs. ba3za 3HaHB poOoTa 103BOJISE HOMY CaMOCTIHHO OPi€HTYBAaTHCS B HABKOJIUIII-
HBOMY CEPEeIOBHINI Ta NPUHMATH PIlICHHS [0 10 BUKOHAHHS ITOCTAaBIEHOT0 3aBaHHs. DyHKIIT IIoANHA-0NepaTopa Tenep
CKJIQJIAIOTHCS 3 TIOCTAHOBKH 3aBJIaHb pOOOTY IPOOIEMHO-0Pi€HTOBAHOIO MOBOIO, OJM3BKOIO IO MPUPOIHBOI, Ta CIIOCTEpe-
KEHHS 3a JiIMH poOoTa. Bi3yanbHe maHyBaHHS SBJIS€ cOOOI0 PO3LIMPEHHS METOAIB IUIAHYBAaHHS Ta 00XOMY MEpelIKos
JUISL 3aBaHb, Y SKUX JUKEpEeJIoM iH(popMaii Ipo TOBKULIA € CHCTEMH TEXHIYHOTO 30py Ha 0a3i BieokaMepH Ui CKaHyIOIHX
cucreM. B craTTi 3p00ieHo OriIsa METONIB Bi3yalbHOTO IIaHYBaHHs. Bennka KUTBKICTh iCHYIOUHX METOJIB 1 alIrOpUTMIB
00poOKH 300pakeHh Ta MOKIUBI X KOMOiHAI{ JO3BOJISIOTH PO3B’SI3yBaTH HAWPI3SHOMAHITHIIII 3a7a4i, HOCTIHHO BIOCKO-
HAIIIOBATH iCHYIOUI aJITOPUTMH Ta 32 PaXyHOK LOTO IMiABUIYBAaTH €(pEeKTUBHICTE 0OpOOKH 300paskeHb. AJie iKuil O MeTo]
He OyJI0 3aCTOCOBaHO IS Bi3yalbHOTO TUIAHYBaHHS iCHYIOTh IPOOJIEeMHU OTPUMAaHHS SIKICHOI BXiTHOI iH(popMarii mos’s13aHi
3 METEOPOJIOTIYHUMH YMOBaMH, OOYMOBJICHUMH OIaJaMH i TYMaHOM, Ta BIIOJIHMCKaMHU, SIKIIO 300pakeHHsI OTPUMYETHCS 3a
JIOTIOMOTO!0 Bineokamepu. 1le MOXyTh OyTH COHSIUHI BiIOIHUCKH a00 BiAOIUCKH, IO HAJIXOIATH BiJl IHIIHMX JHKEPEN OCBIT-
JeHHs. B cTaTTi 3anmponoHOBaHO METOMMKA BHSBICHHS Ta BUKJIIOYCHHS BiIOJHCKIB 3 300paxeHHs. OCKiIbKH OCHOBHA iH-
(dopmalliss PO HABKOJIMIIHE CEPEIIOBUIIIE, Ky aHATi3ye poOOT, 3aJIeKUTh BiJl AKOCTI 300pakeHHsI, HCOOXIIHI BiAMOBIIHI
METOJIH, SIKi BpaXxoBYIOTh aTMoc(epHi onamu. B cTaTTi mpoBecHO aHali3 METOIiB BUKITFOUCHHS Pi3HOMAHITHUX BUJIIB OTa-
IiB 3 300paskeHHs Ta 3p00JICHO BUCHOBKH PO CTaH iX PO3POOKH.

Kawo4doBi ciaoBa: Ge3mnOTHUI JTaTbHUH amapat, NOIO0NaHHS MEPEIIKO, Bi3yalbHe IIaHyBaHHS, BUSABICHHS BiqOJIH-

CKiB, aTMOc(epHi onaau, 00poOKka 300pakeHb.

Beryn

Po3pobka cydacuux BITJIA miaBuiye BUMOTH JI0
CHCTEM aBTOMAaTHYHOTO YIPABJIHHS JITAJbHUMH ara-
paramu Ta HaBiramiiHoro 3a0e3nedyeHHs IOJILOTY. 3a-
crocyBants BITJIA st BifiChKOBHX IfiJIcii Ta BUKOHAH-
Hsl omiepalliii B HaJ3BUYalHUX CUTYaIlisIX 3a3BUYail 0XO0-
IUTIOE 3HA4YHI TEPUTOpPiH Ta morpedye BIOCKOHAICHHS
CHCTeMH KOHTpoOIo Ta KepyBaHHS BIIJIA, motpeOye
JOCKOHAJINX QJITOPUTMIB TIOJIOJAHHS TIEPEHIKOA TIPH
aBToMaTHyHOMY ympaBiiHei BITJTA. ns oTpumaHHS
iHpopmanii mpo HaBkoNHIIHE cepepoBuine BITJIA Bu-
KOPHCTOBY€E JATYMKH, B TOMY 4HCIHI Bineokamepu. Cuc-
TEMH TOJOJIaHHS MEPEIIKOl, SIKI MPaIIOI0Th Ha OCHOBI
JIAaHUX, OTPUMAaHKX 3 BiJleoKaMmep, MOBUHHI MpaloBaTH
B pI3HMX MOTOJHUX yMOBax Ta YMOBaX OCBITJICHHS.
OpieHTarisi Ta MOMOJaHHS MEPEIIKO]] TOBUHHI BUKOHY-
BaTHCS B METEOPOJIOTIYHUX YMOBAX, OOYMOBIICHHUX OIIa-
JaMH 1 TYMaHOM, Ta B Pi3HUX YMOBAax OCBITJIEHH:. ToMy
METOIO JIaHOi pOOOTH € aHajl3 iICHYIOYHX METOJIB Bi3y-
IBHOTO TIaHYBaHHS, BUKIIIOUEHHS BiJOJMCKIB Ta pi3-
HOMAHITHHX BHIIIB OIAiB 3 300paKEHHSI Ta PO3pOOKa
METOJUKH BHUKIJIIOUYEHHS BiJIOJMCKIB 3 300pakeHHS JUIs
JIOCKOHAJIOi pPOOOTH CHCTEMH MOIOJIAHHS IEPEIIKO/
BITJIA.

1 BizyanbHe niiaHyBaHHA

BizyanbHe riaHyBaHHS SIBJISIE COOOI0 PO3IIMPEHHS
METOMIB IIIaHYBaHHS Ta OOXOJy TIepelmKox Uil 3a-
BJlaHb, y SKUX JUKepesaoM iHopMmalii npo JOBKULIA €
CHCTEeMH TEXHIYHOTO 30py Ha 0a3i BieokaMepu 4M cKa-
HYIOUHMX cHUCTeM. BumbmicTs pobir i3 wmiel ramysi npuc-
BS'YEHO BMBYCHHIO TaKMX MMUTaHb, K ONTUMAaJbHUI BHU-
Oip MiTOK st JToKaumi3arii podora [1], BU3HaYeHHS Mic-

LIE3HAXO/KCHHS 32 HAABHUMH Bi3yaJbHHMH OpPi€HTHpA-
MU [2], BIOCTEXEHHS Bi3yalbHHX OpPIEHTHPIB 1 yTOU-
HeHHs monoxeHHs [3]. [IponoHyTECS poOOTH, B IKHX
JUTSL BIIITICHHS TIEPETIKOT Bifl (POHY BUKOPHUCTOBYETHCS
KOHTpPOJIbHA 00J7acTh 0e3I0CepesHbo Tepes poOdoToM,
sIKa TIOPIBHIOETHCS 3 YACTUHOIO 300pa)KeHHS, IO 3aJIH-
maetbes [4].

B po6Goti [5] 3ampomoHOBaHO BHKOPHCTOBYBATH
TPU He3aJIe)KHI MOJYJI BHUSIBIECHHS NEPELIKOA, SIKi BHU-
KOPHCTOBYIOTh KpUTepiil rpajienra sickpaBocti, RGB-
kosbopy Ta HSV-kombopy. Pesynbrar 00’€qHyeThCS
JUIsl OTPUMaHHS TPaHUIIl MOJOXKEHHs nepeukos ta ¢o-
PMYyBaHHS KEpYIOUHX BIUIMBIB HA BUKOHABYI MEXaHI3MH.
[ingxin, mo ommcano moTpedye HaIBHOCTI KOIHOPOBOTO
300paXCHHs Ha BXOJIi CHCTEMH, a TaKOXX YiTKOTO BHSB-
JIEHHSI KOHTYPIB MEPEIIKOI.

VY crarri [6] mpencraBiieHi AesiKi €KCIEPUMEHTH
HaBirariiHoi CHCTEMHU B PETbHOMY Yaci, IO KePYEThCS
JBOMa KaMepaMmH, CIPSIMOBAaHUMH 300Ky BiJl HampsiMKy
Hagiranii (Divergent Stereo). 3anmpomoHOBaHWHA ITiaXif
TpUIyCKae, MO IS IiJIe HaBiraiii He BUKOPHCTOBY-
€Tbcs iHGOPMaLisg NMPO BiACTaHb, a BUKOPHCTOBYETHCS
AKicHa iHpOpMalisl NpOo ONTHYHMH NOTIK, OOUYMCIIeHa
JUIst 001acTel 1moJIst 30py JIBOX Kamep.

3rifiHO 3 wi€r0 i7e€r0, MOOLIBHUI TPaHCIIOPTHUH
3aci0 Oyio OCHAIEHO Mapol Kamep, SIKi JAWBISATHCA
300Ky, 1 peayli3oBaHO KOHTpOJIEp Ha OCHOBI IIBUJKOTO
0OYHMCIICHHS ONITHYHOTO MOTOKY B peabHOMY yaci. Y1I-
paBiiHHSA MOOUIBHMM pOOOTOM 0a3yeThcs HA MOPIBHSH-
Hi BUAMMOI IIBHUAKOCTI 300pakKeHHA JiBOi Ta MpaBoi
Kamep. 3aCTOCYBaHHSI TAKOTO PILIIEHHS OCHOBYEThCS Ha
JOCITIDKEHHSX, IO OMKCYIOTh TOBENIHKY BiJIHHO JIiTa-
I0YMX MEIOHOCHHMX ODKIN 1 MEXaHI3MM, SIKI BOHH BHKO-
PHUCTOBYIOTH JUISl CIPUHHATTS JATBHOCTI.
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HanpukiHii MuHYJIOTO CTOpiY4Ysl 3alpOIOHOBAHO
ITOPUTM HA OCHOBI OOYMCIIEHHS IIPOCTOPOBHX Ta Ya-
COBHX MOXIJHHX OTPHMaHHX 300pakeHb Ta (OpMyBaH-
HS Ha 1X OCHOBI KomaHn KepyBaHHs [7]. Hemomixom
TaKOTO MIJXOMy € HASABHICTh CJIMOI IUISIMH y LIEHTPI
300pakeHHs, BHUKINKAHOI HYJIHOBOIO IOXiTHOIO HEpY-
XOMUX TIEPEHIKO/I, III0 IepeOyBaroTh y JiHil pyXy 00'ek-
ta. KpiM TOTO, I KOpeKTHOI POOOTH anropuTMiB Ha
OCHOBi ONTHYHHX TOTOKIB y peallbHIX YMOBaxX HEoOXi-
THO 3IIHCHIOBATH MEXaHIYHYy KOMIICHCAIlI0 BiOparliit
Kamep.

VY po6orti [8] BupiliyeThCst 3aBAaHHS HAWKPAIIOTO
BUOOpY Takoro craHy po0oTa, NpH SKOMY MOXKJIHBO
CKJIaCTH HAMOUIBII aJeKBaTHY KapTHHY 30BHIIIHBOTO
cepeloBHIIa.

Mertony, NOB’si3aHI 3 BHKOPUCTAHHSAM LU(PPOBOT
00pOoOKH 300paXKeHb JJIS Bi3yaJbHOTO BHU3HAUCHHS Ta
mo30aBJIeHHS 300pakeHHS BiJ] CIOTBOPCHD HAOYJIH 3HA-
YHOTO PO3BUTKY B ocTaHHi poku. Y crarti [9] po3ris-
JaeTbcsl TpoOJieMa MOJIETIOBAHHS POOOTH  OITHKO-
enekTpoHHoi cucreMu BIIJIA 1t 3aBmaHHs Hajlaro-
JDKEHHS aNTOPHUTMIB TOINYKY Ta imeHTH(ikamii HaBira-
LiifHUX OpieHTUpiB. [IpONOHYETHCS BUKOPHUCTOBYBATH
BIpTYaJIbHUI MOJIrOH, MO (HOPMYy€ETHCS HA OCHOBI Ja-
HUX, B3aTHUX 13 Bimkputux mkepen (Google Earth,
Shuttle radar topographic mission) nms moxmentoBaHHS
BIJICOMOTOKY TaHUX, IO OJEPXKYIOThCS 3 Kamepu BII-
JIA. Tlpu po3pob6iii Bukopucrano 6iomioreky OpenGL,
0 3HAYHO CIIPOCTHJIO BHPIMICHHS 3ajad Bi3yamizarmil
CIICH, a TAKOX IPOIEC MOJEIIOBAHHS INOTOIHUX YMOB
Ta YMOB OCBITJICHHS.

B crarti [10] posrisHyTo Metoau nudppoBoi 00-
poOKHu Bime0300paeHb amapaTyporo Oe3MiJIOTHOTO JIi-
TAJIFHOTO amapara. 3IiHCHEHO OIS, CHCTEMaTH3alliio
Ta aHali3 ICHYIOYMX METOJIB 1 alropuTMiB LU(POBOT
00pOOKH 300paXkeHb, JOCITIIKEHO MPAKTUYHI Ta Teope-
TUYHI TPOOIEMH iX BUKOPHCTAHHS.

Psim poOOT MpUCBSIUEHO Bi3yallbHOMY IUIAHYBaHHS
Ha OCHOBi HeuiTKOl joriku. B poGorti [11] po3pobGieno
HEUiTKUH TJIaHyBaJbHUK JUIs I00YI0BU MapuIpyTy MO-
6impHOTO poOOTYy. PoOOTa HEWITKOTO TUIaHYBaTbHHUKA €
OUKITIYHOIO Ta BKITIOYAE IOCIIIOBHICTh HACTYITHUAX Iii:
BUSIBJICHHSI HEPENIKOA BiJNOBIIHO CEKTOpaMH MOALTY
HABKOJIMITHBEOTO TPOCTOPY; BUOIp TMOBENIHKA MOOLTB-
HOTO po00Ta; 3IMCHEHHS KepYIOUHX IapaMeTpiB pyxy
MOOITBHOTO poOOTYy (HAMPSMOK, HIBHJIKICTH) HA OCHOBI
00paHO1 MOBEIIHKY.

B crartri [12] po3pobiero ribpuany Momeni Bizya-
JILHOIO IJIaHYBAHHSI 3 BUKOPUCTaHHSIM HEWPOHHOI Me-
PeXi Ta HEYITKOTO peryiiaropa. ABTOp CTaTTi 3a JAOMO-
MOTOI0 HEHPOHHOI Mepei oTpuMaB (YyHKIIi HaJIeKHO-
cTi Ta 0a3y MpaBMI VISl HEHITKOTO PEryisTopa, SKuil B
CBOIO 4epry i KepyBaB IpoliecoM pyxy. IlepeBaroro
LBOTO ITIAX0AY € Te, 0 (POPMY€EThCS MiHIMalIbHA KiJb-
KicTh (DyHKIIH HAJICXKHOCTI Ta IPaBWII, TOX IIBUIKICTH
BUKOHAHHS QJITOPUTMY HEYITKOI JIOTIKM Ha KOHTpOJIEpi
30UIBITy€THCS.

B crarti [13] BUKOHaHO TOPIBHSHHSA HEYITKOTO
AITOPUTMY, HEHPO-HEUiTKOTO aJroOpuTMy, TiOpHUAHOTO
QITOPUTMY HEYITKOI JIOTiKH 1 T€HETHYHOTO aJTOPHTMY
Ta TIOPUIHOTO METOMY POSI YACTUHOK 1 HEYITKOTO ajro-
puTMy. Pe3ymbTaTu mokasanu, 1m0 HEYITKHH alTrOpHUTM

Kpalie 3a BCiX IHIIMX 3 TOYKH 30py MiHiMi3awii eHeprii
noBopory. ['iOpuHIIA anropuT™ HEYiTKOI JIOTIKM MOoKa-
3aB HaWKpalli pe3yjabTaTH A 4acy HaOJIMKeHHS IO
.

lNOpugHuii METOJ POFO YACTHHOK 1 HEUITKOTO all-
TOPUTMY Ta HEUPO-HEUITKUH alNTOPUTM BHSBIUINCH
NpruOIM3HO OJHAKOBHMH 32 XapaKTepHCTHKamMu. B pe-
3yJbTaTi yCiX EKCIIEPHMEHTIB aBTOPU 3pOOWIM BHUCHO-
BOK, II[0 HEHITKUH PETYIATOp BUSBUTH ceOe HalKpamum
YMHOM B PEalbHUX YMOBaXx.

ITpu po0GoTi B peanbHUX yMOBax Tpeba BpaxoByBa-
TH HasBHICTb HECHPHATIUBHUX ITOTOJHHUX YMOB (01,
CHIT, TYMaH) Ta YMOB OCBITJICHHS, B TOMY YHCIIi, HasIB-
HICTh COHSYHHX BiJIOJIUCKIB.

lono nasiranii BIIJIA npu HecnpHATIMBUX IO-
TOJIHUX YMOBaxX Ha CHOTOJHIIIHIN JIEHb 3alPOIIOHOBAHO
QITOPUTMHU 0OPOOKHU 300paskeHb, sIKi MalOTh IMEBHI Iie-
peBaru Ta Henoiiku [14, 15, 25].

Ane HEIOCTaTHRO PO3pOOICHI MeTOdi OOpOTHEOH 3
COHSIYHUMH Bim0OJIMcKaMu a0 BiAOIMCKaMU, 110 HAIXO0-
IITh BiJ 1HINOTO JpKepena OCBITJIICHHS. 3BakKaroud Ha
Ile, B CTAaTTi 3alpPONOHOBAaHO METOJHKY BHUKJIIOUYCHHS
BiZIOJIMCKIB 3 300pakeHHSI.

2 BusiBieHHs Big0/McKiB Ha 300pakeHHAX

B poOoti cucremu mMoAoONaHHA MEPEUIKO MOXKE
BUHUKHYTH CHTYallis KOJM Ha 300pakeHi, 10 aHalli3ye
cucreMa OyIOyTh HasBHI BiIONMCKH a00 BimoOpaKeHHS
CBITJIa, 1[0 HAIXOAWTH BiA Ikepena ocBiTieHHsA. Ocki-
TBKHU iH(pOpMAIlisS PO HASBHICTH MEPEMIKOIN, Ky aHA-
Ji3ye mporpama, 3aJIeKUTh B SIKOCTI 300pakeHHs, BiJl-
OJCKU Ha 300pakeHHi, HEOOX1THO BUKIIIOYHUTH 3 00pO-
OKH.

Bineokamepa, 3a gomomorowo sikoi (opMmyerbes
300pa)KeHHsI, 3UUTYE 300pa)KEHHS B KOJIpHIH Mozei
RGB, sike notim ouudpoByeThes B hopmarti 24 6ith Ha
MKCeNb 1 HaAXoIuTh y Komm'rorep. Ilikceni, mo Biamo-
BIJAIOTHh BINOJNMUCKY, MAalOTh 3HAYCHHS IHTCHCHBHOCTI,
omusbke 10 250.

[IpakTH4HO Ha JAOCHIIKYBaHHUX 300paKCHHSIX Bill-
OJIMCK MOXKHA BHUSIBIISITH 32 3HAUEHHSIM OJIHI€T 3 KOMITO-
HentiB RGB 6impme 200. Ha pucyrky 1 300paxeHo
npodinp psiika CHHbOI KOMIIOHEHTH 300paKeHHS, IO
MICTHTh BiIOJIHCK.

Yactuna rpadika mpodiaro psaka 300paxkeHHs,
AKa BiJINOBigae obmacTi BigOIMCKY, MOKa3aHa Ha PUCYH-
Ky | Ta mMae mik 3Ha4YeHHS 300pa)KeHHS, [0 CTAHOBUTH
212 oavHULE.

3 MeToanka BUKJIIOYECHHS Big0JuCKiB
3 300paskeHHsI

MertoMKa BUKJIIOUEHHS BiIOJIMCKIB 3 300pakeHHs
BHTIISAE TAK:

Kpoxk 1. BusHauutu cepeqHe 3HaYeHHS IHTCHCHB-
HOCTI Ha 300pakeHHI Ta 3aJIaTH HOTO SK MOPOTOBE.

Kpok 2. BusHauntn KoopAWHATH X04a O OJHOTO
MiKCeIs IS BiOJIMCKY Ha 300paskeHHi. SKmo BigOmmc-
KiB JIeKiIbKa, TO BU3HAYNTH KOOPJMHATH X04a O 0JHOTO
MIKCeJNsT Il KOXKHOTO BimOmmcKky Ha 300paxkeHHi. Ile
MOXHA 3pOOWTH, TIOPIBHABIIY 3HAYEHHS iHTCHCHUBHOCTI
KOMITOHEHTIB 300pa)KCHHSI 3 TOPOTOBHM 3HAYCHHSM.
VYci 3HalJICHI TOYKU 3aHECTH JI0 CITUCKY.
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Puc. 1. IIpodins piaky cHHbOI KOMIIOHEHTH 300paKeHHsI, SIKE MICTUTh BiIOJIHMCK

Kpoxk 3. JIns KokHOi TOYKHM, 3HAiA€HOI Ha MoIe-
PEIHBOMY KPOIli, BU3HAYUTH MEXKI BiJOJUCKY, 710 SKOTO
BOHA BiZIHOCUTKCS. L[pOro MoXkHa JOCSTTH, SIKIIO 3 KO-
JKHOT TOUKM pyXaTHCs B pajiajbHUX HalpsIMKax 1 cre-
JKHUTH 33 TUM, SIK 3MIHIOETHCSI MOJYJIb MOX1JTHOI SICKpa-
BOCTI 300payKeHHSl y HampsMKy pyxy. Todka, B siKiii
MOJYJIb MOXiTHOT TOYHE 3MEHIIyBaTUCSA, 1 € MEXelo
BimOmmcky. Ha rpadiky, 300paxkeHOMy Ha pUCYHKY 1
BUJIHO, IO IsI YMOBa BUKOHY€ETHCS UIS TOYOK 3 KOOp-
nuHaTtamu 547 ta 576.

Kpox 4. TTomryk rpaHuIp BiqOIHCKIB:

- (opmyBaHHS MOYATKOBOTO HAOOPY «AKTHBHUX)
TOYOK, II0 HAJNEXaTh BiAOMUCKY (IWB. ommc Kpoky 1).
Jyis KOKHOI TOYKH 30epiraeTbcss OOYHMCICHA OCTaHHIM
pa3 pi3HUII B IHTCHCUBHOCTI CYCIZHIX TOYOK MOCIIiT0B-
HOCTI (CrioyartKy 1isl pi3HHILS Ma€ HyJIbOBE 3HAUCHHS);

- Ha OCHOBI MOYaTKOBOTrO HAabOpYy BHM3HAUYAETHCS
Hallp «aKTMBHHX» TOYOK HACTYITHOT'O IOKosiHHA. Hu-
MU O0HMpParOThCs TOYKH, CYCi/IHI JJIS1 TOYOK HOEepeHbO-
TO TTOKOJIHHS, SIKi 33JOBOJILHSAIOTH KPUTEPIIO:

(Pi=Pit) = (Pis —Pi2),

Je P; — IHTCHCHBHICTB i-i TOYKH B ITOCHIZOBHOCTI;

- Tporiec Habopy «aKTUBHHUX» TOUOK 3YTHHSIETHCS,
KOJI HAOOp TOYOK HACTYITHOTO IMOKOJIIHHS Ha BiAIOBII-
Hiil onepauii Oyzae mycTuMm. Yci miKceni, sKi HaJleXaTb
OyIb-KOMY 3 TONEPEIAHIX MOKOJiHb TOYOK, BIIHOCSATh-
cs1 o BipbnuckiB. Kopon oGnacti BinOIMCKy BiIIOBI-
Jla€ MOMEHTY Pi3KOi 3MiHM HaXmiIy JOTHYHOI 1O Tpadi-
Ky y OiK 3MEHILIEHHSI MOJTYJIsl ITOX1THOT.

I opmartist mpo sICKpaBiCTh MiKCENIB, 10 BUKOPH-
CTOBYETHCS JUIS MOLIYKY MEX BiJOIUCKIB, (POPMYETHCS
B pe3ynbTati Qinprpanii mouyarkoBoro RGB 300paxen-
HS (Ui YCYHEHHSI BUCOKOYACTOTHHX IIYMIB) Ta II0Ja-
JBIIOTO TIEPEBEACHHS 300payKeHHS B KOJIPHY MOJENb
YCrCb [16]. ¥V upomy mpocTopi KOMIIOHEHT Y BKIIFOUAE
TIABKH iHPOPMAILIO PO SICKPABICTH MIKCEIiB, a KOMIIO-
HeHTH Cb i Cr MicTsaTh Jmmie iHdopMaIliro Ipo Komip Ta
HacW4eHicTh. Takuil MpocCTip JO3BONAE MepeaaTH KoM-
MOHEHT SICKPaBOCTi 3 OiJBIIOI0 PO3MITHHOI 3IaTHICTIO,
HIK KOMIIOHEHTH KOJIbOPOBOCTI.

Bu3HaueHHsT KOMIIOHEHTHOTO CHTHAITYy 33/1a€ThCS
Yyepe3 CUrHaJIM OCHOBHHX KouibopiB R, G, B i3 piBHsHB:

Y =0,299R +0,587G +0,114B.

(R-Y)=R-0,299R-0,587G -0,114B =
=0,701R-0,587G -0,114B.

(B-Y)=B-0,299R-0,587G -0,114B =
=-0,299R-0,587G +0,886B.

Tyt R, G, B — BuXiIHI CHTHaIM OCHOBHHX KOJBO-
piB, CKOpEroBaHi 3 MeTo0 3a0e3le4eHHsT ONTUMAaIbHOT
SIKOCT1 300paskeHHSI.

Ha cporoanimniii gens kosipaa mozaens Y CrCb e
JOCUTh TOIIMPEHHM KOJILOPOBUM IPOCTOPOM. B 1iif
KOJIpHIM MOZEeNl KOJIpHHH BIATIHOK BiJOKpPEMIJICHHH
BiJ[ SICKPABOCTI, 1110 € BAKJIMBUM B YMOBaX HEJAOCTATHBO
PIBHOMIPHOTO OCBITIICHHSI 00'€KTY JOCIIIKCHHS.

SIKmo 3HAYEeHHS CHUTHAJIB B KOJIPHOMY IIPOCTOPI
YCrCb npuBecTH 10 OIMHUII, TO OTPUMAEMO 3HAYCHHS
JUTs 0170T0, YOPHOTO Ta HACHYCHUX OCHOBHHX Ta JOJa-
TKOBHUX KOIILOPIB.

3Ha4yeHHs cUTHAIY Y 3HaXOIAThCS B Mexkax Bin O
mo 1, 3mauenns curHaniB s Cr 3MIHIOIOTBCS Bif
—0,701 mo 0,701 ta Bix —0,886 mo 0,886 mis Cb. [pu-
BeleHHs aiana3oHiB 3MiHM curHainis Cr ta Cb go onu-
HHUIII JJOCATAETHCS BBECHHAM HOPMYIOUYHX KOS(II[iEHTIB
Kr=0,5/0,701 = 0,713, Kb = 0,5/0,866 = 0,564.

CurHai sICKpaBOCTi i HOpMOBaHI KOJILOPOBI CHUTHa-
T TIOB'SI3aHi 3 CUTHAJIAMH OCHOBHHX KOJBOPiB HACTYTI-
HUM MaTPpUYHAM TI€PETBOPECHHSIM:

Y 0,299 0,587 0,114 R
Cr|= 0,5 —0,41869 0,08131|x|G |.
Cb -0,168874 0,33126 0,5 B

4 AnaJjiiz MeToaiB BUKJIIOYEHHS
aTMoc(epHUX onagiB 3 300paskeHHsI

JIxepesioM 30BHILIHBOTO LIyMy MoOXe OyTH cepe-
JIOBUINE MiXK 00'€KTOM 1 MPUCTPOEM, IO PEECTPYE, Ha-
MIPUKJIa, i 00 omaau B atMocdepi.

[IIymn MoxyTh OyTH BHKJIMKaHI 30BHIITHIMHA BHU-
MaJKOBUMHU TPOIECaMH 1 CrocTepiraTucs sk [aycos
ITyM, TaK i IMITyJIbCHHIM IITyM, a0 X KoMOiHamis.

Jlnist npurHideHHs OIMOJIIPHUX IMIYJIBCHHUX IIYMIB
BUKOPHCTOBY€eThCsl MedianHui ¢uieTp Thioki [17] 3
BUKOPHCTaHHSIM KOB3HOTO BiKHA. AJle BiH Ma€ MEBHI
HEJIOJIKH, SIKI HOJIATaloTh B TOMY, IO 3aMIiHIOETHCS, Y
3araJbHOMY BUNAJKY, OUIBIIICT TOUOK 300paXKCHHS.
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Jana ocoOnuBiCTH aNropuTMy IOB'Si3aHa 3 KOB3-
HHUM BIKHOM QiIBTPY, SIKE 3a]a€ IHTEHCUBHICTb TOYKH 3
KOOpJMHATaMH, BiIIOBITHUMH KOOPJIUHATaM HOTO LIEeH-
TpaJbHOI TOYKH, IPU IOMY OepeThCsi MeaiaHHe 3Ha-
YeHHsI IHTEHCUBHOCTI ISl BCHOTO BikHa (pHC. 2).

N

Puc. 2. 306paxenns M xN
Ta KOB3HE BIKHO M X1

To06To, AKImO paxyBaTH IHTCHCHBHOCTI Ha 300pa-
KEHHI BHIAJIKOBO PO3MOJUICHIMH BEIWYNHAMH, a PO3-
Mip BiKHA PIBHUM M X1 AUCKPETHHUX BIJUTIKIB, TO HMOBI-
PHICTh TOTO, IO IHTEHCHUBHICTh TOYKH Ha 300pakeHHI
3aJIMIINTHCS HE3MIHHOIO, OyJe 00epHEHO MpomnopuiiiHa
IUTOLII BiKHA m X7,

TakuMm 4MHOM, y 3araJIbHOMY BUIAJIKY, HaBITh JJIs
HEBEJIMKOT0 BikHA 3X3 Oinbllla YyacTMHA IHTEHCHBHOC-
Tel Ha 300pakeHHI Oyze 3MiHeHa Ta iX JacTKa 3pocTa-
THUMeE 31 301TIBIICHASM BiKHA.

B po6orti [14] 3amponoHOBaHO aTaNTHBHUH Meli-
aHHui QineTp ['OHCaNeca, B IKOMY BBEIEHO JIOJATKOBE
MIPUIYIIEHHS NP0 XapakTep IIyMy, a came — 1o BiAmo-
BITHO 70 MOJeJi OIMONIIPHOIO INyMy, IHTEHCHBHOCTI
IMITyJIBCIB, SIKi HEOOXIJHO MPUTHIYNATH, MOXYTb JIOPiB-
HIOBATH TUIBKW MaKCHMAJILHO 1 MiHIMAJIbHO MOKJIMBHM
3HAYEHHSIM, | BHKOPUCTOBYBATU 1€ NPUITYIICHHS s
TOTO, 1100 3aCTOCOBYBATH (DIIBTP TUTBKU IJIs1 TOUOK, IO
BI/INIOBIJAIOTh JAHOMY KPHUTEPIIO.

3anpornoHoBaHUH OIMOJPHUI IMIYIBCHUAN IMIYM €
CHPOLICHOI0 MOJEIUTIO, Y 3B'SI3KY 3 UMM aJaNTHBHHUH
¢ineTp ['oHCaneca wacTo OyBae HEMPUAATHUM IS pea-
JBHUX 300pakeHb. 3HAYEHHS IHTEHCUBHOCTEH IMITyJIb-
ciB Ha 300paX€HHI MOXYTh NpHHAMaTh OijblIe JBOX
3HAY€Hb, BIAMIHHUX BiJ MiHIMAJIBHOIO 1 MaKCHMAaJIbHO
MOXITUBHX y KOJILOPOBOMY IPOCTOPI, IO PO3IIISIAETh-
csl.

V¥ crarTi [18] npoBeneHo BceOiyHMit aHam3 Bisya-
JTBHHUX e(eKTiB JOIIy Ta pi3Hi (HaKTOpH, IO BIUIUBAIOTH
Ha HbOTO. Ha OCHOBI IBOTO aHaJi3y MPOBEACHO MOjE-
JIFOBAaHHS JIOIIy Ta 3aCTOCYBaHHsS OTPUMAHOI MOJeEINi B
KOMIT'TOTepHOMY 30pi. Po3pobneHo ¢oromerpuyny mo-
JIeTIb, 110 ONMCY€E IHTEHCUBHICTh OKPEMHUX CMYT JIOMLY,
Ta JUHaMIYHYy MOJIENb, 10 (iKCy€e MPOCTOPOBO-YACOBI
BJIACTHBOCTI JIONTY.

BopHouac mi Mozeli ONMCYIOTh MOBHHM Bi3yalb-
HUI BUTTSAA IONTy. 3 BHKOPHUCTAHHAM IUX MOZEJeH
PO3POOJICHO ANTOPUTM ITOCTOOPOOKH JIJIsi BUSIBJICHHS Ta
BU/IAJICHHS JOIILY.

[TpoananizoBaHo yHiKaibHI (Di3WYHI BJIACTUBOCTI
JIOILy — HOTO HEBEJIMKUI pO3Mip, BUCOKA IIBUJKICTH Ta
MIPOCTOPOBUH po3noaii. BuauMmicts nomy cHIIBHO 3a-
JeXKUTH Bil mapaMmeTpiB kamepu. Lls 3aiexxHicTh BHKO-
PHUCTOBY€ETHCS JAJIsl SMEHILEHHS BUJUMICTb JOIIY IiJT 4ac
OTpUMaHHS 300paKEHHS HUIAXOM PO3YMHOTO BHOOpY
rmapaMeTpiB KaMepHu.

TuM HEe MEHII, 3alpONOHOBAaHI MOJAETI TMOTpedy-
I0Th JIOTIOBHEHHS AJSI BpaxyBaHHS IHIIUX OMNAajiB, Ha-
MIPUKIIAM, CHITY Ta TyMaHy.

B po6orti [19] mpomoHy€eThes TepeTBOPUTH Gilto-
JSIPHY MOJENb IMITyJIbCHOTO IIyMy B MOJENb MYJbTH-
TOIAPHOTO iMIyJIECHOTO TIyMy. Moro cyTh momsrae B
TOMY, IIIO0 LITyM MOKE MaTH JIeKiJIbKa OCHOBHUX 3HaueHb
(mosttociB) 13 PO3KUIOM 3HAYECHb IHTCHCHUBHOCTEH 100
noiociB. [IpornoHyeTbest 00poOIIATH LEH IIyM y TpH
eTarm.

Ilepwuit eman. AHani3 300pakeHHS 00'€KTa, IO
BHMarae oOpoOKHM — 300pa)XCHHS 3 HAKIAICHUM MYIIb-
THIOJISIPHUM IMITYJIbCHUM ITyMOM. Bu3Ha4ueHHs moutio-
CiB IHTCHCHBHOCTEH Ha TicTorpaMi (I BUMIAJAKY MOHO-
XpoMaTu4HOTO 300pakeHHs). Lli momrocn OymyTh 3Mi-
IaHi 3 BUXIHUM 300pa)KEHHSIM, TOMY iXHE BU3HAUCHHS
Moke OyTH YCKJIaJHEHE — MOJIOCH MOXYTh "TOHYTH" B
IHIIOMY CUTHaJIi, 800 MaTH MOMUIIKOBI miku. J{nst oTpu-
MaHHS OiJbLI YUCTUX JAaHUX 3JIMCHIOETHCS pEeeECTparis
cepii 300pakeHb 0e3 00'€KTiB 3a THX KE YMOB, IIO i
300pakeHHsI, 110 0OPOOJISIETHCS.

TakuM YHHOM, BHXOAWTH Cepisi 300pakeHb, Ha
SIKUX TPHUCYTHIH TINBKH IMITYNbCHUH IOTyM, 49U cepis
300paxeHb, 3a SKAMH MOKHA CTaTUCTUYHO BHSBUTH
TIOJTIOCH IIIYMY.

/Jlpyzuii eman. Po3risnaeTbes cuTyanis, KOJU Ha
¢oHi mymy € 00'ekt. DopMyeThCS Taka X TicTorpama
HIyMy, SIK Ha BHXIIHOMY 300paKeHHi, aje, iHIa peaji-
3alis myMy, HiK Ha 300pakeHHi 0e3 o0'ekra. [list 30-
OpakeHHsSI IHTEHCHBHOCTI IMITyJIbCIB PO3TAIIOBYIOTHCS
6111 Habopy mosrociB z1 = 239, 2o = 119 1 z3 = 48. [pu
IbOMY, TPUCYTHIH PO3KHUJ 3HAUYEHb (SIKUI MOKHA BBa-
JKaTH HOPMaJbHUM PO3IMOJIIOM BIAXWJICHHS Bif MO-
JII0Ca).

VY peansHHX cucTeMax peecTpamnii 300pakeHp Ta-
KHH PO3KHJ MOJXKHA IIOSICHUTH HAsSBHICTIO aJUTHBHOTO
LIyMy B CHCTEMI, a TAKOXX YCYHEHHSM LEHTPY IMITYJIbCY
moyo mikcens. HaouHo mpoimrocTpyBaTH Takuid po3ro-
JIiT MOYKHA SIK TiCTOTPaMHM HITBHOCTI IMOBIpPHOCTI 3Ha-
YeHb IHTEHCHUBHOCTEHW z iMmynbcHOTro myMmy. Ha ocHOBI
OJIEP>)KAHOTO PO3IOJIUTY HAIAIITOBYETHCS MOJIEITb MYJIb-
THUIOJISIPHOTO IMIYJIbCHOTO 1iymy. Ll Mojens BUKOpHU-
CTOBYETHCS Uil (OPMYBaHHS YMOBH 3aCTOCYBaHHS Me-
nIiaHHOTO (ITBTPY AT KOKHOTO KOHKPETHOTO IiKCEeIs
300pakeHHsI.

Tpemiit eman. BUKOHYETHCSI BUJIAJICHHS! MYJIbTH-
MOJISIPHOTO IMITYJIBCHOTO IIyMy Ha 300paKeHHi, 3a J0-
IIOMOTOI0 MeliaHHOTO (DiTbTpPa 3 3aCTOCYBaHHAM YMOBH
CNpalbOBYBaHHs: 3aMIIICHHS Ha MeJliaHHE 3HAuCHHS
Zmed KOB3HOTO BiKHA 11 IEHTPaJIbHOI TOYKH MPOBOAUTHCS
TITPKA KOJIM i IHTEHCHBHICTH BiJIOBilae HMOBIpHUM
3HAYCHHAM 00paHOi MOAE MyIbTHIIOISIPHOTO IMITyJIb-
CHOTO IIyMy:

z(x,y) =1z £6z,i=1,..,n,
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ae 8zj — oOpaHe JAOIyCTUME CEepeIHbOKBAPATUYHE BiJ-
XWICHHS BIMOBITHO MO0 MOjeNi (TOOTO, BEJIMYMHA, IO
BIJINIOBiJa€ OOpaHOMY [ialma30Hy 3HAYCHb IMITYJIBCY
HaBKOJIO TOJIIOCA Zj.

Mozenp MyJIBTHIOISAPHOTO IMITYJIBCHOTO MIyMY
JIO3BOJISIE OUTBIN JETAJLHO MOJETIOBATH Mporec (op-
MYBaHHs 300pa)KCHb B yMOBax 3alllyMJIEHHs. TuM He
MEHIII B poOOTi HE HAaBEICHO MPAKTUYHUX PE3yIIbTATiB
JUTSL pealbHUX 300pakeHb.

B crarti [20] 3ammponoHOBaHO aNrOpUTM BUIAICH-
HS JOUTy, AKUH BKIIIOYA€E SK YacOBi, TaK i XpOMaTH4HI
BJIACTHBOCTI JIOIIy Ha Bimeo. Jlom MoXHaA poO3TisimaTH
SK CYKYIHICTb C(EpPUYHHMX Kparesib, SKi BHIAJKOBO
PO3TMO/IICHI Ta PyXalThCs 3 BUCOKOIO IBUAKICTIO. Ko-
JIM KpaIuIi JOILy 3HaXOAAThCS JyKe AaleKO BiJl KaMepH,
ix Bi3yasbHHHI edeKT ayxe caaOKuii i BOHU BUIIIAAIOTh
sK TymaH [21].

ToMy po3risigaroThCsl JHMINE Kpamii Joury, sKi
3HAXOJATHCS ONM3BKO 0 KaMEpH.

CoepuuHa Kparmist oIy Ma€e IUPOKUI CIIEKTp 3a-
JoMIIeHHs cBiTia [22]. OTke, IPOEKIisl Kparuii J0Ily Ha
300pakeHHS HabaraTo sicKpaBime, Hix GoH. [IpoBeneHe
JOCITIKEHHS TT0Ka3ye, 110 30UIbIICHHAS IHTeHCUBHOCTEH
R, G, B xompopiB 3anexuts Big GoHOBOI criern. Yepes
PI3HUIIO B JOBXKHHI XBWII CHHE CBITJIO Ma€ OUIbIIUI
IH/IEKC 3aJIOMJICHHS Ta LIMPIIE TI0JIe 30pY, HIK YepBOHE
CBITJIO.

Tomy kparuis o1y NOBUHHA CHJIbHILIE 3aJI0MIIIO-
BaTH CHHIH KOJIIp CBITJA, 10 HAIXOAUTH 13 oHY.

BukopucTtoBytoun o0OuBi BiacTUBOCTI B poOOTI
[20] po3pobiieHO anroput™M BHIATCHHS JOILy, KU
MOYKE BHSIBIIITH Ta BUAAISATH CMYTH JIOUIY B CTallioHap-
HUX 1 TUHaMIYHHUX CIEHaX. 3a JOIIOMOTOIO 3alpONOHO-
BaHOTO JITOPUTMY MOXKe OyTH BUJQICHHH K JIETKHH,
TaK 1 CHIBHUH IO, sIK JoIn Y (okyci Ta momy mo3a ¢o-
KyCOM.

ExcriepuMeHTanbHi  pe3ysibTaTd IOKa3yloTh, IO
ITOPHUTM TIPAIOE Kpallle, HiXkK ICHYIOUHil METOTH.

V crarri [23] npencraBieHo iMOBIpHICHHI METO,
SIKMI BUKOPHUCTOBYE CTATUCTHYHI JaHi K alb0e1o, TakK i
IIMOUHU ClLieHH, 1100 BUIAIUTH 3 300pa)KEeHHS IIyMH,
BUKJIMKAaHI 3B&KCHUMH YaCTHHKAMH, TAKMUMH SIK TyMaH i
iMia, IO 3HAYHO TMOTIPIIYIOTH SKICTh 300pa’kKeHHS.
KirouoBa inest mossirae B ToMy, 1100 3MOZETIOBATH 30-
OpakeHHs 3a JIOTIOMOTOI0 MapKOBCHKOTO BHIIAJKOBOTO
0151, B SIKOMY aJib0eJI0 Ta IIIMOMHA CLIEHHU € JIBOMA CTa-
THUCTUYHO HE3aIEKHUMH IIapaMH.

TTokazano, MO MOXHAa BUKOPUCTATH CTAaTHCTUYHI
JaHi 300pakeHHs Ta TTUOWHU HA WX MPUXOBAaHUX Ia-
pax i po3KJIacTH TyMaHHe 300pa)K€HHsS Ha MHOMHUKH.
ExcriepuMeHTalbHI Pe3yJIbTaTh MOKa3yTh, IO 3arpo-
MMOHOBAaHUN METOJ 3a0e3medye OUIbIT TOUYHE BiTHOBJICH-

HSl TIOPIBHSIHO 3 CyYaCHUMHM METOJIaMH, SIKi 30CepeKeH]
JMIIe Ha 1HOWBIIyalbHOMY BiJHOBIICHHI anpbeno abo
IIUOUHU CLIECHH.

B po6ori [24] po3pobieno moaens Gopmu Ta BU-
SIBJICHHSI OKPEMHX CMYT JOILIY B MPOCTOPi 300pakeHHI.
BusiBneHHS OKpeMuX cMyr YCKJIaIHEHE HaBiTh 3a HasB-
HOCTI TOYHOi MOZEJi 30BHIIIHBOTO BHUIJIALY, TOMY IIO-
€THAHO MOJENb CMYT 13 CTATUCTUYHUMHM XapaKTepPUCTHU-
KaMU JIOMIy, 00 CTBOPUTH MOZEIH 3aTalIbHOTO e(EeKTY
OUHAMIYHOI IOTOMM B YacTOTHOMY ImpocTopi. [loTim
MOZENb aJanTyeThesl IO Bi€O Ta BUKOPUCTOBYETHCS
JUISL BHSIBJICGHHS CMYT JIOIIYy CIOYaTKy B 4YacCTOTHOMY
MIPOCTOPI, @ NOTIM pe3yJIbTaT BUSBICHHS MEPEHOCHTHCS
B IIPOCTIp 300paskeHHSI.

Takox po3poOJIEHO MOAENb VISl BUSIBICHHS CMYT
cuiry. Ilicist BHSBIEHHs, KUIBKICTH J0Ily abo CHIry
MOXKHa 3MEHIIMTH a00 30iumbmuTH. JleMOHCTpYEThCH,
10 YaCTOTHHUH aHami3 3a0e3medye OUTBITY TOYHICTH y
BUJIAJICHHI JIMHAMIYHOI MOTOAU Ta NPOIYKTUBHOCTI BH-
JMy4deHHs O3HaK, Hi)K TOMEepeaHi METOAW Ha OCHOBI TIiK-
CelliB.

Takox TOKa3aHO, IO Ha BIAMIHY BiJ IMOTEPETHIX
METO/IIB, TAKMH MiaXiJ eheKTUBHUI JUIs BiEO 3 pyXamu
CIICHH Ta KaMepH.

I MoJep miIXOAUTh, KOJIM CMYTH JIOIIY TOMITHI,
ajie po3po0JieHa MOJENb HE JO3BOJISIE BUSIBUTH CMYTY
JIOILYy, KOJIM BOHA HEIOCTAaTHBO YiTKa.

3 MpOBEACHOrO aHaji3y MOXHa 3pPOOHTH BHCHO-
BOK, 1[0 Ha CHOTOAHIIIHIN JCHb aJrOPUTMH Ta METOIH
BHKITIOUCHHS aTMOC(EPHIX OMAafiB 3 300pakeHHs, SAKi O
BPaxOBYBAJIM PI3HOMAHITHI ONaaM, HE JOCTaTHHO PO3-
poOieHi Ta MOTPeOYIOTh MOAATNBINUX HOCTIKEHb.

BucnoBku

B crarti mpoaHamizoBaHO METOIU Bi3yalbHOTO
IUTaHyBaHHSA, TOOTO METOAM SKi SBISAIOTH COOOK0 pPO3-
[IMPEHHs] METOJIB IUIAHYBaHHSA Ta 00XOMy MEPenIKoj
JUIL 3aBIaHb, Y SKUX JDKEpenoM iH(opMarii mpo IoB-
KULIA € CHCTEMH TEXHIYHOTO 30Dy .

[Ipu poGoTi B peanbHUX yMOBax Tpeda BpaxoByBa-
TH HasIBHICTh aTMOC(EPHHUX OIaJiB Ta HASBHICTH COHSI-
YHUX BIgOJMCKIB a00 BiZONMCKIB, 10 HAAXOANATH Bif
IHIIUX JPKEPETT OCBITICHHS.

[I{omo 6opoTHOM 3 BiIOIKUCKAMHU B CTATTI PO3pOO-
JICHO METOJIMKY BHUSBJICHHS T4 BHUKJIIOYCHHS BiJOIHCKIB
3 300paKeHHSI.

[IpoananizoBaHO METOOM BHUKIIOYEHHS 3 300pa-
JKCHHSI 3allyMJICHb Y BUIJIAJI HAasBHOCTI HECTPHUSTIIHU-
BHX IOTOJHUX YMOB (JIOII, CHIT, TyMaH). 3p0o0JeHO BH-
CHOBOK, III0 METOJH BHSBICHHS Ta BHJIAJICHHS pi3HOMa-
HITHHUX BHIIB OMAJiB B CHCTEMaX TEXHIYHOTO 30py IMOT-
PpeOYIOTh MONANBIIHNX TOCIIIKEHb.
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Improving the system of visual detection and overcoming obstacles
for unmanned aerial vehicle

Yulija Tolkunova

Abstract. Most critical tasks are performed by unmanned aerial vehicles (UAV) under the control of an operator. How-
ever, the interaction of a robot and an operator in modern conditions is no longer management in the traditional form. Modern
UAV are equipped with technical vision systems, databases and knowledge, on the basis of which the aircraft can make decisions
independently. The robot's knowledge base allows it to independently navigate the environment and make decisions regarding
the completion of the assigned task. The functions of the human operator now consist of setting tasks for the robot in a problem-
oriented language, close to natural, and observing the actions of the robot. Visual planning is an extension of planning and obsta-
cle avoidance methods for tasks in which the source of information about the environment is technical vision systems based on
video cameras or scanning systems. The article provides an overview of visual planning methods. A large number of existing
image processing methods and algorithms and their possible combinations make it possible to solve a wide variety of problems,
to constantly improve existing algorithms and thereby increase the efficiency of image processing. But whatever method is used
for visual planning, there are problems of obtaining quality input information related to meteorological conditions caused by
precipitation and fog, and glare if the image is obtained using a video camera. It can be sun glare or glare from other lighting
sources. The article proposes a technique for detecting and removing reflections from the image. Since the basic information
about the environment that the robot analyzes depends on the quality of the image, appropriate methods that take atmospheric
precipitation into account are needed. The article analyzes the methods of excluding various types of precipitation from the image
and draws conclusions about the state of their development.

Keywords: unmanned aerial vehicle, overcoming obstacles, visual planning, glare detection, atmospheric precipitation,
image processing.
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NEURAL NETWORK SUPPORT FOR AUTOMATION OF OBJECT CONTROL
WITH MULTIFACTORIAL INPUT UNDER CONDITIONS OF UNCERTAINTY

Abstract. High dimension of the factors, their noisiness, subjectivity of the human factor breed high uncertainty in the
implementation of effective monitoring and productive management in the areas of production and consumption, and
hinder the optimal decisions making. In these conditions, it is appropriate to apply intelligent data analysis procedures
based on artificial neural networks. Purpose of the study is to substantiate the technology for constructing of effective
neural network models for automatic assessment of the object states and their control by finding the optimal values of input
factors based on the analysis of the initial set of retrospective data. The desired product is set of neural network models for
simultaneous assessment of the current object states and the calculation of the input factors values that ensure the
achievement of the required objective function indicators. To automate the processes of recognizing the states of the study
object and adapting the factors that bring the current state to the target one, a functional dependence of the states and
factors is found based on forced learning of a synthesized models ensemble. The proposed technology and technical tools
make it possible to automate the processes of classifying the states of the study objects, adapt the input factors to the target
states, and evaluate the quality by model testing. The practical significance of the study results is in the creation of a
universal toolkit for a whole class of objects in the tasks of automatic state classification and search for input factors space
that is adequate to the target state space. Functionally, the ensemble of trained models can be implemented as a data
analysis software unit in the format of two subsystems: for recognizing the states of the study object and adapting input
factors to target states. Automation of the state classifying tasks and adapting the input set in the proposed technology that
is performed on the basis of standard technical data analysis packages, makes it possible to increase the efficiency of

decision-making and reduce financial costs in the implementation of industrial and commercial projects.

Keywords: automatic state classification, data analysis, input factor vector, neural network, objective function.

Introduction

Nowadays enterprises,  organizations, and
companies are objects that function, develop, and
modernize, solving certain target tasks in a competitive
environment, in conditions of lack of data or
insufficiently reliable, distorted information.

In the decision making theory, these conditions are
characterized by high entropy, the multidimensionality
of the input factor vector, the impact of a noisy external
environment that makes it difficult or, in some cases,
prevents effective monitoring and management in the
organization’s life activity.

However, automation and digitalization of social
spheres is a modern sustainable trend that requires
search for the scientific and engineering solutions for
the transition to a new technological level through the
introduction of information technologies at all stages of
the value chain of products and services. Main objective
of this process is to increase the competitiveness and
efficiency of the enterprise. Deep digitalization involves
the introduction of new information technologies into

production and  management, promoting the
development of promising direction in these
technologies — neural network control under

multifactorial input action in uncertainty [1, 2].
Task statement

High dimension of the factors, their noisiness, the
subjectivity of the human factor breed high uncertainty
in the implementation of effective monitoring and

productive management in the areas of production and
consumption, and hinder the optimal decisions making.

In these conditions, it is appropriate to apply
intelligent data analysis procedures based on artificial
neural networks [3-8]. This choice is due to the
important pragmatic advantages of neural network
technologies:

— neuromodels are learning systems that extract
information about real states from retrospective data
under conditions of hidden, incomplete and noisy
parameters and implicit, fuzzy connections between
them;

— their using is based on the neural network
training to extract information from retrospective data,
which ensures consistency and objectivity of the results.

However, a universal software base for automating
of monitoring and management of the study object is
not provided in open publications. For each subject area,
it is necessary to synthesize its own models that take
into account power of the sample of precedents, their
information content, types of variable and their

dimensions, cross-correlation, distribution and
amplitude swing.
Therefore, in this situation the neuromodel

synthesis is based on a creative approach in choosing
the network type, its complexity, learning method,
activation function, initial conditions, etc. The complex
of these measures contributes to the creation of
productive technological maintenance and software for
the neuromodel syntheses that allow automating the
monitoring of the state of the study object and control of
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this state to get the required parameters of the objective
function [3,4].

Purpose of the study is to substantiate the
technology for constructing of effective neural network
models for automatic assessment of the object states and
their control by finding the optimal values of input
factors based on the analysis of the initial set of
retrospective data. The desired product is neural
network models for simultaneous assessment of the
current object states and the calculation of the input
factors values that ensure the achievement of the
required objective function indicators.

Formulation of the problem

Let’s consider a two-stage operation mode of the
synthesized model: assessment of the current state of the
study object and search for input factors values adequate
to the desired target state of the object. Then the formal
synthesis problem can be represented by the expression:

sup Kg (S,P, X), R, (5) < By, 1)

where P is set of predictions of possible states of an
object; X is set of input factors; Ky is a decision
efficiency criterion; 9,(5) are expected losses from

errors; Bo are allowable losses (limitations).

Thus, based on expression (1), it is necessary to
find an analytical form of the relationship between the
states of the study object with the input factor vector
and the efficiency criterion of the made decisions, and
then apply the mathematical apparatus for analyzing this
relationship in order to determine the set of adequate
control factors from the input set.

Solving of the problem

First, let's solve the problem of the current state
recognizing.

According to the condition of the problem, there is
a set of input data, including a list of factors-features in
this subject area W, where

W={wg}, gel ={L2,... 1}
and fixed their belonging to the classes
Qp, Q¢ ={12,...,3;}.
When an object for analysis arrives, the problem of
assigning it to a particular class is solved with some
errors. The grouping of objects, taking into account the

analysis of the compactness of their features, can be
formally represented by the expression

F=Ao{og]), )
where A(w,{wgy}) is a rule for assignment of the object
state g from state set @ to a class € : @y € Qy on
condition that

Alw{wg}) = max; Alw{oi})
and B<By.

In this case, objects should be grouped in the
format

N . )
ol g )= D 0 ~x{P)
j=1
It is a metric of feature compactness in classes
P, g at analysis of k,I objects of j type.

So, we have a generalized optimization problem of
analyzing the current state of an object in the language
of its features.

The second stage of synthesis is creation and
application of the technology for adapting of input
factors to the desired state of the study object. A similar
problem has already been solved and the results are
presented in the paper [4]. Let's use them by changing
the input data, initial conditions and selected
constraints, applying the well-known technology for a
New purpose.

This procedure is reduced to searching for an
approximating dependence “state - factors”, and then to
establishing the values of the factors corresponding to
the function target value. Formally, it looks like this:

F:X{®)->Y({) < Yy(t) > Fy: Yo(t) > Xp(2), (3)

where Yo(t) is target vector of the object state; Xo(t) is
vector of adapted input feature values; Fo is productive
functional of modifying of the current input factors
array to the desired set, adequate to the target state.

The current state of the study object (y(x)) is
analytically connected with the feature dictionary
according to [2]:

H
Y(X) = @) Vi (WigXg + ...+ Wi X +U;), (4)
i=1
where H is training sample power, «,v are neural
network parameters, n is number of neurons,
Wiy, Wip, ..., Wi, are weight coefficients of neurons.

The functional diagram of the implementation of
(3) and (4) illustrates all the necessary mathematical
operations of the task (Fig. 1).

At the direct propagation of signals, the problem of
estimating of the object states is solved, and at reverse
propagation the required values of input factors are
found that are adequate to the target state specified by
the problem condition. The well-known technology [4]
is implemented to calculate error (residual) functions:

1M 2
E(X):EZ(yi(x)_Yiz)
i=1

and the desired values of the input factors based on the
calculation of the partial derivatives of the error
function gradient by the variables of the input set (X):

x = xt —m - grad E(Xt).

As a modeling tool, Statistic Neural Network
module of the data analysis technical package Statistika.

Mathematical operations implemented according
to the functional diagram (fig. 1) are invariant to the
subject area of the study object, which significantly
expands the use of this technology in various fields. In
support of this statement, we give two examples from
economics and medicine.
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Fig. 1. Functional diagram of the implementation of synthesis of the recognition and adaptation model

In the first case, sixteen factors describe the It is only important to ensure multifactoriality,
enterprise state by classes: successful, bankrupt. In the  high uncertainty, noisiness, intersection of feature
second case ten factors describe the patient’s condition — spaces, etc., that is, to fix a high degree of
by classes: healthy, unwell, sick. You can choose other  uncertainty.
subject areas. The input data are presented in table 1 and table 2:

Table 1 — Standardized input set data (example 1)

1 2 3 4 5 6 7 [] 9 10 1 12 13 14 15 16 17
Mepl Mep2 Mep3 Mepd Meps Meph Mep? Mepd Mepd | Mepl0 | Mept1 | Mep12 | Mepl3 | Mepld | Mepld | Mepl6 | Mepdd
08837 05479 02919 06792 -04415 06136 19925 09094 40435 08837 05479 02919 06792 04415 0F136 08837
05883 -10988 -06074 0065200 -03159 14419 17502 00522 071502 05883 -10988 -006074 065200 -03159) 14419 05883
00352 23186 143000 05840 11915 -12156 04696 07104 15660 -00352 23186 14300 058400 11915 12156 -0,0352
02896 05173 -02702) -0.8574) -00088 18561 10580 -04834 -04611 02896 -05173 -02702 -0.8574 -0.0088 18561 -0,2896
07934 04663 21606 -0.0415 06053 17871 26146 03610 05203 07934 -04663 21606 -0.0415 06053 17371 07934
-1.0444 09925 08117 02183 11915 27707 41039 12767 0.2307 -1.0444 09925 0817 02183 14915 27707 -1.0444
04483 20024 00389 -0.3135 08844 06654 -07073 03124 23704 04488 20024 00389 -0.3135 008844 06654 04488
06621 01399 10149 05296 -01344 01802 -04996 05600 -06542 06621 -01399 10149 04296 -01344 -01802 06621
01911 -0.6499 -03685 16446 14427 01630 -07592 02971 -05255 01911 06499 03685 16446 14427 01630 01911
00352 10580 -0.7619) -0.0823 02145 -11811 -01188 -04983 04237 00352 -10580 -07619 -0.0823 02145 11811 -0,0352

PO 3 s R PO s RO

| e S e P e e

Table 2 — Standardized input set data (example 2)

9
1 2 4 ] T =
5 B HyTneiBC TR 10 11
Fon;:uﬂ Te-.ln:!lpn:wpa Bine y MA3aR f:;: CoOHNMBICTE T':" Ef:ﬁ!":::;“’ Mynec  |peusniopia, |PoyaparceasicTs Jaopoe’a
%
1 1] 36 [1] a 1 1 0 [ 100 1 []
2 1 ar 1 a 1 1 1 T a5 0 3
3 1] 35 1] L] 1] 0 0 63 &0 1 1
4 1] ar 1 1 ] 1 1 85 B 1 3
5 1] 38 1 1 1 1 1 83 69 1 3
E 1 39 1 L] 1] 1 1 95 (1] 0 3
T 1 35 o 1 1 0 0 L7 a8 0 3
B 1 35 1] L] 1] 1 0 L] 100 1 2
9 1] 36 1] L] 1 1 1 TE a7 1 2
10 1 4l 1 a 1 1 1 105 T2 0 3
The conducted experiments with the training of the Fig. 4, 5 visualize the results of model training and
synthesized models showed the results of modifying the  confirm the stability of the error convergence process to
weight coefficients acceptable for practice (Fig. 2, 3). the available minimum.
ﬁ MonezoeaTeneckan HedApoHHan cete (MHC): TaGanua gaHHeRd @
AKTHEHLIE CETH
Cete |0 ApwurerTypa  [Mpouzeoa..  Kodrpo n..  TecT. npowz..  Aaroputkd PyHE. 0. AKT. CKPEL..  AKT. BblX...
1 MLFP 1E-12-3 97864769 83830608 84, 745763 BFGS BV CE MunepSond...  Codrmakc

Fig. 2. Profile of the trained model (example 1)
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Fig. 3. Profiles of the trained model ensemble (example 2)

Training schedule for [1.MLP 16-12-3]
Number of made epochs 66
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Fig. 4. Convergence of the learning process (for example 1)

Training schedule for [1.MLP 10-8-3]
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Fig. 5. Convergence of the learning process (for example 2)
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The process of adaptation of input factors to the
target object state is controlled by a standard
neuroemulator procedure by implementing the options
"User observations” - "User values".

In variety of the experiments, the adequacy of
adaptation was confirmed.

Conclusions

1. To automate the processes of recognizing the
states of the study object and adapt the factors that bring
the current state to the target one, a functional
dependence of the states and factors is found based on
forced learning of a synthesized models ensemble.

2. The proposed technology and technical tools
make it possible to automate the processes of classifying
the study objects states, adapt the input factors to the
target states, and evaluate the quality by model testing.

3. The practical significance of the study results is
in the creation of a universal toolkit for a whole class of
objects in the tasks of automatic state classification and
search for input factors space that is adequate to the
target state space.

4. Functionally, the ensemble of trained models
can be implemented as a data analysis software unit
in the format of two subsystems: for recognizing the
study object states and adapting input factors to target
states.

5. Automation of the state classifying tasks and
adapting the input set in the proposed technology that is
performed on the basis of standard technical data
analysis packages, makes it possible to increase the
efficiency of decision-making and reduce financial costs
in the implementation of industrial and commercial
projects.
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Heiipomepe:xne 3a0e3neyeHHsl aBTOMAaTH3aIliil ynpaBJiHHA 06’ €KTOM
npu 6araTo)akTOPHOMY BXiIHOMY BILUIMBi B yMOBaX HeBU3HA4YEHOCTi

C. I1. Anpomun, O. M. Talitan

AHoTanisi. Brucoka po3MipHIiCTh (akTOpiB, X 3alIyMIIEHICTh, Cy0 €KTHBI3M JIOACHKOrO (PakTOpy HOPOKYIOTH
MiIBHUIEHUI CTYMiHb HEBH3HAYCHOCTI y peami3ailii eGeKTHUBHOTO MOHITOPHUHTY Ta MPOAYKTHBHOTO MEHEIKMEHTY chep
BHPOOHHIITBA Ta CIIOKUBAHHS, MEPEIIKOKAIOTh MPUITHATTIO ONTHMANBHUX pillleHb. B IIMX yMOBax JOLIJBHO 3aCTOCYBaTH
IHTeJIeKTyaJIbHI NMPOLEAYPH aHali3y NaHWX y 0a3uci MITyYHHX HEHPOHHUX Mepex. MeTa JNOCHIJKEHHsS — OOIPYHTYBaTH
TEXHOJIOT1I0 TOOYI0OBU €EKTUBHUX HEUPOMEPEKHUX MOJENel aBTOMAaTHYHOI OI[iHKH CTaHIB 00’€KTa Ta KEpyBaHHS HUMHU
HIJISIXOM 3HaXO/PKEHHSI ONTHMAIbHUX 3HA4eHb BXITHUX (aKTOPIiB HA OCHOBI aHaNli3y MHOXXHHH PETPOCIEKTHBHUX JaHUX.
[IykaHUM TPOIAYKTOM € HeHpOMepekxHi MOJAETI OJHOYACHOI OLIHKM MOTOYHHX CTaHiB 00’€KTa Ta PO3PaXyHKY 3HAa4YCHb
BXITHUX (aKTOpiB, IO 3a0e€3MEYyIOTh MOCATHEHHS HEOOXIJHUX MOKAa3HUKIB eJIeMEHTIB WinboBOi (yHKmil. s
aBTOMaTH3alii MPOLECiB po3Mi3HABaHHs CTaHIB 00’€KTa aHai3y Ta amanTauii pakTopis, 10 NPUBOATH HOTOYHUH CTaH 10
L[iTbOBOTO, 3HaieHO (YHKIIOHAIBHY 3aJeXKHICTh CTaHiB Ta (GakTOpPiB HAa OCHOBI MPHMYCOBOTO HaBYaHHS aHCaMOIIO
CHHTE30BaHUX Mojeneil. 3apornoHoBaHa TEXHOJOTis J03BOJII€ aBTOMATH3yBaTH mponecu kinacudikaiii craHiB 00’ €kTy
JNOCTI/DKeHHS, afanTaliio BXiZHUX (aKTOpiB IO LiJbOBHX CTaHIB Ta OLIHUTH SKICTh TEeCTyBaHHS Mopeieil. [Ipaktuuna
3HAYHMMICTh Pe3yJIbTATIB JOCIIHKCHHS MMOJISTa€ Y CTBOPEHHI YHIBEPCAIBHOTO 1HCTPYMEHTAPIIO JUIS MIJIOTO Kiacy 00’€KTiB
y 3aBJaHHAX aBTOMATHYHOI KiracHdikamii X CTaHIB Ta MOWIYKy MNPOCTOPY BXigHUX (aKTOpiB, aJACKBATHUX IMPOCTOPY
OiTEOBUX cTaHiB. DYHKIIOHAIBHO aHCAMOIb HABUCHHUX MOJEeH MOke OyTH pealli30BaHHi K IMPOTpaMHUIl OJOK aHAIizy
maHuX y Qopmari IBOX MiICHUCTEM: pO3Mi3HABAaHHS CTaHIB 00’€KTa JOCHIKEHHS Ta amanTamii BXigZHUX (aKToOpiB IO
ITEOBUX CTaHiB. ABTOMAaTH3allis 3aBJaHb KiaacuQikaimii CTaHiB Ta aganTaiii BXiJTHOT MHOXXHHH Ha OCHOBI 3alIPOTIOHOBaHOT
TEXHOJIOTi{, II0 BHMKOHYEThCS Ha 0a3i CTaHJApTHUX IaKeTiB TEXHIYHOTO aHali3y MJaHUX, J[JO3BOJISE MiJBUIIUTH
e(eKTHUBHICTh NPUIHATTSA pIlICHb Ta 3HU3UTH MaTepialbHi BUTpPATH TNpH peanizanii BUPOOHMYMX Ta KOMEpPLiHHUX
MIPOCKTIB.

KawuoBi caoBa: aBTomMatnyHa Kiacu(ikamis CTaHIB, aHaTi3 JAaHMUX, BEKTOpP BXigHHX (DAaKTOpIB, HEHPOHHA Mepexa,
1inboBa QYHKILS.
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CONCEPTUAL APPROACHES OF ORGANIZING PROCESSES OF VERIFICATION
OF SOFTWARE PROJECTS OF CRITICAL INFORMATION-CONTROLLED
SYSTEMS ON THE BASIS OF REQUIREMENTS FOR THEIR LIFE CYCLE

Abstract. The implementation of an effective technology to ensure the required level of quality of software systems is
one of the urgent and important tasks of software engineering. It is especially important to solve this problem for critical
information management Ukrainian nuclear power plants. Ensuring the required quality of software systems requires an
understanding of the process of organizing the verification of software projects. The purpose of this study is to review the
main conceptual approaches to the organization of verification processes for software projects of critical information
management systems based on the requirements for their life cycle. To achieve this goal, the authors considered the
automation of Ukrainian nuclear power plants in the form of software and hardware complexes and the general principles
for the implementation of critical information management systems based on programmable logic controllers, analyzed the
processes of verifying the user's applied logic in these systems, reviewed the main procedures for verifying the applied

logic of a special RadiCS platforms.

Keywords: software and hardware complex, critical information management system, programmable logic controller,

verification.

Introduction

At present, the creation of high-quality software is
one of the most important tasks in the development of
science and production. The viability of the system
ultimately depends on how successfully the software is
made. However, due to the fact that only some of the
essential properties of software can be directly
measured and quantified, ensuring an appropriate level
of quality is of paramount importance.

Thus, one of the urgent and important tasks of
software engineering is the implementation of an
effective technology to ensure the required level of
quality of software systems. The solution of this
problem is especially important for critical information
management systems of domestic nuclear power plants.
To ensure the high quality of software systems, it is
necessary to have an understanding of the process of
organizing the verification of software projects.

The purpose of the study is to review the main
conceptual approaches to the organization of
verification processes for software projects of critical
information management systems based on the
requirements for their life cycle.

To achieve the set goals it is necessary:

- consider the automation of nuclear power plants
with the help of software and hardware systems;

- to study the general principles for the
implementation of critical information-controlled
systems based on programmable logic controllers;

- to analyze the processes of verification of the
user's applied logic in critical information management
systems based on programmable logic controllers;

- review the main procedures for verifying the
application logic of the RadiCS special platform.

The main part of the article

Automation of nuclear power plants (NPP) by
means of software and technical complexes. Software
and hardware complexes (SHC) belong to automated

systems. An automated system is a system consisting of
personnel and a complex of means of automating its
activity, which implements information technology for
the performance of established functions. The software
and hardware complex of automatic regulation,
unloading and limited power of the reactor and
accelerated warning protection (SHC ARP-ULP-AWP)
using the RadICS platform, intended for use as a
technical base for the reconstruction of existing and
creation of new control and protection systems with the
VVER reactor.

The hardware platform of the ARP-ULP-AWP
system and PTK was developed in accordance with the
current rules and recommendations of the International
Electrotechnical Commission (IEC), the International
Atomic Energy Agency (IAEA) and the National
Research Council of the USA. Continuous diagnostics
of the system is provided by integrated diagnostic
devices, which are serviced regardless of the working
scheme of security and unified coding.

SHC performs the following main functions:

— automatic regulation of the neutron power of the
reactor and/or pressure in the main steam collector of
the turbine of the NPP power unit;

— deloading and limitation of reactor power at the
levels correspond to the volume of the main
technological equipment of the NPP power unit
included in the work;

— accelerated warning protection (quick discharge
of the reactor to 40-50% capacity in 3-4 seconds) in
case of unauthorized shutdown of the equipment.

To increase the reliability of protection operation,
three levels of output signal generation based on the
"two out of three" majority logic are implemented in the
SHC ARP-ULP-AWP. If a licensing procedure is
required, the system can be designed in a two-out-of-
four configuration according to quality and reliability
parameters. When designing the SHC ARP-ULP-AWP,
the principles of dividing the functions of the complex
into control and protection were initially laid down.
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Different groups of functions are implemented in
separate, galvanically separated sub-blocks, which
increases the operational reliability of the complex as a
whole.

General principles for the implementation of
critical information management system (IMS)
based on programmable logic controllers (PLC). One
of the options for using PLC is the field of industrial
automation of various technological processes in large
and small enterprises. The popularity of controllers is
clear. Their use greatly simplifies the creation and
operation of both complex automated systems and
individual devices, including household ones. The PLC
allows to reduce the development stage, simplifies the
process of installation and debugging due to the
standardization of individual hardware and software
components, and also provides increased reliability
during operation, convenient repair and upgrade if
necessary [1].

It is generally accepted that the task of creating a
prototype of a modern PLC appeared in the late 60s of
the last century. In particular, in 1968 it was formulated
by the leading specialists of General Motors. Then the
company was trying to find a replacement for a complex
relay control system. According to the received design
assignment, the new control system must meet the
following criteria:

— simple and convenient creation of technological
programs;

- the ability to change the working control program
without interfering with the system itself;

— simple and inexpensive maintenance;

— increased reliability at a reduced cost compared
to similar relay systems.

Subsequent developments at General Motors,
Allen-Bradley and other companies led to the creation
of a microcontroller-based control system that analyzed
input signals from process sensors and controlled
actuator actuators.

Subsequently, the term PLC (Programmable Logic
Controller, PLC) was defined in the EN 61131 (IEC
61131) standards. PLC is a unified digital control
electronic system specially designed for use in industrial
environments. The PLC constantly monitors the state of
the input devices and makes decisions based on the user
program to control the state of the source devices. The
composition and principle of action are shown in Fig. 1.

A simplified representation of the composition and
principle of operation of the PLC is well shown in
Fig. 1. It can be seen from it that the PLC has three
main sections:

- incoming;

- outlet;

- central.

programmable logic controller

motor
Processor P starters
switches (R
Memory — lighting
Sensors 4
. _— * valves
il ommunications .
: -
devices sma-rl
devices

Fig. 1. Composition and principle of operation of PLC

The central section contains a central processor
(CP), memory and a communications system. It
processes the data received from the incoming data
sections and transmits the processing results to the
outlet section. It should be noted right away that in large
PLC, in addition to the CP operating in the "master"
mode, there may be additional "slave” PLC with their
own CP. Standard microprocessors (MP) are used as the
CPU of a small PLC. Usually, 8- and 16-bit MP fully
cope with all standard tasks. But, as noted in IEC

61131, the choice of a specific MP still depends on the
tasks assigned to this type of PLC.

To transfer data to another PLC or to connect to
PROFIBUS, Industrial Ethernet, AS-Interface data
transmission networks in distributed control systems
today, communication processors such as DP838671R
manufactured by Texas Instruments (T1) are used.

The input section of the PLC provides input to the
central section of the status of switches, sensors and
smart devices. Through the output section, the CP
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controls external executive devices, which may include
electromagnetic motor starters, light sources, valves,
and smart devices.

Modern PLC using innovative technologies have
come a long way from the first simplified
implementations of industrial controllers, but the
universal principles embedded in the control system
have been standardized and are being successfully
developed on the basis of the latest technologies.

Today, the largest PLC manufacturers in the world
are Siemens AG, Allen-Bradley, Rockwell Automation,
Schneider Electric, and Omron. In addition to them,
PLC are also produced by many other manufacturers.

According to the design, PLC are divided into
monoblock and modular. A fixed set of inputs/outputs is
placed in the body of a monoblock PLC along with the
CP, memory and power supply. In modular PLC,
separately installed input/output modules are used.
According to the requirements of IEC 61131, their type
and quantity may change depending on the task and be
updated over time.

Monoblock functionally complete PLCs can
include a small display and control buttons. The display
is designed to display current operating parameters and
is entered using the buttons of operating program
commands and technological settings. More complex
PLC are combined from separate functional modules,
together they are fixed on a standard mounting rail.
Depending on the number of serviced inputs and
outputs, the required number of input and output
modules is set.

The power supply can be built into the main PLC
unit, but more often it is made in the form of a separate
power supply unit (PS), which is attached to a row on a
standard rail.

The initial source for the PS is most often the
industrial network 24/48/110/220/400 V, 50 Hz. Other
PSU models can be used as a primary source of constant
voltage at 24/48/125 V. PS output voltages of 12, 24,
and 48 V are standard for industrial equipment and
PLC. In systems of increased reliability, it is possible to
install two special reserved PS for duplicating the power
supply .

The basic principle of PLC operation is cyclical
work, in which the controller executes separate
commands one after the other in the sequence in which
they are written in the program. At the beginning of
each cycle, the program reads the state of the
controller's input and writes them down. After executing
all the commands and determining the count of the state
of the outputs relevant for the given situation, the
controller writes the state of the outputs into the
memory, which is a table of the state of the process
outputs, and the operating system sets the corresponding
signals to the outputs that control the actuators.
Consequently, all signal combinations are fed into the
input module of the controller, and the program
monitors their pattern and reacts to changes in the
output states based on the built-in algorithm.

Analysis of user application logic verification
processes in PLC-based information and control
systems. The reliability and security of critical

information management systems largely depend on the
quality of the software that performs critical functions.
Latent bugs (bugs not discovered during testing and
validation) in critical software are risk factors for
system failure.

An independent review of critical software that
confirms the performance of the declared functions and
provides an assessment of the likelihood of hidden
errors is a necessary condition for regulatory
requirements for various industries.

From this point of view, the main problems are:
the reliability of independent verification, the
assessment of the reliability of latent defects, the
completeness of test coverage for critical software and,
therefore, the quantitative assessment of functional
safety.

Independent review and validation is a key method
for qualifying critical software. Implementation is a
legal requirement in critical areas such as nuclear power
("Software for Computerized Systems Important to
Safety in Nuclear Power Plants" IAEA Safety
Standards Series) and the space industry (ECSS-Q-40B,
ECSS-Q-80B) ) other.

An independent review as part of the ICS software
qualification tests determines the actual ability to
guarantee the required level of security and quality of
ICS for critical programs in general.

The work of 1SO is based on procedures known as
ISO/IEC. Translation from English "Verification" gives
it a clear interpretation: Verification - Verification [2].
To help you understand this, here is an example of a
typical test: testing a program or a test device. Tests are
carried out in accordance with certain requirements for
the item being tested and it is recorded that the
requirements are met. The result of the check is the
answer to the question "Does the object meet the
requirements?".

Checking allows for timely corrections and
warnings.

Measures to eliminate inconsistencies have been
identified to avoid or minimize claims from external and
internal consumers, to improve the operating conditions
and use of the test element.

Hidden bugs in critical software are a major risk
factor for emergencies throughout the system.
Independent verification of critical software is a
mandatory requirement of the international regulatory
framework.

The purpose of verification is to ensure that an
object (request or program code) is verified and
implemented without unexpected features.

There are two main methods for validating and
analyzing systems in validation and testing processes:
validation and automated analysis are static methods
that can be performed at all stages of the system
development process, and testing is a dynamic method
that is performed when the program is already created in
place, then is at the stage of implementation of the
system and after its completion.

Testing is the process of running a program (or
part of a program) in order to find errors. Debugging is
not a type of testing. Although the words debugging and
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testing are often used interchangeably, they refer to
different activities. Testing is an activity aimed at
identifying errors.

The purpose of a correction is to determine the
exact nature of a known error and then correct the error.
These two activities are related - the test results are the
input for debugging. All proofs of system safety are
based on the following assumption: The number of
faults in the system leading to emergency situations is
much less than the total number of faults in the system.
Security should be focused on identifying potentially
dangerous bugs. If it is found that these errors do not
appear or do not appear but have no serious
consequences, the system is considered reliable. The
necessary prerequisites for a high level of reliability and
safety of critical software are the availability of
appropriate (effective) regulatory and methodological
support, as well as the widespread use of tools to
support qualification testing (expertise) processes,
which reflects the modern dynamics of standardization
in the development of information technology and
software. The main direction of improving the reliability
of ICS software quality assessment for critical use in
qualification tests is the diversification of verification
technologies.

The fulfillment of these conditions determines the
real possibilities to guarantee the necessary level of
security and quality of the entire information and
control system, as well as within the framework of risk-
based security regulation approaches.

The quality of ICS software for critical programs,
given the risks of hidden software errors, is an urgent
part of the implementation of approaches to safety
regulation and qualification of ICS for critical programs
in various fields of application (nuclear power plants,
space, transport, etc.).

The first stage of the review is to perform a static
code analysis (SCA) and code review (code review -
CR) in the SW language. This code can describe an
electronic design (ED) or its functionally complete
components intended for the configuration of integrated
circuits FPGA, CPLD, ASIC, for example, Function
Block Library (hereinafter - ED). The SCA and CR
method for a SW code (hereinafter referred to as SW-
SCAJ/CR) is used to check whether the analyzed code
complies with the encoding rules.

The SW SCA/CR process is used to verify that
there are no coding errors and to ensure the efficiency of
electronic design development.

The SCA/CR-SW procedure is applicable to an ED
for which the coding step [3] has been completed.

Composition of the independent verification team
for the SCA/CR-SW.

The SW SCA / CR process is carried out by an
independent  group  of verification  specialists
(hereinafter referred to as the group) who did not
participate in the development of IDEs, who have the
necessary knowledge, skills and experience in
developing (synthesis) and reviewing the code of
functionally complex IDEs.

The ED code is generated in the design
environment (tool) for a specific type of FPGA. The

certificate(s) must be available for such tool (IC) and, if
possible, the IC approval made when selecting an IC for
an IDE design is not part of the described SW SCA/CR
processes in this procedure. Functional safety data
package certified by an independent certification body -
TUV Rheinland Group.

After  creation  (synthesis,  development),
preliminary simulation of the functional test and
debugging of the specified ED code, the following is
submitted to the verification team leader for direct SW
SCA / CR in the specified order as decided by the IDE
development team leader:

- a complete set of valid technical design
documents that will be used as input for the
development of the IDE code (including specifications
for product development, product concept, product
architecture description);

- a list and a brief description of the functional
libraries of plug-ins by developers of the ED code in the
ED design environment and a description of the
procedure for connecting (disconnecting) these libraries
when developing code subject to SW SCA,;

- A complete electronic copy of the functional
plugin libraries used by ED code developers in the ED
design environment when developing code subject to
SW SCA.

Preliminary ED design submission
(e.g. Architecture  Description (AD) or Detailed
Description (DD) submission) is an optional step in the
SCAJ/CR-SW procedure when the developer submits the
ED design informs the SCA/verifiers. CR SW. The
verification team leader is responsible for identifying
the needs and planning for this phase.

The pre-submission of the IDE project should be
done taking into account the large size and complexity
of the IDE project and the lack of knowledge of the
reviewers.

An IDE project preview should always be
performed (including a resubmission) whenever new
documents are created or changes are made to the
original documents required by SW SCA/CR.

The initial criteria for the SW SCA/CR level is
approval by the auditors for a satisfactory meeting, with
a preliminary presentation of the draft IDE in the form
of minutes of the meeting drawn up by the audit team
leader.

Having received all accompanying and descriptive
documents for the developed IDE code (in paper and/or
electronic form) and complete, exact electronic copies
of the developed IDE code, approved by the appropriate
officials, and everything is in development with a
design environment associated with the functional
libraries environment code (in electronic form) the
verification team leader executes the detailed plan in
strict accordance with the overall verification and
validation plan and allocates roles and responsibilities
for the direct implementation of SW SCA / CR in the
member team.

Planning consists of identifying the units
underlying the SCA/CR SW and determining the time
required to complete the SCA/CR SW. The SCA/CR-
SW schedule should include the date and time of the
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SCA/CR-SW and the composition of the verification
team.

The planning phase ends when the following
criteria are met:

- SW SCA/CR plan developed,;

- If it is not possible to determine the exact dates of
some phases of the plan, SW SCAJ/CR should indicate
the limits of possible dates.

- The SCA/CR-SW plan
resources.

- compiled SW schedule;

- Responsibilities are distributed among auditors.

The primary responsibility for SW CR
implementation lies with the verifiers.

The input criteria for the SW CR verifier are:

- the pre-submission of the IDE project, if
necessary, has been successfully completed;

- descriptive documentation for the developed IDE
code;

- necessary carrier materials are available for
carrying out SW CR.

- The time required to complete the SW CR has
been agreed with the test centers.

Tasks that need to be solved when performing SW
CR:

1. Analyze the SW SCA results by examining the
violations detected by the HD Designer IC.

2. Each examiner must indicate how long it takes
to complete the SW-CR.

The start-up phase of the SW CR is completed
when the following criteria are met:

— Each examiner completed an
confirmation letter.

- Prepared questions, a list of inconsistencies
and/or deficiencies identified in this IDE Code, and
comments on the results of the SW SCA.

Analysis of SW SCA/CR results

During the meeting, which analyzes the results of
the SCA/CR-SW, discusses the problems, the auditors
identify nonconformities and/or deficiencies and decide
on the degree of importance of the identified
nonconformities and/or deficiencies. When discussing
submissions that are subject to the SCA/CR SW,
verifiers may identify new inconsistencies and/or
deficiencies not identified during the SW CR. Options
for addressing identified nonconformities and/or errors
should not be discussed when reviewing SW SCA/CR
results.

Responsibility for the formation of the results of
the SW SCA / CR implementation rests with all
verifiers.

The introduction criteria for a successful SW CR
review meeting are:

- verifiers performing SW CR are fully present;

— Descriptive documents for the developed ED
code were available for SW CR implementation.

- definition of the goals of the meeting to analyze
the results of the implementation of SW SCA / CR.

Tasks that need to be solved during the meeting to
analyze the results of code review:

1. A short introduction by the verification team
leader, in which he should:

indicates sufficient

SW CR

— ensure that all test facilities performing SW CR
are aware of their responsibilities;

- if necessary, inform the members of the audit
team about the structure of the SW SCA / CR procedure
(Fig. 1) and the place of the SW CR in it.

2. Review of the level of preparation of examiners
by the head of the examination group, consisting of:

— asking auditors about the time they spent
completing the SW CR and the number and main types
of errors and/or nonconformities identified in the
review;

- Decide that the SW CR review session builds on
all previously prepared comments and covers all aspects
of the review.

3. Read the list of materials provided by the reader
for SW CR.

4. ldentification of
shortcomings by auditors:

- identify inconsistencies and / or defects based on
the results of the SWCR;

- compare the obtained results of SW SCA with
the results of SW CR and identify inconsistencies and /
or errors for their further elimination (priority
(significance) of the consequences of the identified
inconsistencies of the specified safety requirements,
which should be determined);

- assess the degree of impact of inconsistencies and
/ or shortcomings identified during the implementation
of SW SCA / CR on other documents (organizations)
previously created within the framework of the relevant
project, and determine the need for their changes;

- If the auditors decide that the inconsistencies and
/ or shortcomings identified during the implementation
of SW SCA / CR lead to a change in previously created
documents (organizations) within the specific project
under consideration, the head of the audit team initiates
the change and processes it in accordance with the
method described in the internal instructions;

- Do not discuss the style or options for correcting
identified inconsistencies and / or shortcomings.

5. Recording of all disputes and/or deficiencies by
the registrar, who must:

- indicate any detected inconsistencies and / or
defects, indicating their place in the IDE code in
question and the number of the violated rule;

- during or after the completion of the meeting to
analyze the results of the implementation of the QA
software, check the identified inconsistencies and / or
shortcomings, in order to then submit them to the
auditors for approval;

- record the time spent in the meeting to analyze
the results of the SWCR implementation.

6. Determine the status of the ED code after
making one of two possible decisions:

- if no nonconformities and/or deficiencies are
identified, the SW CR result is approved as positive,
and the verification team leader prepares a general
report for SW SCA / CR regarding the procedure
carried out and the results achieved;

- If inconsistencies and/or deficiencies are
identified, a decision is made to further transfer the IDE
code to the IDE development team for correction, and

inconsistencies and / or
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then a re-SCA / CR SW is organized and the results of
the intermediate analysis are turned into the results of
the SW CR implementation in the form of an interim
report or draft final reports.

The SW CR implementation meeting ends when
the following criteria are met:

- if the ED code has passed the SW-CR procedure
in the intended scope;

- inconsistencies and / or shortcomings were
recorded, their location is clearly indicated in this
material and this list is approved by the reviewers.

— If nonconformities and/or deficiencies are
identified, the verification team leader presents the ED
code and a list of nonconformities and/or deficiencies
based on the results of the SCA/CR-SW to the ED code
development team for remediation.

New SW SCA/CR.

The admission criteria for the updated SW
SCAJ/CR implementation are:

- Developer has completed fixing inconsistencies
and/or bugs in ED code and provided SCA/CR-SW for
re-run.

- IDE code with corrected discrepancies and/or
bugs sent to the head of the review team or the reviewer
specified by him.

Tasks to be solved when repeating static code
analysis and code review:

1. Run SW SCA again

2. Swipe SW CR again

3. The verification team leader prepares an overall
report on the results of the SCA/CR-SW.

The SCA/CR-Re-SW phase ends when the
following criteria are met:

- The ED code provided for the second SW
SCAJ/CR has passed this procedure.

- no deviations and/or defects were found,;

- If new inconsistencies and/or deficiencies are
found, they should be sent back to the ED code
development team for remediation (with subsequent
resumption of SCA/CR SW) (including documented
explanation of the causes of individual inconsistencies
and/or deficiencies cannot be resolved). This decision
will be agreed between the verification team leaders and
the ED code development team.

- The results of the repeated SW SCA/CR are
recorded in the general report on the results of the SW
SCA/CR.

To complete SW SCA/CR you need:

- all identified inconsistencies and / or
shortcomings have been eliminated or the reasons why
individual inconsistencies and / or shortcomings cannot
be eliminated are documented (the decision on the
acceptability of such declarations is agreed between the
leaders of the verification team and the ED code
development team and is done together).

- The verification team leader completed and
approved the overall SCA/CR-SW report.

The review of the SW SCA/CR procedure is the
phase in which the causes of deficiencies identified
during the SW SCA/CR are classified. This activity is
an important step in preventing the appearance of such
defects in future work.

The Verification Team Leader schedules a meeting
following the SCA/CR-SW process. All examiners take
part in this meeting.

Tasks to be solved at the meeting, taking into
account the results of the SW SCA / CR procedure:

1. Select all errors from the SCA/CR SW report
for discussion.

2. Determine the causes of the error.

3. Write down the results of this meeting.
Recommendations may also be made to improve
existing IDE development and/or code review
procedures, which are then presented to the IDE code
development team to further prevent bugs.

Procedure for recording SW SCA/CR results.

All measures to implement SW SCA/CR should be
documented in detail and can be entered into a bug
tracking system to record and control nonconformities
and/or deficiencies and track the process of resolving
these nonconformities and/or deficiencies. Upon
completion of the SWA SC/CR, the verification team
leader should prepare a report on the documentation of
the results.

The SCA/CR SW report must contain:

- data about the object SW SCA/CR;

- IS attributes from SW SCA,;

- description of the SW SCA/CR implementation
procedure;

- Comparative analysis of versions of IDE
components that fall under the SW SCA / CR procedure
(prepared as an appendix to the main report).

- primary and intermediate results of SW
SWAVJ/CR, including: rule violations,

comments,
recommendations);

- the results of assessing the impact of
inconsistencies and / or deficiencies identified during
the implementation of the SW SCA / CR on other
documents (companies) previously developed within the
framework of the relevant project being considered
(indicate the need to make changes) in accordance with
the procedure described in the internal instructions);

- results of re-SW SCA/CR after conflict
resolution (if found during SW SCA/CR)

If identified inconsistencies and/or errors are not
corrected, the report must include an explanation of the
reasons why the ED code maintainers remained
unchanged (corrected) with respect to each such
violation or comment, supported by the developer's
signature.

The report must be presented in an accessible form
that is understandable to professionals who have not
participated in the SW SCA/CR.

Overview of the main procedures for verifying
the application logic of RadiCS special platforms. An
important part of instrumentation and control
verification (I&CS) is the verification of a specific
application logic (AL) system. This section discusses
the verification tasks specific to AL for the I&CS-based
RadICS platform. Let us briefly describe the subject of
the test.

The RadilCS platform consists of several types of
modules based on the use of FPGA chips as computing,
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processing and system internal control systems for each
of the modules. In terms of its functionality and high-
level flexibility, the RadICS platform is essentially a
safety PLC, except that the internal logic is executed by
the FPGA instead of the processors [4-6].

The functionality of each module is driven by a
common platform logic (PL) developed using an FPGA-
specific IDE and implemented with hardware
description languages. Developers of the 1&CS-based
RadICS platform cannot influence the PL, so the PL
review does not concern them. The PL of the RadilCS
platform was verified by the platform vendor, RPC
Radiy.

AL for 1&CS is developed using a specialized
IDE, the Radiy Platform Configuration Tool (RPCT).
RPCT provides the means to manage large, complex
I&CS projects. AL is implemented with a program-
specific graphical language that is very similar to the
functional block diagram language specified in IEC

61131-3 [7, 8]. Fig. 2 shows the AL fragment developed
in RPCT.

The main components of AL are multifunctional
application blocks (AFB). Each AFB allows the user to
select and use certain functions within AL-projects:
logical, mathematical, synchronization, etc. Each
"graphical" AFB in RPCT is tied to a hardware-
implemented AFB component in an FPGA-based logic
module (LM), this component performs the specified
function. When compiling, RPCT converts the graphical
representation of AL into AL code, which is loaded into
LM and executed at runtime.

Basically, the AL code consists of the following
software instructions:

1) Reading data from allocated memory cells and
transferring them to a certain AFB.

2) Executing the AFB function.

3) Record the results of the AFB function in the
selected memory cells.
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Fig. 2. Fragment of program logic, fragmentation of RPCT

In terms of data structure, AL Code is the hex code
of Radiy's own assembler for FPGA-based LM.

The AL code also includes a readable part that is
not loaded into LM and is for informational purposes
only.

Fig. 3-4 show fragments of the logic code of the
program (both parts).

The US NRC regulations, as well as the IEEE and
IEC standards, provide requirements for software-
related activities and supporting processes in the Safety
Software Life Cycle (SLC) of nuclear power plant
computerized 1&CS. These standards define the
different types of security-related software and the SLC
requirements for each type of software.
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Fig. 3. The part that is understandable for a person

Fig. 4. Hexadecimal byte code

The SLC framework for developing software using
program-oriented languages is the most suitable for
designing and testing AL from RPCT. The following

J AL Reguirements Specification

AL Reguirements Specification Review

figure is adapted from Fig. 5 in IEC 60880 and
illustrates the verification and verification activities of
AL (V&V) [9].

AL Aspects of 5ystem
Acceptance Testing

AL Design

ALAspects of System
Integration Testing

F AL Design Review

ALImplementation

AL Review

AL Testing

Fig. 5. Verification process and verification of program logic

As stated earlier, the AL design does not affect PL,
so for a specific 1&CS project, only AL needs to be
tested and validated.

The top-level activities of AL V&V, such as
requirements and design  verification, system
integration, and acceptance testing, have little to no
strong specificity defined by the RadICS platform. In
order to perform these top-level activities, the
development organization must comply with the
relevant V&V requirements for computer-based 1&CS.

The AL implementation test is closely related to
the language and design environment used. Therefore,
this activity requires the use of specific tools and
approaches.

Verification of the implementation of the QA may
combine different verification tasks, such as analysis,
inspections, tests or audits (depending on the
requirements of the regulatory body). Viewing AL can
be considered the least amount of verification effort,
and can generally be sufficient for non-security
applications. The combination of AL review and AL

testing can be considered as a sufficient area for the
most applicable security programs.

The AL Review provides an objective assessment
of the AL Code. The AL review determines whether the
AL code correctly implements the AL design as
specified in the design documentation. The AL review
should be done as a systematic check of the software.

In order to facilitate AL review, the RadICS
Verification Department uses a special tool, the RPCT
Outputs Verification Tool (ROVT).

The AL code consists of 2 parts: a binary part that
is loaded into the FSC LM and a text part that is easy to
read; both are in JSON format (see Figure 2). The
binary part of the AL Code is not human readable, so
does not rely on direct examination of that part of AL.
ROVT was independently developed by the RadilCS
Verification Department to convert the binary part of
the AL code into a readable visualization representing
the design intent and compare both parts to confirm
their equivalence.

ROVT provides the following key features:
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- ROVT can be used as a mitigation to allow the
AL constructor (or verifier) to verify that the compiler is
correct (ie that the binaries correctly implement the
graphical logic design).

- ROVT allows you to compare AL designs and
highlight differences in input/output signals and AFB
usage, this feature can be used to evaluate changes when
planning an AL test.

- ROVT is able to generate a data path tree back
from the selected output to all inputs, this function can
be used for impact analysis when planning an AL test.

— ROVT performs AL static analysis. Static
analysis checks are performed automatically according
to user-configurable security rules.

The purpose of AL testing is to provide
verification of AL requirements by performing
functional software tests. AL testing is performed using
instrumental behavior modeling.

Conclusions from this study and prospects
for further research in this direction

The RadilCS verification department currently
uses the UAL Controller Test Framework (UCTF) for
AL testing purposes. UCTF contains templates for

creating test inputs for AL tests, a testbed for running
AL in a simulated environment, and templates for
defining expected results and evaluating expected and
actual results. UCTF is implemented in VHDL for
ModelSim simulation. Therefore, the personnel of the
verification team must have the skills and knowledge of
designing and modeling VHDL.

For future use, Radiy is developing a dedicated
tool in the RPCT — Simulator toolbox. The simulator
executes (i.e. simulates) AL according to user-specified
scenarios. The simulator can simulate user-defined parts
of ALs or all ALs.

The simulator will allow the verifier to define test
cases directly within the RPCT, a graphical
representation of AL.

The Simulator will also support test automation in
scripting languages and provide interfaces for
integration with external systems (such as customer
plant simulation systems). The prospect of further
research in this direction is the development of software
tools to improve the efficiency of using software tools
for automated verification of the results of compiling
software projects for critical information management
systems.
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KonnenryansHi nigxoau opranizauii mpoueciB Bepu¢ikauii nporpaMHuX NpoeKTiB
KPUTHYHHUX iHpopMaNiiiHO-yIPaBIsAIOYNX CHCTEM HAa OCHOBi BUMOT /10 iX KHTTEBOTO HUKJIY

B. B. Baciora, A. C. Jlanuneiiko, B. b. Baciora

AHoTanis. Peamizamis ehekTHBHOT TEXHOJOTIT 3a0e3MeUeHHS] HEOOXITHOTO PiBHS SKOCTI MPOIPAMHUX CHCTEM Hapasi €
OJTHI€I0 3 aKTyaJbHHUX Ta BOXJIMBHX 337a4 IPOrpaMHoi imkeHepii. OcoOIMBO BaXKJIMBUM € BUPIIICHHS L€l 3a1a4i JU1sl KpUTHYHNX
iH(pOpMaLiitHO-yIPaBISIOYNX YKPAiHCHKUX aTOMHHUX €JEeKTPOCTaHILiH. 3abe3nedeHHs HEeoOXiJHOI SIKOCTI MPOTPaMHUX CHUCTEM
BAMAara€ poO3yMiHHS TIpollecy OpraHizamii Bepudikaiii HMpOrpaMHHX MPOEKTiB. MeTor OCHIIKEHHS € OIJISA OCHOBHHUX
KOHIIENTYaJIbHAX ITiIXO/IIB OpTaHi3amii mpoIeciB Bepudikaiii MporpaMHUX MPOEKTIB KPUTHYHUX 1HGOPMAIIHHO-YIPABISIOUNX
CHCTEM Ha OCHOBI BHMOI [0 iX JKHUTTEBOTO UMKIY. [l IOCSATHEHHS IOCTaBJICHOI METH aBTOpaMu OyJIO pO3IJISHYTO
aBTOMATH3AIIl0 aTOMHHUX EJEKTPOCTAHIIH y BUTJAII MPOTPAMHO-TEXHIYHHMX KOMIUIEKCIB Ta 3arajibHi NPUHIWANHN peani3amii
KPUTHYHUX iHGOpMAaMiifHO-yIPaBIsSIOYMX CHCTEM Ha OCHOBI NPOrPaMOBAHMX JIOTIYHHX KOHTPOJIEPIB, MPOAHATI30BaHO MPOLIECH
Bepu(ikaiii NMPUKIAAHOI JIOTIKM KOPUCTyBaua B JaHHX CHCTEMax, 3MiMICHEHO OINIsA OCHOBHHMX TpOLEAyp Bepudikaril
npuKiIagHoi Joriku cremmiatgopmu RadiCS.

Kaw4uoBi caoBa: mporpaMHO-TEXHIYHIH KOMIUIEKC, KPUTHYHA iH(OpMaNiHO-yIIpaBIsIIoya CHCTEMa, POrpaMOBaHMit
JIOTIYHUH KOHTpOJIEp, BepUdiKarlis.
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HNEPETBOPEHHS B P3E- I JIITIM-BMICHUX CUCTEMAX HITPATHHUX
INPEKYPCOPIB Y HIIT'OTOBYUX ITPOLHECAX ®OPMYBAHHAA
OKCHUJHUX TOJI®YHKIIOHAJIBHUX MATEPIAJIIB

AHoTanisi. Y3aralpHeHO BaXKJIMBI U1 IPAKTUYHOTO BUKOPHUCTAHHS BIJOMOCTI MPO JiTi€BI KOOpAMHALIMHI HITpAaTH Pif-
KiCHO3EMeNIbHIX eJIeMEeHTIB IepieBoi miarpymnu isoctpykryproro psixy Lis[Ln2(NOs)e]-3H20 (Ln — La—Nd) — npexypcopu
MEPCIEeKTUBHUX CyyacHUX OaraTo(yHKLIOHAIBHHX MaTepialiiB — MI0J0 YMOB iX YTBOPEHHS il iCHyBaHHS, IPUPOAU XiMid-
HOT'O 3B’s3Ky, CKJIay, OymoBH, (hOpMH KOOpAWHANIWHUX MOJieApiB Ln, THITYy KOOpIUHAIT JTiraH |, BUSABISIEMUX XapaKTep-
HUX BractuBocteld. OneprkaHi gaHi (K MepBHHHA iHGOpPMais) € OCHOBOIO IJISI BUSABJICHHS, ieHTHDiKamii, KOHTpoo (a-
30BOTO CTaHy 00’€KTIiB IepepoOICHHs Y MiATOTOBYMX CTaJisX, BHOOPY KPHUTEPIiB CyMICHOCTI CKIIaJOBHUX IPpH (GopMyBaHHI
OJTHOIIAPOBHX 1 MIapyBaTHX HAHOCTPYKTYPOBAaHMX OKCHUAHHX CHCTEM JAHTAHOINIB i IEPEeXiJHUX eJEMEHTIB Pi3HOrO MpuU3-
HAuYCHHS 31 CTPYKTYPOIO Ae(EKTHOTO MEPOBCKiTa, paHaTa y BUTIISAAL MOPOLIKIB, TOBCTUX ILTIBOK, 00’ €MHOI KepaMiKu; po3-
poOJieHHST Pi3HUX KOMOIHOBAaHHUX CIIOCO0IB iX aKTHBAlii Ta BCTAHOBJIECHHS TEXHOJIOTiIYHO-(YHKI[IOHABHAX 3aJIeKHOCTEH;
KEepOBaHOTO MOIM(]IKyBaHHS BIACTHBOCTEH OJEPKYBAaHHX LITHOBHX MPOIYKTIiB; ONTHMI3allii periaMeHTIB CHHTE3Y JTil-
MPOBIIHUX CHCTEM SIK EJIEKTPOJIB Mepe3apsKaeMHUX aKyMYJIATOPIB, €IEKTPOJITHHX MEMOpaH 1 CeHCOpiB, €IEMEHTIB i
NPUIAJOBUX CTPYKTYpP CY4aCHUX CHCTEM TEJICKOMYHiKaIlii.

Kaw4oBi ciaoBa: miTieBi KOOpAWHALIHI HITPATH JTaHTAHOIAIB, YMOBH yTBOPEHHS, KpUCTaIiyHa OyI0Ba CHONYK, Xapa-
KTEpHi BIACTUBOCTI, MO (IKyBaHHS XapaKTEPUCTUK CHCTEM THTAHATIB, ITIBKOBI JITi-IPOBIIHI TBEPi €ICKTPOIITH.

Beryn

[TigBuieHa yBara J0 CKJIaIHHX OKCHIIIB 31 CTPYK-
Typoro medektHoro meposckita (ABOs) (Li,La)TiOs,
LizxLassxY13 —2xTiO3 [L—6] i Ha ocHOBI rpaHara
LisLasM2012 (M — Nb, Ta) [7 — 9] 3ymoBnena ocobmu-
BiCTIO A-IeIIUTHOI KPUCTANIYHOI PEIIITKH: HAsSBHICTIO
y 0a30BUX CTPYKTYypax IOCTAaTHBOI KUTBKOCTI BaKaHCIH,
oo 3a0e3MedyloTh BUIBHY MIrpaliifo HOCIIB 3apsiamy —
10HIB JITifO, 1 KaHAJIB MPOBITHOCTI, MO SKUX 3IiHCHIO-
€TbCsl 10HHE TpaHcnopTyBaHHs. Lli ocoOnuBOCTI CTPyK-
TYp BiZIKpUBAIOTh LIMPOKI MOMKIIMBOCTI MOAN(IKYBaHHS
BIIACTHUBOCTEH CKJIAJAHUX OKCHIIB, OCHOBAHHWX Ha KarTi-
OHHUX 3aMillleHHsX 1 popMyBaHHI BakaHCiil y KaTiOHHIH
YM aHIOHHIN MiApeIliTKaX, 3 METO JIOCATHEHHS BUCO-
KO1 10HHOT MPOBIAHOCTI 1 HIBHIKOTO iIOHHOTO TPAHCIIOP-
TyBaHHS.

JocipkeHHsIMI TaKOX BCTAHOBJICHO, IO YaCTKO-
BAMH TE€TEPOBAICHTHUMHU 3aMIMICHHSIMHU Yy IiJIPEIIiTIi
PiAKICHO3EMENbHNX €JIEMEHTIB MOXKHAa BIUIMBATH Ha
¢ononHbI criektp [6]. Lle mo3Bossie B Mexax oJHiel
CTPYKTYpH 1 OJIM3bKOTO XIMIYHOTO CKIIQJy 3MIHIOBaTH
BJIACTHUBOCTI MAaTepialliB BiJ iOHHUX TPOBIAHUKIB 10
ynbrpaBucokogactotHux (HBY) nmiemextpukiB i cerne-
ToeNeKTpUKiB-HamiBrpoBinaukis [10]. Peamizamis Bka-
3a”Horo miaxomy [11] mo3Boyisie CTBOpPEHHS JIITiM-
MIPOBIAHUX MaTepiajiB 3 BHCOKOIO TPOBITHICTIO IpH
kimMHaTHi# Temneparypi (o ~ 10 Cm/cm), BukopucTan-
HS MOJIOHUX CHCTEM SIK TBEPIHX EJIEKTPOJITHUX MEM-
OpaH, €JICKTPOJIB Yy IIepe3aps/PKalouuX JITIEBHX aKy-
MYJSITOpax ¥ eJIeKTPOXPOMHHUX HPHUCTPOSIX, B €IEKTPO-
XIMIYHHX CEHCOpax, a TaKOX pO3pOOJICHHS Ha IX OCHOBI
MmarepianiB [10], mo xapakTepu3yroThCsl BiJHOCHO BH-
COKMMU 3HAYCHHSMH JieJIEKTPUIHOT POHUKHOCTI, eJie-
KTPUYHOI TOOPOTHOCTI, TEPMOCTAOIIBHOCTI eneKTpodi-
3nyHuX BnactuBocTer y HBY miama3oHi, 171 eIeMeHTIB
1 IPUITaIOBUX CTPYKTYP CYIaCHHX CHCTEM TEIEKOMYHi-

Kamii. JIiTif-ipoBigHI 6araTOKOMITOHEHTHI OKCHIIU Ma-

IOTh CKJIaHY CTPYKTYpPY, @ CHHTE3 TaKHUX HAaHOKPHCTA-

JIYHUX MarepialiB € HeNPOCTOI HAayKOBO-TEXHOJIOTIY-
HOIO TIPOOIIEMOTO.

VsaBneHHs Tpo OyJIOBY Takux 0araTOKOMITOHEHT-

HHUX OKCHIHHX MaTepianiB gae puc. 1, [1].

o O O D 9

I La-rich layer
r La-poor layer

[ La-rich layer

Puc. 1. Cxemarnyne 300pakeHHsI KPHUCTATIYHOT CTPYKTYpH
LiosLaosTiOz (LLTO ) 3a nanumu [1]

Ix kpucranizauis BinGyBaeTbcs B MilHiil CTPYKTY-
pl THILy NEPOBCKITY, L0 CKIAJAEThCS 3 OKTACAPHUIHOTO
kapkacy TiOs, ctabinizoBaHoro atomamu La, i mae Be-
JIMKY KUTbKICTh BAKAHTHUX MiCIIb Y HE3aWHATUX TIO3HIIi-
AX, SIKi MOKYTh OpaTH y4acTh y 30epiranHi Ta TPaHCIIO-
pti Li [5]; B yTouHeHil cTpyKTypi € 1Bi HEpiBHO3HAUHI
Garari Ta OimHi mo3uuii La, momepemMiHHO po3TarioBaHi
B3JI0BX OCi c. BcraHoBieHo, 1mo ioHHa HPOBIJHICTBH
LLTO B OCHOBHOMY 3aJIeXHTh BiJl PO3MIpy KaTiOHY
iona A no3unii (La abo pigKiCHO3eMEIbHOTO, JIyKHOTO
a0 JTy’)KHO3EMEeNbHOT0), KOHLIEHTPALI] JITiI0 Ta BaKaH-
Ciif, a TakoX Bij pupom 38's13ky B — O.

3a pesynpraTamMu gochimkens [11] Taxwuid miTiii-
JMAHTAaHOBMH THTAHAT 31 CTPYKTypOIO MEPOBCKITY
LiosLaosTiOs, cHHTE30BaHMI 33 JOIIOMOTOI0 TBEpIO(da-
3HHUX peakiliid, Moxe OyTH BiJHECEHUH O TepPCIEKTHUB-
HOTO BHCOKOC(EKTUBHOTO CIMEHCTBA aHOAHHUX MaTepia-
JIB JUIsl BUCOKOIIBU/IKICHUX JITIH-I0HHUX aKyMYJIATODIB
(JTIIA) [12]. Ilpu cepennpomy nortenuiani osusbko 1,0
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B, mopiBusito 3 Li+ / Li, 1ieii aHO AEMOHCTPYE BUCOKY
mUTOMY €MHICTh 225 MA-ron. / T i Butpumye 3000 ruk-
7B 13 000poTHHM (a3oBUM mHepexonoM. bes3 3meHmeH-
HS pO3MIpy YaCTHHOK 3 MIKpo- 10 HaHOMaciTaly ioro
LIBHUJKICHI XapaKTEPUCTUKH TIEPEBEPIIYIOTH KOMEpLiii-
HU HaHOCTPYKTypoBaHuit LisTisO12.

Ili wmarepiamy MMPOKO JOCHIKECHI Yy BUINIAIL
00’eMHHX 3pa3KiB, aje MPaKTHYHO BiJCYTHI OaHi PO
CHHTE3 Ta NOCITIDKEHHS X eJeKTPOo(i3MIHIX BIACTHBOC-
Teil y Burmaai miiBok. Came ToMy po3poOKka aKyMyJIsITo-
piB AT JKUBICHHS aBTOHOMHHX IPHCTPOIB y CHCTEMAax
TEJIEKOMYHIKaIliif, MeAWINHI, aBTOMOOiIeOyayBaHHI 1
CHHTE3 JITIHIPOBIAHUX MaTepialliB y BUTIIA/ IUTIBOK, SIKi
MOXHa OyJle BUKOPUCTOBYBATH SIK TBEPIMH EIEKTPOJIT
JULSL TBEPJOTIIBHUX aKyMYJISITOPIB, € aKTyaJbHHM.

ToHKI MJIIBKH OTPUMYIOTH B OCHOBHOMY 3 JIOTIOMO-
roro (i3MYHUX METOJMIB CUHTE3Y, TAKUX SK Pajio4acToT-
He (RFS) ta marnerponne Hammnenns (RFMS), toscti
IUTIBKH — METOJIaM U “‘SCreen prin-ting”, nasepHoro cTpyk-
TypyBaHHS, HaHECEHHS 3 JOMNOMOTIOI0 CBITJIOYYTJIHNBOI
mactd 1 “tape casting”. KoxxHa TeXHOJIOTIS Ma€e CBOi 0CO-
6mmBOCTI 1 cepr HAWOUTBII e(PeKTUBHOTO BUKOPHCTAH-
Hi. 3a gaHumu [13] ot oTpUMaHHS TOBCTHX IUTIBOK 3
TOBIIUHOIO OiTbIre 10 MKM ONTHMAJILHUM € MeTOx “tape
casting” (uTTsI, pi3HOBHA pillieHb «M'sIKOi XiMil»). Humi
JUTS 3ar00iraHHs JITIEBUX BTPAT 1 BIATBOPEHHS MOHO(Da-
3HUX 3pa3KiB 3 PEryJbOBaHOIO YINOPSAKOBAHICTIO KaTio-
HIB 1 BakaHCI# y KpucTanorpadiqyHux MO3MLISAX CTPYKTYp
MIEPOBCKITIB pO3pOOJISIOTE HU3BKOTEMIIEPATYPHI METOIH
«M’KO0i XIMiD» 3 BUKOPHCTaHHSAM DIIKHX 0araToKOMIIO-
HEHTHHX HIiTpaTHUX cucteM [14, 15]. Mexanizm ¢opmy-
BaHHS HAHOYACTHHOK Y TAKUX YMOBaX i3 (hi3MKO-XiMIgHOT
TOYKH 30pYy JIOCTATHBO CKJIAJHHUH 1 MOX€ BKIIIOYATH MPO-
LlecH, 0 MPOTIKAIOTh Mapaje’abHO — rifpararii (coibpBa-
Talii), acoriamnii, KOMIUICKCOYTBOPEHHS, YTBOPEHHS U
TpaHchopMyBaHHs retepodas, 3aKOHOMIPHOCTI mepediry
SIKHX MaJIo BUBYEHI.

HasiBHi BiJOMOCTI MO0 CTaHy i MOXJIMBHUX Ha-
NPSIMIB yJIOCKOHAJICHHSI TEXHOJIOTIH CTBOPEHHS OKCH[-
Hux P3E-BMicHUX (yHKIIOHAIBHUX MarepialliB, COCO-
0iB aKkTHBaLil MPOLECIB; iICHYIOYi BUMOTH JI0 1X CTa0ijIb-
HOCTI W BiOTBOPIOBAHOCTI BJIACTHBOCTEH 1HIIIFOBATIH
MIPOBEJICHHSI HAILIOTO JIOCHIPKSHHSI.

Mertoro 1iei pobotu € (QyHTAMEHTaIBHI JOCIi-
JDKEHHSI KOOIIEPATUBHUX TIPOIIECIB, SIKi MPOTIKAIOTH MPH
onepkaHHi okcHIHHX P3E-BMicHUX (YHKIIOHATBHUX
MarepiaiiB Ha MiJrOTOBYMX CTaJisIX 3 BUKOPHCTaHHIM
HITpATiB €JIEeMEHTIB Pi3HOI €IeKTPOHHOI CTPYKTYpH, Ta
3HAXOJ/DKEHHST MOXJIMBUX IPUHOMIB BIUTUBY Ha PiJIKO-
(azHi 1 TBepa0(da3HI CUCTEMH, OCHOBAHUX Ha TEPMidHii
aKTHUBaIii peareHTiB, 3 METOIO BIATBOPEHHS iX CTPYKTY-
PHO-YYTIIUBHX XapaKTEPUCTUK.

IlocTanoBKa 3aBIaHHSA

Jlis OWIHKM MOKJIMBOCTI KEepyBaHHS BKa3aHUMU
IIpoIiecaMu i ofep)kaHHs MaTepiajiB i3 3aJaHUMH Bac-
THBOCTSIMH 13 3aCTOCYBaHHSAM KOMIUIEKCY (Di3HKoO-
XIMIYHHX METOIiB IOTPiOHO:

a) BUBYMTH XIMIYHY B3a€MO/IiI0, (ha30Bi piBHOBaru
y MOJENBHUX BOAHO-CONMbOBUX cucremax LINOs —
Ln(NO3); — H20 (Ln — Y, La — Lu) B inTepBani 25 —
100°C;

0) moOyayBaTH MOJITEPMIYHI JiarpaMyu pO3YMHHO-
cTi cucteM. BU3HauuTH KOHLEHTpaLiiHI i Temnepary-
PHI MeXi KpHCTaji3amii BUXiIHUX PEYOBHUH 1 BUSBICHHX
KOMIUIEKCHHX CIOJIYK;

B) 3’siCyBaTH ONTUMAaJbHI YMOBH POCTY 1 IPOBECTH
CHHTE3 KOOPAWHAIIMHUX HITPaTiB PigKiCHO3EMEIbHUX
€JIEMEHTIB 1 JiTit0, BUBYMTH X BIACTHUBOCTI Ta IiATBEP-
IUTH {HAWBITyaNbHICTb;

T') YCTAaHOBHUTH 3aKOHOMIPHOCTI 3aJIe)KHOCTI YHCTIa,
CKJIagy, BJIIACTHBOCTEH KOOPOMHALIWHUX HITPATIiB, IO
YTBOPIOIOTBCS y TOCTIDKYBAaHUX CHCTEMax, BiI IpUpO-
1u iony Ln% -xoMIiekcoyTBOpIOBa4a, yMOB YTBOPEHHS.

EKC]’[epI/IMeHTaJIbHa JacTuHa

Jna 3’scyBaHHS XapakTepy XIMIYHOI TOBEIIHKA
CTPYKTypHHUX KOMITOHEHTIB 1 (pa30BHX piBHOBAr y JOCIHi-
IDKyBaHUX BOJHO-COJIGOBHX CHCTEMax — HPeKypcopax
OaratokomrioHeHTHUX ~P3E-BMicHEX  (yHKIIOHATEHIX
MartepiaiB i30TepMIYHO, B TEMIIEpPATypHOMY Iiama3oHi
ICHYBaHHSI PO3YMHIB Y MOBHUX KOHLEHTPALIHHUX CITiBBiJI-
HOIIICHHSX BUKOPUCTAHO METOJ PO3UMHHOCTI 1 METOMHKA,
OITMCaHa B TIOTIEPEIHIX HANIKX IyOmikamisax [16, 17].

XiMiuHM{ aHaNi3 PiIKUX 1 TBepAuX (a3 MpoBOAHU-
nv Ha BMIcCT ioHiB LN% i azory. KinbkicTh NaHTaHOIMY
BU3HAYAJIM TPHJIOHOMETPUYHO 32 HAasBHOCTI KCHJIEHO-
JIOBOTO OPAaH)XEBOT'O B alleTaTHOMY OydepHOMY po3du-
Hi, @30T — METOJOM BIATOHKH 1 MO CyXOMY 3aJIUIIKY.
YMicT comi JiTiF0 pO3paxoBYBaIH 3a PI3HHUIICIO, BUXO-
JIST9U 13 3aTajJbHOTO BMICTY HiTpaTiB. OTpuMaHi pe3yib-
TaTH U OKPEMHX CKJIaJOBHX aHAJTi3y IepepaxoByBAIH
Ha CKJAJ COJeW i MOTiM HAaHOCWJIM Ha JiarpaMu po3-
YUHHOCTI.

Inentndikanito NMOABIMHUX CcoJeH, BUSBICHUX Yy
cucTeMax, npoBoauian 3a MmeronoM CkpeliHemakepca,
XIMIYHAM Ta KpPUCTAJIOONTHUYHMM METOJaMH aHali3y.
CuHTEe30BaHI CHONYKH JOCIIKYBaIM TaKOXK IMIKHOMET-
puaHUM,  MikpodoTorpadiuHuM,  TepMorpadidHUM,
IY criektpockomiyHIM, peHTreHo(]a30BUM i peHTTeHOC-
TPYKTYPHHM METOJAaMH.

Pe3yabTaTu Ta ix 00ropopeHHs

OpepkaHi eKCIICPUMEHTAIbHI JaHi 3 BHBUYCHHS
CHCTEM y3araibHeHi, 3BelleHi B Tabm. 1, 2 Ta BHKOpHC-
TOBYIOTBCSI JUIA TpadiqHOI iHTEpIIpeTallii pe3yibTaTiB
JocIimpKeHHs (puc. 2).

B inrepBami 25— 100°C MiX CTPYKTYpHHMH KOM-
TIOHEHTaMH BUSBJIEHI OOMiHHI B3a€MOJIl 3 YTBOPEHHSIM
HOBHX aHIOHHUX KOOPIMHAIIIHUX CIIONYK JIAHTAHOIIB.
BuBdeHO iX KiNBKiCTh (JOTHPH), CKJIAJA, MOXKJIMBI BHIU
CTIOJTyK, KOHIICHTpAIliifHI Mexi Kpucramizamii ¢as3, mo
CHiBICHYIOTh Y KOHKPETHHX CHCTEMax, XapakTep iX po3-
YHHHOCTI, MOOyaoBaHi (ha3oBi AiarpaMd PO3YMHHOCTI.
Konnenrpariitanm MexaM HACHYSHHUX PO3UHUHIB, 13 SIKHX
BUIUAIOTHECS KOOPAWHAIIMHI HITpaTH LN, BiAMOBIAAIOTH
CKJIaJIM HOHBapIaHTHUX TOYOK BIATIOBITHHUX 130TEpM PO3-
YHHHOCTI. Y Ci BOHH CHHTE30BaHI Y MOHOKPHUCTAIIYHOMY
urisini. [linTBepmkeHo iX iHIHMBIAyalbHICTH Ta MPOBE-
JICHO CHCTCMHE BUBYCHHSI HU3KH iX BIIACTHBOCTEH.

VY nociiKeHnX BOJHO-CONBOBUX CHCTEMax HiTpa-
TIiB JITIO 1 PiIKICHO3EMEIBHUX €JICMEHTIB Lepie€BOT M-
TPYIU BUSBJICHI ITOJISI KPUCTATI3AIlil:

— BUXIIHUX HITpaTiB:
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1) mnirito (xpuctanorigpatry LiNO3-3H,O no
t ~ 30°C, 6e3soauoro LiNO; mpu t > 30°C) i
2)  nanraHoimiB  La—Sm  (rekcarimpary
Ln(NO3)3-6H20 mpu t < 68°C, npu BUIIKX TeMIepary-
pax — KpucranorigpaTHi GopMu BKa3aHUX JIaHTAHOI/IB
He CTiliki 1 mepeOyBaroTh y piIKOMy CTaHi);
— BUSBJICHHX BIEpIIe KOOPIWHALIMHUX HITpaTiB
Lis[LNn2(NO3)s]-3H20 (Ln — La— Nd, xourypenTHO po-

3YMHHHUX Y BOAI), L0 BHAUISIOTHCS 13 PO3YMHIB IPH
t> 65°C (BiporimHo, 10 oOnacTh iCHYBaHHS Takol XK
CIIOJIyKH y camapieBiii cucteMi B i30TepMIYHOMY Iiepe-
pizi 100°C nysxe By3bKa).

Just P3E iTpieBoi migrpynu XxapakTepHe iCHyBaHHS
MOJIB KpHUCTaNi3allii TUIBKM BHUXITHUX PEYOBHH 3 pi3-
HOIO TiZpaTHOO cTilikicTio; cuctemu Y, Gd — Lu  siBs-
I0THCS] €BTOHIYHOT'O THITY.

Tabnuya 1 — YMoBH yTBOpPEHHsI JiTi€BUX MOABiIifHUX HITPATIB JIaHTaHOIAIB HepieBoi minrpynu
y cuctemax LiNO3 — Ln(NOs)s — H20 (Ln — La — Sm) mpu 25 — 100 °C

. Cki1ax TO9OK Ha (a3oBiif giarpami, Mac. %
t,°C Cucremu / Touku i30Tepm
la | ce | pr | Nd ]| Sm
A1 | Posunnnicts LINO3, mac. % 47,66
B:' |®iryparupHa (eBTOHiIuHA) LiNO3 31,92 31,09 35,84 35,45 31,94
TOYKA Ln(NO3)3 31,86 32,03 26,65 28,07 30,07
25 B:" | ®iryparusna LiNOs 19,54 20,49 24,13 28,28
TOYKA Ln(NO3)3 47,96 47,08 41,69 37,63
C1 | Po3unnHiCcTH
Ln(NO3)s -6H20, mac. % 58,92 59,05 59,01 58,89 59,22
A2 |Posumnnicts LiNO3, mac. %
63,80
50 B2 |EBroniuna LiNOs 23,29 22,87 21,93 21,48 24.90
TOYKA Ln(NO3)3 53,61 53,89 54,28 54,35 46,96
C2 |Po3unnHICTH
Ln(NO3)3 -6H20 , mac. % 65,79 66,62 66,64 66,16 65,59
Az | Posunnnicts LiINO3, mac. %
67,28
D: |IlepexinHa (eBTOHI4YHA) LiNOs 27,11 26,84 24,09 24,03 17,56
TOUKa Ln(NO3)3 53,35 54,35 54,66 54,68 67,31
100 | Cmo- CuiBBiHOIIEHHS 3:2:3 3:2:3 3:2:3 3:2:3
JIyKa | KOMIIOHEHTIB
F1 Xapakrep po34MHHOCTI KOHIP. KOHT. KOHT. KOHIP.
G | EBroHiuHa LiNO3 9,92 9,76 8,73 9,68
TOUKa Ln(NOs)s 71,03 71,45 72,20 72,51

Tabauys 2 — Naui 3 BuBuenHus (pasosux piBHosar y cucremax LiNO3 — Ln(NO3)s — H20 (Ln-Y, Gd - Lu)

npu 25, 50, 100 °C

Cucremu / Touku i30Tepm Ckiag Touok Ha (a3oBiii miarpami, mac. %
t, °C Y [ Gd [ 7o [ Dy [ Ho [ Er [ ™Tm [ Yb [ Lu
A1 PozuraHICTR
LiNOsg, 47,7
Mmac. %
25 B1 Eproniuna | LINO3 31,4 32,7 31,8 31,9 31,3 31,4 259 19,2 18,8
TOYKA Ln(NOs3)3 30,6 305 [325 335 34,4 345 414 51,6 53,2
Ci Po3unnnicts LN(NO3)3i 59,2 59,5 60,2 62,4 65,2 66,1 68,2 70,1 71,7
HOTO TiPaTHICTH y TBEP-
miit dasi, mac. % 6 5 5 5 5 5 5 4 4
Az PozunHHICTR
LiNQsg, 63,8
mac. %
50 B2 Eproniuna |LiNOs 31,2 38,1 |33,6 34,5 33,8 32,3 21,6 22,4 22,6
TOYKA Ln(NOs3)3 40,7 37,3 384 39,5 43,3 45,2 53,7 56,5 56,9
Cz Posuunnicts LN(NO3)3 i 63,9 65,7 66,4 67,7 69,0 70,4 73,0 75,2 76,3
HOTO TiPaTHICTH y TBEP-
Oii dasi, mac. % 6 5 5 5 5 5 5 4 4
As Po3uuHHICTD
LiNQsg, 67,3
Mmac. %
100 Bs Esroniuna | LiNO3 16,8 [15,9 16,2 16,3 16,2 16,5 [16,2 15,3 15,0
TOYKA Ln(NOs3)3 645 |67,9 68,3 68,9 68,5 67,0 |675 68,9 69,0
Cs Poszuunnicts LN(NO3)3 i 74,8 75,9 75,3 76,1 81,3 81,6
Horo rigpatHicTh y TBEp-
aiit dasi, mac. % 4 4 4 4 4 3
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Puc. 2. [Tomirepma posunrnocTi cucremu LINOs — Ln(NOs)s — H20 (Ln — La — Nd)

Pospus B:' - B:' y cepenniii wacTuni i30TepMm pos-
grHHOCTI (25 °C) moTpiliHux cucteM La — Sm gemoncT-
PY€ 3HaXOIKEHHS 00’ €KTIB JOCHTIHKEHHS y NaHii o0na-
CTi KOHICHTPALiWHUX CITiBBiHOIICHh KOMIIOHECHTIB Yy
PIAKOMY CTaHi 3a paxXyHOK BHIUICHHS CYMIIIIIIO Tigpa-
TOBaHMX HITPATIB JITIIO i JaHTaHOINYy KpUCTamizaiitHol
BOJIY Y KUIBKOCTI, JOCTATHIN [UIsi PO3YMHEHHS «TBEPO-
ro 3anumky». KomruiekcHe (i3vko-xiMiuHe oxapakre-
pHU3YBaHHS BUSIBICHUX 130CTPYKTYPHHUX JIITIEBHX KOOp-
nuHaliianx Hitparie P3E mepieBoi miarpymu 1mojo
YMOB iX YTBOpEHHS ¥ iCHYBaHHS, MPUPOIU XIMIYHOTO
3B’S3KY, cKianmy, Oymosu [18], hopMu kKoopanHamiHHUX
morienpiBe Ln, Tumy koopaWHAMii JraHA, BUSBISIEMUX
XapaKTepHUX BJIACTUBOCTEN mpuBeneHo B [17]. ABro-
pamu poOOTH 3’ICOBAaHO PEHTTCHO-AU(MPAKIiiHI Xapak-
TEpHi MapamMeTpy HOBOYTBOPIOBaHUX (ha3 ISl MOXKIIMBO-
cTi iX ineHTHdiKalil Ta BUSBICHHS B X0/ IIepepoOICHHS
(sax mpuknan, Tabdi. 3); xapakTep i 3aKOHOMIPHOCTI Ter-
JIOBHX TIEPETBOPEHb CIOJIYK B TEMIIEPATYPHOMY Jiarna3o-
Hi 25 — 1000 °C ast MOKIMBOCTI 3’SICYBaHHS IXHBOI Tep-
MOCTIMKOCTI ¥ MOJIETIFOBaHHS MTOBEIHKHA TEXHOJIOTTYHHX
00’€KTiB B aHAJIOTTYHUX YMOBaX.

B aTomHO-KpHcTaNivHiil OymOBi JITIEBUX KOOPIH-
HaniiiHux cronyk (puc. 3) aromu Ln posmonineni 3a
JIBOMa 1HIMBIAyaIbHUMH TO3UIISIMH Ha OCSIX TPETHOTO
nopsiaky. Ikocaenpu HaBkomo Lnl i Ln2 moGymoawni
HEOJ(HaKOBO. PI3HMII mojsrae B po3noailti yKOpOYEeHHX
pedep; HAsBHICTIO y CTPYKTYpi TPhOX HEEKBIBAJEHTHHX
HaOOpiB HITPATOTPYI, IO XapaKTEPU3YIOTHCS MEBHUMH
ocobnMBOCTSIME 3B'S13KiB 3 aromamu Ln Ta Li. Tak witpa-
Torpymna oaHoro 3 atoMiB azoty (N1) «obciyroBye» aBa
HE3aJIe)KHUX KOMITJICKCOYTBOPIOBaya, a il MiCTKOBI aTOMH
KHcHIO TI0B'a3y10Th kommuiexc [LN(NO3)s]* B TpuBuMi-
puuii kapkac 3 popmysoro [LNa(NO3)g]®« 0. ATomu Li

TTOMIIIIeH] B OUTBII KaHAIN Ta BKIIIOYAIOTh B CBOIO KOOP-
JMHALiHY cdepy YOTUPHM aToMa KHCHIO. IX KOOpIHMHA-
miitHi 0araTOrpaHHUKH — XapaKTEePHi CIDIOMICHI TeTpae-
PH, KOXKEH i3 SIKHX YTBOPEHHMIl aTOMaM¥ KHUCHIO BOIM
HiTparorpym N2 i N3. Takum 9rHOM, B JTi€BUX KOOPAH-
Hariianx Hitparax Lis[Lna(NOs)e]-3H.O aromu Li,
3MIMCHIOIOYN JIOZIATKOBI 3B'I3KM MIXK PiJIKICHO3EMEIbHH-
MH KOMIUIEKCAMH, CIPHSIOTH TPHCYTHOCTI MIKMOJIEKY-
JSIPHOT BOJIM B CTPYKTYPI, & TaKOK 00YMOBIIIOIOTh JIesIKe
BUSIBJICHE PO3XO/DKEHHS B OYIOBI PiIKICHO3EMEIbHUX
ikocaenpiB, fKi, Y CBOIO YEpry, BHKOHYIOTh BaKIUBY
CTPYKTYPOYTBOPIOBAJIbHY (DYHKIIIFO B IIPOCTOPOBIH TO-
OymoBi mpu GopMyBaHHI HAOOPY XapaKTEPHUCTHK IIITHO-
BHX TICPOBCKITHUX TPOAYKTIB HA BIAMOBITHHUX CTaIisX
NPOLIECY CHHTE3Y.

Tabnuya 3 — Penrrenorpadivni xani jgirieBoro
KOOPAMHALINHOr0 HITPaTy HeOANUMY

Lis[Nd2(NOs)s]-3Hz0

d, A 1/lo, % d, A 1/lo, % d, A 1/lo, %
8,36 30 3,90 40 2,135 49
7,64 77 3,56 26 2,111 43
6,68 13 3,32 19 2,013 19
6,00 38 3,22 47 1,979 19
5,75 79 2,978 34 1,944 28
5,42 98 2,772 19 1,931 26
5,26 74 2,617 28 1,855 15
4,76 51 2,545 43 1,778 15
4,64 100 2,385 21 1,726 28
4,35 43 2,328 17 1,708 34
4,19 47 2,305 23 — —
3,94 51 2,226 19 — -

TIpumimka: d, A — mixnmomunni Bigcrani; /1o, % — BigHoCHI
IHTEHCUBHOCTI peduieKciB
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Puc. 3. Tlpoexuist crpykrypu Liz[Ln2(NOs)s]-3H20
Ha wiomuny ab, [18]

OpepxkaHi pe3ysibTaTH [MAlOTh Baromy IIiJCTaBy
MIPUIYCKAaTH, IO MpOLEeC PO3KIAJaHHSI KPUCTATIYHHX
TMYXHUX PIAKICHO3EMENFHUX HITPATiB Y TEXHOJIOTITHUX
00’€KTax TMpH TEIUIOBiH aKTHUBAIlil MOYMHAETHCS 3 PO3-
PHUBY YacTUHU 3B’S3KiB JyKHHH MeTai—okcureH. [1iar-
BEPKCHHAM IIbOMY (aKTy € pe3yJbTaTH JOCHIIIKEHb 13
BUBYCHHS MOBEAIHKN BUILE MPUBEACHUX CIIOIYK B iHTE-
pBauti 25-1000 °C tepmorpadiuHuMu 3aco0amu.

3a nonomorolo aepuBarorpada i po3pobiieHoi yc-
TAHOBKU Ui Au(epeHLialbHO-TEPMIYHOIO  aHai3y
BHBYEHA TEPMiYHA CTIHMKICTh MpPEACTaBHUKA i30CTPYK-
TYpPHOTO PsIy JIITIEBUX KOOPIMHATHUX HITPATIB JIaHTa-
noiniB nepiesoi miarpymu — Lis[Nd2(NO3)e]-3H20 (puc.

/a

—~=—  ImexwerHa mact , %

Yac
Puc. 4. JlepuBatorpama Lis[Nd2(NO3z)s]-3H20.
T — remneparypHa kpusa; ITA — nudepeHuiansua
TemIiepatypHa kpuea; T — TepmMorpaBiMeTpHYHa KPHBA;
ATT — nudepeHmianbHa TEPMOTpaBIMETPHYHA KPHUBa

HepuBatorpama  Lis[Nd2(NO3)9]-3H20 ckiama-
€ThCS 3 HHU3KM EHIOTepMiuHuX edekriB. Ilepmi Tpu

(65, 183, 216 °C) BiAMOBIAAIOTH MPOIECY 3HEBOJHCHHS
JociipkyBaHoro tpurigpara. Ilpu temnepatypi 65 °C
BinOyBaeTbcsi yactkoBe, a mpu 183 °C —ioro moBHe
IHKOHTPYEHTHE IUIaBJICHHS B KPHUCTATI3allildHIA BOI.
HacrtymHi TepMi4Hi epeTBOpEHHS, BKIIOYAOYH 3aBep-
IICHHS BUIUICHHS a30Ty, BiZOyBaroThCs B po3iaBi. Ha
kpuBiit TI' mpu 274-347 °C criocrepiraeTsCs iHTEpBaJ
cTabimizamii Macu, SKOMY BiIINOBia€ CKIAJ PO3IJIABY
6e3BOZIHOTO JTIEBOTO KOoOpauHaIiitHOTO HiTpary Nd.
e minTBepmKyeThCs XiMITHUM aHami3oM. Takuii xapa-
KTEp TOBEIHKH CHCTEMH MOSACHIOETHCS HAKIAaJaHHIM
TEIJIOBUX  e(eKTiB  jerifparamii 1  IUIaBJICHHA
Lis[Nd2(NOz3)e] uepe3 Gru3bKicTh iX 3Ha4YCHb TeMIEpa-
TYpH Ta iHepUilHOCTi mporecy 00e3BOAHEHHS. 3HU-
JKCHHSI Macd TPOIYKTiB po3nany Buie 809 °C BiAmosi-
nae yreopennio LiNdO;, mesemukoi kijmpkocti LiO i
nomimkd NdpOs, 1110 miATBEpIKYETHCS peHTreHorpadi-
YHO.

OTpuMaHi eMITipuYHi JaHi PO YMOBH YTBOPEHHS
i iCHyBaHHS, aTOMHO-KPHCTAJTIYHY CTPYKTypY, BJIaCTH-
BOCTi, XapakTep 1 CTamiffHiCTh TEIUIOBHUX IEPETBOPCHD
JITi€EBUX KOOPAWHAIIIMHUX HITPAaTIB JIAHTAHOIMIB Bimir-
paroTh BaXIUBY POJIb B ONTHMI3allii pO3pO0OOK TEXHO-
JIOTid BHMTOTOBJICHHS HOBHX 0Oarato)yHKLIiIOHAIBHHX
P3E-BMicHHX MaTepiaiiB, SIKi CIPHSIOTh iHHOBAIiWHIH
JSUTBHOCTI B PI3HUX Tally3sX; CIYTYIOTh JUIsl OSICHEHHS
Ta MPOTHO3YBaHHS BJIACTUBOCTEH MPOMDKHUX (a3 i Ma-
I0Th SK CaMOCTiHYy HAyKOBY, TaK 1 NMpPUKJIAIHy LiH-
HICTb.

Oco0mn1Be 3HaYCHHS OJiep)kaHa CHCTEMa 3HaHb Ha-
OyBae mpu (GopMyBaHHI HaHOCTPYKTYPOBaHUX II€POBC-
KITOTIOZOOHUX CHONYK JAHTAHOIMIB 1 MMepexiTHuX elre-
MEHTIB, TBEpIHNX PO3YHHIB Ha IX OCHOBI, (B TOMY YHCIi
THUTaHy, OmucaHux B poborax [1-—14], ta iHmmx), 3
METOI0 3’SICYBaHHs B3a€EMO3B’ 3Ky MK CIIOCOOOM MpH-
TOTYBaHHS, BapiaTUBHICTIO METOJy aKTHBalii CHUCTEM,
METOJI0JIOTIEI0 BUTOTOBJICHHS 1 ()a30BUM CKIIAJIOM, Ia-
pamMeTpaMH PENIiTOK, BEIMYHMHOK MHUTOMOI MOBEPXH,
MOPGOJIOTIEI0 CKITAZ0BUX YACTHHOK, KaTaJIITUYHONO 1
(OTOKATANITUYHOIO AKTHBHICTIO 3pa3KiB B PeakIisxX
PO3KJIaJlaHHs BOJM JUIS LIeH OTPUMaHHS BOIHIO, PO3K-
JTaJaHHs TOKCHYHUX OPTAaHIYHUX PEYOBUH, HETIOBHOTO
OKHCHEHHSI BYTJIEBOIB; IPU OTPHMAHHI 1HIINX IEPOBC-
KiTOomomiOHUX (a3 MUITXOM peakiliii i0HHOTO OOMiHY,
0 MOXE€ CYTTEBO CIIPOIILYBATH IPOLEIYPH CHHTE3Y
LTBOBUX HPOIYKTIB.

BucnoBxku

V3araJlbHEHO BaXKJIMBI JUIsl HPAKTHYHOTO BUKOPHC-
TaHHS BiJJOMOCTI TPO JITi€BI KOOpAMHAIIWHI HITpaTH
PiAKiCHO3EMEIbHUX EeNIEMEHTIB 1iepieBoi miarpynu isoc-
tpyktypHoro psagy Lis[Lnz(NOz)s]-3H.0 (Ln — La—Nd)
— MIPEKypCOpH NMEPCIEKTUBHUX Cy4acHHX OaraTtoyHK-
LIOHAJBHUX MaTepialiB — MO0 YMOB iX YTBOPEHHS i
ICHyBaHH, IPUPOAM XIMIYHOTO 3B’SI3Ky, CKIany, Oymo-
BH, popMH KOOpAMHAIIMHNX moJieapiB Ln, Triry koop-
JUHAIIT JiraHj, BUABISIEMHX XapaKTEPHUX BIIACTHUBOC-
teil. OxepkaHi JaHi (K IEpBUHHA iHPOpPMAaIis) € OCHO-
BOIO JIJISl BUSIBIICHHS, 1IeHTUDIKAITiT, KOHTPOITIO (a30BO-
ro cTaHy 00’€KTIB IepepoOJICHHS y MIArOTOBYUX CTai-
sIX, BUOOPY KpUTEpPiiB CyMICHOCTI CKJIafoBHUX Ipu (op-
MYBaHHI OJIHOLIAPOBHUX 1 LIAPYBAaTHX HAaHOCTPYKTYpO-
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BaHUX OKCHJHHX CHCTEM JIAHTAHOIMIB 1 MEpPexXiHUX  KOMOIHOBaHMX CHOCOOIB X aKTHBAIll Ta BCTAHOBIICHHS
€JIEMEHTIB PI3HOTO NMPU3HAYCHHS 31 CTPYKTYPOIO IeeK-  TEXHOJIOTiYHO-(YHKIIOHAIBHUX 3aJICKHOCTEH; KepoBa-
THOTO TIEPOBCKITa, IpaHaTa y BHIJISII MOPOILIKIB, TOBC-  HOTrO MOJM(]IKyBaHHS BIACTHBOCTEH ONEpKyBaHUX Ili-
TUX IUTIBOK, 00’€MHOI KepaMiKH; po3poOJjeHHs PI3HMX  JIbOBHUX IPOJYKTIB.
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Transformations in ree- and lithium-containing systems of nitrate precursors
in the processes of obtaining oxide polyfunctional materials

O. Dryuchko, V. Solovjev, O. Schefer, N. Bunyakina, N. Borozdin, V. Galai, O. Kulchyi

Abstract. Information important for practical use on lithium coordination nitrates of rare-earth elements of the cerium
subgroup of the isostructural series Lis[Ln2(NOz)e]-3H20 (Ln — La—Nd) — precursors of promising modern multifunctional mate-
rials — on the conditions of their formation and existence, composition, structure is summarized. , shapes of Ln coordination pol-
yhedra, type of ligand coordination, characteristic properties. The data obtained (as primary information) are the basis for identi-
fying, identifying, monitoring the phase state of processing objects in the preparatory stages, selecting criteria for the compatibil-
ity of components in the formation of single-layer and layered nanostructured oxide systems of lanthanides and transition ele-
ments for various purposes with the structure of defective perovskite, garnet in the form of powders , thick films, bulk ceramics;
development of various combined methods of their activation and establishment of technological and functional dependencies;
controlled modification of the properties of the resulting target products; optimization of regulations for the synthesis of lithium-
conductive systems as electrodes of rechargeable batteries, electrolytic membranes and sensors, elements and instrument struc-
tures of modern telecommunication systems.

Keywords: lithium coordination nitrates of lanthanides, conditions of formation, crystal structure of compounds, charac-
teristic properties, modification of the characteristics of titanate systems, film lithium-conducting solid electrolytes.
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INFORMATION SYSTEM FOR QUALITY ASSURANCE OF EDUCATION

Abstract. The article analyzes the problem of developing and implementing an information system for quality assurance
of higher education. The purpose of the article is to research modern methodological, technical and software tools used in
the process of developing and implementing an information system for quality assurance of higher education. The peculiarities
of the development of the announced information system were analyzed, on the basis of which the requirements for the design
of the information system were determined, the possibilities of modification and development of the information system for
ensuring the quality of education were investigated, and ways of its improvement were proposed.

Keywords: management information system, information system, education, software.

Introduction

For modern society, acquiring new knowledge,
mastering new technologies, methods of managing
social and scientific processes is of great importance.
Any type of activity must go through certain stages that
are directly related to the collection of information, its
analysis, the selection of priority tasks, the finding of
optimal options for solving these tasks, the formation of
approaches to the realization of the intended goals. First
of all, technologies made it possible to receive
information in any quantity, and not be limited to a
given volume. The ability to use the network has
become indispensable. Students also had the
opportunity to show their creative abilities thanks to
various presentations and other things. Separately, it is
worth talking about the fact that the new information
technologies of education have allowed the emergence
of completely new projects that help self-learning,
distance learning, and this, in turn, allows maintaining
the connection between teachers and students.

The object of research is an information system for
collecting quality indicators of educational services of a
higher education institution. The purpose of the work is
to investigate the education quality system of the
institution of higher education and the possibility of its
improvement by developing an information system for
collecting quality indicators of the work of the
educational and pedagogical staff of the departments.

Analysis of recent research and publications.
The results of the conducted research were reported and
published in the materials of numerous scientific
conferences of professors, teachers, researchers, post-
graduate students and students of the institution of
higher education. Bublyk M., Karpiak A., Rybytska O.
believe that one of the main directions of
informatization is the construction of an informational
educational space, then in this context such problems
arise as: lack of a single software standard, lack of
technical personnel for the maintenance of technical
devices [1]. Chukhrai N., Shcherbata T. analyze the

cooperation of modern IT enterprises with leading
domestic and foreign universities [2]. According to
many researchers, in particular, Alyoshin S., Borodina
0., Hafiiak A., Nosach O. many of the information
technologies within the walls of educational institutions
are not fully equipped with the package of programs
necessary for training [3, 4]. Melnyk, M., Korcelli-
Olejniczak, E., Chorna, N., Popadynets, N. argue that
the actual problems are: problems related to the
conservatism of electronic publications and the use of
outdated ideas about software architecture in their
design [5-8].

Main part

In a world where things that are easy to teach and
test are also easy to digitize and automate, it is our
imagination, our awareness and our sense of
responsibility that will allow us to use the opportunities
of the XXI century to shape the world for the better.
Higher education institutions need to help future
professionals think for themselves and engage with
others with compassion in work and citizenship. They
will need to help higher education graduates develop a
strong sense of professional competence.

How these fundamental changes will affect us
depends on how we collectively and systemically
respond to them. Education is a very important area of
any country. It is thanks to education that success in
further development is ensured. Given the fact that in
this area, the trends of the modern century should be
taken into account, information technologies of
education are particularly popular. Educational
information technologies can be of several types.
Everyone is necessary for full-fledged training, as well
as for this process to be comfortable and pleasant for all
parties. First of all, information technology has helped
teachers a lot. This is a great way to get all the
information you need, as well as competently compile
relevant and modern lessons. Teaching systems are
constantly changing, and a huge number of discoveries
are made, but with the help of the Internet it is easy to
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always be up to date and make your lessons as useful as
possible for modern people. It is also impossible not to
emphasize the form of teaching itself.

Information technology in education allows you to
find not only texts, but also videos, slides, and much
more on this topic. Now the training is interesting and
enjoyable, because it is not only in the form of stories,
but also with the help of computers and technical
means, as well as projectors, information is presented in
the most convenient format for students. Many even
gladly began to receive higher education at various
educational institutions, although it used to be a great
difficulty.

Carrying out tasks, projects and making sessions
remotely is a great opportunity to replace the classical
form of education. Teachers can now teach with the
software and also have opportunities to learn languages
with them or acquire a new profession that is not too
difficult. New trends and strategies for integrating ICT
into daily educational practice are a necessary condition
for the modernization of the education system. Digital
learning materials are different from traditional ones
and have the ability to manage them. In the process of
work, a number of tasks are defined: analyze the current
quality management systems of higher education;
investigate the processes of informatization through the
prism of the development of the educational space;
evaluate the negative consequences of the analyzed
system, indicate the possibilities of their elimination;
develop, design and implement an information system.

Today, university students and teachers are
representatives of that social environment, in which
there is a huge flow of information that is constantly
updated, and due to limited opportunities, a person
cannot take full advantage of this "huge flow". Under
the current circumstances, humanity has come to such a
process as "informatization".

The main most popular LMS systems (Blackboard,
Moodle and Sakai) provide a concentration of learning
materials and courses, and also cover course
management, registration, course planning, discussion
forums, blog sites, assessments. The main features of
the LMS are password-controlled access to selected
courses. The LMS tracks which materials a student has
access to and how much time they spend on them.

Here, learning activity analysis is performed to
collect data available to the LMS about student actions.
Enrollment accounting systems in an LMS contain basic
student information such as registration details, course
selection, course outline, qualification objectives, study
time and tracking information. In particular, the practice
of private, elite, individual education is becoming more
and more widespread, which inevitably causes the role
of traditional public education to decline.
Forums/webinars, e-mail, chats are also used to include
recipients in the publication of materials or can be
mechanisms for uploading via blogs or wikis, links to
other web resources, such as library resources.

Also, it is possible to obtain information and sum
up statistics through mass surveys with the provided
ERP variants of system indicators of department
activity, which greatly complicates the task due to the

preparatory stage and time for its implementation. As a
result of the implementation of the developed site, we
will get the opportunity to conduct an internal audit
without much time expenditure and a visual display of
the results of the activities of both individual units and
the institution of higher education as a whole.

The following software was chosen to implement
the above solution. Namely, CMS Joomla 1.5.25
content management system; Denver 3 software
package, which includes: PHP 5.3; Apache 2; MySQL
5.1; phpMyAdmin$; MySQL. At the same time, the
dominant view remains that learning and social
networks are incompatible. But experience shows that
social media expand learning opportunities outside the
educational institution, stimulate the joint work of future
specialists, their awareness and communication.

During the implementation of the assigned task,
the requirements for the designed and developed
information system were taken into account, looks as
shown in Fig. 1.

Basic requirements for the
designed and developed
information system

[The possibility of remote work and
system administration

The possibility of entering and
editing indicators of department
work

The ability of the system to be
modified and expanded

The ability to search for specified
indicators and display them

[The convenience of analyzing the
performance indicators ofi
departments

Fig. 1. Requirements for the designed and developed
information system

A number of steps should be taken to develop
interactive learning, namely: recognize the value of
education in a non-traditional, informal or everyday
environment, encouraging students' aspirations for self-
realization through the use of mobile learning tools;
provide geographically dispersed needy with mobile
technologies for sharing knowledge and experience;
together ~ with  educational institutions, create
administrative and legal norms for mobile learning;
train teachers, encourage teachers who are constantly
learning using various technical and software tools;
work with stakeholders to provide the opportunity to
reduce the cost of mobile Internet access for mobile
learning.

The learning platform analyzes resource metadata
and their preferences to deliver the appropriate type of
resource for a specific user. This type of accessibility is
useful for students with special needs. Since the most
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important characteristic of an innovative educational
platform is the support for the functioning of various
devices and learning environments for teachers and
future specialists, accessibility issues should be resolved
based on the characteristics of the educational platform.
Another factor in the diversification of educational
platforms was changes in means of communication and
information and computer infrastructures.

Conclusions

The information system will significantly reduce
the time spent on obtaining quality indicators of the
institution of higher education, because it has the
possibility of remote access, and will also ensure their
visibility. During pre-diploma practice, this system was
tested and showed high performance and expected
results.

The considered materials correspond to the most
important directions of development of new information
and communication technologies in various sectors of
education. The study of various opportunities for
obtaining education in the digital age shows how the
forms of education are changing and what new
resources are needed for this (educational platforms,
mobile learning and cloud technologies in education,
social media). In this work, the problem of
informatization of educational services is analyzed,
which increases the efficiency of activities and the
quality of human preparation for a full-fledged life in
the information society, and the necessity of introducing

information systems into the process of managing the
activities of departments, faculties, and the institution of
higher education as a whole is proven.

The work examines the ERP system of educational
services and identifies ways to improve it, namely, the
development of an information system for monitoring
the quality of educational services, which contains the
components of ERP systems and quantitative system
indicators of the work of all departments of a higher
education institution.

An information system for monitoring the quality
of educational services has been developed: a system
model has been developed; algorithms of system
operation are developed, the implementation platform is
selected and the data scheme of the system is
developed; a flexible and intuitive user interface is
developed.

On the basis of the above, it can be concluded that
the project of the ERP information management system
of the educational services system has been developed
in this work, which will provide clear and long-term
monitoring of the performance indicators of the
departments, as well as help in determining the main
tasks and directions of work and development of
educational activities.

The developed system has a very convenient
construction and, if necessary, can be supplemented and
modified. The system provides the necessary conditions
and work results and is completely ready for
implementation.
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Indopmaniiina cucrema 3a0e3nedeHHs1 AKOCTi OCBiTH
P. Bapanenko, [I. Tumenko, T.®panuyk, I'. Cokon

AHoTanisi. Y craTTi mpoaHani3oBaHO NMpoGiieMy PO3pOOKM Ta BIPOBAIKEHHS iH(GOPMAmiiHOI CHCTeMH 3a0e3NedeHHs
SIKOCTI BHINOi OCBITH. METOIO CTaTTi € MOCTI[DKEHHS CYYaCHHX METOAMYHHX, TEXHIYHHX Ta MNpPOTrpaMHHUX 3aco0iB, IO
BHKOPHUCTOBYIOTh y TpoIeci po3poOKM Ta BIPOBaKeHHS iH(OpMamiiHOi crcTeMH 3a0e3NeUeHHS SKOCTI BHIOi OCBITH.
[TpoaHaizoBaHO OCOOJHUBOCTI PO3pOOKK aHOHCOBaHOI iH(OpPMAIIWHOI CHCTEMH, HAa OCHOBI SKMX BH3HAYCHO BHUMOTHU 0
NPOEKTyBaHHA 1H(QOPMALIHHOI CHCTEMHM, JOCITIIPKEHO MOXJIMBOCTI Moaubikamii Ta po3BUTKY iH(opMamiliHOT cucremn
3abe3neyeHHs SKOCTI OCBITH Ta 3alPOMOHOBAHO IUIXH ii BIOCKOHAJICHHSI.

KawuoBi caoBa: inpopmaniifHa cucTema ynpasiiHHs, iHQOpMaIiiiHi TeXHOJIOTT, OCBiTa, IPOrpaMHe 3a0e3MeUEeHHS.
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C. 4. bopuanrok, O. M. Ilickapros, C. C. Paguenko, /1. O. Cnabyxo

XapKiBChKHIA HAIlIOHATBHUN YHIBEPCUTET PaliOeNeKTPOHIKH, XapKiB, YKpaiHa

BU3HAYEHHS HANIPSIMKIB PO3BUTKY KEPYIOUUX ITPUCTPOIB
3 ITAPAJIEJIBHOIO APXITEKTYPOIO HA BA3I IIJIIC

AHoTaunis. AkryaiabHicTb. Ha TenepimHiii yac BUKOPUCTaHHS KEPYIOUHUX HNPUCTPOIB 1 CTPYKTYP 3 MapajenbHOI0 apXi-
TEKTYpOIO /I CTBOPEHHS CHCTEM KepyBaHHS BiJIIOBiJaJbHUMU NPOIECAMH HE € PiAKICHUM SBHUIIEM. Y TOH e Jac It
CTBOPEHHSI CHCTEM KEPYBaHHS 3BUYalfHUMM IPOMHCIOBUMHU 00’ €KTaMH 1 TPOIIECAMHU BOHHU MIPAKTUYIHO HE 3aCTOCOBYIOTHCS.
TaxkuM 9MHOM yJOCKOHAIEHHS KEPyIOUHX HMPHCTPOIB 3 MapaleNbHOI0 apXiTEeKTypOIO ISl MOKpAIEHHs iX XapaKTEePUCTHK,
110 JIO3BOJIITH OLITBII ITMPOKO 3aCTOCOBYBATH iX IPU CTBOPEHHI CHCTEM KepyBaHHS 3BHYAHUMU (IIPOMHUCIOBUMH, a00 Ha-
BITh MOOYTOBHMH) 00’ €KTaMH, € aKTyaJbHOIO 3a1auecro. MeToro gaHoi po6oTH € GopMyBaHHS BIMOT 1 HAalPsIMKIB yJJOCKO-
HaJICHHS KePYIOUHX CTPYKTYP 3 IapajenbHOI0 apXiTeKTyporo, i crBopenHs cydacHux ITJIK I1/1 ma 6a3i IIJIIC, 3 po3mu-
peHuMH QYHKITIOHATEHUME MOXIIMBOCTSIMH. [IpeaMeToM MOC/TizKeH s € HAPSIMKA PO3BUTKY KepYIOUMX MPUCTPOIB IMa-
panensHOiI il Ha 6a3i [IJIIC. B pe3yabTaTi mpoBeeHUX aBTOPaMH TOCHTIHKEHb BU3HAYEHO HEJOMIKH KEPYIOUUX MIPUCTPOiB
3 TapalieNIbHOI0 apXiTEeKTypOoIo, 0 CTPUMYIOTh X IIMPOKE 3aCTOCYBAHHS JUI MOOYIOBH CHCTEM KEPYBaHHS IPOMHCIIOBH-
MU 00’exTaMu. Bru3HaueHO 1Ba OCHOBHI HampsiMKH po3BUTKY 1 BaockoHanenHs [1JIK I1/] na 6a3i [IJIIC. BucnoBok. Bu-
3HA4YEHO JIBa OCHOBHI HAmNpsAMKH po3BUTKY i BHockoHaneHHs [TJIK I/ va 6a3i [JIIC, oo momnsAraiwoTs y HACTYITHOMY: BIOC-
KOHaJIeHHsI BHYTpimHb0i crpyktypu IIJIIC-konTponepa 1] mis peanmizanii BHYTPIIIHIX MPOrpaMOBAaHUX KOPUCTYBaueM
TaiiMepiB i JYMIBHUKIB; 0Oyn0Ba i BBeneHHs a0 cTpykTypH [1JIIC-konTponepa I1/] BHyTpimHBOrO crenmporecopa y
C3K, mns peanizarii apuMETHIHHUX OTepariii, 1[0 BUKOHYIOTHCS 32 OJJH TaKT AUCKPETHOTO aBTOMATHOTO 4acy.

KawvoBi caoBa: mporpamoBanuii JoriuHuii KoHTpodep mapaienbHoi nii, [1JIIC-koHTposep, cucTeMa 3alUIIKOBHX

KJIaciB, TEXHOJIOTIUHE Bi3yaJlbHE IPOTpaMyBaHHS.

Beryn

B HaykoBHUX myOiKaIlisx OCTaHHIX POKIB HEOTHO-
pa3oBO OyJIO ONMHCAHO peasi3aliio CHCTEM KePyBaHHS 3
napanenbHoo apxirektyporo [1-4]. Skmio mposecTH
aHami3 nuX MmyOJiKarliif, MOKHA BHU3HAYMTH MICKIJIbKa
OCHOBHUX TEHJICHIIIH 1 HANPsIMKIB PO3BUTKY KEPYHOUYHX
MIPUCTPOIB MOMIOHMUX CHCTEM, IO OTPUMAJH 3arajbHO-
BXHMBaHy Ha3By — IapaJielibHi MPOTrpaMoBaHi JIOTiyHi
kourposiepu (IMIIJIK), abo y cydachiil iHTepmperanii —
MPOTpaMoOBaHi JIOTiYHI KOHTPOJIEPH TIapaiebHol mil
(TUIK IT0):

- PO3BHTOK 1 BIOCKOHAJICHHSI BHYTPIIIHBOI OpraHi-
sarii TUIK TI[1 [1-4], mo npu3BOAUTh 0 MOKpPAIICHHS
0€3MeKOBUX MOXKJIMBOCTEH KEpYIOUMX CHCTEM, IO II0-
OyznoBaHi Ha ix 0a3i abo pPO3MIMPIOE MOXIJIMBOCTI iH-
CTPYMEHTIB JIOTiuHO1 00poOKH BXimHHUX curHaimis [5, 6],
BBOJUTh MOXJIMBOCTI peaiizamii (yHKLi# He4iTKoro
JIOTIYHOTO BUCHOBKY [7, 8];

- peanizauis [1JIK I1/] Ha 6inbin cyvacHiii eneMeH-
THil 6a3i — BiJ moOym0BY cucTeMu Ha nuckpeTHux IMC
Masioro crynens interpauii [3, 9], 10 mapanenbHHX
cTpykTyp Ha IUJTIC [10, 11];

- BJJOCKOHAJICHHS MOBM 1 TEXHOJIOTii Iporpamy-
BanHs [1JIK I1/] — Bin HanuMcaHHS NporpaMy Ha ranepo-
BOMY HOCIl 3 MOJANbIIMM PYYHUM IIPOrpaMyBaHHIM
IMC II3I1, o aBTOMaTH30BaHOI TEXHOJIOTIi pOrpamy-
Bauust TVP (Technological Visual Programming) pis-
HUX BEpCiH.

SIkuio crnpoOyBaTH y3aralibHUTH HANPSIMKH 3aCTO-
CyBaHHSI KEPYIOUUX CTPYKTYp 3 MapayieibHOK apXiTek-
Typoro, TO SBHO BIIICTIAKOBYETHCS iX Opi€HTAIsl Ha
00’€KTH KPUTHYHOTO 3aCTOCYBAHHS (3ai3HUYHUI TpaH-
CIIOPT, METPOIOJITEH, aTOMHA SHEPreTHKa), Xo4a Iep-
BuHHO TITIJIK Tumis I1JI-1, BJI1-8, BJI2-1 peanizoBysa-
JM alNropuTMHM KepyBaHHS KJIACHYHUM IPOMHCIOBUM
obnagHaHHaM (a came — I BUTOTOBJICHHS CTaTOpiB

€JICKTPOJBHUTYHIB).

V roit xe gac ITJIK I1]], sk 6yno mokasano B [2-4],
MarTh HH3KYy IepeBar, cepel SKHX CIiJ 3rajgaTH IBi
HaiiBaxymBimmi. Ilepmroro mepeBaror € BiACYTHICTH 3a-
JISKHOCTI KIJTBKOCTI KOHTPOJIHOBAHUX BXOMIB 1 KepoBa-
HUX BUXOJIB BiJ MIBHIKOIII KOHTpollepa. Jpyroro me-
peBaroro € MOKJIHBICTh peanizamnii TVP-TexHomoTil s
ABTOMATH30BAHOI'O CTBOPEHHS KEPYHIOUHX IpOrpam He-
cremniajgicroM B 00JacTi mporpamMyBaHHs 1 Ha COpOIIe-
HUX MOBax. Taka TEeXHOJIOTISl JIO3BOJISIE 3HAYHO 3MEH-
HIMTH KUTBKICTh TIOMHJIOK Y TPOIPaMHOMY KOZi, PHII-
BUJIIUTH TIPOLEC HOro (OpMyBaHHS, YHHUKHYTH HEIO-
PO3YyMiHb MIX CIIEI[IaJliCTOM 3 TEXHOJIOTIYHOTO IPOLECY
(TexXHOJIOTOM) 1 CremianicToM 3 MmporpamyBaHHs (IIpo-
rpamictom) [12-14]. TakuM YUHOM yIOCKOHAJIEHHS Ke-
PYIOUHX TPHCTPOIB 3 MapaliebHOK apXITEKTYPOK IS
MOKpAIeHHs iX XapaKTEepUCTHK, L0 JO3BOJATH OLIBLI
LIMPOKO 3aCTOCOBYBATH iX IPH CTBOPEHHI CHCTEM Kepy-
BaHHS 3BUYAHHUMH (TIPOMHUCIOBUMH, 200 HaBiTh MOOY-
TOBUMH) 00’€KTaMU 1 MpoILeCaMH, € JyXKe aKTyaJlbHOO
3a1a4ero.

Mertolo ui€i po6oTu € popMyBaHHS BHMOT i1 Ha-
MPSIMKIB YZOCKOHAJICHHSI KePYIOUHX CTPYKTYp 3 mapa-
JIETBHOI0  apXiTEeKTYpOI, JJis CTBOPEHHS Cy4acHHX
ITUIK I wa 6a3i IJIIC, 3 po3mmpeHuMH (GYyHKITIO-
HaJIbHUIMH MOKJIMBOCTSIMU.

OcCHOBHA YaCTHHA

Ha manmit yac icHye IBi «KJIACHYHHUX» CTPYKTYpH
KEepYIOUHX IPUCTPOIB 3 MapaieIbHOI0 apXiTeKTypOIo.

Ilepmry 3 Hux mokazano Ha puc. 1. lle mpukmazg
TTJIK, oo 6yB peanizoBanuii Ha guckpeTHux IMC ma-
JIOTO CTYTIEHS iHTeTpamii i T0CTaTHhO aKTHBHO BUKOPHU-
CTOBYBaBCS JJIsl KEPyBaHHsS IPOMHUCIOBUM OOaaHaH-
HSM.

OcHoBy yHiBepcasibHOrO mapanensHoro ITJIK
cknanaoTh onoku nam'sti (BIT), mpuuomy y BII(A) 3a-
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IUCY€EThCS MATpHULs A OYIKYyBaHMX CTaHIB KEPYEMOTO
o0'exry, y BII(B) — marpuns B ouikyBaHux crtaHiB 30B-
HitHbOro cepenonuina, y BII(C) — marpuis C xomang
kepyBanHs, a y BII(D) — matpuus D anpec nepexonis.
Takox o ckiany IIIJIK Bxoxmsate renepartop I, siun-
nmeHUKH afpecH JI9A 1 1 JTuA2, cxemu nopisasgaHA Cpl 1
Cp2, BuxigHuit perictp Pr i By3omn nmoriuHOrO KepyBaH-
s BJIK. JlerampHO mpuHOMI Aii MOKa3aHOI Kepyrodoi
CTPYKTYpH HaBesieHo B [3, 5].
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Puc. 1. Ctpykrypa yHiBepcanpHOro napanensaoro [TJIK

CTpyKTypy ApYroro THUIly IOKa3aHo Ha puc. 2. Bix
norepeIHbOT BOHA BiJPI3HAETHCS MOKPALIEHUMU Ha/Iild-
HICHIMH XapaKTEePUCTHKAMH 1 PO3MHUPEHUM (YHKIIiO-
HAJIOM JIOTIYHOTO aHAi3y BXiJHUX CHUTHANIIB. AJie OCHO-
BHUMHU ocobimBocTsivu € peanizanis [1JIK 1] Takoro
tuy Ha 6a3i IMC Bemukoro crymess iHrerpamii —
IUIIC 1 peaunizarist mponecy CKJIaJaHHs MPOTrPaMHOTO
3a0e3nedeH s 13 3aCTOCYBaHHSAM KOMIT'IOTepa 1 TEeXHO-
joriuHoro  Bi3yampHoro  mporpamyBaHHst  (TVP-
texHonorii). [TJIK TIJ[ Takoro Ty OTpUMalu Ha3BYy
TJTIC-koHTpONEpH NapaienbHOI Aii.

Kepytoumii aBromar IIJIIC-korTponepa I1]] cxima-
JTA€THCS 3 HACTYITHUX €JIeMEHTIB: 00Ky iHmukarii — bl;
cxemu rnopiBHaHHS — CII; 6rmoky BuOOpy omepamiii —
BBO; 6usioky noriynoro xepyBaHHs — BJIK; nmiumipHuKa
anpecu — JIA; BuxigHoro perictpy — BP; a Takox Ono-
KiB ITaM’sITi CTaHIiB, KOMaHJ, MMEPEXOIiB 1 3a00pOHCHUX
koMGinaniii — BIIC, BIIK, BIIII, BII3K. JleranspHo 3
MIPUHLIUIIOM Aii TOKa3aHoi Kepylo4yoi CTPYKTYpH MOXKHA
03HaHOMHUTHUChH, HANIPUKIIAM, B [2, 4].

He nuBnstanchk Ha 3Ha4HI BIAMIHHOCTI B YMOBHUX T10-
3HAYEHHSX 1 30BHIIIHBOMY BHIJIS/II CTPYKTYp, LIO MOKa3a-
HO Ha puc. | 1 2, IpU3HAYCHHS] OCHOBHUX OJIOKIB 1 MPUH-
LI iX 7§ B OCHOBHOMY 30irarothesi. BinzHaunmo Hacty-
ITHI apy BU3HAYaJIbHUX OJIOKIB 000X CTPYKTYp 3 aHaJIoTi-
yanmu ¢ynakmisvi: BII(A) — BIIC; BII(C) — BIIK; BJIK —
BJIK; BII(B)+BII(D) — BIIII. ITpn upoMy gomoMixkHi Oo-
KM 1 €IeMEHTHU CTPYKTYp (JIYIIBHUKH, PETICTPH) TaK caMO
(haKTHIHO BUKOHYIOTH O/THAKOBI (DYHKIIi1.

HonatkoBuit ¢yaxmionan ITJIIC-korTponepa 1/
¢dopmyrots O6moxn BBO i CII, mo cymMiCHO BUKOHYIOTB
¢ynkuii onokiB Cpl i Cp2, ane 3 po3MIMPEHUMH MOXK-
JTMBOCTSIMH ((OPMYBaHHS CHIHAITy €KBIBaJCHTHOCTI He
TUIBKM 3a JIoriyHO0 ¢yHKIie «I», ane i «ABO»). Ta-
KOX Yy CTpPYKTypi Ha puc. 2 npucytHiii 6mok BII3K —
650Kk mam’sTi 3a00pOHEHMX KOMOiHamii, 3a paxyHOK
SIKOTO BJAJIOCh TIOKPAIIUTH HAAIHHICHI XapaKTePUCTHKH
KEpyIoUnX CHCTeM. TakoX CIi 3rajaTH MEepCreKTHUBHI
CTPYKTYpH, 1[0 OTPHMAII Ha3By aBTOMAaTa MapajenbHOi
aii i3 Heuitkoro sorikoro (AITJH) [8, 15, 16]. Hocmi-
JUKEHHS TTOKa3alld, M0 HeWiTKa JIoTika Moxe OyTH ede-
KTUBHHM IHCTPYMEHTOM /I K€PyBAaHHS €HEPreTHYHUM
o0JlaIHaHHSIM, a TaKOoX I03BOJHUTH PEasli30ByBaTH aB-
TOMATH HapayiebHOT Aii I KepyBaHHS TaKuM 00Jaj-
HaHHIM 32 OJMH TaKT AMCKPETHOI'O aBTOMATHOI'O Yacy.
Aune 3a3HaunMo, mo AITIH — ue crpykrypa s pinieH-
Hs crieun(ivyHUX 33]a4, OPIEHTOBAaHUX Ha EHEPIEeTUKY.

[TpUHIMTIOBOIO OCOOJIMBICTIO PO3IMIISIHYTUX CTPYK-
TYp € KepyBaHHS IIPOIecOM OOpOOKM Mporpamu IOTO-
KOM BXITHHX CTaHIB, TOOTO TIOTOKOM, SIKUH (pOPMYIOTH
B aCHHXPOHHIH MOCTIIOBHOCTI iHTEpBANiB JUCKPETHOTO
ABTOMATHOTO Yacy «J03BOJICHI» KOMOiHAIil ()aKTHIHUX
CTaHIB KEPOBAHOTO 00’€KTa 1 30BHINIHBOTO CEPEIOBU-
ma. Jns TmokasaHMX CTPYKTYp 30BCIM HeXapakTepHa
Taka mpobjeMa BCix 03 BUKIFOUCHHS KIACHYHUX MiK-
POIIPOLIECOPHUX KOHTPOJIEPIB MOCHIZOBHOT Mii, K «3a-
BUCaHHS», 110 MO3UTHBHO BiZJOOPaXKYETHCS Ha HaMiNHI-
CHHUX XapaKTepucTHKax Kepyrouux cucrem. llle onna
BaXJIMBA XapaKTePUCTHKA KEPYIYMX IPUCTPOIB 3 Ma-
PaJIENBHOI0 apXiTeKTypor (y MOPIBHSHHI 3 MOCIII0B-
numu T1JTK) — e MOXIIMBICTH MapaiesbHOro 00CIyro-
BYBaHHS IPAaKTHYHO HEOOMEXKEHOI KUIBKOCTI KOHTpPO-
JHOBAaHMX BXOMIB 1 KEPOBAaHMX BUXOJIB 32 OJHMH TaKT
JHMCKPETHOTO aBTOMATHOTo vacy [3, 4].

Came 11i 0COOMHMBOCTI, y IOEAHAHHI 3 MOXKIIHBICTIO
CTBOPEHHS KePYIOUHX IPOrpaM HECHeNiaTicToM B 00a-
CTi pOTrpaMyBaHHS 1 Ha CIPOIIEHUX MOBAaX, TO3BOJIIE
posrimsaaru ITJIK ITJ[ sk ny>ke NEepcleKTHMBHUM Kiac
KepYyIOuuX MPUCTPOIB. AJile BOHM MarOTh HHU3KY JyKe
MIPUKPUX HEMOJNIKIB, IO CHJIBHO 3MEHINYIOTH NPHBAO-
JMBICTh TAKUX MPUCTPOIB IS KIHIIEBOTO KOPHCTyBaya.

Y KOHTEKCTI MOTOYHOTO aHANI3Y CIiJ 3rajaTd JBi
nyxe BaxkiuBi BigminHOCTI kinacwanux [1JIK Bim ITJIK
[A. Iepwoto BigMinHicTIO € HasBHicTh B [IJIK mpo-
rpaMOBaHMX KOPHUCTyBadeM TaiMepiB 1 JIYWIBHHKIB.
Hpyra BigminHicTe — MosxumBicTs I1JIK BuKOHYBaTH
apudmernyHi onepanii. O6uasi ni Gpynxuii B TIJIK I1/]
BIJICYTHI, iX peaii3allis He mependaueHa po3rISTHYTUMH
BHIlle cTpyKTypamu. TakuM 4rHOM cepa 3acTocyBaHHs
TUIK ITJT 3Ha4HO 3BYXKYEThCs, ab0 Ii (YHKIT MarOTh
BHKOHYBAaTH 30BHIIIHI MPUCTPOI, IO € AyXKe HeeheKTH-
BHHUM DPIillICHHSIM.
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Puc. 2 Crpyxkrypa IUIIC-koHTpoJIepa mapaneabHol aii

IMigxomu mo peamizamii BkazaHux (GYyHKIH Ha 0a3i
IJIK I1J] MoxyTb OyTH pi3HUMH, ajie Y OyAb-SIKOMY BHU-
naJiKy BOHM MaroTh NPUHLIMMOBI BigMminHOcTI. Tak pea-
mi3anis TaiiMepiB 1 JiumiIbHEUKIB (Y HaimpocrimoMy Ba-
piaHTi) BUMarae gogaBaHHS CIeliali30BaHUX OJOKIB 110
crpykrypu [IJIK i BimnoBigHOI minTpumku 3 6oky TVP-
TeXHOJIOTil. Y TO# ke 9ac peami3amis apupMETHIHHX
(GYyHKIIA He Mae MPOCTOi peari3alii BHECEHHSIM 3MUHH
Yy CTPYKTypy, ad0 JomaBaHHIM neskux OnokiB. CrpaBa
y tomy, mo [IUIK IT/1, sxpa3 i Bipi3HA€THCS BiI KIacH-
yuux [1JIK BUKOHaHHSM omepariiif 3a OAWH TaKT JHC-
KpPETHOTO aBTOMAaTHOTO 4acy ((hi3n4HO TakTiB MOXe Oy-
TH OlnIbIlie Yepe3 0COOIMBOCTI CTPYKTYPHOI opraHizarii
i ¢ynkuionyBanns kpuctany I1JIIC). B Toit xe wac
apudMeTHyHI omeparii HepeadavarTh MOCIITOBHHIMA
MIPUHIUII CBOTO BUKOHaHHS. lle moB’s3aHo, moHakMe-
Hire (Ha MPUKIAAI Oneparii [0JaBaHHS) 3 HAsSBHICTIO
MIEPeHOCIB 3 MOJIOAMIOrO po3psmy y crapmmid. Lle
MIPUHIOMIIOBE IIPOTHUPIYYS PO3B’S3aTH peopraHizaliiero
crpykrypu [IJIK IT[1 HeMoxuBo.

OmHuM 3 MOXJIMBHX ITIXOAIB IOOJNAHHS IIHOTO
MPOTHUPIYYS € BUKOPHUCTAHHS CHCTEMH 3QTHIITKOBHX KJIACIB
(C3K), abo umcnoBoi cucremu 3amuikis (UC3) aHri.
Residue Number System [17, 18]. IleBHi cripo6u inTerpa-
wii, a0o moHaiimMeHe, 00rpyHTyBaHHs 3actocyBanHs C3K
quist TUTK TTT okasaro B [19]. Aste, Haxautb, 10 peaibHUX
IH)KEHepHMX pillleHb 1 peajizauil MoAiOHOro Mmijxoay Ha
6a3i [IJIK, cripaBa Tak i He midmnia. Ha prc. 3 mokazaHo
y3araJlbHeHy CIIPOIIEHYy CTpYKTypy crenmpouecopa (CII)
y SIKOMy 00OpoOKa ycix po3psiiiB (3aIMIIKIB) BUKOHYETHCS
napanenbHo y yaci [19]. 3acrocyBanns C3K no3Bosise mo-
CSII'TH BUCOKHX PE3YJIbTATIiB y Tajly3l CTBOPEHHS Cy9YacHUX
MIBUJIKOMIIOYMX Ta BHUCOKOBIIMOBOCTIHKHMX CIEI00YKC-
JIIOBAYiB Ta CIEINPOIiecopiB 00poOku mudpoBoi iHOp-
Martii [20, 21]. TIpu upomy ormepariiiauii npuctpiit CIT B
C3K npuHIMIOBO MOXKe OyTH BHKOHAHO HACTYITHUMH
criocobaMu: y CyMaTopHOMY BapiaHTi (Ha 6a3i Maiopo3ps-
JTHUX JBIIKOBHX CyMaTOpiB); 3 BUKOPHUCTAHHIM KUTBIIEBUX
PETiCTpiB 3CYBY; BUKOPHUCTOBYIOUH NPSMHUIL JIOTTYHHUN Me-
TOX; B TaOMyHOMY (200 MaTpU4YHOMY) BapiaHTi.

Buxip,

MpwucTpivi BUBOAY iHdpopmaLii

A

Ch Chn:z CIi Chn

(m2) (m2) (mi) (mn)

MpucTpivi BBOAY iHOpMaLi

Bxia

Puc. 3. Ctpykrypa crermporecopa C3K

VY [20, 21] noka3aHo, 1110 BUKOHAHHS apupMeTHy-
HUX Omepaniii TabIuYHIMH MeToIaMu (3a JOMOMOTOI0
[1311), y CII Haitbinem edextuBHO peanizyerbes B C3K.
OCHOBHI IepeBaru MaTPUIHOTO (TaOIIMYHOTO) BapiaHTa
no6ynosu CII B C3K nosisararooTs y HaCTyITHOMY:

- BHCOKAa KOHCTPYKTHBHAa HAaJIHHICTh MaTpHUYHHX
CXEeM B IHTErpajJbHOMY BUKOHAHHI;

- MpOCTOTa MOOYJOBU MAaTPUUYHHUX CXEM 1 aemud-
paropiB, 1110 MaIOTh KiIBKICTh BUXOJIIB, PIBHY BEJINYHHI
migcrasu C3K;

- BHCOKa MIBHAKOIIS: pPe3yNbTaT omepamnil Moxke
OyTH OTPHMaHUA y MOMEHT HAaJIXODKCHHS BXiJHUX
OTIepaHiB, TOOTO. B OIWH TaKT.

Takox mMoka3aHO, IO €(PEKTHBHUM METOIOM IIiji-
BUIIIEHHA HaJiHOCTI Ta npoxykruBHOCTI CII € BuKopc-
TaHHS MPH peai3amii apupMeTHIHNX Oreparii MaTpud-
Hux cxeMm Ha ocHosi II3II, IIJIM, a Ttakox ITJIIC. Ile
TBEPPKCHHS TAKOXK € aJCKBATHUM 1 JJIs peasti3allii BHyT-
pimnboi crpykrypu [IJIK T1/1. OTxe po3ristHy THIA miaxin
peanizanii CII MokHA PO3IJSIIATH, SK MEPCHCKTUBHUMA
Jutst peanizauii apupmernanux ¢ynxuii [TJIK 1.

BucnoBxku

B pesynbraTi mpoBeseHNX aBTOpaMH JOCIIKEHb
BU3HAYEHO HEJIONIKU KePYIOYHX MPUCTPOIB 3 Mapaneib-
HOIO apXiTeKTypOro, 10 CTPHUMYIOTh iX IIUPOKE 3aCTO-
CYBaHHs JUIsl IOOY/IOBH CHUCTEM KepyBaHHS IPOMHCIIO-
BHMH 00’ €KTaMH.

Bu3HaueHO 1Ba OCHOBHI HANPSIMKH PO3BHUTKY i
paockonanenns [1JIK TT/1 na 6a3i ITJIIC, oo nonsrarots
y HacCTYITHOMY:

- BJIOCKOHAJIEHHS BHYTpIHboOI cTpykrypu [1JIIC-
koHTposiepa [1J] anst peamizamii BHyTpIlIHIX Tporpamo-
BaHHUX KOPUCTYBa4YeM TaiiMepiB i1 JIIYMIIbHUKIB;

- moOynoBa i BBeseHHA 10 crTpykrypu [IJIIC-
koHTposepa [1J] BayTpimHbOTO crienmpornecopa y C3K,
U peamizamii apuMeTHYHUX OIepamniid, Mo BUKOHY-
FOTBCS 32 OJIMH TaKT AUCKPETHOTO aBTOMATHOTO Yacy.
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Determination of the development directions of control devices with parallel architecture based on FPGA
Stanislav Bovchaliuk, Oleksiy Piskarov, Stanislav Radchenko, Danyl Slabukho

Abstract. Topicality. Currently, the use of control devices and structures with parallel architecture to create control sys-
tems for responsible processes is not a rare phenomenon. At the same time, they are practically not used to create control systems
for ordinary industrial objects and processes. Thus, the improvement of control devices with parallel architecture to improve their
characteristics, which will allow them to be more widely used in the creation of control systems for ordinary (industrial, or even
household) objects, is an urgent task. The goal of this work is the formation of requirements and directions for the improvement
of control structures with parallel architecture, for the creation of modern PLC of parallel action based on FPGA, with extended
functionality. The subject of research is the direction of development of control devices of parallel operation based on FPGA. As
a result of the research carried out by the authors, the shortcomings of control devices with a parallel architecture were deter-
mined, which prevent their wide application for the construction of control systems of industrial facilities. Two main directions
of development and improvement PLC of parallel action based on FPGA have been identified. Conclusions. Two main direc-
tions of development and improvement of parallel-action PLC based on FPGA have been identified, which are as follows: im-
provement of the internal structure of the parallel-action FPGA controller for the implementation of internal user-programmable
timers and counters; construction and introduction to the structure of the FPGA controller of parallel action of the internal special
processor in the RNS, for the implementation of arithmetic operations performed in one cycle of discrete automatic time.

Keywords: programmable logic controller of parallel action, FPGA controller, Residue Number System (RNS), techno-
logical visual programming (TVP).
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"Yepkacwkuii nepxaBHuii TeXHOMOTIYHMHN yHiBepcHuTeT, Uepkacu, Ykpaina

THO®OPMAIIMHA TEXHOJIOT' IS CACTEMHMX JOCJIKEHD ITPOIIECIB
KEPYBAHHS BE3ITEYHUM PYXOM TPAHCHIOPTHUX 3ACOBIB

AHoTtanis. CraTTs npucBsdeHa OOTPyHTYBAHHIO Ta 3aCTOCYBAHHIO CHCTEMHOT iH(opMaIiiiHOT TeXHOJIOTii po3poOKu ede-
KTUBHOTO METOJY BHpIIIEHHS NpoOJieM KepyBaHHs OE3IIEYHUM PYXOM aBTOTPAHCIOPTHHX 3ac00iB. Po3pobOka ckiagHux cu-
CTeM KepyBaHHS sIKi B 3araJJbHOHayKOBOMY 3MICTi BiJOOpa)kaloTh BiTHOLICHHS «4acTHHA-LIIJIe» Ta «MeTa-3aco0m». Taki cu-
CTeMHU BU3HAYAIOTHCS MHOKMHOIO €JIEMEHTIB Pa30M 13 CYKYyTHICTIO 3B’ SI3KiB MIX [IIMHU €JIeMEHTaMH. BUKOpHCTOBYI0UYH IPO-
TpaMHHI KOMILIEKC y BHUTJIA/I ITAaKeTy NPHKIATHUX TporpaMm «Factor» posrisiHyTa 3amada Ta IIpOBEAEHA ITapaMeTpuIHa
imeHTUdIKaIsT TPHOX3B’ A3HOT AMHAMIYHOI CHCTEMH, SIKa ONUCY€E IMHAMIKY PyXY TPaHCIIOPTHOTO 3aco0y, sIK 00’ €KTy Kepy-
BaHHs. [HTerparis iHGopMamifHuX TeXHOJIOTiH 3abe3nedye MiABUIICHHs Oe3IeKH IPOIIEeCiB KepyBaHHSI PyXOM TPaHCIOPT-
HUX 3aco0iB. JlaHa iHdopMaIliiiHa TEXHOJIOTIS JO3BOJISIE HA CHCTEMHOMY PIiBHI PO3IIILAATH NPOLEC YIPaBIiHHS Oe3IIedHIM
PYXOM aBTOTPaHCIIOPTHHX 3aC00iB, a TAKOK PO3TIAAATH MPOLEC YIIPABIIHHS 3 TOYKH 30py CUCTEMHOCTI.

Knw4yoBi ciioBa: TeXHOIOTIs, CTPYKTYpa, IMHAMIYHA KepOBaHa CHCTEMa, 33/1a4a, METO/I, 3aCO0H KepyBaHHSI.

Beryn

IocranoBka nmpodJjemu. MacoBe BUKOPUCTAHHS
PI3HUX BHAIB aBTOMOOIIHHOTO, 3aJII3HUYHOTO, BOJHOTO 1
MOBITPSHOTO TPAHCIIOPTY B 3a0€3MEYCHHI COMLiaIbHO-
€KOHOMIYHOTO ()YHKIIOHYBaHHSI PO3BHHEHOI KpaiHH
00yMOBIIFOE BUCOKI BUMOTH 110 O€3MEKH TPaHCIIOPTHUX
3ac00iB. Oco0IMBO aKTyabHi Il BAMOTH JI0 aBTOTpaHC-
noptHux 3acobiB  (AT3). besneuHe BUKOpHUCTaHHS

TPaHCIIOPTHUX 3acO0IB IOBHHHE DPO3INIANATUCS CUCTE-
MHO (KOMIUIEKCHO) - SIK YMOBH 1 3aBA@HHS YCIIIIHOTO
(YHKIIOHYBaHHS CKJIAZIOBOI  COI[iaJIbHO-CKOHOMIUHOT
CHCTEMH.

OpHUM i3 HampsMKiB BUpIMICHHS TpobieMu 06e3-
NEKH € BIOCKOHAJICHHS KOHCTPYKLIHHOI SKOCTI, IiABHU-
IICHHS aKTUBHO{, ITACHBHOI, MicIsiaBapiiiHOl i eKoJIorid-
HOi Oe3meKu aBTOMOOINA Ta TMOJNIMIIEHHS X (YyHKIIiO-
HalbHUX BiacTuBOCcTel (puc. 1) [1, 2].

< 1105Ba Hebesnekn >
( Y
1. IlouaTkoBHil etan
CKJIAJIOBI BE3IIEKH AT3
. — S
‘ aKTHBHa Oe3mexa
' N
~ J
[acIBHA Oe3mexa | |
( )
3. KynoMminaniitami eTan
A vy
micTgaBapiiiHa Oe3mexa
( ~
4. Kinnesuii eran
\ )

a

< 3aBepIlIeHHS HTIT =
6

Puc. 1. CkianoBi 6e3nexn aBTOTPaHCIIOPTHOTO 3aco0y (a) Ta cxema skurreBoro nukiry JTIT (6):
1. ITouaTKOBHMIt eTam XapaKTepU3YEThCA YMOBAMH PyXy aBTOMOOLIA 1 MIIIOXOAIB 10 BUHUKHEHHS HeOe3MeYHOl
curyauii. ITin HeOe3MeyHO CHUTYyaL€l0 CIiJl PO3YMITH TaKy JOPOXHIO CUTYallilo, NPH SKill Y4aCHHKH PyXy
NOBHHHI Bifipa3y MpUIHATH BCi HEOOXiIHI 3aX0AU JUIsl YHUKHEHHs MOAil. 2. ABapiiiHUIi eTamn XapaKTepH3yeThes
TaKOI0 J0POKHBOIO 0OCTAHOBKOIO, PH SKIH yuacHUKH pyxXy Bxe He B cuni yaukHytH JTII. 3.Kynpminaniiauit
€TaIl XapaKTePHU3YETHCS MOISIMH, B PE3YJIbTaTi SKHX MAIOTh MicIle HAUTSKY1 HACHiAKK (pyHHYBaHHS aBTOMOO1IIS,
TpaBMyBaHHS BOJisl, acaXupiB, mmoxoxiB). 4. KiHnesuil etan — 1e moBHa 3ynuHKa Bcix yuacHukis JTII

AHaJi3 ocTaHHiX gocaizkeHb 1 mnyoGaikauii.
Slxkum O He OyB JOCKOHAJIMM aBTOTPAHCIIOPTHUH 3acib,
cHCTEMH HOro, sIKi BIAIIOBIAIOTH 3a Oe3neKy, Mpo-sBIIsi-
I0TBCS TUIBKM Y CUCTEMHIH B3aeMoJii <moanHa> -<aBTO-
MOOiIE> - <jopora> - <HaBKOJIMILIHE cepepoBuine™> [3].

3abe3neueHHs Oe31eKH CUCTEMH <JIFOIMHA> - <aBTOMO-
OLIB> - <zopora> - <HaBKOJIMIIIHE CEPEIOBHIIE™> JOCsITa~
€THCS 3aIIPOBAPKCHHAM 1HPOPMALIHUX TEXHOJIOTIH Ta
IHTEJIEKTYaIbHUX 3aC001B yIPaBIiHHS 3 BUKOPUCTAHHIM
CHUCTEMHOTO TTiIXOIy JI0 BUPIIIEHHS MPOOIeMHU.

© B. B. Boiiko, M. B. Iliaropuuii, 2023
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3HauHy yBary IiJBULICHHIO EKCILUIyaTaliiHoi Ha-
JIIHOCTI aBTOMOOLTIB, mpobiaemaM Oe3rnekn aBTOMOOI-
JIiB, BITPOBAPKEHHIO IPOTPECUBHUX 1HPOpMaLiiHUX CH-
cTeM npuaiieHo B podorax E.A. Uynakosa, H.E. XKykos-
cekoro, AWM. I'pumnkeuya, B.I1. Tapacuka Ta iHIINX.

MeTo10 podOTH € 3aCTOCYBaHHS CHCTEMHOTO ITifI-
XOJy SIK MeTojoIorii mobynoBu iHdQopMaIiitHOT TeXHO-
JOTifl MIABHIIEHHS CHUCTEMHOI €(QEeKTHBHOCTI YIIpaB-
JHHS O0e3NeYHIM PYXOM TPAHCIIOPTHHX 3aC00iB.

OcHoBHHui MaTepian

PosrisnaeTbest AMHAMIYHA CHCTEMa, PyX SIKOI OMu-
cyeThest TUdepeHIialbHUMH PiBHIHHIMHU:

my + f(y,y) = F(©), o))

Jie m - Maca cuctemu; 3minHi y(t), y(t) BU3HAYAIOTH HO-

JIO)KEHHSI CHCTEMH Ta IIBHUIKICTD 11 pyXy B KOXHHUI MO-
MeHT uacy; F(t) - cuna, 110 Ji€ Ha CHCTEMY.

[Ipsama 3amava nuHAMIKH (GOPMYITIOETHCS HACTYII-

HUM 9rHOM. Binoma maremaTtmyHa mozaens (1) pyxy cu-
CTeMH i 11 cTaH B MOYaTKOBHH MOMEHT Yacy

¥(0) = 0,¥(0) = y,.
3agana cuia 30BHiNIHBOrO BIUMBY F(t). HeoOxi-
JTHO 3HAWUTH TpaeKTopiro pyxy cucremu y(t), y(t),t = 0.
OOepHeHa 3aqava JAMHAMIKK: HEOOXIIHO 3HAWTH
TaKy CHIy

F(t) = F*(t),t > 0,

sika 3/1iHCHIOE pyX cucteMH (1) 3 MOYaTKOBUMH YMOBaMH
0 Ha3HAuYEeHIN TpaeKkTOPil

y@®) =y @,y =y (t),t = 0.

Ha mpotsi3i TpuBaioro yacy MOCTIJHUKHA BHBYAIU
PyX pI3HMX CHCTEM IiJ| Ai€r0 CHJI Ta MOMEHTIB. HenaBHo
OyJI0 MPUIHSTO paxyBaTH MPIOPUTETHOIO 3aa4YCt0 THHA-
MIKH — IpsIMY 3371ady. AJle i3 CTPIMKUM PO3BUTKOM TeX-
HIKM KEpOBaHOTO pyxy mpioputeT 3miHuBcs. Jlis
PO3B’A3Ky HpsIMOi 3a/adi B Cy4acHMX YMOBax He iCHye
CKJIQJTHOCTI, B 3B’SI3KY i3 Cy4acHUM MaTeMaTHYHHM 3a0e3-
MeYeHHsIM BHCOKOTpoaykTuBHUX EOM. 30BCiM 1O iH-
IIIOMY CKJIAIA€ThCS 13 00EpHEHNMH 3a/ladyaMH, KOJIH TI0T-
piOHO BM3HAYATH CHIIM T MOMEHTH KEpYBaHHS PyXOM Ta-
KX CHCTEM, SK TPAaHCIIOPTHI 3acCOOM, JiTaJbHI amapardy,
MiBOJHI amapaTty, 6araToMacoBi MEXaHIYHI CHCTEMH Ta
iHII 00’€KTH. A TOMY, aKTYaJIbHICTh PO3POOKH e(hEeKTHB-
HUX METOJIB YIPaBIiHHI PyXOM Takux cHcTeM 30epira-
€ThCSI, HE JUBIITINCH HA 3HAYHE JOCSITHEHHS B ITiH cepi.

Cmpyxmypuuii nioxio 00 nooy0o8u mamemamuyHol

MoOeni. 3alpOTIOHOBaHA JaJli METOAWKA CTPYKTYypHOTO
OIMCY JUHAMIYHOT CUCTEMH, JIa€ 3MOTY 3aCTOCYBAaTH (o-
pMai30BaHMH OIMC CUCTEMH Ha PI3HMX PIBHAX i mpen-
CTaBJIEHHS Ta BUKOPUCTATH B OCHOBI CTPYKTYPHHH ITiJ-
Xin o onmcy cucreM. [1o0ynoBa CKIagHUX CHCTEM Ke-
PYBaHHS y 3araJIbHOHayKOBOMY 3MICTi CJIiJ] BitoOpaxaTH
Y BiIHOIIEHHI «4YacTHHA-LIIIEe» Ta «MeTa-3aco0m». Taka
CHCTEeMa BU3HAYAETHCA K MHOXKHHA EIEMEHTIB pa3oM i3
CYKYTIHICTIO 3B’SI3KiB MiX I[IUMH €JIEMEHTaMU.
Buxoasun i3 BU3HAYCHHS CHCTEMH, SIK MEpExKi
3B’A3HMAX EJIEMEHTIB, PO3IMJITHEMO MOXKIIHMBICTH MOOY-
JIOBH CTPYKTYpOBaHOT MOJEJi AMHAMIYHOI CUCTEMH Ha
NPUKJIaAl aBTOMAaTUYHOI CHCTEMH YyNpaBiiHHS Oe3mnedy-
HUM PYXOM aBTOMOOLUIA, SIK CKJIAAHOTO 00’ €KTYy JOCIi-

JKEHHSI, IKMH CKJIaZa€eThes 13 00’ €KTa KepyBaHHs Ta 3aco-
0iB KepyBaHHS. ABTOMOO1IIb, SIK KEPOBAaHUH 00’ €KT — 1€
CKJIa/IHa IMHAMIYHA CHCTEMa 3 KEPOBAHOIO CTPYKTYPOIO,
(YHKIIOHYBaHHS SIKOT PO3BHUBAETHCS Y 4Yaci. YsBICHHS
PO TaKy CHCTEMY CJil 0a3yBaTu Ha IOHSITTSAX BXOAY,
BHUXOAY i cTtany. Onmc cuctemu morpedye onmcy 6azmc-
HUX CJIEMEHTIB, BU3HAYCHHS BEKTOPIB BXiTHHUX 1 BUXiJ-
HHX BIUIMBIB IJIsl KOXKHOTO €JIEMEHTY, IX CYKYITHOCTI Ta
JUTSL CHCTEMH B LIJIOMY, @ TaKOXX OIIUCY MO C11ocid 3’ en-
HaHHS €JICMEHTIB.

3araipHI METOOM IMHAMIKHA PyXOMOTO Tina 6azy-
I0ThCS HA NPUHIIMIIAX aHATITHYHOT MeXaHiku. J{i1g onucy
JUHAMIKH Ha psily i3 HOCTYIIOBHM PYXOM TOTPiOHO po3-
IJIS1aTH KOJIMBAaHHS PYXOMHX 4acTHH. KOHCTpYKTHBHI
3B’SI3KH MIXK OKPEMHMH €JIEMEHTaMU HAIpaBJISIOTH ab0
00MEXYIOTh iX pyX. UHCIIO CTYNEHIB BUIBHOCTI BCi€i cu-
CTEMH PiBHO CyMi CTYIICHIB BiJIbHOCTI OKPEMHUX CKJIaJ0-
BUX yacTUH. CTaH ANHAMIYHOI CUCTEMH B Oy Ib-SKHUH MO-
MEHT 4acy BH3HAUYA€ThCS KOOPAHHATAMH, IBUIKOCTAMH
Ta IPUCKOPEHHAMH [4].

Sk Bimomo, pyx AT3 sBisie coboro mepeMimeHHs
TiJTa TIO TMIECTH CTYIICHSIM BiTbHOCTI. BBakarouw, mo me-
XaHIYHa CHCTEMa MO KO)KHOMY KaHally MOKe OyTH OIu-
caHa sk AudepeHmianbpHa CUcTeMa APYroro NopsaaKy, pi-
BHSIHHS 11 MOXXHa IpeactaBuTd piBHsAHHAM (1), abo B
OIIePaTOPHOMY BUIJISIAI:

by (D)
Gij(D) = ar(D)’ @)

ae b.(D) = ¥jz1b;D’,a,(D) = ¥i, a;D,

d
D=— m<n.
dt

CTpyKTypHHIA OITUC CUCTEMH yTpaBiiHHA. Po3ris-
HEMO TPBOXKaHAJIbHY CHCTEMY, sIKa CKJIaJeHa 3 TPhoX
JUHAMIYHHUX €JIeMEeHTIB. J[jis Takoi CHCTeMHU BUKOPHCTA-
€MO MOJIEJIb, CKJIAJICHOT i3 TPhOX AU(EpEHIiaIbHUX PiB-
HsIHb. By1eMo BBakaTH, 110 KOXKHUH i3 €JIEMEHTIB Ma€ 1o
OJTHOMY BXOJy Ta BUXOJy. SIk BiIOMO, TLIBKK cUCTeMa,
110 PO3KJIATAETHCS Ha €IEMEHTH, MOXKE MaTH CBOIO CTPY-
KTypy [3]. Bukopucraemo anapar MaTpunp Ta BEKTODIB
JUISL TIPEJICTABIICHHSI MAaTEMaTHYHOI MOJIETI TaKoi CTPYyK-
TYpPOBaHOI CUCTEMH.

Hexaii 3anano Bekropu X,, X, — BXOIHU BIANOBIIHO
€JIEMEHTIB Ta CHCTEMHU B IiJioMy, Y,, ¥, — Buxomu eneme-
HTIB Ta CHCTEMH BiIIOBIIHO, See,Sec,ScesSec — [0,1] Mar-
pHIIi 3B’S3KiB MiXK €JIEMEHTaMH BiJIMOBITHO, MIX eJeMe-
HTaMH Ta CUCTEMOIO, MK CUCTEMOIO Ta eJIeMEHTaMH Ta
CHCTEMHI — MIX BXOIOM Ta BHXOIOM CHCTEMH BIJIIO-
BigHO. To/i crcTeMa MaTpHYHKX PIBHSHB OyJIe MaTH BiJl-
MOBiHUH BUTIIN (pHC. 2):

- X, = Se.Y, + S X, pIBHSIHHS BXOAIB €JIEMEHTIB,

- Y, = SceYe + S..Y. piBHIHHS BUXOMIB CHCTEMH,

- Y, = G(D)ceX. PIBHIHHS BUXOJIIB €JIEMEHTIB, 1€
G11(D) 0 0
Gee = 0 Gi;(D) 0 3
0 0 G (D)

Cmpyxmypnuii ananiz cucmemu ynpagiinus. Oco0-
JMBICTh CTPYKTYpPHOTO aHaJli3y IOJISrae B TOMY, 1110 Ma-
TPULI 3B’S3KIB PO3IJIAJAIOTHCS SIK HOBI IlapaMmeTpw,
3MiHa SKHX B €KCHEPHMEHTI 3[1HCHIOETHCS 32 PaxyHOK
sminu [0,1] enemenris.
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Puc. 2. CTpykTypHa cXeMa CTPYKTYPOBaHOI CHCTEMH yIPABIiHHS
Tpbox3B’sa3Ha cuctema Oyzae omucyBaTHCS TppoMa  Tabnuys I — Bxomm X
cuCTeMaMH, 10 KOKHOMY KaHaJi Kol Oyne 3amaBaTHcs t 1 5 3 4 5
MAaTpHIL 3B’ SI3KiB:
X3 0 20 40 60 80
A X 2 4 5 6
Si]' = 1521 0 S23 |, (4) 2
S31  S32 0 x3 10 0 5 10
I i — IHIEKC 3B 513Ky, 10 O3HAYA€ HA KU €JICMEHT BiJl- Ug 1 4 9
OyBaeThCs Misl; ] — IHACKC 3B’SI3KY, LIO O3HAYAE 3BiIKH U, 0,5 0 1
TIPUXOINTS IS Tisl. Us 05 1 15 2

IToBHA CYKYITHICTD 3B’S3KiB MiX €JIEMECHTAMH Ma€
BUIJIS

Q=3 Y7t Gij - Sy 5)

Martpuiis 3B’ SI3KiB €JICMCHTIB BU3HAYA€THCS SIK Ma-
TpULS CTPYKTYypH cuctemu. [ GopMyBaHHS cUCTEMH
Ha MHOXXHHY €JIEMEHTIB HaKJIaJeHO 30BHIIIHI (IKi opra-
HI3YIOTh <BXi[>-<BHUXiI>) i BHYTpIillIHi (SKi OPTaHi3yIOTh
€JIEMEHTH MiX c00010) 3B’ S3KH.

3anucaHa BUILE CHCTEMA MAaTPHYHUX PIBHSAHb MOXKE
OyTH IIpeCcTaBIcHA B OB 3aTaTbHOMY BUTIISII:

a11(D)x +212(D)xp +aq3(D)xg = by1 (D)yg +b12(D)y2 +by3(D)y3
291 (D)X + a9y (D)Xy +a93(D)xg = by (D)yy +bgy D)y, +bg3(D)yg (6)
8131(D)xq +agp (D)xo +agz(D)xg = b3y (D)yy +b3p(D)yy +b33(D)y3
a00 B MaTPUIHOMY BHUTJISII:

AD)X = B(D)Y. 7

SIKIIO po3risiiaTH TaKy CHCTEMY SK 00’€KT Kepy-
BaHHSI, TO MOXKHA OIIMCATH Y HACTYITHOMY BUTJISIJI:

AD)X = B(D)U, (8)

ne U- BekTop KepyBaHHS, 200 BUKOPHCTOBYIOUH TE€PET-
BopeHHs Ko, oTpuMaeMo piBHSHHS KepyBaHHS:

X = Ax + Bu, 9)

Jie TapaMeTpu MaTpuilh 4 i B € ckinagHuMu QyHKITISIMHA,
AKi MOXYTh OyTHM BH3HAU€Hi, BHKOPHUCTOBYIOUM [aHi
KOHKPETHOT'O JOCiKeHHS (BiAMOBIAHOI MapKu aBTOMO-
61151 Ta HI0T0 XapaKTEePHUCTHK).

B pesynbraTi MpoBeEHHS CIIOCTEPEKEHHS 3a BXiJl-
HUMHM Ta BHUXIJHHMH JaHHUMH 00 ’€KTa KepyBaHHS, 5K
00’ekra ineHTHdiKaiii, 1al0Th 3MOT'Y BUKOPUCTATH Me-
TOJI HapaMeTpHYHO1 ineHTHIKaL] 111 OTPUMaHHS 3Ha-
yeHb napametpis A i B cuctemu (puc. 3).

Hapamempuuna ioenmudgpixayin. IloctaHoBKa 3a-
nadi mapaMerpudHoi ineHtudikarii. [lorpibHo BM3Ha-
YUTH TapaMeTpu A 1 B, 3Hal049H BXiHI Ta BUXiTHI 3MiHHI.

Bynemo BBakatu, 1o 3aani BXoau X y BUTJISAI TU-
HaMiYHUX BUMIpHUX 3HaYeHb (Ta0II. 1).

3a/1al09H X1. .. X3 U;. .. Uz BAKOPHCTAEMO TIPOrpaMy
Ident [3,4] s onmcy TabnuuHMX QYHKIINA B aHATITHY-
HOMY BHTIISLL X4 (1), X, (t), x5(t) Ta uy (t), u,(t), us(t):

x,(t) = 20t — 20;

x,(t) = —1,5¢* + 183 — 76t2 + 130t — 70;

x3(t) = 2t — 13t + 21;

u (b)) =t* —4t +4;

u,(t) = —0.2t* + 2.5¢3 — 10.3t2 + 17t — 9;

uz(t) = 0.96t* — 11.4t3 + 46.5t% — 76t + 45.

lykatoun aHaNiTHYHUN BHpa3 MOXIAHUX OTpUMa-
€MO (OpPMYIIBHI BUpa3H IS MOXiTHUX (Pa30BUX KOOP.IH-
HaT X.

[TinroToBieHa, TAKMM YHHOM, 3a]1ada 1a€ 3MOTY TIe-
peiiT 1o BUKOpHUCTaHHs nporpamu Idyns, sika 1o3Boisie
3HAUTH MapaMeTpu MaTpulb 4 i B pu BXiIHUX Ta BHUXI-
JHUX JaHUX. 3HAUEHHS MaTPULb:

-14 -26 -55 11 988 128
A=|-58 -22 -20| B=| 37 4124 384
02 03 -01 025 -91 -16

Cucrema piBHSHb TPhOX KaHAIIBHOI CHCTEMH Ha-
Oyne BUTILINY:

¥ =-1.4% —2.6x9 —5.5%3 +11uq +98.8uy +12.8u3
Xp = —5.8x —22xo —20x3 +37uq +412.4u5 +38.4ug (10)
X3 =0.2%1 +0.3x9 —0.1x3 +0.25u1 —9.1uy —1.6ug

Memoou cmpyxmypnozo cunme3sy. CUHTE3 3BO-
JUTBCS 10 TIOUIYKY TaKUX IEPETBOPEHb, SIKi I03BOJISIOTH
BU3HAYUTH Oa’kaHWI 3aKOH KepyBaHHS B (YHKIII 3MiH-
HUX cucteMu (a He B QyHKIIT "acy). Bizomo nekinbka
MEeTO/IiB peajizalii Takoro maxony [5, 6]. [lpu cTpykry-
PHOMY CHHTE31 aBTOMAaTH30BaHUX CHUCTEM B aBTOMATHII
OJTHOIO 13 TIEpIITNX TTOBUHHA PO3B’sI3yBaTHCh 3a/1a4a CHH-
TE3y TAKOTO 3aKOHY YIIPABIIHHS, SKHH MOXE BKIIOYATH
B ce0e BCi MOXUTHBI 3MiHHI (KOMOIHOBaHMIA).
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PeKIM
(yHKIIOHYBaHHS

MNobynoBa maTtemaTn4HOI Mogeni pyxy

X, =4y, X, +auX, b +bou, +e A +e,A,
X, =a,x, +a,x, +bu +bu, +c, 4 +o,,4,

$popmyBaHHA
CTPYKTYpPHOI

cxemun

BapiaHT

meToay

CTpYKTypHO-NapameTpuyHa igeHTudikauia

NNN «dakTop»
| X
u PesynbTati ineHTMdiKauii (onTumanbHa moaens)
— i a b b —————~
Xx=Ax+Bu, A = 11712 1712
axan barby

1T

Puc. 3. briok-cxema anroputmy izeHTH(IKAIIIT

Tomi cuHTE3 CTPYKTYpH MOKHA BHKOHATH BHXO-
JIST9U 13 YMOBH:

e=[x™=x] = {1np”x(n) 7 (11)
Onpux™ # z.

Po3risiHeMo 3aa4y CTBOPEHHS CHCTEMH KepyBaHHs

MIPOIIECOM PYXY aBTOMOOLISA SIK 00’ €KTy KepyBaHHS, 3 BU-

KOpPHCTaHHsM 3aco0iB akTHBHOI Oe3neku. Toxi aBTOMO-

6116 5SIK 00’€KT KepyBaHHS € 0araTo3B’sI3HOIO JAWHAMIY-

HOIO CHCTEMOIO, PyX SIKOi MO>ke OyTH ONHCAaHHWH CHCTe-

MO0 au(epeHIIATFHIX PIBHAHB, CTAHIB Ta BUXO/IIB!

{X=ﬁ@ﬂjﬁ,
Z = f,(X),

ae X={X1,X2,...,Xn }— BEKTOp 3MiHHUX CTaHy pyxy (IIBHJ-
KICTh, MPUCKOPEHHsI, HarpsiM Towo); U={u,Uy,...,Un— Be-
KTOp KepYIOUHX BIUIUBIB (Ha rajbMiBHY CHCTEMY, Ha JIBH-
I'yH, KepMoBe ynpasiinas); A = {A;,4,,...,4;} - BekTop
30ypIOIOUMX BIUIMBIB (aKTUBHI Ta MACHBHI IEPEIIKOAH,
BHYTpiIIHi 200 30BHIiIIHI 3MiHHi), Z — BUXiz, t - Hac.

(12)

CraBuThCsl 3ajaua IMOINIYKY TAaKUX 3aKOHIB Kepy-
BaHHs 0araTo3B’s3HOO cucTeMoro (12), siki 6 3a0e3medy-
BaJIM OaXkaHy Iporpamy pyxy:

U=¢(,X,UA1), (13)

ae Y={y1,Y, ...,ym} — BEKTOp MPOTrpaMHUX 3MiHHHX Oaxa-
HOTO pyXY (HanpsiIMOK, IIBUJIKICTb, IpHUCKOpeHHs). [1pu-
YoMy, IIpH (OPMYBaHHI NMPOTPAMHHUX 3MIHHUX MOXYTb
OyTu BUKOpHUCTaHi i7ie GyHKIIOHATBHOTO KepyBaHHS.

OO6epHEHNIT METO/ CTPYKTYPHOTO CHHTe3y. Buko-
PUCTOBYIOUH PIBHSAHHS 0a)XKaHOi CUCTEMH MOYHA OTPH-
MaTH CTPYKTYPY BiJIIOBITHOTO 3aKOHY yMpPaBIiHHSI, BU-
xoJs19u 13 yMoBH (11) st piBHSIHHS IUHAMIKH 00’ €KTY B
y3arajgpHeHoMY BT (12).

[Tpu 11bOMY OTPUMAEMO 3aKOH KEPYBaHHS Y BUTIISII

u=f"1(x,x,A1t). (14)
CTpyKTypHUI1 CHHTE3 3aKOHIB YIIPABIiHHS 3 METOIO

KOMITEHCAIli1 BIUIUBY 30ypeHb. byeMo BBakaTn 3Haiiie-
HUM 3aKOH YTPaBJIiHHS BiIMOBIHO O BUKOPHUCTAHHS
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BUILCHABEACHOTO MeTOy. To/i pIBHSHHS CHCTEMH Y-
PaBJIiHHS B JIIHIHHOMY BHITIa/IKy MO>KHA 3aIIACATH:

x=w(D)(u+1), (15)

ne Ul — Kepyrouuil BIUTHB, a A — 30ypeHHs.
CraBuTbCS 33/1a4a TOIIYKY 3aKOHY YIPaBJIiHHS:

(16)

SIKFH OM HaJTaBaB MOXJINBICTh KOMITCHCYBATH BILIHB 30Y-
penns A. CHHTE3 3aK0HY KOMITEHCaIlii 30ypeHHs BHKOHY-
€THCS 3 BUKOPUCTaHHSIM YMOBH

1npux =y,
Onpux + y.

i =u(x,y,4,t),

a:[és@]z{ 17)

[ocraBnena 3ajava MOKE HOCUTH JESIKUI ONTHMi-
3aliifHuil xapakTep BH3HaueHoro kpurepito (11) abo
(17). Bynemo BBaXkaTH, 1110 MPH TaKiil TOCTAHOBIII:

4 2
e=zy—x=0abox =y.

Monenb 00’€kTa yIpaBITiHHSA 331a€ThCS PIBHIHHIM
(15). Buxkonyrouu ymoBy (17) oTpuMyeMo piBHSIHHSA Bij-
HOCHO HEBiZIOMOTO U!

y-wD)(a+1) =0,
3BIJIKH CTPYKTYpa 3aKOHY yIpaBiiHHs (puc. 4):
w=Ww1tD)y- A

I(D)

y u u X
W,(D) H‘ Wi(D) ’—> Wo(D) |—e—>

Wos(D) <

(18)

03

Puc. 4. brok-cxema iHpOpiaHTHOT CHCTEMH YIIPABIIiHHS

J11s1 TOTO, 1100 YIIPABIISITH CUCTEMOIO B 33IAHUX YMO-
Bax Tpe0a BIIIOBIAHO BiNTBOPUTH 3aBaaHHs () Ta KOMIIe-
HeyBatH 36ypenns (1). Skio 3aKkoH 3Minu 30ypenns A(t)
HEBiZIOMHH, a0 HOro He MOYKHA BUMIPATH, TO BiIIOBIITHO
BiH HE MOJKe OyTH BHECCHUII 1 B 3aKOH YIIPABIIiHHSL.

BucHoBku

Buknazeni Bume matepiany ONMMCY IHHAMIYHHAX
CHCTEM i3 3MIiHIOBaHOIO CTPYKTYPOIO IIPH BUKOPHUCTAHHI
CTPYKTYPHOTO MiJXO.Y, IO 103BOJISIE PO3WICHYBATH CH-
CTeMy Ha JUHAMIYHY i CTPpYKTypHY 4acTHHH i (opma-
JIBHO OIIMCYBATH 1X He3aJIe)KHO. BUKOHYIOUM HAaCTYITHUM
eTaln CUCTEMHOI TeXHOJIOTIs IPOBE/IeHa CTPYKTYpPHA ije-
HTU]IKAI] 3 BUKOPUCTAHHIM CTPYKTYPHOTO IMiIXOMY,
SIKMH BKJIIOYAE B ce0Oe 3aBJaHHs PIBHAHB 3B’S3KiB BEKTO-
PiB BXOAY 1 BUXO/y Ta BEKTOPIB BXOJIB i BUXO/IIB CyKY-
ITHOCTI €JIEMEHTIB.

BukopucToByroun NporpaMHHil KOMIUIEKC y BH-
ISl TIAKeTy TPHKIagHuX TporpaMm «Factor» posris-
HyTa 33/1a4a Ta IIPOBEJCHA MapaMeTpudHa ineHTH(iKa-
1is1 TPHOX3B’SI3HOT JMHAMIYHOT CHCTEMH, SIKa OIHCY€ -
HaMiKy pyXy TPaHCIIOPTHOTO 3aco0y, sIk 00’€KTy Kepy-
BaHHsA. HacTymHMM eTanoM CHCTEMHOI TEeXHOJIOTii €
PO3B’s13aHHS 3a[a4l CTPYKTYpHOTO CHHTE3Y 3aKOHIB Ke-
pYBaHHS NPSIMOJIIHIMHIM PyXOM aBTOMOO1JIS, 1110 103BO-
Jsie 3a0e3MeunTr pyX 00’€KTa 3riTHO HEOOXiJHOTO Mpo-
IpPaMHOTO, SIKe BU3HAYAETHCS BIAMOBIIHO y 3aBAaHHI Ta
BHXITHUX 3MIHHHX CTaHy 00’€KTa.

Hana indopmariifHa TEXHOJIOT1 03BOJISE HA CUCTE-
MHOMY piBHI PO3TJISAaTH TPOLEC YIPaBIiHHA Oe3med-
HuUM pyxoM AT3, a Takox po3risgaTH NpoLecC yIpas-
JHHS 3 TOYKH 30pY CUCTEMHOCTI Ta B B3a€MOJIi CHCTEMH
<ITIOAMHA>-<aBTOMOOIIB> - <mopora> - <HaBKOJHUIITHE
CepelloBHUILe™ .
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Information technology of system studies of safe vehicle traffic management processes
V. Boyko, M. Pidgornyi

Abstract. The article is devoted to the substantiation and use of system information technology of building an effective
method for solving the problems of managing the safe movement of motor vehicles. Constructions of complex control systems in
the general scientific content reflect the relationship "part-whole" and "goal-means”. Such a system is defined by a set of elements
together with a set of connections between these elements. Using the software complex in the form of the "Factor" application program
package, the problem was considered and parametric identification of a three-link dynamic system was carried out, which describes
the dynamics of the vehicle as a control object. The integration of information technology provides an increase in the operational
reliability of vehicles. This information technology makes it possible to consider the process of managing the safe movement of motor
vehicles at the system level, as well as to consider the management process from the point of view of systemicity.

Keywords: technology, structure, dynamic controlled system, task, method, controls.
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Harmionansauii TexHIYHIA yHIBEpCcUTET “XapKiBCHKUHN MOMITEXHIYHUHN IHCTUTYT , XapKiB, YKpaina

PO3POGKA METOJY IIEHTU®IKALIl CTAHY KOMIT'IOTEPHOI CUCTEMHU

HA OCHOBI HEYITKUX JIEPEB PIIIEHDb

AHoTtauis. Ilpeamerom nociiKeHHs € METOAM Ta 3aco0u inmeHTH(DiKawii cTaHy KOMIT'IOTepHOI cucteMu. MeTolo crarTi
€ TiIBHIICHHS SKOCTI Kiacudikarii JaHUX 3a paxyHOK pO3poOKu Meronmy igeHTHGiKalil CTaHy KOMI IOTEPHOI CHCTEMHU.
3aBIaHHA: JOCTHIAUTH METOAM iMeHTH(]IKaIil cTaHy KOMII'IOTEPHOI CUCTEMH Ta pO3poOMTH MeTox Kiacudikauii cTany
KOMI'IOTEPHOT CHCTEMH 3 METOI0 3aXHCTYy JaHHX. BHKOPHCTOBYBAHMMH METOJAMH €: METOIAM IUTYYHOTO IHTEJEKTY,
MaIIMHHOTO Hap4aHHsA. OTpPHUMaHO Taki Pe3yJbTaTH: JOCTIIPKEHO METOAM ifeHTH]IKaIii cTaHy KOMIT IOTEpHOI CHCTEMH
KNN (k-nearest neighbors), meton onoparx BektopiB (SVM), HEHpoHHI Mepexi, AepeBa pillleHb. 3aIpONOHOBAHO METOX
inenTH(dIKaIIl CTaHy KOMIT IOTEPHOI CHCTEMH Ha OCHOBI HEUITKHX JICPEB PIllICHb, SIKMU BIAPI3HAETHCS BiJl BITOMHX METOJIIB
nmoOyoBM HAsBHICTIO crenianbHOl mpouenypu ¢dasudikamii arpmOyTiB BUXIZHUX IaHUX Ta MHOOYIOBH (yHKIIl
npuHaNexXHOCTI. Po3pobieHo mporpamue 3a0e3medeHHs, B SKOMY pealli3oBaHO Ta JOCTIMHKEHO 3alpOIOHOBAHUI METO[
BUpILICHHS 3ajadi iieHTH(ikamii cTaHy KOMITIOTepHOI cucreMu. BucHoBku. HaykoBa HOBH3HA OTPUMAaHUX PE3yNbTaTiB
MOJISITae y JOCHIHKEHHI METOIB 11eHTH(iKalii CTaHy KOMIT'TOTEPHOI CHCTEMH, PO3poOILi METOAY Ha OCHOBI HEYITKUX JEpPEB
pilieHb, OLIHI SKOCTI MOJETI Ha eTalli HaBYaHHS Ta TECTYBaHHS, BUKOHAHHA NOPIBHIBHOTO aHAMIZY.

Kaw4doBi caoBa: komm'iotepHa cucteMa, ineHTH]IKaLisA cTaHy, 00poOKka JaHUX, MAIIMHHE HAaBYAHHS, HEUiTKA JIOTIKa,

HEUiTKi IepeBa MPUHAHATTS pillleHb.

Beryn

CporosiHi KOMIT'IOTEpHI TEXHOJIOTII € OjHi€l i3
KJIFOYOBUX CKJIQZIOBUX (YHKIIOHYBaHHS Oyab-sKol Jiep-
JKaBH 1 BIUTMBAIOTH Ha 11 0€3MeKy Ta eKOHOMIYHHHN YCIIiX.

3 moyaTkoM MoBHOMacIITabHOro BTOprHeHHs Pocii
B Ykpainy B 2022 porIli KUTBKIiCTh aTak 3pociia B JeCATKH
pasiB. Kibeparaku cramu pafiie iHCTpyMEHTOM BEICHHS
0olioBHX Jili, aHIXK 3acO00M THCKY Ha OKPEMHX JIFOJICH Ta
1XHI IPUBATHI JaHi.

Binpuiicth kibepaTak Oylyia cpsiMOBaHa Ha JiepiKa-
BHI CaiiTH, TpaHCIIOPTHI KOMNaHii, eHepreTHyHuit 1 i-
HaHCOBHH cektop [1].

3TiHO CTATHCTHKH JEep>KaBHOI CIy>KOH cremianb-
HOTO 3B'A3Ky Ta 3axucty iHdopmarii Ykpainu, sKIo 10
BilfHU Ha JIep>KaBHUM CEKTOP 3MIMCHIITH OMU3bK0 143 TH-
Cs19 aTak, TO B HACTYIIHI MICATI I U(pa CTPIMKO 3pociia
i mocsira 25,1 mineioHiB y BepecHi 2022 poky. [1]

SIK TIPOTHO3YIOTh €KCHEPTH, KiJBbKICTh aTaK TaKoX
Oyzne 30inmpmryBatHcsa. lle BuMmarae BIOCKOHaJICHHS iH-
(bpacTpyKTypH, Iepersiay crpaterii iHhopMamiitHoi 6e3-
MeKH, apXITEKTypu KOMII FOTEpHOI CHCTEMH 1 METO[IB
JIMBO B YMOBAX MOCTiIHHOI TpaHCopMaIliii rao0anbHO1 CH-
CTeMH Oe3IeKH.

Kpim Toro, cygacHi yMOBH HOJITHYHOTO Ta COIlia-
JIbHO-€KOHOMIYHOTO PO3BUTKY KpaiHu MoTpeOyroTh Oaa-
HCY Y pPO3IIUPEHHI BUTEHOTO 00MiHYy iH(opMarrieto Ta He-
0OXiHICTIO Jif OKpEMHX perylaMEHTOBaHUX OOMEXKEHb Ha
1l NOIIKUPEHHS.

Kowmrr’rorepna cucrema (KC) xapakrepusyerbes Be-
JIMKUM 00CSATOM IOKa3HUKIB (aTpuOyTiB) 11 (yHKLiOHY-
BaHHs. l{e mpU3BOIUTH 10 HASIBHOCTI TPYIHOIIIB 3 a/I€K-
BaTHOTO BixOopy aTpuOyTiB 1 ineHTHDiKaLil cTany KC
B YMOBaXx 30BHIIIHIX BIUTMBIB i pO3p0oOKH KpUTEPiro O1li-
HKH, 1110 BiANOBizae oOpaHnM nokasHukam [3].

06’ exkmom Oocnioxcenns € Tporec ineHTudikamii
CTaHy KOMII FOTEpHOi CHCTEMH.

IIpeomemom docniodxcennsa € MeToau 1neHTrdIKarii
CTaHy KOMII'IOT€PHOI CHCTEMH.

Memoro mocmipkeHHs € po3po0ka METOMy iICHTH-
¢ikarii craHy KOMIT IOTepHOI CHCTEMH HAa OCHOBI BUKOPH-
CTaHHS HEYITKUX JIEPEB PillICHb.

Orasin girepatypu. @yukuionysanns KC xapak-
TEpU3YETHCS BEJIMKOIO KUIBKICTIO TpolueciB [3], B ToMy
YHUCI MOPOPKEHUX BIUITMBOM IIIKIIMBOTO MPOTPaMHOTO
3abe3neueHHs. s aHamizy HUX AaHUX BUKOPHCTOBY-
I0TBCS CKJIQ/IHI MaTeMaTUyHI allfOPUTMH, 10 0a3yrOThCS
Ha MaITMHHUX MeToIaX HaBuaHH: [4]. HaitOiipm nomy -
pHI aJITOPUTMH MAIIMHHOTO HABYaHHS HaBeieHO B [5].
OcHOBOIO 3a3HaYEeHNX METO/IB € TEXHOJIOTII 1 poLeaypH,
SIKI BUpIITYIOTH 3aBAaHHs ineHTH(]ikarii crany KC ta Bu-
SIBJICHHSI aHOMaJTiii B 1anux [6, 7]. Hapasi akTHBHO BHKO-
pucTOBYIOTBCS MeToJ k Haiommkumnx cycimis (k-nearest
neighbors)[8, 9]; SVM — meron omopuux Bektopis [10,
11]; neliponni Mepesxi, ancam6nesi Meronu [12] Ta iH.

AJte OUIBIICTE 13 MOJEJICH, HAIPUKIIA, HEHpoMe-
PEXeBi MOJIENTi MOBOISITHCS SIK «4OpHA CKPHHBKAY, SIKa HE
MOSICHIOE, YOMY 3 TaKMX BXiJHUX JaQHUX BHUHILIOB came
e pesynbrat. KpiM TOTO BiCYTHS OCTAaTHS VIS KOpe-
KTHOTO HaB4aHHA ML-Mozeneii KiTbKOCTi HaBUaJIbHUX Ta
TECTOBHX JAaHWX Yy BCIX HamIpsMKax Kibep3arpos, Big KOM-
MOTEPHUX BIPYCiB 10 MPHHOMIB COMIANBHOI iHXEHEPIi.
3/I0BMUCHHUKH TaKOX BHUKOPHUCTOBYIOTH ajrOPUTMU Ma-
[IMHHOTO HABYAHHS ISl CTBOPEHHS IIKIUTMBUX IIPOTpaM,
aHaJTi3y KOPUCTYBava MOBEiHKH, pO3poOKH 00TiB-30Mpa-
YiB MMEPCOHANBHUX JAHWX, HOMIIYKY BPa3IHBOCTEH, Mij-
0opy mapoJiB, MiAMIHA 0COOMCTOCTI, 0OXOy CHCTEM 3a-
XHUCTy Ta iH. MosxnuBi crieruivuni araku Ha ML-anropu-
TMH Ta BUKOPHUCTOBYBaHi HA0OpH JTaHUX, III0 MOKE MPH3-
BECTH 0 HEBIPHUX PillleHb, IPOIYIIECHNX aTaKk 200 OMH-
JIKOBUX CIIPallbOBYBaHb;

[IpoBenenuii anai3 Mokasas, 1110 OCHOBHUMH HEI0-
JiKaMH TAaHUX METOJIB € 3HeBara (aKTOpaMu HEUITKHX
JTAHWX 1 HU3bKA aIaMTallis IO TUHAMIYHUX 3MIiH CTPYKTYP
BHXIJTHUX JaHUX Ta 30BHIIIHIX Jiif, 10 Y CBOH MOCIIiI0-
BHOCTI TIPU3BOANTD JI0 3HIKEHHSI IOCTOBIPHOCTI 1I€HTH-
Gikamii [13].

OnauM 13 epeKTUBHUX METOMIB MAITUHHOTO HaB-
YaHHSI € BUKOpUCTaHHsS jaepeB pimeHb (JIP, Decision
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Trees), siKi yCIIIIITHO 3aCTOCOBYIOTh y 6araTbox o0JacTsix,
BUPINIYIOYH 3aBJaHHs Kiacudikalii, perpecii Ta BUOOpy
MIMHOKHUHY O3HaK ifeHTudikamii [2, 3, 14].

JAP € momynspHUMH MOJEISAMH MaIIMHHOTO HaB-
yaHHs. J{18 moOynoBHM JepeBa Ha KOXHOMY BHYTpII-
HBOMY BY3J1i HEOOXiTHO 3HAWTH TaKy YMOBY, sika O po3-
OuBaja MHOXHHY, III0 ACOIIFOETHCS 3 UM BY3JIOM Ha TIi-
IMHOKHHH. B siKOCTi TIepeBipku moBuHEH OyTH BHOpa-
HUI oAWH 3 aTpuOyTiB. 3aranpHe NPAaBUIO IJISI BHOOPY
aTpulOyTy MOXKHA c(HOPMYIFOBATH TAKUM YHHOM: BHOpa-
HUIl aTpuOyT MOBMHEH PO3OMTH MHOXHHY Tak, II00
OTpHMaHi y pe3yJbTaTi MiAMHOXKHHY CKIIaJaIucs 3 00'e-
KTiB, III0 HaJIe)KaTh O OJHOTO Kiacy, abo Oyiau MakcH-
MaJbHO HaOJMKEHi J0 I[bOro, TOOTO KIJIBKICTh 00'€KTIB 3
IHIIMX KJIACIB («IOMIIIOK») B KOXKHIHA 3 IUX MHOXHH
OyIa skomMora MeHor. Ha BXiJ anropurmy Mo>kHa Io-
JlaBaTH BCI ICHyIOUi aTpuOyTH, QJITOpPUTM caM BHOepe
HaAMOLIBII 3HAYYIII i BOHH OyIyTh BUKOPHUCTaHI IS TI0-
OynoBu nepesa [15].

JAP € HAOUHMMHU Ta TO3BOJITIOTH 3PO3YMITH Ta HOsIC-
HHUTH, YOMY KOHKPETHHUI 00'€KT BIZHOCUTHCS IO TOTO UM
iHmoro xmacy. JlatoTe 3MoOry BimoOpakaTH HpaBWia 3
0a3u JAaHUX TMPHPOJHOI0 MOBOIO. J[03BOJISIIOTH CTBOPIO-
BaTH MOJIEJ Y THX Tally3siX, Jie aHAJIITUKY JOCUTh CKJIa-
nHO (opMami3yBaTH 3HaHHSIMH. Binbiie Toro, iX iHIyK-
LIAHUN TIPOIIeC € 3a3BUYal IIBUAKUM , BUMArae HEBEIIHU-
KHUX O0YKCITIOBAIBHUX PECYPCIB.

Binpmiicts anropurmis nodynosu P mMaroTh MOX-
JUBICTH CIIemiadbHOI 0OpPOOKM TMPOMYIIEHNX 3HAYCHB,
TIPALFOIOTH 1 3 YUCIIOBUMH Ta 3 KATErOpialbHUMH THUITAMH
naanx. JIP, Ha BigqMiHy 6aratbox MeTOHiB, OyIyIOThH He-
mapaMeTpHYHI MOJIENI 1 3IaTHI 0OpOOIIATH KaTeropiaibHi
3HAUCHHSI.

Opnaxk anroput™ /[P Mae psig HepomikiB. OCHOBHHI
3 HUX — II€ 3aCTOCYBaHHS €KCIIEPTHOTO MeToay mpH do-
pMyBaHHI IMOBIPHOCTEH HACTaHHS TOTO YM 1HIIOTO Clie-
Hapito. Lle noB’s3aHo He JuIIe i3 Cy0’€KTHBI3MOM aHalli-
THKa-CKCIePTa, ajic i 3 HEMOXKIIUBICTIO, B PsA/Ii BUMAJKIB,
TOYHO CHPOrHO3yBaTH OaraThboX WMOBIpHOCTEH Ha-
CTaHHsI CLieHapii, HAPUKIIA/l BAKOPUCTAHHSI HOBOTO Clie-
Hapiro Kibeparaku. OcoOIHBO I1e aKTyaIbHO MPH iICHTHU-
¢ikarii crany KC, oCKUTBKH TYT iCHY€ UnMaIo (pakTopis,
sKi Baxkko mepenbaumtu. Lleit Hemomik MoOXXHa 3MEH-
[INTH, 3aCTOCOBYIOUH HEHPOHHI MEpexXi, TEOpit0 HEediT-
KHX MHOXXHH Ta BIATIOBiJHE IpOrpaMHe 3a0e3ledeHHs
[16].

KpiMm Toro, sKIo 3Ha4eHHS aTpUOYTiB 3HAXOATHCS
Ha MeXi pO3MEXyBaHH KJIaciB, TO OUTBII €(hEKTUBHUM €
TaKOX BUKOPHCTAHHS arapaTy HE4iTKOI MaTeMaTHKH Ta
JP, sxuit mpuctocoBanui 1y izeHTrdikamnii crany KC B
X ymoBax [17].

ITinxonu Ta MeTOIH

HeuiTka ytorika — 1ie MaTeMaTHYHUHI 1 IX11, 110 Oa-
3Y€ThCSl HA TIOHATTI HEYITKOT MHOXKMHH 1 BUBYAE TICBHI
MIpOIIeCH Ta SIBHIIA 3 (YHKII€I0 MPUHAIEKHOCTI enemMe-
HTa 70 MHOKHUHHU. B OCHOBI IIBOTO MiXOAY JISKUTH T€O-
pis, BuKinangena B cepii po6it JI. 3age B 1965-1973 poxkax.
CaMe B #oro poboTax poO3MIISIAIOTHECS €IEMEHTH MHO-
KHMHH, JUISL IKUX (QYHKIIS TPUHAIEKHOCTI MPEACTaBIIsE
c000I0 HE KOPCTKHUH NOPIr (HaIeXNUTh / HE HAJIEXKUTD), a
IUIABHY CUIMOIy (4acTO CIIPOIIEHO JIaMaHy JIiHi0), 10

MIPOXOJUThH Yepe3 BCl 3HAYEHHS BiJ HYJS O OJMHULI
[18]. Takum 4MHOM, JaHUH METOA JO3BOJSIE OLIBLI TO-
YHO OINUCYBAaTH KOMILJIEKCHI SIBUILA, TTO/1i1, BEIUMYNHHU 3a-
BJISIKM MOJKJIMUBOCTI OIIMCATH 1X HE JIMIIE OJJHUM ycepell-
HEHHUM YHCJIOM, a JIOTIYHUM BiJIOOpaKEeHHSM, SKE € Hall-
OUTBII OMM3BKUM JIO TOTO, SIK HOTO PO3YyMIIOTH 3 CHpHii-
HATTSI 30BHIOTHBOTO CBITY. TOOTO T€Opis HEWITKUX MHO-
KUH JTO3BOJSIE OTPUMATH OIBII TOYHE BimOOpaKeHHS
pEaNbHOTO CBITY B MATEMaTHIHUX MOJACIIAX.

Hewitki miaxix € oXHUM i3 PO3UIMPEHb KIACHYHOT
mozeni JIP [19]. Ha BinMmiHy Bif pOCTHX IepeB pillicHb,
Jie KOXKEH MPUKIIAJ] HAIEKUTh KOHKPETHOMY BY3Ily, Hedi-
TKE JEPEBO pillleHb BUKOPUCTOBYE CTYIIHb IPHHAJIEK-
HocTi. HediTkuii mixi kpaie afanToBaHUM 10 yMOB pe-
JIBHOTO CBITY. Pi3Hi 6231 HEYITKMX MPaBUII MOXKHA 3 JIe-
TKICTIO 00'eqHaTi. KpiM TOro, MOHATTS HEYITKOi MHO-
JKMHH IJIKOM Y3TOJDKYETBCSI 3 IHTYiTUBHHMH YSIBJICH-
HSIMH TIpO HaBKOJIHMIIHIHN CBIT, TaK SIK BEJIMKA YaCTHHA BU-
KOPHCTOBYBAaHHX TIOHATH 32 CBOEIO NMPUPOJOI0 € HEIT-
KOIO Ta PO3MHTOIO.

Kom0iHartlist HeHiTKAX CHCTEM Ta [IepeB PIllIeHb A€
HeuiTke aepeso pimenb (HJIP, Fuzzy Decision Trees).
[Ipu BUKOPHUCTaHHI HEYITKOTO MiXO1y Y KiHIIEBIi OIIHITI
TOPSIZ 13 YMCIIOBUM PE3yJITATOM OyIe OIepiKaHo i po3-
MOJIIT HOro ICTUHHOCTI Y BHUIVISAL BIAMOBIMHOI (QYHKINT
npuHanexHocti. [Ipuyomy xapaktep (yHKUIl (CTymiHb
PO3MUTOCTI) IPHHANISKHOCTI XapaKTepU3yBaTHUME i CTy-
HiHb HEYITKOCTI PIillIEHHSI Ta MOXKE IHTEPIPETYBaTUCA SIK
(YHKIIS PO3IMOIUTY OLIHOK iCTHHHOCTI MPUHHSTOTO pi-
meHHs. TakuM yiHOM, Tipu BUKopuctanHi H/IP He BTpa-
YaloThCS 3HAHHS PO Te, M0 00'€KT MOXKE MaTH BIIACTH-
BOCTI SIK OJTHi€T O3HAKH, TaK i IHIIOI B Til YM 1HIIIH Mipi.

[epeBaramu HJIP € Brcoka To9HiCcTh Kiacupikaii,
sIKa OTPYMaHa 33 PaxyHOK BUKOPHUCTAHHSAM HEYiTKOI JIo-
riKd, MIBHAKHAN TPOLEC HABYAHHS Ta IIPOCTOTA PE3yJib-
tary ais iHteprnperaunii. HewiTkuid migxiz, iHTErpyrouu
HOHSTTS HEYITKUX MHOXKHH Ta €HTPOMIl cTae Bce OLIbLI
NOMYJISIPHUM TIPH aHali3i JJaHuX, 0COOJIMBO SIKi 3HAXO-
JSITHCSI Ha MEXK1 pO3MeXyBaHHs, TIPH BUPILIEHHI TPpo0em
HEBHU3HAYCHOCTI, LIyMy I HETOYHOCTI JaHUX. 37aTHICTh
ITOPUTMY BHJIABaTH AJISI HOBOTO O0'€KTY CTYMiHb NpH-
HaJIe)KHOCTI JI0 KJIacy JI03BOJISIE YNPABIATH HOPOTOM
MPUIAHATTS PIIeHb U KITacHu(iKalii.

Bimminaoro pucoro H/IP € Te, mo ans xoxHOTO at-
pulyTa HEOOXiTHO BUAUTUTH KiTbKa HOTO JiHTBICTUIHUX
3HAYEHb 1 BUSHAYUTH CTYITIiHb NPUHAJICKHOCTI MPUKIIAiB
(00’exTiB) 10 HUX. 3aMiCTh KiJTBKOCTI MPUKIAiB KOHKpE-
tHOTO By37a H/IP rpyrye iX cTymiHb NPHHAIEKHOCTI.

[ponec moOynosu HJ/IP mounnaeTses 3 hazndikarii
aTpuOyTIB X; BUXIIHUX JaHHUX, HOOYHIOBH (DYHKIH mpu-
HAJIC)KHOCTI Ta BU3HAYCHHS CTYNEHS MPHUHAICKHOCTI
00’€eKTiB (MPUKIA/IB) A0 KOXKHOTO 13 HUX. Hanmauni mporec
TIOBTOPIOETHCS ITEPAIlIfHO Ta IOYMHAETHCS 31 3HAXO-
JUKEHHS aTpUOyTy YMOBH, 110 BU3HAYAE TIOTOUYHHUH BY30J
JepeBa (IIpH bOMY CHOYATKy BH3HAYa€ThCsl KOPEHEBUH
BY30JI IepeBa):

1. BusHaunty 3Ha4YeHHs 3arajbHOi EHTpOIIi,
AKa JTa€ CepPeHI0 KUTBKICTh iH(opMartii 11 BU3HaYeHHS
KJ1acy 00'€KTa 3 MHOYKUHH:

N N
E(sN) =3, i-logy T @
P P
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ne PN — koedilieHT mo MicTUTH 3araibHi XapakTepHc-
TUKH NpUKIIaAiB By3na N.

2. Buznauutu xoedinientu Pj Ta eHTpomito s
PO3OHTTS 32 KO>)KHUM aTpuOyToM 4

PY =" . min(uy (D,), 44(D,)) ; 2

N[j .

N oay=S P ENiD
e =X BT @
ne By3out N | j — mouipwiii juist By3ma N.

3. O6uucnutr iHGOPMALIHHUNA TPHUPICT A
KOYKHOTO i3 aTpuOyTiB

SN, A =EM)-EESN,A). @)

4. Busnauntén atpubyt A* 3 MakCUMaJIbHUM
pupocToM iHpopmaii G:

A* =argmax 5 G(S, A). (5)

5. Bukopucraru atpudyT A* y sIKOCTI By31a Jie-

peBa N Ta BHOamuTH HOTO 13 CIIHCKY aTpUOYTIB, SKi IIe HE
Oymo 0OpobIeHo.

6. Byzon N po36utn Ha kinpka migcucteM N;.
[epepaxyBaTu CTyIiHb IPUHAJICKHOCTI L aTpUOYTIB IO
HACTYITHOTO SIpyCy:

anyj (&) =min(uy j (D), sy (D ). (6)

7. Skmo Bei mpukiaau misysna N|j marmoTh
CTYIIiHb MPUHANISKHOCTI, 1[0 AOPIBHIOE HYIIIO, TO TaKUH
MiIBY30J1 BUOAJHTH TaK SK HE iCHY€ KOIHOTO MPUKIIaLy,
Jie TIPUCYTHS Taka KOMOIHAIiS JTIHIBICTUYHAX 3HAYCHb.

8. SIKIIO HE TOCSTHYTO MaKCHMAIBbHOT IITHOHHH
JepeBa abo yci aTpuOyTH He BUKOPHCTAHO, TO MOBEPHY-
THCS 10 1. | iHaKIIe 3aKiHYUTH OOYI0BY JepeBa.

Takum 4MHOM, B PEXUMI HaBYaHHS (HOPMYETHCS
6a3a npaBui Ta Oyayerscst H/IP. Y koxxHOMY By3iy Jie-
peBa mijg yac HaB4aHHs GOPMYIOThCS (GYHKIIT IpUHAIIe-
KHOCTI aTpuOyTiB 1m0 HactymHoro spycy /JIP. Ilpu
IFOMY, Ha BIIIMiHY BiJl 3BUUalHUX JIepeB pillIeHb, KiJlb-
Kicts mucTKiB (ayr) HAP Mosxe OyTH OUTBIIOO HiXK JBi
JyTH.

HanexHicth 10 WIJIBOBOrO KJAacy IJisi HOBOTO
00’€KTy BU3HAYAETHCS (POPMYIIOIO:

o =Z|kakI ';UI(Dj)'Zk
>, (4 (D)) X R)

Y]

ne Plk — Koe(]iIieHT CIiBBiIHOIIEHHS MPHUKIA/IIB JINCTA

JiepeBa [uisl 3HaUeHHsI Tb0BoTO Kiacy K, (u(Dj) — cryminb

n(X)a

NPUHANCKHOCTI MPUKIaAy A0 By3na |, yx — mpuHaiIex-
HICTh 3HAYEHHS LITFOBOTO Ki1acy K 10 MO3HUTHBHOTO 3Ha-
YEeHHsI pe3yJIbTaTy Kiaacudikarii.

ExcnepuMeHTANIbHI JOCTiIKEHHSA
Ta OliHKA e()eKTHBHOCTI

OpnHieto i3 mpobsieM KiaacudikaropiB Ha OCHOBI He-
YITKHX JEpeB pillleHb € aBTOMaTH3aLlis mpouecy dazndi-
Kamii aTpuOyTiB BUXIIHHX JaHUX Ta HAJAIITYBaHHS
HJIP.

B nawniii po6oTi 3anpONOHOBAHO METOM MOOY0BU
HJP, sxwif BiApi3HAETBCSA BiJ BITOMUX METO/IB HAsBHI-
CTIO aBTOMAaTH30BaHOI CIIelianbHOi mpouenypu dasudi-
Kamii aTpuOyTiB BUXiTHUX JaHHUX Ta MOOYIOBH (YHKIIi
TIPUHAJICKHOCTI:

1. Hexaii 00’€KT CTIOCTEpEKEHHS MOXKE 3HAXO0-
JUTHCS B OHOMY i3 IBOX cTaHiB H1 Ta H>. CtaH 00’ ekTy
BU3HAYAETHCS 3HAUCHHSIMU p aTpUOYTIB (IIOKa3HUKIB) X1,
X2, ... Xn. [lepenbavaeTbes, 110 YUCIIOBI 3HAYCHHS aTPHU-
OyTiB, sIKIi KOHTPOJIOIOThCS, € HOPMAIBHO PO3MOJije-
HUMHM BHIaKOBUMH BEJIMYMHAMHU, IPUYOMY iX MaTema-
THYHI CHO/IiBaHHS BU3HAYAIOTHCSI BEKTOPOM

M = (mg, my, ... my).

2. Jist KOXKHOTO aTpUOYTY Xi pO3paxOBYIOTHCS
XapaKTEepUCTUKU: MaTeMaTHYHe OYiKyBaHHs M, THcIep-
cist D, cepenHe kBajipaTHYHE BIAXUICHHS 0.

3. SAxmo oTpumane 3HaueHHs auctepcii D < 5,
To (pazudikamis aTpuOyTy BiZOYBAETHCS 32 PAXyHOK II0-
OyZnoBH TPHOX (YHKIINA NPUHANEKHOCTI 1, M2, M3
(puc. 1):

(%, mj,07) =
1, Xi<mi—30'i,
m; —oj =% (8)
= ) mi—3GiSXi <mj —oj,
ZGi
0, mi—GiSXi;
Ho (X mj,07) =
0, Xj <mi—30'i,
Xi—mi+30'i
_— mi—SO'iSXi<mi—O'i,
ZO'i (9)
=<1, mi—0i£Xi<mi+0'i
mi+30i—xi
_— mi+ai£xi<mi+30'i,
20'i
0, mi+30'i SXi;

>

0

-00 m-3¢ M-o

m m+oc m+3c

+oo X

Puc. 1. I'padiyne nomanus GyHkuiii npuHane:xHocti arpudyty (D < 5)
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(% m;, o) =
0, Xj <m; +0oj,
Xi — mi — Oj (10)
=, mi+O'iSXi<mi+30'i,
ZO'i
1 m; +30'i < X
4, Sxmo oTpumane 3Ha4UeHHs aucnepcii D>5,

TO Qasudikaris BUXiTHAX TaHUX BiIOyBaeThCS 3a paxy-
HOK KJIacTepu3alii aTpuOyTiB, HAPUKIIA aITOPHTMOM
DBSCAN. IIpu npoMy KiTBKiCTh HEUITKUX MHOXHH BH-
3HAYA€THCS KUTBKICTIO KITaCTEPiB.

5. J11st KO’)KHOTO KiacTepy OyIyeThesl Tparneri-
eBuaHa QyHKLisN npuHaitexHocti. [Ipu npomy, Ha Biapi-
3Ky [b;C] e pyHKIisS MpUHATIEKHOCTI TOPIBHIOE OJJMHUIII
3HaxouThes 80% eneMeHTiB. BinnosigHo, Ha Bifpizkax
[a;b] Ta [c;d] (uacTkoBa HaneKHICTE) 3HAXOAUTHCS 20%
eJIEMEHTIB KJacTepy (puc.2).

Cluster Core

w(X)
1
| o
o . .
a cd X

Puc. 2. Tlpuknan no6ymoBu QyHKINT IPUHAISKHOCTI
MU KJIacTepu3alii arpudyTiB

[IpoBexneHi qOCITiIKeHHST HAIAaH MOYKIUBICTD OITi-
HUTH TTOKa3HUKH SIKOCTI Kiacu@ikarii Ha OCHOBI JepeB
pitens 3 6aratoBumipaumu Byznamu (MD DT), 3anpo-
ITOHOBAHOTO aBTOpamH B [3] Ta MeToxy Kiacudikarii 1a-
HUX Ha OCHOBI HEUITKHX JEPEB PIllICHP 31 CIEiaEHOO
poIeIyporo GPOPMYyBaHHS HEUITKHX MHOXHUH 1 QyHKITIH
npunanexxaocti (FDT) [20]. Pesynbratu ominku HaBe-
neHo B tabn. 1 (Accuracy (ACC), Precision (PPV), Re-
call (TPR), Probability of false alarm (fall-out, FPR),
Miss rate (FNR)).

Tabauys I — Tloka3HUKH SKOCTi KjIacudikanii Ha ocHOBI
meroaiB MD DT Ta FDT, 3i cneuiajibHoro
npoueaypoo GpopmMyBaHHs HediTKHX
MHOKHH i GyHKIi npHHANeKHOCTI

TToxas- HapuaneHuii HaGip Tecrouit Habip

HHKH JTAHHUX JIAHHUX

SIKOCTI MD DT FDT MD DT FDT
ACC 1 0,9997 0,91 0,932
PPV 1 0,9997 0,86 0,889
TPR 1 1 0,972 0,987
FPR 0 0,0007 0,154 0,123
FNR 0 0 0,028 0,013

Sx BUAHO i3 TaOiuUI, BUKOPUCTaHHS MPOIECIypH
(hopMyBaHHSI HEUITKUX MHOXKWH Ha €Talli HaBYaHHS MO-
JIeITi Ha/Ia€ MOXIIUBICTD MiIBUNIUTH TOYHICTh iICHTU]I-
Kamii (mpM 1pOMy, NMOMMIJIKa Ha HaBUYaJbHIA BHOipmi
cxianae 0,03% na TecToBiii - 6,8%).

KpiM TOro BUKOHaHO OLIIHKY MeTOAIB Kiacudikamii
Ha ocHOBi MD DT Ta FDT (puc. 3, 4) 3 BAKOPHCTaHHAM
ROC-kpuBoi.

AUC =909/1000 = 0.909

1 i i 1 }
8+ <+
6+ —+
=4
o
=
4 - —
e —_
T=0.0 o
0 t t t t
0 2 4 6 8 1
FPR
Puc. 3. Roc kpuBa sikocTi kinacudikarii
Ha ocHOBi MD DT
AUC = 1471379/1500000 = 0.980919
11;7 } } 4 +
RE ot
6 +
[
Ay
=
e -
o ° ——
T=0.49 ]
0 } } t i
0 2 4 6 8 1

FPR

Puc. 4. Roc xpuBa sikocTi Kiacudikarii
Ha ocHOBi FDT

Sk BUIHO 13 puc.3, MeToau Kiacudikailii Ha OCHOBI
MD DT ta FDT € axicanmu. MeTo Ha OCHOBI HEYITKHUX
JIEpeB pillleHb 31 CIEiaTbHOI MPOIEeayporo (Gopmy-
BaHHS HEYITKUX MHOXXHH 1 QYHKIIIH IPUHATIKHOCT] TO-
Ka3aB Kpalluil pe3yJibTar.

Takox JOCHIPKEHO Ha KJIACHU(IKATOPH HA OCHOBI
Moaudikariit anropurmis SVM [19] ra KNN [20] Ta Bu-
KOHAHO MOPIBHSUTEHUI aHali3. Pe3yapTaT JoCipKeHH
HaBeJieHO Ha puc 5, 6. Puc. 5 MicTUTh NOMWIKH KiTacu-
¢ikarii Ha eTami HaBuaHHS (Bias), puc. 6 — Ha erami Tec-
TyBaHHs Mozeni (Variance).

SIK BUIHO 13 puC. 5, 6 BUKOPUCTAHHS METOAY Kiia-
cudikarii JaHUX Ha OCHOBI HEUITKHX JepeB pilleHb 3i
CHeniaJbHOIO TPOLEAYPOI0 (POPMYBaHHS HEHITKUX MHO-
JKUH 1 QYHKIIH MPUHAIEKHOCTI JO3BOJIWIO TiABUIIUTH
TOYHICTH Knacudikamii Ha etamni TecTyBaHHs Ha 2,3% 3a
paxyHOK (pOpMyBaHHS HEUITKUX MHOKHH Ta 3MEHIIICHHS
KIJIBKICTB SPYCIB JiepeBa pillleHb.
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Dependence of the Bias on the Method

Coarse Tree

Tree with MDMN
Fuzzy Trees with AFSG
Linear SVM

Quadratic SVM

Fine Gaussian SVM

B
©c o oo
o N U N
S u o W

T

= Medium Gaussian SVM

1]
~
=g
o
a

Fine KNN
Medium KNN
Coarse KNN
Cosine KNN
Cubic KNN
Weighted KNN

Coarse Gaussian SVM

Puc. 5. [Tomunky knacugikarii Ha etani HaBdaHHA Mozedi (Bias)

Dependence of the Variance on the Method
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Puc. 6. ITomunku knacudikariii Ha etami TecTyBaHHs Moeni (Variance)
aHali3y aTpuOyTiB aHaIi3y abo X Kiacrepu3allii, Halpu-
BucHoBku ’

Taxum unHOM, y poOOTI BUpIlLIEHO 3aB/IaHHS ITi/IBU-
LIEHHS ONEPAaTHBHOCTI Ta TOYHOCTI iieHTHiKalii cTany
¢ynkumionyBanus KC.

HaykoBa HOBHU3HA OTPUMaHHX PE3yJIbTATIB MOJISITae
B TOMY, IO BIIEPIIIE 3aMPOTIOHOBAHO METOJ i/IeHTH(iKa-
uii crany KC Ha ocHoBi H/IP, sikuii Binpi3HAETHCS BiJ Bi-
noMux MetoiB nooynosu HJIP HasBHICTIO crieriaibHOT
npoueaypu dasudikanii aTpuOyTIB BUXITHUX JaHUX Ta
1o0yoBH (YHKIIT MPHUHATIEKHOCTI.

[Tpn upomy dasndikauis aTpuOyTiB € aBTOMATH30-
BaHOIO Ta BigOYBAa€ThCS 3a PAXYHOK CTATUCTUYHOTO

knag, anropurMmom DBSCAN.

PesynbraT MoneroBaHHS MOKa3alu, 110 3aIporio-
HOBaHUI METO/ HA/Ia€ MOXJIMBICTD 3MEHIIUTH KiTbKICTh
ApYCiB JepeBa pillleHb, IO JO3BOJISIE MiIBHUIIUTH OIepa-
TUBHICTh iJeHTU(]IKaNii CTaHy KOMII FOTEPHOI CHUCTEMH.
Bukopucranss npouexypu GOpMyBaHHS HEYITKUX MHO-
JKHMH Ha eTarl HaBYaHHsI MO/ HaJaae MOYKIIMBICTD I ABHU-
IIUTH TOYHICTH ieHTHdiKanii (pyu 1[bOMY, IIOMMIKA Ha
HaBYaJIbHiM BHOipii ckiaamgae 0,03% Ha TecToBii - 6,8%).

Henomixom gaHoro MeTomy € HEOOXiJHICTh BUKO-
pHCTaHHS OUIBIIOT KUTBKOCTI 00YMCIIOBAILBHUX PECYPCiB
nipu mo6ynosi HIP.
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Development of method base on fuzzy decision trees
for identification of the computer systems state

S. Gavrylenko, V. Chelak

Abstract. The subject of research is the methods and means of identifying the state of the computer system. The
purpose of the article is to improve the quality of data classification by developing a method for identifying the state of the
computer system. Task: to investigate methods of identifying the state of a computer system and to develop a method of clas-
sifying the state of a computer system for the purpose of data protection. Methods used: artificial intelligence methods, machine
learning, decision tree methods .The following results were obtained: methods of identifying the state of the computer system
KNN (k Nearest Neighbors), support vector method (SVM), neural networks, decision trees were investigated. The re-
sults were obtained: a method of identifying the state of the computer system based on of fuzzy decision trees, which differs
from the known methods of fuzzy decision trees by the presence of a special procedure for falsification the attributes of source
data and constructing membership function was proposed. The software was developed, in which the proposed method of
solving the problem of identifying the state of the computer system was implemented and investigated. Conclusions. The
scientific novelty of the obtained results lies in the study of methods for identifying the state of the computer system, the
development of a method based on fuzzy decision trees, the assessment of the quality of the model at the stage of training and
testing, and the performance of a comparative analysis.

Keywords: computer system, state identification, data processing, machine learning, fuzzy logic, fuzzy decision trees.
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SPECIFICS OF IMPLEMENTATION OF THE ASYMMETRIC ENCRYPTION
ALGORITHM ON ELLIPTIC CURVES

Abstract: The modern world is inextricably linked with information technologies. Every year, the Internet expands, and
thousands of sites that provide various services have been created. With a stable Internet connection, you can solve most of
life's problems without leaving home — from ordering dinner to receiving government services. Nowadays, when educational
institutions and businesses have been forced to switch to a remote form of work due to the pandemic, the issue of information
protection is more pressing than ever. There are many cryptographic algorithms that have protected our information on the
Internet for decades, but as computing power grows, so do the demands on such algorithms. Some of them have not coped
with the challenge of time and are no longer used, which is why there is a need to develop new algorithms that use more
complex mathematical principles and provide a higher level of security. And there is a whole class of algorithms that use the
principles of elliptic curves to provide greater security with relatively lower use of system resources.

Keywords: Cryptography, Public-key cryptography, ECC, RSA, ASP.NET, Cybersecurity, Encryption.

Introduction

Information is the result of human interaction with
the environment. It is both the cause of actions and their
consequences. And therefore, the possession of
information and its processing determines and changes
our world and people's lives. Nowadays, when
information has become more accessible than ever, it is
especially important to keep certain information secret. It
is easy to assume that no company will like it if its
corporate documents become public. This threatens
multimillion-dollar damages and loss of reputation, or
even worse when it comes to personal information of
employees or secret developments.

A truly secure computer is one that hasn't connected
to any network, even an electrical one, but it is impossible
to use such a computer. The modern world is inextricably
linked with information technologies. Large masses of
information are constantly being transferred over the
Internet, and it is not very difficult to intercept it
therefore, there is a need to transmit information in a
protected form so that even if was intercepted, an attacker
cannot use it. Also, when transmitting information in
open networks, such as the Internet, it is important to
confirm the identity of the sender and recipient.
Cryptography deals with these and other problems. There
are hundreds of different encryption algorithms that use
various mathematical principles to protect information.

Data protection is a set of measures not limited to
cryptographic protection. Technical, engineering, and
organizational protection are also distinguished.
Technical protection includes hardware and technical
measures to restrict access to the information carrier,
such as routers, firewalls, antiviruses, etc. Engineering
protection exists to prevent the physical destruction of the
information carrier. Organizational protection limits
access to information by third parties, for example, by
using access control rules [1].

Literature Analysis

Modern encryption algorithms can be divided into
two classes: symmetric and asymmetric. Symmetric
encryption algorithms use one key to encrypt and decrypt

information, so this key must be private and known only
to those who exchange information. On the opposite,
asymmetric algorithms (also public-key algorithms) use
two keys: a public key for encrypting data and a private
key for decryption. The feature of these algorithms is that
generating a public key based on a private key is a simple
task, but restoring the private key by knowing the public
key is very difficult. Each of these classes has its
advantages and disadvantages. Yes, symmetric algorithms
are much faster and more reliable because they use much
simpler mathematical principles, but the main difficulty is
the exchange of the private key. The most popular
algorithms of this type are RC4, AES, DES, 3DES, and
QUAD. Asymmetric algorithms exchange data according
to the following scheme. The User A generates his private
key p4 and, based on it, calculates the public key Py,
similarly, the user B generates his own pair of keys ps and
Pg. Users exchange public keys over an insecure channel,
after which the user A can encrypt information with the
public key Ps, and only the user B can decrypt his
messages with the private key pg. Similarly, only the user
A can decrypt a message encrypted with the public key P,.
Representatives of this class are the following algorithms:
RSA, Diffie-Hellman, and ECC.

In practice, hybrid algorithms are often used, which
take into account the shortcomings of both classes of
algorithms. They are not a separate class of encryption
algorithms but a combination of two classes. Their main
point is to use an asymmetric algorithm to exchange a
private key, which will be used to encrypt information
using a symmetric algorithm [2].

With the growth of computing capabilities, the need
for more reliable algorithms grows. Also, over time,
vulnerabilities are found in existing algorithms. So, DES
and 3DES algorithms no longer meet modern security
requirements and are hardly used. A partial solution to
this problem is to increase the key size. For example, the
standard key size for the asynchronous RSA algorithm is
now 2048 bits. But there is the more reliable and
relatively new algorithms class ECC, which stands for
Elliptic Curve Cryptography, which is being used more
and more often. In particular, this algorithm is used by
various cryptocurrencies, including Bitcoin.

84

© Golovko G., Kalynovych M., 2023



ISSN 2073-7394

Cucremu yrnpaBiIiHHsI, HaBirarii Ta 38's3ky. 2023. Ne 1

Due to its greater mathematical complexity, the
ECC algorithm provides the same level of security with
a smaller key size (Table 1) [3].

Table 1 — Comparison of the security level
with different key sizes

Security bits RSA ECC
80 1024 160
112 2048 224
128 3072 256
192 7680 384
256 15360 512

Table 2 — Intuitive security levels

The relationship between the security level and key
size of ECC, compared to RSA, is not linear, so ECC
scales much better. Also, thanks to the significantly
shorter key, ECC is suitable for use in systems where
execution time and the amount of used memory are
critical. Also, there is work that shows how much water
can be boiled with the energy needed to hack an
algorithm with a certain key length (Table 2) [4].

In modern cryptography, two classes of encryption
algorithms are distinguished: asymmetric and symmetric.
Each class has its advantages and disadvantages, but the
best result can be obtained from a combination of these
algorithms.

Security level Volu_me of Wate_r to Bit-lengths
bring to a boil Symmetric key Cryptographic hash RSA modulus

Teaspoon security 0.0025 liter 35 70 242
Shower security 80 liters 50 100 453
Pool security 2 500 000 liters 65 130 745
Rain security 0.082km3 80 160 1130
Lake security 89 km3 90 180 1440
Sea security 3 750 000 km3 105 210 1990
Global security 1 400 000 000km3 114 228 2380
Solar security - 140 280 3730

Over time, the need for more secure algorithms
grows, but a simple increase in the key size leads to an
increase in the load on the system. So, it is appropriate to
use more complex algorithms that provide the same level
of security with a much smaller key size. That is why the
ECC algorithm has been gaining more and more
popularity lately.

Object, subject, and methods of research

Research object: cryptography.

Subject of research: cryptography on elliptic
curves.

Research method: implementation of the ECC
algorithm for the organization of a secure data
transmission channel over the Internet.

In general, elliptic curves are described by the
following equation:

y2 =x3+ax+b, (1)

where 4a3 + 27b% # 0 — this condition allows us to
exclude special curves that cross the point 0(0; 0) and
are not full-fledged elliptic curves.

An important property of elliptic curves is that they
are symmetrical about the x-axis (Fig. 1).

To further perform mathematical operations on the
elliptic curve, it is necessary to define a group. A group
is a non-empty set G for which a binary operation has
been defined. The group for which the addition operation
"+" has been defined is called additive. The group must
satisfy the following conditions:

1. Associativity:a+ (b+c) =(a+b) +c.

2. There exists a zero element O suchthata + 0 =
=0+a=a.

3. For any a € G there exists an opposite element
b such that a + b = 0. Which can be written as a +
(—a) =0.

2 4

Fig. 1. Elliptic curve whena = 0,b = 7

If the commutativity condition a+b =b +a is
fulfilled, then such a group is abelian [5].

Let us define group G for the set of points of the
elliptic curve. We define the binary operation "+"
according to the following rule: the sum of three
arbitrary, aligned non-zero elements P, Q, and R of the
set G isequal to O [6 — 8]:

P+Q+R=0, 2)

where 0 — point at infinity or ideal point.
The element opposite to P is the element
symmetrical about the x-axis (—P).

Since the binary operation is defined for any
elements, satisfying the condition, it can be proved that:
P+(Q+R)=(P+Q)+R=Q+R+P=0

Therefore, this binary operation has the property of
associativity and commutativity. An abelian group is
obtained.
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Considering the properties of the group, the sum of
two points can be rewritten in the following form:

P+Q=-R. ©)

It should be noted that any straight line crossing the
elliptic curve intersects it in one, two, or three points
(Fig. 2). Vertical and tangent lines cross the curve at two
points (Fig. 3, 4).

12

10

4

Fig. 2. Intersection of the curve at 3 points

n

ig. 3. Intersection at 2 points

Fig. 4. The tangent line intersects the curve at 2 points

So, we have an algorithm for finding the geometric
sum of two nonzero points P, Q (Fig. 5).

Now it is possible to find the sum of two points on
the graph (Fig. 6), but it is necessary to determine the
algebraic sum for the numerical calculation of the
coordinates of point (—R).

If P+ Q or xp # xq, then a slope 4 of the line,
crossing two points is:
1= Yo — }’P.
xQ - .xp
This line intersects the curve at a point R (xg; yr):
xg = A% — xp — xy. 4
Yr = Axg —xp) + yp = l(xR - xQ) +y,- (9
Then,
—R(xg; yr) = R(xg; —Yr)-
So, the equation (5) can be rewritten as:
—yr = AMxp —Xg) —¥p = A(XQ - XR) — Yo- (6)
For the case P = Q, the slope A4 is found as the first
derivative of the curve:

1 3x2+a
A=y =yx3+ax+bh = ——
2Vx3+ax+b
or
, 3xp+a

A=y = 2yp

An algorithm for the algebraic sum of two non-zero
points of the curve has been obtained [9].

For further calculations, it is necessary to define the
scalar multiplication operation:

n
nP = Z P.
i=1

But with large n, the calculations take a lot of time
— the time complexity of the algorithm is O(n). One of
the algorithms for solving this problem is the double and
add algorithm. It is best to describe this algorithm using
an example. Let n = 170, which in binary equals to n =
10101010 or:

170 =1#274+0%2°+ 1254+ 024+ 123+
0%224+1%214+0%20=27 425+ 23421,
Then nP can be written as follows:

nP = 170P = 27P + 25P + 23P + 2'P.

So, there are the following steps:

1) double P to get 21P;

2) double the result two more times to get 23P and
add it to 21P;

3) double 23P twice to get 25P and add to the
previous sum;

4) similarly get 27 P and add it to the previous sum.

As a result, it is necessary to perform 7 doubling
operations and 3 addition operations. Such an algorithm
is much faster and has a complexity of 0 (log, n).

The peculiarity of the specified multiplication
operation is that by knowing n and P, it is easy to find
nP = P', buttofind n by P and P’, itis necessary to solve
a complex problem of discrete logarithms. No algorithm
with polynomial time complexity has been found to solve
this problem on a classical computer.

Before that, we dealt with curves defined on the set
of real numbers R, but for the further implementation of
the cryptographic algorithm, it is necessary to define
curves on finite fields with integer points.
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-

Draw the line
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intersects the
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through the R
and a point
symmetric to it
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Draw a segment through
a tangent point and a

it

Y

End

Fig. 5. Algorithm for finding the geometric sum of two points

2 4

Fig. 6. Geometric sum of points

A finite field consists of a finite set of objects called
field elements together with the description of two binary
operations — addition and multiplication.

A finite field containing g field elements only if g
is a power of a prime number, and furthermore that for
each such q there is precisely one finite field.

The finite field containing g elements is denoted
F,.

In cryptography, it is usually distinguished the
prime finite field F, containing p elements, and the
characteristic 2 finite field F,m containing 2™ elements,
where m > 1. In this work considered the prime finite
field. F, is a set of integers:

F,={0,1,..,p—1}.

Binary operations are defined as follows:

e Addition: If a,b € F,, thena + b = rin E,
where r € [0,p — 1] is the remainder when the integer
a + b is divided by p. This is known as addition modulo
p and written a + b = r(mod p).

Multiplication: If a,b € F,, thenab = sin E,,
where s € [0,p — 1] is the remainder when the integer

by
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ab is divided by p. This is known as multiplication
modulo p and written ab = s(mod p).

There is no exactly operation for subtraction and
division, but we can describe additive and multiplicative
inverses:

e Additive inverse: If a € F,, then the additive
inverse (—a) of a in F, is the unique solution to the
equation a + x = 0(mod p).

e Multiplicative inverse: If a € F,, a # 0, then
the multiplicative inverse a™* of a in F, is the unique
solution to the equation ax = 1(mod p). Which can be
easily calculated by extended Euclidean algorithm.

Therefore, subtraction and division operations
accordingly can be written as:

a—b =a+ (—b) (mod p);

a
5= a(b™1) (mod p).

The equation of the curve over prime finite field F,
takes the following form:

y? =x3 + ax + b (mod p), )

where 4a3 + 27b% # 0.
Graphically, the curve y? = x3+ 7 (mod 127)

looks as follows (Fig. 7). The symmetry is preserved

about the line y = 2.

o 2 4 ] 120

Fig. 7. Elliptic curve on the finite field F;,,

We are still able to find geometric sum of points on
the graph (Fig. 8).

/ /

/ /
-/ / i

Fig. 8. Sum of points P, Q of curve

The method is similar to the one described above
with the difference that the line drawn through points P
and Q "repeats" itself on the plane.

Summarizing the above, we can make changes to
the equations of point R:

xg = A* — xp — xo (mod p); (8)
—Yr = A(xp — xg) — yp (Mmod p), 9)
where:
-1 .
1= {()’Q - YP)(XQ - xP) (mod p), if xp # xq
(3x3 + a)(2yp)~'(mod p), if xp =xq

Elliptic curve domain parameters over F, precisely
specify an elliptic curve and base point. This is necessary
to precisely define public-key cryptographic schemes
based on ECC.

Elliptic curve domain parameters over F, are a
sextuple:

T = (p,a,b,G,n,h),
where p — prime integer, specifying the finite field F,.

a, b — parameters of a curve.

G — a base point.

n —order of G.

h — cofactor of the subgroup.

This information is sufficient for rough
implementation of algorithms on elliptic curves [10].

Results

The selection of curve parameters is a very
important stage.

There are a number of vulnerable curves that cannot
be used in cryptographic problems. But, elliptic curves
with recommended parameters were defined and
standardized.

The curve of the secp256k1 standard [11] with the
following parameters was used in this work:

T = (,a,b,Gnh),

where:
p=2256_232_29_28_27_26_24_1;
a=0;
b=7;

G = 04 79BE667E FODCBBAC 55406295
CE870B07 029BFCDB 2DCE28D9 59F2815B
16F81798 483ADA77 26A3C465

5DA4FBFC 0E1108A8 FD17B448

A6855419 9C47D08F FB10D4B8;

n = FFFFFFFF FFFFFFFF FFFFFFFF
FFFFFFFE BAAEDCE6 AF48A03B
BFD25E8C D0364141;

h=1.

Knowing the parameters of the elliptic curve, we
can implement any algorithm on elliptic curves. Many
classical cryptographic algorithms have analogs on
elliptic curves.

The most popular of them are the Elliptic Curve
Digital Signature Algorithm (ECDSA) — an algorithm
that allows authenticating the identity of the sender, and
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the Elliptic-curve Diffie-Hellman (ECDH) — which is a
complete analog of the private key exchange algorithm.

But in this work, we are interested in the
asynchronous encryption algorithm, which is written as
follows:

1. User A chooses a
dy € [1,n—1].

2. Based on the private key d,, the user generates
the public key P, = d,G and transfers it to user B.

3. User B similarly finds his key pair dg, Pz and
gives user A his public key Pg.

4. User A chooses the plaintext m that he wants to
encrypt and finds the point of the curve B, (m; y,,).

5 User A chooses a random number
k € [1, n — 1] and uses the public key P to encrypt the
message, then send the result to user B as a pair of points:

G = {kG, B, + kPg}. (10)

6. User B decrypts the message using his private
key dg:

random private key

(P, + kPg) — dgkG = B,. (11)

or,
P, + k(dyG) — dgkG = P, (12)

Since the message is encoded by a point on the
curve, it can be represented as an arbitrary number
m € [1,n — 1]. In this work, the bit length of the key is
256 bits, so it is possible to encrypt a message up to 32
bytes long at one time.

The ECC algorithm was implemented by using the
programming language C#. There was created a console
server and a website in case to demonstrate the algorithm
at work. The website was created by using the ASP.NET
framework [12]. Also, the Microsoft SQL Express
database was created, which contains accounts of
registered users and their access levels. User passwords
are stored in a hashed form in the database to protect them
in case of data leakage.

This software can be used to build a secure system
in the company. All computers can be connected to a
local network with a separate computer on which the site
is hosted, so there is no need for an expensive server
room. The server can be located anywhere on the
Internet. Since computers are connected to a local
network and connected to the Internet through a router,
the structure of the network is not visible from the
outside. Connection to the server is only possible through
the website, and only registered and authorized users
have access to the information.

For demonstration purposes, a five-level system of
access mediation was created.

But this can be changed in the database with
administrator rights. An example of partial filling of the
database is shown in Fig. 9.

Accountld Legin Password

1 admin 8cb976e53b3410415bdedlBbdddee ...

2 ceo 618402424220c92bcbb bd07148525...
chiefaccountant | 1c200f7054544e60%ca2adbb201abe...

4 engineer 1 438acffocd256dbed2a4860b8251c99..,

Fig. 9. Example of filling the database

Registration of new users is performed by the
administrator. Registered users can log in using their
login and password. Authorized users have access to data
depending on their access level and can view any
available files, download them from the server, and
upload new files to the server.

The authorization form is shown in Fig. 10.

Login

Password ‘ ..... ‘

[ Sign In }

Fig. 10. Authorization form

The list of all available files is displayed to the
authorized user, depending on their access level (Fig. 11,
12). The server records all user actions (Fig. 13).

Upload file

Available files
Name Onwer Date Size | Extension | Download
Conference chiefaccountant | 12.11.2022 17:49:13 |40 B | .txt Download
New document | engineer 1 13.11.2022 12:05:18| 0B | .txt Download
Table engineer 3 13.11.2022 16:19:38 | 6 KB | XLSX Download

13.11.2022 19:53:35| 33 KB | .PPTX Download
13.11.2022 19:53:41| 11 KB| .DOCX Download
14.11.2022 0:26:07 |3 KB |.sta Download

Presentation Cceo

Report ceo

Spreadsheet | security 1

Fig. 11. List of files available to a user with access level 5

(upload file ) ( submit )

Available files

Name Onwer Date Size | Extension | Download
New document | engineer 1|13.11.2022 12:05:18 | 0B |.txt Download
Table engineer 3| 13.11.2022 16:19:38 | 6 KB | .XLSX Download

Fig. 12. List of files available to a user with access level 2

127.8.8.1:12128: connected
127.8.8.1:12128: user admin logged in
127.6.8.1:12128: files listed
127.8.8.1:12128: user engineer 1 logged in
127.8.8.1:12128: files listed

Fig. 13. Log of user actions

The algorithm for working with the server is as
follows:

1. When the website is initialized, the connection to
the server and the generation of encryption keys are
performed.

2. The server and the website exchange public keys
over an insecure channel. After this stage, data exchange
goes in a protected form.

3. The user enters the authorization data, which are
sent in encrypted form.

4. The server decodes the message and compares
the user data with the data in the database. If the user is
found, the server determines their access level and sends
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an authorization confirmation to the user. Otherwise, if
the entered data is not valid, the authorization request is
rejected, return to point 3.

5. The user sends a request to display the list of
available files.

6. The server returns to the user information about
all files with an access level equal to or lower than the
user's access level.

7. The user selects the file and confirms its sending.
The file is split into 32-byte fragments and sent to the
server as an encrypted stream.

8. The server receives information about the file,
creates it in its own file system, and writes the decoded
stream of bytes to this file.

9. The user sends a request to download a file from
the server.

10. The server sends the file to the user in the form
of an encrypted stream.

11. The user receives the file stream, decrypts it, and
saves it to a file on his own system.

The implemented asynchronous encryption
algorithm works stably for any data of arbitrary size but
is expectedly very slow. And such factors as the
execution of a request to the database, data transfer via
the Internet, and insufficiently optimized implementation

of the algorithm further reduce its speed. In this example,
with an Internet connection speed of ~90 Mbit/s, the
speed of file transfer by this algorithm was ~2 KB/s.

Conclusions
In this work were considered the main principles of
building a secure system. Different types of

cryptographic algorithms were described. Compared two
asymmetric algorithms — RSA and ECC. The basics of
cryptography on elliptic curves have been described, and
the encryption algorithm on elliptic curves is
implemented.

A demonstration software has been created, which
includes cryptographic and organizational measures for
building a secure system. Experiments show that such an
algorithm is very slow (~2 KB/s), which makes it
inapplicable when transferring large files. This can be
partially resolved by analyzing the code and identifying
weaknesses in the implementation of the algorithm. But
considering that the algorithm is complex and requires a
lot of calculations, it still will be slow. That is why it is
more efficient to use a hybrid encryption algorithm. For
example, make an exchange of a private key using
ECDH, and then use this key to encrypt data with any
modern symmetric algorithm, for example, AES.
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Oco0uBocTi peajizauii a1ropuTMy acHMeTpUM4YHOro IKUGPYBAHHS HA eTiNTUYHUX KPUBUX
I'. B. 'onoBko, M. C. KanuroBua

AnoTtanis. CyJacHuil CBIT HEpO3PHMBHO IOB’s3aHUN 3 iH(GOpPMamifHUMHM TEXHOJOTIIMH. 3 KOXKHMM pPOKOM IHTepHeT
PO3MINPIOETHCS, CTBOPIOIOTHCS THCSUI CAMTIB, SKi HANAIOTh PI3HOMAHITHI MOCIyTH. 3aBIsKH cTabiTbHOMY [HTepHET-3’€JHAHHIO
MOJKHA BHPIIIUTH OLTBIIICTH )KATTEBUX POOIIEM, HE BUXO/ISTYH 3 IOMY — BiJl 3aMOBJICHHS 001y 10 OTPUMAHHS IEPYKABHUX ITOCTYT.
B yac, konu depe3 maHIEMil0 HaBYaJbHI 3aKiIafu Ta Oi3HeC 3MyIIeHI OyiH MepeTH Ha TUCTaHLiIHHY GopMy POOOTH, MUTAHHS
3axucty iHpopMmanii € akTyanbHUM SIK HikoyH. IcHye Oarato kpunTorpadiuHUX ajJrOpUTMIB, SIKi ACCATHIITTIMHU 3aXHUIaIH
iHpopMmanito B [HTepHeTi, ane 3i 3pOCTaHHAM OOYHCIIIOBAIBEHOT OTY>KHOCTI 3pOCTAlOTh | BUMOTH JI0 TaKUX alropuTMiB. Jleski 3
HHX HE BIIOPAJIKCS 3 BUKJIUKOM Yacy i Oijblie He BUKOPHUCTOBYIOThCS. ToMy BHHHUKAE moTpeda B po3po0Ili HOBUX aITrOPUTMIB, SIKi
BHKOPUCTOBYIOTh OLTBIII CKJIA/THI MaTeMaTHYHI IPUHIIUIY Ta 3a0€3MeUyI0Th BHILIH piBeHb Oe3neku. [CHye inuii Kiac alropuTMiB,
SIKi BHKOPHCTOBYIOTh NPHHIMIN €TINTHYHUX KPUBUX IS 3a0e3MeueHHs Oi1bInoi 6e3MeKy 3 BITHOCHO MEHIIMM BHKOPUCTAHHSAM
CHCTEMHHX PECypCiB.

Knwuosi
mudpyBaHHA.

caoBa: kpunrorpadis, kpunrorpadis 3 Bigkputum kmouemM, ECC, RSA, ASP.NET, kibepOe3meka,
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KOPOTKOCTPOKOBE ITPOI'HO3YBAHHS HECTAIHIOHAPHUX YACOBHUX
PAIIB 3 BAKOPUCTAHHSIM MOJIEJIEA MLP TA LSTM

AHoTauisi. AKTyaJbHicTb. PilicHHS 3aBIaHHS NPOTHO3YBaHHS Bilirpae BaXXJIMBY POJIb Y MIpoIlecax CTPaTeriyHoro mia-
HyBaHHS Ta ONEPATUBHOTO YNPABIiHHA Yy Pi3HUX cepax rocrnomapuoi misiabHOCTI. POPMOIO MPOTHO3YBAHHS € MPOTHO3Y-
BaHHS YaCOBHX PSLIiB, IPH SIKOMY aKTyaJIbHOIO MPOOIEMOIO 3aIMIIAETHCS BUOIP TOLIIBHOTO METOY Cepell CydacHHUX 3ac00iB
00YHCITIOBANBHOTO 1HTENEKTY, TAKUX SK IITY4YHI HeHpOHHI Mepexi. [Ipobiema BuOopy 0OyMoOBiIeHa BEIUKOIO KUTBKICTIO Ha-
paMeTpiB Ta HaJAIITYBaHb, SKi 3aJISKATh BiJ] OCOOIMBOCTEH MPOTHO30BAaHOTO YacOBOTO Psiy, Ta CYTTEBO BIUIMBAIOTH HA
SIKICTh OTPHMAHOTO NPOTHO3Y. MeTo10 JaHoi poGOTH € aHali3 METO/[iB KOPOTKOCTPOKOBOTO IIPOTHO3YBAHHS HECTaIllOHap-
HUX YaCOBHUX PS/iB 3 BHKOPHCTAHHAM MOJIeJIell IITYYHUX HEHPOHHUX MEpPeK, TAKHX SIK OaraTtomapoBuil epcenTpoH Ta J0-
Bra KOPOTKOCTPOKOBa IaM’siTb. O6’€KTOM JOCIIiIZKeHHsI € TIPOIeC IPOrHO3yBaHHs YacoBHX psaiB. Ilpeamerom mocii-
J2KeHHsl € BUKOPUCTaHHS MOJeJell MTyJYHUX HEeHPOHHHX MEpex U KOPOTKOCTPOKOBOTO MPOTHO3YyBaHHA. Pe3ysibTaTH.
ExcriepuMenTanbHi JOCIIKEHHS TOKa3aIlH, 1[0 CepeIHs MOMUIIKA IIPH MPOTHO3YBaHHI 3a JJOIIOMOTOIO 3aIIPONOHOBAHHX 3a-
c00iB Ha 2-6% HIDKUYE y TOPIBHAHHI 3 BUKOPUCTaHHIM MOIIUPEHUX TPaJULiifHUX Mojenell. BucHoBok. OTpumaHi pe3yns-
TaTH MiATBEPKYIOTh IiepeBary Bukopuctanus mozeneit MLP ta LSTM nepex nporao3yBaHHSM Ha OCHOBI METOJIiB, 00pa-
Hux ma ananizy y M3-Competition.

Knwuyogi cioBa: MPOTHO3YBaHHA YaCOBUX pf{,Z[iB, 00YHCITIOBAIbHHUH iHTeJ’IeKT, mTy4Ha HeﬁpOHa MEpEKa, 6araTOLuapo-

BHI [IEPCENTPOH, JJOBra KOPOTKOCTPOKOBa am’sith, M3-Competition.

Beryn

3aBoaHHs MPOTHO3YBAHHS 3yCTPIiYaeThCsl MPaKTH-
YHO y OyIb-SKMX IPEIMETHUX 00IACTSIX Ta TATY3sIX Misl-
npHOCTI. [lommpeHe BUKOPHCTaHHS TPOTHO3YBAaHHS y
€KOHOMIlll, HAaPUKIAJ, Ul BH3HAYEHHS MalOyTHBOTO
00cATy POIaXKy TOBAPIB Ta 3MIHU LIHOBOT MOJIITHKH, BU-
XOASYM 3 MPUIYIIEHOT 3MiHM MONUTY. 3 ypaxyBaHHIM
MIPOTHO3IB 00 Mail0yTHHROTO PO3BUTKY IMPOIECIB Ta
MOJIifi MOXKHA THYUKIIlle TUTAHYBATH MisJIbHICTh ITiIIpPH-
€MCTB Ta IPUHMATH BUBXEHI yIIPABIIHCHKI PIILICHHS.

OxpemMHM BUIIQJKOM 3aBJaHHS NPOTHO3YBAaHHS €
MIPOTHO3YBAHHS YaCOBUX PSAIIB, SIK OHIET 3 MOMYIIAPHAX
¢dopMm mpencraBieHHs iHGOpMAIi O Tporecax peaib-
HOTO CBITy. 3HaU€HHS MapameTpa, [0 ONUCYIOTh 3MiHH
y mpeaMeTHiN o0macTi, QiKCyIOThCs depes MeBHI 9acoBi
IHTEpBaJIN TA YTBOPIOIOTH YaCOBUH pAl. Y TaKOMY BHIIa-
JIKY TIPOTHO3 € MPUITYIIEHHSM 00 Maii0yTHIX 3HA4YeHb
4acOBOTO Psy Ha OCHOBI HasiBHUX AaHux. Hampukian,
MIAPUEMCTBA Y TIPOLIECT CBOET TiIsITbHOCTI HAKOHYYIOTh
BENUKUIT 00csar iHpopmalii, 1o Moxxe OyTH IpelcTaB-
JIHA Yy BHIUIAI YacOBUX Ps/IiB Ta BHUKOpPHCTaHA st
OTpPHMaHHS NPOTHO3Y II010 NOAATBUINX IIEPCHEKTHB PO-
3BHUTKY Oi3Hecy.

[Tpn BupimeHH] 3aBAaHb MMPOTHO3YBAHHS YaCOBHX
PAIB MIMPOKY NOMYJISPHICTH HA0yJI0 BUKOPHCTAHHS CTa-
TUCTUYHHUX METOMIB Ta MiJIXOJIB Ha OCHOBI 3ac00iB 00-
YHCIIOBANBHOTO iHTEeNneKTy [1, 2].

YacTtruHa iCHYIOUMX MOJIETIEH Ta BiAMOBITHUX METO-
JIIB BUKOPHCTOBYIOTBCSI HA OKPEMHX eTamax IMpolecy
MPOTHO3YBAHHsI, TAKUX SIK MiArOTOBKA BUXITHHUX JAHHX,
00po0Ka MPUCYTHIX y peaTbHUX JaHUX BUKPHUBIICHb Ta
IHIIKMX. Pe3ynbTaT NporHo3yBaHHs 4YacoOBOI'O Psjy 3alie-
KHTb BiJl 6araTboX ImapaMmeTpiB, TAKUX SIK 0OCST Ta JOC-
TOBIPHICTh HEOOXiHOI MoYaTKOBOI iHpoOpMalii, ypaxy-
BaHHS MOJKJIMBOCTI 3MiHM CEpEOBHIA, B SIKOMY IPOTi-
Ka€ MPOILEC, JOCTYMHICTh HEOOXITHUX 00YMCITIOBATBHUX
3aco0iB [3, 4].

[Ipobnema BUOOPY MeTOAY MPOTHO3YBAaHHS 4Yaco-
BUX PsAIB HIMPOKO HPEJICTABICHA Y CyYaCHUX HayKOBUX
pobotax. OcobnuBe Miclie 3aiiMalOTh IITY4YHI HEHPOHHI
mepexi (ILIHM). Ha Bigminy Big 6araTb0X CTaTUCTHY-
HUX METO/iB, HEHPOHHI MepexKi OB CTiliKi 10 3amryM-
JICHUX TaHUX 1 31aTHI BAKOPHCTOBYBAaTH HEOOMEKEHY Ki-
JBKICTh HE3aICKHUX 3MiHHUX.

VY nocnimxenti [5] mpoBeaeHO eMItipuuHe MOPIB-
HSHHS BUKOPUCTAaHHS 3aC00iB OOYHCIIOBAIILHOIO iHTE-
JIEKTY, 30KpeMa, MeToay K-Ommxumx cycimiB, i okpema
yBara npuziieHa ananizy mozeneit [IIHM, takux six Oa-
ratomaposuii nepcentpor (MLP), RBF, y3aransHeHo-
perpeciiini IITHM, IITHM Ha ocHOBI siiepHOi perpecii ta
perpecii rayciscekoro mporecy. s eKCrepruMeHTallb-
HHX JOCIIDKEHb OyJIn 00paHi 4acoBi Psay MOMICSIYHUX
nanux 3 M3-Competition [6]. Haiikparii pe3ynbratu ce-
pel po3MIISTHY THX 3ac001B IMoKa3aiy 0araToapoBHii me-
PCEIITPOH Ta INTy4YHAa HEHpOHHA Mepeka Ha OCHOBI pe-
rpecii rayciBChKOTO MpoIiecy.

VY [7] oOrpyHTOBaHO 3aCTOCYBaHHs Oararomapo-
BOTO TIEPCENTPOHY AJISI TIPOTHO3YBAHHS YacOBHX DSIiB
po3noBCIOmKeHHS 3axBoproBanas COVID-19.

Emnipuuni nocnipkenHs, onucani y [8], mokasy-
J0Th, IO AITOPUTMHU MPOTHO3yBaHHSA Ha ocHOBI IITHM
TIMOOKOTO HABUAHHS, TaKi SK MOJENb JOBTOi KOPOTKO-
crpokoBoi mam'sti (LSTM), mepeBepiirytoTh TpaauItiiiHi
miaxoau, ki 3acHoBani Ha mozaem ARIMA.

Hocrimxenus [9] oOrpyHTOBYE BUKOPHUCTAHHS MO-
neneit MLP ta LSTM, noBoasiuu, 0 BOHU JEMOHCTPY-
I0Th HalKpanly eQeKTHBHICTb IIPU NPOTHO3YBaHHI He-
CTaI[lOHAPHUX PAJIB Ha OJIMH KPOK BIIEPE.

Buxonsun 3 aHanizy cy4acHHX JOCIHIJKEHB 1 ITyO-
JiKanid MOXHa 3pOOUTH BUCHOBOK, IO 3aBIaHHS IMPO-
THO3yBaHHs 3a jaornomorow mojeneit [IIHM e akryans-
HUM, 1 TOMY JIOIUIBHUM € JOCHiDKEHHS €()EeKTHBHOCTI
BUKOPHUCTAHHs NOIYJIIPHUX Moaeneil, Takux sk MLP ta
LSTM, mnpu NporHo3yBaHHI YacoBMX psgie 3 M3-
Competition.
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MeTtor0 mi€i po6oTn € aHaii3 METOAIB KOPOTKO-
CTPOKOBOT'O TMPOTHO3YBAaHHS HECTAIIOHAPHUX YACOBUX
PAIB HA OCHOBI 3aCO0IB OOYMCITIOBATIBHOTO 1HTCIICKTY.

ITocranoBKka 3aBAaHHA

YacoBmii psi MpeacTaBICHUN BEKTOPOM, SKHH Bi-
noOpakae 3HaYCHHS, IO XapaKTepU3yIOTh MPOTIKaHHS
SIKOTOCH TIPOIIeCy MPOTATOM ocTaHHiX N iHTepBaiB gacy,
Xt = (X—N » Xt—N+1 Xt—jr-s Xt—2, X—1) , Ae t — MiTKa 10~
TouHoro yacy, 0<t<N.

Psin, mio 3amumiaeThes y piBHOBA3i MIOAO MOCTIM-
HOTO CepeHBOTO piBH € cranionapuum [10]. Bixnosiza-
HICTH BXIJIHUX JIJaHHUX JI0 YMOBH CTallilOHAPHOCTI JJ03BO-
JIsie OTPUMATH TOYHIIII JaHI MPOTHO3Y, HA BIAMIHY BiJ
MIPOTHO3YBAaHHS HECTAIIOHAPHUX YaCOBHX PSNIB, SKi €
OLUTBII TOMIMPEHUMH Y €KOHOMIIII 1 TOMY TIpobiiemMa Ipo-
THO3YBaHHS CaMe HECTAI[lOHAPHUX PALIIB € OUTBII aKTya-
asHOM0 [10].

KopoTKOCTPOKOBICTh BU3HAYAETHCS 3HAYCHHAM T'0-
PHU30HTY NMPOTHO3YBaHHS. ['OPH30HT NMPOTHO3YBaHHS —
LI YaCOBHIA IHTEpBaJl, B MEeKaxX SKOTO MPOTHO3 BUKOHY-
€ThCs 13 331aH00 TouHicTio [11, 12].

HeoOxinmHO mporHo3yBaTd MaiOyTHI 3HA4YECHHS Y
HECTalllOHapHUX YacOBUX psJax, HasBHUX y M3-
Competition, 3 3HaUCHHSIMH TOPU30HTY MPOTHO3yBaHHS,
BIJINIOBITHUMH [0 TIPE/ICTaBJICHUX V [6] pe3yibTaTis. Jlo-
CIJDKEHHS Tependavyac BUKOPHCTAHHSA MOJeNel IuTyd-
HHUX HEHPOHHUX MEpeX, TAKHX SK OaraTomapoBUid mep-
CEeNTPOH Ta JOBra KOPOTKOCTPOKOBA MaM’sITh Ta MOPIB-
HSHHS OTPUMAHUX PE3yJIbTATIB 3 pe3yJIbTaTaMH IIPOTHO-
syBanHs B M3-Competition.

OcHOBHA YacTHHA

bararto 3 BUKOPUCTOBYBaHMX MiJIXOJIB IO IIPOTHO-
3yBaHHS MMOOYOBaHI Ha HEBEIUKIH KITBKOCTI MOJEINeH,
Ta BIJIPI3HAIOTHCS OKPEMHUMH NPUHOMAaMHM Ta IOCIHi0B-
HICTIO 1X 3aCTOCYBaHHS.

BuxopuctoByBaHi y poOoTi Mojeni Oaratomapo-
BOTO IIEPCENTPOHY Ta JIOBI'Oi KOPOTKOCTPOKOBOT Iam’sITi
MAaloTh OJIMH NTPUXOBAHMUII MIap By3JIiB Ta BUXiJHUH 1Iap,
SIKU BHKOPUCTOBYETBCS IJIsi OTPUMAaHHS pe3yJbTaTiB
nporHo3yBanHs. OjHi€0 3 MPo0IeM BUKOPUCTAHHS MO-
Jeneil € maroToBKa AaHUX U CTBOPEHHS HaBYAJIBHOI,
TECTOBOT Ta KOHTPOJILHOT BUOIPOK.

Mogeni MLP ta LSTM BigoOpakatoTh MOCIIiIOB-
HICTh MUHYJIMX CIIOCTEPEXEHb, Y SIKOCTI BXiJHUX JaHUX,
y BuXifiHe 3HaueHHs. TakuM YHHOM, OCIIiTOBHICTh CIO-
CTEepekKEeHb Ma€ OyTH MepeTBOPeHa Ha KiJIbKa MPUKIIAIIB,
Ha SKUX MOJEJb MOXKE HaBYaTHCS.

3BHUaiiHa MOCIIIOBHICTh BUXITHUX JAHUX Y BHIIA-
JKYy BUKOPDHCTaHHS 4YacoBOTO psjay Ma€ BHIIIA
X1 X2, X3,y XN - U1 IOZQNBIIOTO BUKOPHUCTAHHS IIPU

HaBuaHHI [IIHM Ttaky BHXiJHY MOCIiTOBHICTE HEOOXi-
JTHO PO3JIUIUTH U CTBOPCHHS HaBYAJIbHOI BHOIPKU Ha
KUTbKa MIA0JIOHIB BBEJICHHS Ta BUBEICHHS, 3BaHUX 3pa3-
KaMH, JIe TIepIlli 3HAaYEeHHS YaCOBOTO Ps/Ty BUKOPHCTOBY-
IOThCS SIK BXIJIHI J]aHi, a HACTYIHE 3HA4YCHHS (UM JEKi-
JIbKA 3HAYEHb, 3aJICKHO BiJl TOPH30HTY IIPOTHO3YBAHHS)
BHKOPHUCTOBYETHCS SIK BUXITHI AaHi IJIs OTHOKPOKOBOTO
(um 6araToKpOKOBOTO) MPOTHO3YBAHHS.
Posninena mociigoBHICTE Ma€ BUTIISL:

X, Xo, X3, Xa

X2, X3, X4, Xg
X3, X4, X5, Xg

)

Xg, X5, ey XN

3HaveHHs BXi/JHOI 3MiHHOT MOXe OyTH YHCIIOBUM

a00 KaTeropiaJbHUM 1 MOKe Ha0YBaTH KiJTBKOX 3HAUCHb.

VYci BoHM MOBWHHI OyTH HOPMOBaHI Ta IpHUIIMaTH 3HA-

YeHHs B Jiama3oHi Bix Hyns go onuMLi. Hopmaizamiro

3HaYeHb MO)KHAa BHKOHATH 32 JOIIOMOTOI0 HACTYITHOTO
BHUpasy:

_01-09

X = Xt
Xmin — Xmax

+ 0-9*Xmin -0.1* Xmax , (2)

Xmin — Xmax

J€ Xmin, Xmax MiHIMaJIbHE Ta MaKkCUMaJlbHE 3HAYCHHS BXi-
JTHUX 3HAUYCHb.

Bukoprcrana Mojienb HaBYaHHsI 3 BYHTEINIEM, MIPHU-
KJIaJ1 HaBYaJIbHOT BUOIPKH, BUXOISTYH 3 00CSTY HassBHUX
y M3-Competition 9acoBHX psIIiB, MiCTATH IO BiCIM 3Ha-
YeHb 9acOBOTO psAy (BximHi 3HaueHHs At [ITHM) Ta mo
OJIHOMY KOPEKTHOMY 3HA4YCHHIO Pe3YNIbTaTy, SKE MOXKE
OyTH BHKOpPHCTaHE IPH KOpPETYBaHHI Bar 3B’sI3KiB MiX
By3iamu [ITHM y mporieci HaB4anHs. TakuMm YUHOM, Ha-
BYAHHS BHKOHYIOTHCS IUIIXOM IOKPOKOBOTO IPOTHO3Y
Ha MiICTaBl BOCEMH MOMEPEIHIX 3HAYCHb YaCOBOTO PSTY.

Mogens MLP ckiagaerbest i3 BXiHOTO, NPUXOBa-
HOT'O Ta BUXiJHOTO mapiB. KoxkeH map cki1agaeTbes 3 Jie-
SIKOT MHOXKMHHU By3J1iB. Bara 3B’s13KiB MiXk By3JlaMH € HO-
3UTHBHHM YHCIIOM, SKIIO OJWH BY30JI CTUMYJIIOE€ 1HIIUH
a00 HETaTWBHUM, SIKIIO OAWH BY30J NMPUTHIUYE IHIITHA.
By3nu 3 BUIIMMH 3HAYCHHSMH Bard MarOTh OUTBIIWIA
BIUTUB iHIi By3mu [13].

Jst IporHo3y 3 BUKOPHCTAHHAM 0araTomiapoBoro
MePCENTPOHY BUKOPUCTOBYETHCS MEpeska 3 N By3JIaMH Ha
BXOJli (ZOPIBHIOE KIILKOCTI 3Ha4€Hb 4aCOBOTO psiy, Ha
OCHOBI SIKHX OyJIYETHCSI POTHO3), M BHYTPILIHIMU By3-
JIaMH Ta OJIHAM BY3JIOM Ha BHXOJi (y BUNAJKY MPOTHO-
3yBaHHS Ha OJIMH KPOK yrepen) [14].

Ha BX0/1i KOXHOTO BHYTPIILIIHBOTO By3Jia 3HAYECHHS
CTUMYJTY IOPiBHIOE:

n
netj (%)= > WiX_1+bj, 3)
=

Je Wij — Bara Mixk By3JIOM | Ta BY3JIOM J, bj — 3MileHHs
BHYTPIIIHBOTO BY3Ja I.

Ha BUX0/1i BHYTPIillIHEOTO BY3J1a 3HAYSHHS CTUMYITY
JIOPIBHIOE:

n
yj=f Zwirj‘x+bj : 4)
i=1
e Wijh — Bara MiX BY3JIOM i Ta By3JIOM j, bj — 3MimenHs
BHYTPILITHBOTO By37a .
Ha BX0zi BUXiZHOTO By3J1a 3HAYEHHS CTUMYIY JI0-
piBHIOE:

n
net®(x) =Y w'x_g +b°, (5)
i-1

Je Wi — Bara MiX BY3JIOM | Ta By3JoM j, b° — 3MmileHHs
BHYTPIIIHBOIO By3J1a i.
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Ha Buxo/1i BUXiIHOTO By3J1a 3HAUCHHS CTUMYJLY 110~
PIBHIOE!

n m
yt:f ZWIO*f ZWJk +bJ +bo , (6)
i=1 j=1

Jie Wi°® — Bara MiX BY3JIOM | Ta BY3JIOM j, Wjx — Bara Mix
BY3JIOM | Ta BUXiJHUM BY3JI0M, Dj — 3MillIeHHS BHYTpiIlI-
HBOTO By31a i, b° — 3MileHHsT BUXiTHOTO By3/a.

Heiiporn y momeni LSTM cxmamaroth KimiTHHH
mam’ti, 6JI0K BXoay, OJOK BHXOJy, BXiIHUH IUTIO3 Ta
BUXigHMH o3 [15].

s mporHo3y 3 BUKOPUCTAHHSAM JOBIOI KOPOTKO-
CTPOKOBOI IaM’sITI BUKOPHCTOBY€EThCSI Mepexka 3 N 611o-
KiB 00poOKu Ta M BxoiB [16].

B0k BXOAy TMOEAHYE TOTOYHHHA BXiJ Ta BHUXIX
LOTO OJIOKY B OCTaHHIHN iTeparrii:

2 =g (wzx(t) +1, ytD 4 b, ) , (7

e W; Ta I; — Barosi koedimientu X© ta y&, b, — extop
3MILIEHHS.

BxiaHuil 1UII03 TOEAHYE MOTOYHHUIM BXiJ, BHXIiZ
LOTO OJIOKY Ta 3HAUCHHS KIIITUHKY [1aM’ATi Ha OCTaHHi
iTeparii:

i) = a(wi xO iy gty p ) )

e Wi, ri Ta pi — Barosi koedinientu XO, ytD ta ¢t by —
BEKTOP 3MIiIlICHHSI.

3HaveHHs aKTHBAIil MPOMYCKHOTO LT3y 00YHC-
JIFOFOTHCS HA OCHOBI MOTOYHOTO BXOJIY, BUXO/IIB T4 CTaHY
KJIITHHOK Tam’SITi:

fO :o(wf xO e y®D x4, ) 9)

e Wy, I'r Ta pr — Barosi koedinientu gusa XO, yt ta ¢t
bf — BexTOp 3MilEHHS.
3Ha4YeHHS KIITHHKA TaM’STi TOENHY€E 3HAYCHHS
BX1JTHOTO OJIOKY, BXiZJHOTO LILIIO3Y, Ta 3HAYEHHS IIPOITY-
CKHOTO UUII03Y 13 IOMNEepeNHIM 3HAYeHHSIM KJIITHHKH
mam’sITi:
c® — 7O %j® D % () (10)
BuxinHuil mut03 MOETHYE MOTOYHHUN BXiJl, BHXIJ
IbOTO OJIOKY Ta 3HAYEHHS KJIITUHKH NIaM'sITi Ha OCTaHHIi
iTeparii:

o® = o-(wox(t) + roy(t‘l) + Po w0 4 bo) , (11)

e Wo, I'o Ta Po — BaroBi koedimientu mus X0, y&D ra ¢t
b, — BekTOp 3MiIIEHHS.

biiox BUXOAy MOENHy€e MOTOYHE 3HAYCHHS KIIITH-
HKHY T1aM’SITi Ta 3HAYEHHS BUX1HOTO IILJTIO3Y:

y© = g(c®) 0.

[[{o6 3HaiiTH onTUMAaIbHI Bard I BUKOPHUCTOBY-
BaHUX MOJEJIeH, BUKOPHCTOBYETHCS AITOPUTM 3BOPOT-
HOTO PO3IOBCIOKCHHS TIOMHUIIOK.

Jlns GyHKIIIT aKTHBHOCTI [~ BUXOJIOM €:

(12)

0 = f(netj), (13)

Jis moximHOT f” OTpUMYEMO:

00;
I eifner )
anetj_ (netj), (14)
_a—aX
%:lae—_ax:af(l—f); (15)
+e
o0 _e—ometi
' 5 =0i(1-0). (16)

onet; - (1+e‘“”eti )

TakuM 9YUHOM, TOMUJIKA B MEpPEXi Ha BUXITHOMY
BY3JIy PO3PaXOBY€THCS TAKHM YHHOM:

i :(tj —0-)*a*0j *(1—0]').

j j 7)

J11st 00YHCIIEHHS TIOMHJIKHM BHYTPIIIIHBOTO | IIapy:

51 ZOJ' *(l—Oj )*Zk:&kwjk ) (18)

Jie Wik — Bara 3B’3Ky MK BY3JIOM BHYTPILIHBOTO ILapy
Ta BY3JIOM HAaCTYIIHOTO Iapy.
Hogi 3HaueHHs OyayTh 00UMCIICHI 3T1THO:

Wij =W'ij+AWij =W'ij+7]5j0i . (19)

[Ipu npoekTyBaHHI apXiTEKTYypH HEWpOHHOI Me-
pexi HeoOXiTHO BpaxoBYBaTH, IO KiIBKICTh HEWPOHIB y
MIPUXOBAHUX IapaxX MOBHHHA 3AJICKATH Big 00CITYy HaB-
Y4ankHOI BUOIPKH.

KimpkicTh IpHUXOBaHUX MIAPIiB Ta KUIBKICTH HEHpO-
HIB BHOHMPAIOTHCA TAaKUMH, MI00 BOHH YTBOPIOBAJH
BTPHYi MEHIIIE 3B’ 3KiB, HIJK KUTBKICTh HABYAIEHUX TIPH-
KJIQJiB.

KoediieHT HaBYaHHS # — 3HA4YEHHS CYTTEBO
MeHIIe OJUHUILI. Bu3HaueHHs koedillieHTa HaBUaHHS
3Ti/IHO:

max [x]—min[x]
N=—————"" (20)
N

SIKIIO 3HAYEHHS 7 JIy)KE Majlo, TO HaJAIITyBaHHS
BaroBHxX Koe(dilieHTIB MOXe 3aiiMaTH Oarato yacy Iyis
JIOCSITHEHHSI 301KHOCTI. AJle BeNuKi 3HA4eHHS MPHU3BO-
JIITh JTO TPOIYCKIB III00AJILHUX €KCTPEMYMIB Ta MEpe/-
YacHOI 301KHOCTI.

Jnst orpuMaHHs HaOopy BaroBux KoedilieHTIB He-
00XiTHO BUKOHATH TaKi KPOKH:

1. Imimiamizanis Bar 3 BUIIaJIKOBHUMU 3HAYEHHSIMU.

2. Jlnst KO)KHOTO BHYTPIIIHBOTO By3J1a OOYHCIIUTH
3HAYEHHS CHTHAJIy Ha BXOJI Ta BUXO/I.

3. O0uMCIUTH 3HAUEHHSI CUTHAJY Ha BXOJi Ta BU-
X0/JIi BUX1THOTO By3Ja.

4. SIxmo pi3HMI MK OTpAMaHUM 3HAYEHHSM CHU-
THAITy y BUXITHOMY BY3JIi i pealbHUM 3HAYCHHSM He Oi-
JIBLIIE IOMYCTHUMOTO, TO Ha IIbOMY 3aKIHYHMTH, IHAKIIIE T1e-
peiTu 10 KpokKy 5.

5. O0YMCIUTH MOMWIKY Ta po3paxyBaTH HOBI Ba-
TOBi KOeiLi€HTH.

6. CkopuryBaTH BEIHMYHHY BiAMOBITHO 10 PE3yJib-
TaTy HEepeBIpKHU: 4M 30ira€ThCcsi HANpPsIM 3MiH IPOTHO30-
BaHMX 3HAYEHb 3 PEAUTLHUMH 3HAUCHHAMHU.

7. TloBToputHy Kpoku 2, 3,4, 5, 6.
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OOcsr HaBYanbHOI BHOIPKM 3aJICKUTH KUIBKOCTI
BXOJiB IITYYHOI HEMPOHHOT Mepesxi Ta Koe(illieHTIB Ha-
BYaHHS.

Pe3ynbTaTi NOPiBHAJILHOTO aHATIZY

B xoni ekcriepruMeHTaIbHAX TOCIIIKEHh BUKOHAHO
KOPOTKOCTPOKOBE IIPOTHO3YBAHHS HA BiCIM KPOKIB yIIe-
pen Ui 4acoBHX PSAIiB, IO BUKOPUCTOBYIOTHCSA B M3-
Competition Ta MpoOBeJCHO MOPIBHIHHS OTPUMaHKX Ja-
HUX 3 HassBHHUMH PE3yJIbTaTaMH1 IIPOTHO3yBaHHsI 32 JIOMO-
Mmoroto Box-Jenkins, ARARMA, ForecastPro, Auto-
ANN, SMARTFCS, RBF.

[TporHo3yBaHHs 3a 10MOMOTOI0 PO3rIAHYTHX MLP
ta LSTM BinOyBanocs mo ogHOMY KpPOKY BIIEpe, pHii-
MAaO4H pe3yNIbTaTH MUHYJIOTO KPOKY SIK YaCTHHY BHXiJ-
HUX JaHHX.

I'padiune BimoOpakeHHS pe3yNbTaTiB MPOTHO3Y-
BaHHS HaBeAEHO Ha puc. 1.

JU1s OLIHKH KOPOTKOCTPOKOBOT'O HMPOTHO3Y Yaco-
BOTO psily BUKOPUCTOBY€ETBCS 3HAYSHHSI CEPEIHBOT a0Cco-
motHoi moMuiikd (MAE), Ta, OCKiNIbKH ST OLIHKH SIKO-
CTI OTPHUMAHOTO MPOTHO3Y JIOUIEHUM € BUKOPUCTaHHS
KPUTEPIiB, 0 JO3BOJSIOTH OLIIHUTH MOMUJIKY Y BiICOT-
KOBOMY BiJHOIIICHHI, 3HAYCHHS CEPEIHBOT aOCOMIOTHOT
nomuiky y Bizcotkax (MAPE).

CepenHsi aOCONMIOTHA TIOMUIIKA PO3PAXOBYETHCS 32
(bopmymoro:

(21)

MAE = Z|y,—x,|/

ae Vi — q)aKTI/I‘{HC 3HAQYCHH:, Xj — IIPOrHO3HEC 3HAYCHHS,
K — KimpKicTh MNPOTHO30BAaHUX 3HAYCHD.

7000

6800

6600

6400 —+—Real

6200 ~&—MLP

——LSTM
6000
—BJ

00 Auto-ANN

5600 ~—=—SMARTFCS
5400

5200

5000

N o o A

Puc. 1. Pe3ynbpTraTi IpOrHO3yBaHHs

Cepenns aOCoIOTHA IOMMJIKA Y BIJICOTKAax po3pa-
XOBYETHCS 3TiHO:

A-R|
A

ne A: — ¢akTudHe 3HaYeHHS, Ft — IPOTHO3HE 3HAYCHHS
K — KiJIBKiCTh IPOrHO30BaHHUX 3HAYCHb.

CepenHs aOCOIIOTHA TOMIJIKA Ta CEPEeIHS MOMIIIKA
y BiICOTKaX MpPU BUKOPHCTAHHS Pi3HUX METOMIIB KOPOT-
KOCTPOKOBOT'O NPOTHO3YBaHHS YaCOBHX PsJ/IiB HaBelleHa
y tabn. 1. Jlis anamizy Oynu o6pani 3 M3-Competition
Ppsiu Pi3HOTO TIOXOKEHHS TOBKUHOIO Bix 39 1o 72 3Ha-
4yeHb. CyTTEBOTO BIUIMBY KiIBKOCTI 3Ha4€Hb IPOTHO30-
BAaHOTO YacOBOr0 sy Ha e(eKTHBHICTH NPOTHO3Y HE
BUSIBJICHO. Pe3ysibTaTé NMPOTHO3YBaHHS YacOBHX DPSIiB
HITBEPKYIOTE CYTTEBY NepeBary BUKOPHUCTAHHSI MOJe-
Jeil 6araTomapoBOro NepcenTpoHy Ta JOBrol KOPOTKO-
CTPOKOBOI Mam’sITi.

MAPE = (22)

100% &
>

t=1

Tabauys I — CepeaHs a6COJIIOTHA IOMUJIKA TA CepeHs MOMHUJIKA y BilcoTKax
NPY BHKOPHCTAHHS Pi3HNX MeTOIiB KOPOTKOCTPOKOBOT0 MPOrHO3YBAHHS YaCOBUX PAAiB

Merton Kpurepii N700, N800, N900, N21000, N1100, N1200, N1300, N1400,
(44) (44) (72) (52) (52) (52) 39) (48)
B-J MAE 932 353 111 175 402 123 470 232
MAPE, % 8,3 4,85 1,73 2,54 3,81 0,46 1,63 0,92
ARARMA MAE 1072 370 203 325 430 91 292 84
MAPE, % 1,72 9,57 1,87 1,44 4,69 0,73 5,45 1,27
Auto-ANN MAE 717 810 97 180 484 74 435 127
MAPE, % 13,98 11,37 2,14 2,57 7,57 1,75 8,53 2,74
ForecastPro MAE 984 233 109 350 448 43 470 227
MAPE, % 16,11 11,63 3,93 4,84 7,94 1,3 5,49 0,99
SMARTFCS | MAE 1245 251 87 244 615 39 253 144
MAPE, % 10,69 20,91 1,87 2,71 9,69 1,05 7,9 15
RBF MAE 919 701 176 185 1056 50 340 228
MAPE, % 14,77 551 2,11 5,2 7,91 0,62 8,54 2,68
MLP MAE 540 174 89 171 201 51 118 78
MAPE, % 18,75 7,73 1,7 3,64 10,84 0,56 4,88 1,7
LSTM MAE 509 273 96 96 267 50 284 107
MAPE, % 13,77 21,95 3,42 2,77 18,51 0,72 6,29 2,69

BHCHOBKH 01 maM'sTi JJI1 KOPOTKOCTPOKOBOTO MPOTHO3YBAHHS HE-

B po6oTi ociipkeHo BUKOPHCTaHHS Mozenei Oa-
raToLIapoOBOr0 NEPCENTPOHY Ta JIOBrOi KOPOTKOCTPOKOB-

CTaIliOHapHUX YacoBUX psAAiB. [IpoBeeHO MOPIBHSHHS
OTPUMAaHHUX PE3YJIbTATIB 3 HAABHUMU PE3YJIbTaTaMHU MPO-
rao3yBanns B M3-Competition.
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JocnipkyBaHi MoJielli TTOKa3ajy IepeBary Haj 3a-
co0amu, 1110 BAKOPUCTOBYIOTBCS ISl IPOTHO3YBaHHS Ya-
coBux psaie M3-Competition.

3 ypaxyBaHH:IM TOT0, 110 po3rsinyTi ITHM nepen-
0a4aroTh OTPUMAHHS NPOTHO3Y JIUIIE Ha OJJMH KPOK yIie-
pen (MaloTh OIWH HEHPOH Y BUXIAHOMY IIapi), y Iporeci
MIPOTHO3YBAHHS 3 33JaHMM TOPH30HTOM MPOTHO3YBAHHS
MTOCTITOBHO BHKOPHCTOBYBAIHCS NaHi, AKi Oynu OTpH-
MaHi y SKOCTi pe3yJIbTaTy Ha IOIepeIHbOMY KPOIIi, IS
BHKOpHCTaHHA iX Ha BXoai ITHM. Ile no3Bonse nocartu

MEHIIOT TOMUIIKH, HIXK IIPU CTBOPEHHI IPOTHO3Y Bijpasy
HA 3aJIaHy KiJIbKICTh 3HAYCHb.

Le Takox 703BOJIsIE 320€3MEUUTH THY4KICTh BHKO-
puctanns HIHM, ockinbku He moTpedye nepeOymoBH ap-
XITEKTYpH MpH 3MiHI TOTPIOHOTO FOPU3OHTY IPOTHO3Y-
BaHHSL.

CepeaHs TOMUIIKA Y BiICOTKAX MIPH MIPOTHO3YBaHHI
YacOBUX PSAiB TOCIiKYBaHNX MOZeTeH Ha 2-6% Hibk4de
TIPH TIOPIBHSAHHI 3 BUKOPHCTAHHIM TPAaTUIIHHUX MOJIe-
Jeit.
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Short-term of non-stationary time series forecasting
using MLP and LSTM models

Heorhii Ivashchenko, Vladyslav Ponamarov, Vladyslav Kholiev

Abstract. Topicality. The solution of the problem of forecasting takes an important role in the processes of strategic
planning and operational management in various areas of economic activity. A widespread form of forecasting is time series fore-
casting, in which the actual problem is the choice of an appropriate method among modern means of computational intelligence,
such as artificial neural networks. The problem of choice is due to a large number of parameters and settings that depend on the
features of the predicted time series and have a significant impact on the forecast quality. The goal of this work is to analyze
methods for short-term forecasting of non-stationary time series using artificial neural network models such as multilayer percep-
tron and long short-term memory. The object of research is the process of time series forecasting. The subject of research is the
use of artificial neural network models for short-term forecasting. Results. Experimental research has shown that the average error
in forecasting using the proposed tools is 2-6% lower compared to using common traditional models. Conclusions. The obtained
results confirm the advantage of using the MLP and LSTM models over forecasting based on the methods chosen for the M3-
Competition analysis.

Keywords: time series forecasting, computational intelligence, artificial neural network, multilayer perceptron, long short-
term memory, M3-Competition
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XapKiBChKHIA HAIllOHATBHUN TEXHIYHUN YHIBEPCUTET PalioeNeKTPOHIKH, XapKiB, YKpaiHa

AHAJII3 HIAXOAIB 10 PO3B'SAI3AHHA 3AJJAY PO3III3BHABAHHS OBPA3IB 3
BUKOPUCTAHHAM HITYYHOT' O IHTEJEKTY

AHoTauisi. AKTyaJbHicTh. Po3misHaBaHHS TEKCTy Ha 300pakeHHAX (ONTHYHE PO3IMi3HABAaHHS CUMBOJIB) — OJUH 13 HAIIPA-
MKiB po3Mi3HaBaHH: 00pas3iB, 3aBAaHHS SKOTO MOJIrae y NepeBeIeHH 300pakeHb PYKOIMCHOT0, MAIlIMHHOT O a0 IpyKOBa-
HOTO TEKCTy B TEKCTOBI JaHi, Ki BUKOPUCTOBYIOThCS [UISl PEACTABICHHS CUMBOJIIB Ha KOMIT'IOTEpi (HapUKIal, y TEKCTO-
BOMY penakTopi). Po3mizHaBaHHS TEeKCTy Ha 300pakKeHHSX € BaKIMBUM 3aBJAHHSAM MAIIMHHOTO HaBYaHHS, OCKUIBKH II€ J0-
3BOJISIE OPTaHi3yBaTH 3py4YHY B3a€EMOJIIIO 3 JAHNMHU: pearyBaHHs, aHajli3, HOIIYK CJIiB 9i (pa3 Tomo. THM He MEHII, CTBO-
PEHHS TOAATKy B IiH ramys3i 3aJHIIaeThCsl TBOPYUM 3aBaHHAM 1 BUMarae JOJaTKOBUX JOCIIDKEHb Yy 3B'I3Ky 31 crienudid-
HUMHU BHMOTaMH IIOJ0 BHPILIEHHS, IIBUAKO/II, HAIIHHOCTI pO3IMi3HaBaHHS Ta OOCATY MaM'dTi, SKUMH XapaKTepU3YEThCS
KO’KHa KOHKpeTHa 3a/1a4a. MeTo1o 7aHoi po6oTH € HaJlaHHS PEKOMEHAIIH 110 10 BUOOPY THITIB HEHPOHHUX MEpekK, METO-
IiB X HaBYaHHSI B 3a/1a4axX pO3Mi3HaBaHHS 300paxeHb. 00 €KTOM J0CTIIKEHHsl € MPOIECH PO3Ii3HABaHHS 300pa’KeHb.
I[Ipeamerom gocizkeHHs € METOIU PO3Ii3HABAaHHS 300paKeHb TEKCTY a00 CHMBOJIIB Ha OCHOBI INTYYHOTO iHTENEKTy. Pe-
3yJabTaT. B poboTi Oynu mpoaHai3oBaHi TUIIH HEHPOHHUX MEPEX Ta BUIM iX HaBUAHHS IO MPUTAMaHHI I PO3B’ I3aHHS
3a[a4 PO3Mi3HABAHHS PYKOIHUCHUX CUMBOJIIB. BUCHOBOK. B manmii uac Ha pUHKY iCHY€ TOCUTH BEJIMKa KiTbKICTh IHHOBAIIii-
HUX KOMIIaHiH, sKi 3aiMalOThCsl PO3Ii3HABaHHIM 300paXKeHb i3 BUKOPUCTAHHIM HEHpOMEpeKEeBUX TEXHOJIOTIH HaBUaHHS
cucteMu. JJOCTEMEHHO BiZJOMO, III0 BOHM JOCSITJIM TOYHOCTI pO3IMi3HABaHHS 300pakeHb B paiioHi 95% mnpu BHKOpHCTaHHI
6a3u manux 10 000 300paxeHs. [IpoTe BCi JOCSATHEHHS BITHOCATBCS JI0 CTATHYHHUX 300paKCHb, 3 TUHAMIYHUMHE 300paKeH-
HSIMH CHTYyalisl He OHO3HaYHa. ToMy OCIIKEHHS B rajly3i po3Ni3zHaBaHHS 300pa)keHb 3a JTOIOMOTOI0 HEHpOHHOT Mepexi

e I[OCJ'IiI[)KyIOTI:CH, BOHA € aKTyaJIbHOIO 3apas.

KuiouoBi ciioBa: HelipoHHA Mepeska, epLenTPOH, apajnurMa sar, cnn, rmn, adaptive resonance theory.

Beryn

Ha cporonmimHi# neHh TEXHOJOTIYHMNA Ta Hay-
KOBO-JIOCIIJTHAH TIPOrpec OXOIUIIOE HOBI TOPHU3OHTH,
CTpiMKO mporpecytoyn. OAuH i3 HUX — 116 MOJICITIOBAHHSI
HaBKOJIMIIHBOTO MPHPOIHOTO CBITY 3a JAOMOMOIOI0 Ma-
TEMaTHYHUX ANTOPUTMIB. B maHOMYy acmekTi iCHYIOTh
TpHBiaJIbHI, HANIPUKJIAJl, MOJETIOBAHHS KOJIMBaHb MOPS,
1 BKpail CKJIaHi, HETpHBialbHi, 0araTOKOMIIOHSHTHI 3a-
BIAHHS, HANpHKJIAd, MOJACTIOBaHHA (DYyHKIIOHYBaHHS
JIFOJICBKOTO MO3KY. Y TIpoIieci AOCIIJDKEHHS I[bOTO IH-
TaHHA OyJI0 BUJIIEHO OKpEMe IOHATTA — HEHpOHHA Me-
pexa. HelipoHHa mepexa € MaTeMaTU4Hy MOJENb Ta ii
3MIMCHEHHS SIK MPOTrPaMHOI YU MPOTrpaMHO-anapaTHOL
peadizailii, ska BAKOHAHO 3 ypaxyBaHHIM MOZEIIOBaHHS
JISTIBHOCTI 010JIOTTYHUX HEHPOHHHUX MEPEXK, SIKUMH € Me-
pexi HelipoHiB B OiosioriuHOMY opraHi3mi. HaykoBwuii iH-
Tepec N0 Ii€i CTPYKTYpH BUHHKIA TOMY, IO HOCIHIi-
JUKEHHS 11 MOJeNi O3BOJSIE OTPUMYBATH iH(OPMAIIIFO
po JIesKy cucTemy. ToOTO moIiOHa MOJIeTTh MOXKE MaTH
MIPaKTHYHY peai3alilo y HU3Li rajy3eil cy4acHOi HayKH
Ta TEXHIKH.

Bubip HefipoHHOT Mepexi 3aIMIIAETHCS aAKTyallb-
HUM, OCKUIBKH pi3HI HEWPOHHI MepeXi MiaXoaaTh I
BHpIMIECHHS Pi3HMUX 3aBJaHb. 3aJE€KHO Bif 3a1adi, MOXe
3HAJ00NTHCS BUKOPHUCTOBYBATH Pi3HI THIIH apXiTEKTyp,
Taki Ak HeWponHi wepexi (Convolutional Neural
Networks, CNN) m1st 3aBJaHb KOMITIOTEPHOTO 30Dy, pe-
KypeHTHI HelipoHHI Mepexi (Recurrent Neural Networks,
RNN) s 3aB1ane 00poOKH OCITIJOBHOCTEH 200 MOB'sI-
3ani HelponHi Mepexi (Fully Connected Networks,
FCN) mnst knacudikamiiiHux 3aBaanb. Takox Ciij Bpa-
XOBYBAaTH PECYpPCH, SIKi IOCTYIIHI JJIsl HAaBUYAHHS Ta 3aITy-
CKy HEWpOHHOI Mepeixi, Taki sIK Mam'aTh, MPOLIECOPHUH
4ac Ta CHePrOCIOXKUBaHHS, 100 BUOpaTH HAMOLIBII Bif-
TIOBIHY MEPEeXy Ui KOHKPETHOTO 3aBIaHHS. 3arajioMm,

BHOIp BiIMOBITHOI HEHPOHHOI MepeXi 3aJeKUTh Bi Oa-
raTboXx (pakTopiB.

KopoTka icTopisi po3BUTKY HeiipOHHHX MepeK

BapTo 3a3HaunTH, 10 CIIOYATKY MOHATTS «HEHPOHHA
Mepexay Oepe CBii Mo4aToK y poOOTi aMepPUKAHChKHUX Ma-
TEeMaTHKIB, HSHPONIHTBICTIB Ta Helporcuxonorie Y. Ma-
kkanoka ta Y. [litrca (1943 p.), ne aBTOpH BIiepIiIe 3ray-
I0Th TIPO HEl, aloTh 1 BU3HAYEHHS Ta POOIATH IEpIIy
crpoOy MOOyIOBH MOJIEINi HEHpOHHOT Mepexi. Bxxe 1949
p- A. Xe06 mpormoHye nepinii anroputM HaB4aHHA. Jlai
OyJa HU3Ka JOCIIJDKEHb y Taly3i HEeHPOHHOTO HaBUaHHS,
i nepii po6oui NpOTOTHUIHN 3'IBUIHCS TPHOIH3HO Y 1990—
1991 poxkax. munysoro cropiuusi. [Ipore oGuncitoBab-
HUX NOTY>KHOCTEW YCTAaTKyBaHHs HAa TOW 4yac HE BUCTa-
4aJo ISl JOCUTh MIBUIKOT pOOOTH HEMPOHHUX Mepex. [lo
2010 poky notyxuocti GPU BigeokapT CHIILHO 3011bIIIH-
JIMCS 1 3'IBUJIOCS MOHSTTS IIPOrpaMyBaHHS O€3110CcepeIHbO
Ha BiZICOKapTax, o icTOTHO (B 3-4 pa3u) 301IBIIMIIO TIPO-
JIYKTHBHICTH KoMITtoTepiB. ¥ 2012 p. Helipomepesxi Bre-
pue nepemoriu Ha demmioHarti ImageNet, ynm i o3Ha-
MEHYBaBCs iXHIH MOAANbIINIA OypXIMBHIA PO3BUTOK Ta MO-
sBa TepMminy Deep Learning [1].

VY cydacHOMY CBiTi HEHPOHHI MepeXi MalOTh KOJIO-
CaJIbHE OXOIUICHHS, BYCHI BBAXKAIOTH JOCIIKEHHS, 110
MIPOBOJIATHCS B TaiTy3i BUBYEHHS MOBEAIHKOBUX 0COOIH-
BOCTEH Ta CTaHIB HEMPOHHUX MEpeX, BKpail mepcreKTu-
BHuMH. [lepenik obnmacTeil, y IKUX HEHPOHHUM MepeKam
3HaNIIIOCS 3aCTOCYBaHH:, Bennue3Hui. Lle i posmizHa-
BaHHA 1 Kitacudikaris o0pasis, i MPOrHO3yBaHHS, 1 po3B'-
sI3aHHs alPOKCUMAIIfHUX 3aBJaHb, 1 JIesIKi aCTIeKTH CTH-
CHEHHs JaHMX, aHali3y JaHuX 1, 3BHYaiiHO, 3acTOCy-
BaHHS CHCTEM O€3IEeKH Pi3HOTO XapakTepy.

JocnijpkeHHs] HEHPOHHUX MEpEeX ChOTOJHI aKTH-
BHO Bi/I0yBa€ThCs Y HAYKOBHUX CIUIBHOTAX Pi3HUX KpaiH.
IIpu Takomy po3TJsai BOHA MPEICTaBICHA K OKpEeMUi
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BUIIAJIOK PsY METO/IB PO3IIi3HABaHHS 00pas3iB, IUCKPH-
MIHaHTHOTO aHai3y, a TAKOXK METO/IB KiIacTepu3allii.

Cnix TakoX 3a3HAYHTH, IO MPOTATOM OCTAHHBOTO
POKY Ha cTapTany B Taly3i CHCTEM po3Ii3HaBaHHs 300pa-
eHb OyJ10 BUIeHO (iHaHCYBaHHs OUIBII HIXK 3a HOIe-
penHi 5 pokiB, 0 TOBOPUTH PO TOCUTH BEITUKY MOMYJISI-
PHICTB JAHOTO THITY pO3pOOOK Ha KiHIIEBOMY PHHKY.

[puknazg KijgbKa aKTyaTbHIX HEHPOHHUX MEPEK:

* Google AutoDraw - cepBuc, TepeTBOpPIOE Ma-
JIIOHKH BiJI pyKH Ha BUCOKOSIKICHI KITIIT-apTH;

* Let’s Enhance - cepBic, sikuii 103BOJSI€ TOKpa-
myBatu ¢ororpadii Ta macmradbyBaru ix 0e3 BTpaTH
SIKOCTI,

» CaptionBot - onnaiiHoBHii cepBic KommaHii
Microsoft, skuii po3nizHae 00'eKTH Ha 300paKEHHSIX, 1110
3aBaHTA)XKYIOTHCSl KOPUCTYBa4yeM, 1 3a JIOTIOMOTOI0 HEH-
POHHHX MEpEX OIHCYE Te, 10 3HAXOIMThCS Ha (OTO,
HNPUYOMY MIPOCTHMH JIFOJACHKHMH CIIOBaMHU;

+ Colorize - cepsic, IKkuif BAKOPUCTOBYE TEXHOJIO-
Til MTYYHOTO iHTENEKTY Ui po3(apOOBYBaHHS YOPHO-
6imux ¢ororpadii;

* Remove.bg - Al-cepgic, 110 103BoIIsE 32 JiveHi
CeKyH/M BUIaIUTH QoH Ha QoTorpadisx 6e3 BUKOpHC-
TaHHs rpadivHuX peaakTopiB. JOCTaTHRO 3aBaHTAXKUTH
300pa)KeHHs - 1 cUCTeMa aBTOMaTHYHO, 3 BUKOPUCTaH-
HSIM ITOPUTMIB HITYYHOTO IHTEJIEKTY BUAIIUTH 00'€KTH
Ha IepeHbOMY IIIaHi 1 mpudepe Bce 3aiiBe.

3acTrocyBaHHSI HEIIPOHHUX MepeK
JJIs1 po3mi3HABaHHA 300pakKeHb

PosrisiHeMo cTaHIapTHI 3aBaHHsL, SKi BUPILIIYIOTHCS
HEHPOHHNUME MEPEXaMH y IOIATKY JI0 300pakeHs [2]:

* imeHTH(}IKAIiA 00'€KTIB;

* pO3Mi3HaBaHHSI YaCTUH 00'€KTIB;

* CEMaHTWUYHE BH3HAYCHHS MEX 00'€KTiB (03BO-
JISi€ 3aTUIIATH TUTHKHA MEXi 00'€KTIB Ha KapTHHII);

* CEMaHTWUYHA CEeTMEHTAIis (IO3BOJISAE PO3IUIATH
300pakeHHS Ha Pi3Hi OKpeMi 00'€KTH);

* BHUIUICHHS HOpMajed 10 MOBEPXHi (I03BOJISE
MepEeTBOPIOBATH JIBOBUMIPHI KapTHHKHA Ha TPUBUMIpHI
300paXKeHHS);

*  BUJUICHHS 00'€KTIB yBary (J103BOJIsiE BU3HAYATH
Te, Ha IO 3BEpHYyJa O yBary JIoJliHa Ha 1IbOMY 300pa-
JKEHHI).

BapTo 3a3HaunTH, 1110 3aBJaHHs PO3Mi3HABAHHS 30-
OpakeHb Ma€ SICKpaBUH XapakTep, po3B'sI3aHHs LIbOTO 3a-
BJaHHS € CKJIaJJHUM Ta HEOpJMHApHUM IporecoM. [Ipu
BHUKOHAHHI PO3IIi3HABaHHS K 00'€KTa MOXKe OYyTH JIFOJI-
CcbKa 0co0a, TeXHiKa, a TaK0oX 0e3J1i4 iHIIKUX 00'€KTiB, 10
XapaKTepU3yIThCS HU3KOIO YHIKaJIbHUX O3HAK, 110 CYT-
TEBO YCKIIQJHIOE TPOIIeC iMeHTH]IiKaILii.

VY upoMy gochipkeHHi Oye po3TIISIHYTO alTOPUTM
CTBOPEHHSI Ta HAaBYaHHS PO3IMi3HABAHHIO PYKOIHCHUX
CHUMBOJIB HEHpoHHOI Mepexi. 3o0paxeHHs Oyne BBa-
JKaTH OJTHUM i3 BXOJIiB HEMPOHHOI Mepexi, a OJJUH 3 BHU-
XOJiB OyJie 3aMisTHUI [T BUBSACHHS PE3yJIbTATY.

Ha npomy erani HeoOXiTHO KOPOTKO 3YMHHHUTHCS
Ha kyacugikamii HelpoHHUX Mepex. Ha croroaHimHiH
JIeHb OCHOBHHX BHIB Tpu [3-5]:

* 3roprkoBi HelipoHHI Mepexi (CNN);

* pekypeHTHI Mepexi (deep learning);

* HaBYaHHSA 3 MiIKPITUICHHSIM.

OnuvH i3 HaWYaCTINIMX MPUKIAAIB TOOYIOBU HEWi-
POHHOT Mepeixi — Lie KIIaCHYHa TOIIOJIOTist HEHPOHHOI Me-
pexi. Taka HeifpoHHa Mepexa MoXke OyTH TIpeIcTaBIeHa
SIK IOBHO3B'sI3HUM Tpad), XapaKTepHOIO ii pHUCoIo € mpsiMe
nomypeHHs iHdopmalii Ta 3BOPOTHE MOLUIMPEHHS CUTHA-
mizamii mpo moMmiIky. L TeXHOIoTis He Mae peKypCHUB-
HUX BJIACTHUBOCTEH. lmocTpaTHBHO HEMPOHHY MEpexy i3
KJIACHYHOIO TOIIOJIOTIE0 MOKHA 300pa3nuTH Ha puc. 1-2.

@

@
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HENPOHK
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HENPOHK

MpuxoEaHi HERPOHK

Puc. 1. HeiiponHna mMeperxa i3 HAalIIPOCTIIIO0 TOTIOJIOTIE0
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Puc. 2. HeliporHa Mepexa
3 4-Ma mapaMu IpUXOBaHUX HEHPOHIB

OnuH i3 SIBHO CYTTEBHX MIiHYCIB M€l TOTIOJNOTIi Me-
pexi — HaMIpHICTh. 32 paXyHOK HaJMIpHOCTI IpH Mojadi
JIAHUX Y BHUTILII, HATIPUKIIA], TBOMIPHOI MAaTPHIIi Ha BXiJI,
MO)KHa OTpUMaTH OJHOMipHHMH BekTop. Tak, s 300pa-
YKEHHS! PYKOIIMCHOI JIATHHCBKOT JIITePH, OIHUCAHOT 3a JI0TI0-
Mororo Matpuri posmipom 34x34, motpibHo 1156 BXOAIB.
Ie roBopuTh TIPO T€, 110 OOUNCITFOBATBHI MTOTYKHOCTI, IO
BHUTPAYaAIOThCS HA peasizallilo mporpaMHO-arapaTHOTO pi-
LIEHHSI JAHOTO aJITOPUTMY, BUSIBIISITHCS 32HA/ITO BEJMKHMH.

[Ipobnema Oyna BHpimeHa aMEpUKAHCHKUM yde-
HuM SHom Jle KyHowm, sikuit ipoBiB aHaii3 poOiT aype-
ariB HoGeniBcbkoi npemii y ramysi meanimau T. Wtesel
ta D. Hubel [6, 7]. B pamMkax gociimkeHHs, IPOBEICHOTO
HHUMH, SIK 00'€KT JOCIi/PKEHHS BUCTYIMJIAa 30pOBa KOpa
TOJIOBHOTO MO3KY KIIIKH. AHaJi3 pe3ysbTaTiB I10Ka3as,
1110 B KOPI € PsiJ MPOCTUX KIIITHH, & TAKOX PsJ] CKIaIHUX
kiituH. [IpocTi KIITHHY pearyBaiy Ha OTPUMAHE Bif 30-
POBHX pelenTopiB 300paskeHHS NPSIMHUX JIiHIH, a CKITaIHI
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— Ha MOCTYIAJIILHUN pyX OIHOMY HampsiMKy. B pesyis-
TaTi OyJI0 BUPOOJICHO MPHUHLIMI MOOYAOBH HEHPOHHHX
MepeX, 3BaHUH 3rOPTKOBUM. [1es 1bOro MpHHIMITY T10-
Jsirajia B TOMY, IO JUIs pealtizaliii pyHKIiOHyBaHHS He-
POHHOT MepesKi BUKOPHCTOBYETHCS YEPTyBaHHSI 3TOPTKO-
BHX IIapiB, sKi mpuiHATO mo3Hayatu C — Layers, cy0-
JUCKPETH3YIOUHX ImapiB S — Layers Ta MOBHO3B'I3KOBUX
mapiB F — Layers Ha BuX0i 3 HEHpOHHOT Mepexi.

B ocHOBi moOymoBu Mepexi momiOHOTO pomy Je-
XKaTh TPH MapajurMH — € HapagurmMa JOKaJIbHOTO
CIIPUHHATTS, TApauTMa Bar, M0 PO3AULIIOTEC, 1 mapa-
JUrMa cyOIUCKpeTH3allii.

CyTb napagurmMu JOKaJIbHOTO CIIPUHHATTS Y TOMY,
110 y KOXEH BXiJHUH HEHPOH NOAAETHCS HE BCS MATPUILS
300pakeHHs, Ta 1 yacTWHA. [HI YaCTHHU MOJAOTHCS
iHIII BXiJHI HelipoHU. B naHOMy BHUmMaaxKy MoKHa croc-
TepiraTd MexaHi3M po3napalellfoBaHHs, 3a JOIOMOIO0
MOIIOHOTO METOAY MO>KHA 30epiraTé TOIOJIOTI0 300pa-
JKCHHS BiJ mIapy A0 mapy, OaraToMmipHO 00poOIsioun
ftoro, To0TO B Tporeci 0OpOOKH MOKE BHKOPHCTOBYBA-
THUCS KiJTbKa HEHPOHHUX MEPEXK.

[Tapagurma Bar, O PO3IUISIOTECS, TOBOPUTH IIPO
Te, WO A Oe3uidi 3B'13KiB MOXKE OyTH BUKOPHCTaHUM
HeBenMKHKA HaOip Bar. Jlani Habopu MalOTh Ha3By
«smpay. JI7st KIHIIEBOTO pe3yIbTaTy 00poOKH 300paxeHb
MOYKHa CKa3aTH, L0 Bard, 0 PO3IUISIOTHCS, O3UTHBHO
BIUIMBAIOTh HA BJIIACTHBOCTI HEUPOHHOT MEpPEXi, PH J0-
CJTiJPKEHH] IOBE/IIHKY SIKOT M1 ABUIIY €ThCS 31aTHICT 3Ha-
XOJDKEHHsI 1HBapiaHTIB y 300paKeHHAX 1 QiIbTpyBaTH
ITyMOBI KOMIIOHEHTH, HE BUPOOIIAIOUH 1X 00poOKy.

Buxopstum 3 BUIIEBUKIIAAEHOTO MOXKHA 3pOOHTH BH-
CHOBOK IIpO T€, IO IPH 3aCTOCYBaHHI MPOLELYPH 3rop-
TaHHA 300pakeHHs Ha 0a3uci spa 3'IBUTHCS BUXITHE 30-
OpaXeHHsI, €JIEMEHTH SKOro OYyIyTh TOJIOBHOIO XapakTe-
PHCTHKOIO BifIMOBIAHOCTI QibTpy, TOOTO BiNOYyAeThCs re-
Hepailis kKapty o3HaK. L{eit airopuT™ HaBeAeHO Ha puc. 3.

Bxig Kapra ozxak

Puc. 3. Anroputm reseparii KapTH 03HaK

[Mapagurma cy6nuckperusarii y Tomy, 1o BigOyBa-
€THCS 3MEHILICHHS BX1/IHOTO 300payKeHHs paxyHOK 3MEH-
IIEHHS TIPOCTOPOBOI PO3MIPHOCTI HOTO MaTEeMAaTHIHOTO
eKBiBaJIeHTa — N-MepHO# Matpuii. HeoOXimHicTh Cy0-
JTUCKPETH3AaIlil BUSBJISETHCSA B iHBAPiaHTHOCTI MaciTady
BHXiHOTO 300paxkeHHs. IIpm 3acTOCyBaHHI METOAMKH
YepryBaHHA IIapiB 3'SIBISETHCS MOXIIUBICTH TeHeparii
HOBHUX KapT O3HaK 3 HasIBHUX, TOOTO MPpakTHYHA peastiza-
1Sl JTAHOTO METO/Y TOJIsIrae B TOMY, 10 Oyze npuadana
3[IaTHICTh BUPOJUKEHHS 0araTOBHUMipHOI MaTpHIll y BEK-
TOpHY, a ITOTIM 1 30BCIM B CKaJISIpHY BEJIMUUHY.

PexypenTHi HeiiponHi Mepexi (RNN) — 11e Tum Hei-
POHHUX MEpEeX, M0 OCOOIMBO MiAXOIATH Ui 00POOKH
MOCHIAOBHUX JAHUX, TAKUX AK TEKCT, YaCOBI PSAAU Ta ay-
JiOCHTHAIH.

ITmtocu pekypeHTHUX HEMPOHHUX MEpEK:

- I'myuxicts: RNN Moxe 00po6isiTi 1aHi pi3HHUX
po3MipiB Ta GopMmaris, 10 poOUTH ii THYYKOIO Ta 3aCTO-
COBHOIO JUIS Pi3HUX 3aB/IaHb.

- O0po6Oka mocnigoBHOCcTei: RNN BiqMiHHO mpa-
LO€ 3 IOCJIITOBHUMHE IaHUMH, TAKUMH SIK TEKCTH, JaCOBI
PN Ta ayAiOCUTHANN, OCKUTBKH BOHA MOXKE 3araM'siTo-
BYBATH HOIEPEIHI 3HAYCHHS Ta BAKOPUCTOBYBATH iX IS
MIPOTHO3YBAHHS HACTYITHUX 3HAYCHb.

- EdexruBricts: RNN Moxe edexkruBHO 00p00-
JITH AaHi y BENUKAX 00csTax, mo poOuTs ii mpuaaTHOO
JUISL BEJIMKHX Ta CKJIAJIHUX.

MiHycH peKypeHTHUX HEHPOHHHUX MEPEexK:

- IlpoGnema noBroi komm'totepHoi mam'siti: RNN
3a3Ha€ TPYAHOIIIB MPU POOOTI 3 TOBTUMH MTOCIiTOBHOC-
TSIMM, OCKUIbKM BOHA ITOBHHHA 3aram'sTOBYBaTH JOBTi
3aJICKHOCTI MiXkK €JIEMEHTAMH BX1THUX JJAHUX, 1[0 TIOTPE-
Oye OaraTo mam'sri.

- Tpymsomi ontrMizamnii: RNN Takox Moxe Bix-
YyBaTH TPYIXHOIII IPX ONTHMIi3allii, OCKUIEKH TPali€HTH,
SIKI BOHAa BUKOPUCTOBYE ULl HABYAHHSI, MOXKYTb IIBUIKO
3HUKAaTH 200 BUXOAUTH 3a MEXKI, IO MOXKE PU3BECTH 10
Hee(heKTUBHOTO a00 HEBAIOTO HABYAHHS.

- Tpyasomi B intepnpetauii: RNN moxe OyTtu
CKPYTHOIO JUIsl IHTEepIIpeTalii, OCKUIbKK BOHA CKJIaJHa 1
BUKOPHUCTOBYE 0Oararo mapis, 1100 o0po0IaTH JaHi.

- HeoOxigHicTh y Benukiii KinbKoCTi Janux: RNN
BUMarae Oinblie.

Hapwanus 3 minkpimenasm  (Reinforcement
Learning) — me MeTox MAaIIMHHOTO HABYaHHS, Y SIKOMY
Halla cucteMa (areHT) HaBYAa€ThCSd METOAOM CIIpob Ta
TIOMUJIOK. [1es mosnsirae B TOMy, IO areHT B3aEMOJIE 13
cepeJIoBHUINEeM, apajelbHO HABYAIOUHCh, 1| OTPUMY€ BH-
Haropojy 3a BUKOHAHHS M.

[Tirocu HaBYaHHS 13 M AKPITICHHSIM:

- 3acTtocyBaHHS JI0 pealbHUX 3aB/iaHb: HaBuaHHs 3
HiJIKPITUIEHHSIM MOe OyTH 3aCTOCOBaHE JI0 OaraTbox pea-
JIbHUX 3aBJaHb, TAKHX K ITPH, KEpyBaHHI poOOTaMH TOIIIO.

- HaBwanus msxom mpo6 Ta mommiok: Has-
YaHHSA 3 MiAKPIIUICHHSIM [O3BOJISIE MOJENI HAaBYATHCS
IUITXOM TIpo0 Ta TOMUIIOK, BUIIPOOOBYIOUH Pi3HI Bapia-
HTH Ta OTPUMYIOUYM 3BOPOTHHUH 3B'I30K y BUIJISAI HAro-
poxu abo mrpady.

- MortuBanis: HaBuaHHS 3 MiIKPIIDICHHAM MOXE
OyTH MOTHBYIOUYHM JIJIsI MOZIEITi, OCKUTBKH BOHA MOXe Oa-
YUTH NPSIMUHN 3B'I30K MK CBOIMH JisIMH Ta OTPHUMAaHOIO
Haropoo.

MiHycHu HaB4aHHS 3 HiAKPIIUICHHIM:

- Tpyasoui y dhopMyiTIOBaHHI 3aBJaHHS.

Peanizanisa HaBYaHHA HelipOHHOT Mepe:Ki

IcHyr04i Mepexi AUIATECS Ha 3 KIIac apXiTeKTyp 3
TIOTJISTy HaBYaHHS:

* HABYAHHS 3 yUHTeNeM (TIEPLENTOH);

[Trocu: mpocToTa; 3aCTOCYBaHHs 10 6araTthbox 3a-
BlIaHb; PEe3yJbTaTH Y BUTJISAI 4iTKO BU3HAYSHHX KJIACiB.

Minycu: meprentpoH Mae oOMexeHy e(eKTHB-
HICTh i/ 9ac BUPIIICHHS 3aBlIaHb 13 CKIAIHIITUMH Me-
JKaMHM KJIaCiB; HEMOXIIUBICTh BUPIIICHHS 3aBJaHb i3 He-
JMHIHHUMHA MEXaMH KJIACiB.

Haguanns 3 yuurenem, abo supervised learning, e
ONHMM 13 HAWNOUIMPCHINIUX THIB MAIIMHHOTO
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HaByaHHS. BOHO BUKOPUCTOBYETHCS B IIMPOKOMY CIIEK-
Tpi 3aBiaHb, TAKHX SIK:

- Kkiacudikanis: Kiracudikauis 300paxeHb, TeKC-
TiB, 3BYKIB TOLIIO;

- perpecis: MpOrHO3 YUCIOBUX 3HAUYEHb, TAKUX K
LiHU HA HEPYXOMICTbh, IOTOa i T.1I.;

- 00poOka mpupoaHOi MOBH: KiIach(ikaIlis ToHa-
JBHOCTI TEKCTY, IEePEeKIIal] TEKCTY 1HIIOI MOBOIO TOIIO;

- aHaNi3 JaHWX: BUSBIICHHS BUKHIIB, KJIACTEPH3aIlis.

3araioMm, HABYaHHA 3 YUUTEIEM MOXe OyTH BHKO-
pucrane B OyIb-sKiif 3a1adi, /1e € JOCTAaTHIH 0OCsT HaB-
YaJbHUX JIAaHHUX 3 BIIOMHMH MiTKaMu a00 3HaAYEHHSIMHU.

* HaB4aHHS Oe3 BuMTeNs (MEpexki aJanTHBHOTO
pe3oHaHcy);

[Tmocu: aBroMaTH4Ha KiacH]ikalis; BUSIBICHHS
nogiOHocTel; edexTuBHICTh. MiHYCH: BiJCYTHICTH SIB-
HUX MITOK; CKJIQJIHICTh HaJallITyBaHHS.

Mepexi Adaptive Resonance Theory (ART) - ue
OJIMH 3 THUITIB HEHPOHHUX MEPEX, AKI MO’KHA BUKOPHCTO-
ByBATH I HABYAHHS 6e3 BUMTENs. IX MOKHA BUKOpPHC-
TOBYBATH Y BUIIAJKaxX, KOJIM AaH1 MalOTh HETiHIHHY CTpY-
KTypy abo Kor HeoOXiTHO BpaXxOBYBaTH TUHAMIYHY II0-
BeiHKy naHux. Mepexi ART MokHa BUKOPHCTOBYBaTH
JUIsL KiacTepu3allil, 3MEHIICHHSI PO3MIPHOCTI Ta BHUSB-
JICHHSI BUKHUJIB. Jlesiki MpHKIaay IporpaM BKIIOYAIOTh
00poOKy 300paXKeHb Ta ayio, aHasi3 piHAHCOBUX JaHUX
Ta po3Mi3HaBaHHs 00pa3iB.

3arasnom BukopuctanHs Mepexx ART Haiikpariue mi-
JIXOJUTH JUISl CUTYalil, KOJIM JaHi MaloTh CKJIQJHY CTPY-
KTypy Ta TpamulliiiHi METOTU HaBUaHHS Oe3 BUMTEN,
taki sk K-Means abo PCA, HeedexruBHI. Baxkmiso, mo
BHOIp BiIIOBITHOTO METOAY MAIIMHHOTO HABYAHHSI 3aJIe-
KHTh BiJ] KOHKPETHOT 33/1a4i Ta XapaKTEPUCTHUK JIaHUX.

* 3MimaHe HaBYaHHSA (Mepexi panianbHO-0a30-
BUX (YHKIIIH).

[Tmrocu: MPOCTOTa BUKOPUCTAHHS; THYYKICTh; MO-
JIIIIEHa TOYHICTh; 3arajbHi XapakTepUCTUKH. MiHycH:
CKJIA[THICTh MMiA00PY; BUCOKHIA 4aC OOUHCIICHHSI.

3arajgom 3MillaHe HaB4yaHHS 3 Mepexxamu RBF
MOe OyTH XOpOIIUM BUOOPOM JIIsl 3aBJaHb, /i€ SIK KOH-
TPOJILOBAHE, TaK i HEKOHTPOJIHOBaHE HaBYaHHS MOXYTb
HAJIaTH JIONATKOBY iH(opmamito. Jleski mpuKIaan mpo-
rpaM BKJIIOYAIOTh KJIacHQikario 300pakeHb, 00pOOKY
MIPUPOIHOT MOBH Ta aHaMi3 (PiHAHCOBHUX JaHUX.

OpHak BaXIMBO BiA3HAYUTH, II0 BHUOIp BiIIOBiI-
HOT'O METO/Iy MAIlIMHHOTO HAaBYaHHS 3aJISKUTh BiJl KOHK-
peTHOT po0IeMH Ta XapaKTepPUCTUK AaHUX. [IpogykTu-
BHIiCTh Mepex RBF inoni Mmoxxe OyTu 4yTiamBOIO 10 BU-
06opy mapameTpiB Ta SKOCTi JaHUX, TOMY BaXJIHBO pe-
TEJILHO PO3IIISIHYTH NPUIATHICTD [[BOTO METOLY AJISI i€l
pobeMH, epI HiXk BHKOPHUCTOBYBATH HOTO.

Bapro Takox BiI3HAUWTH, 110 HaBYAHHS MeEpexi
MIPOBOANTHCS Ha CIIEIialbHO MiIrOTOBJICHHX 0a3ax 30-
OpakeHb, KJIaCH()iKOBAHUX Ha BEJMKY KUIBKICTH KJIAciB,
i 3aiimae ocuTh Oarato yacy.Ha choromHi HaiOiIbIIO
6a3oro € ImageNet (www.image_net.org) [8]. Bona mae
0€3KOIITOBHUHI JIOCTYH JI0 aKaJeMiYHNX YCTaHOB.

Ouinka HeHpPOHHOI Mepeski

IcHye KinbKa miIxoiB A5 OLliHIOBAaHHS HEHPOHHUX
MEPEXK, IKI MOXKYTh BIIPI3HATHCS 3aJIC)KHO BiJl 3aBIaHHS
Ta gaHux. Och KUJIbKA 13 HUX:

OmuiHka TOYHOCTI: LEi MiaXiJ 30cepe/pKeHuil Ha
OIHIII TOYHOCTI Mepexi naHuWx Bamigamii. TOYHICTB
MoKe OyTH OlLliHeHa 3 BUKOPHCTaHHIM METPUK, TAKHX 5K
TOYHICTH (accuracy), MOBHOTa (precision), oaep>KaHHS
(recall) Ta mipa.

Kpoc-Bamiganisa: y npoMy minxomi maHi po30OuBa-
I0ThCS Ha KiIbKA YacTHH, 1 KOJKHA 9aCTHHA BUKOPHUCTO-
BYETBCS K BaJimamiiiai mami mo uepsi. Lle#t minxin mo-
3BOJISIE OTPUMATH OUTBII BIIEBHEHI OLIHKH TOYHOCTI Me-
pexi.

OrmiHka TepeHaBYaHHA: y bOMY MiIXOIi OIiHIO-
€THCSI, HACKLIBKU TOOpe HEWpOHHA Mepexa y3arajibHIo-
€TbCs HOBI J1aHi. OLiHKa epeHaBUYaHHS MOXKE BKIIIOUATH
MIOPIBHSHHS TOYHOCTI MEPEXi.

OyuH 13 HaBaXKITMBILIUX KPUTEPIIB OLIHKH pOOOTH
HEHPOHHOT MepexXi y pasi po3nizHaBaHHS 300pakeHHS —
e SKICTh pO3Ii3HaBaHHs 300pakeHb. BapTo 3a3HaunTH,
10 A7 KUTBKICHOT OIIHKH SKOCTI PO3Ii3HaBaHHs 300pa-
JKEHHsI 33 JONOMOroi0 (DYHKI[IOHYBaHHS HEHPOHHOI Me-
pexi HaituacTile 3aCTOCOBYEThCS aJITOPUTM CEPEIHBOK-
BaJIpaTUYHOI TOMHJIKH [6]:

EP =~(DP — 001", W))?, @)

V 3anexxHocrti (1) EP - p-ta nomuika posmizHaBaHHS
JUISL TTapy HEHPOHIB,

DP — ouikyBaHMi BHUXIIHHMI pe3ysbTaT HEHPOHHOI
Mepexi (3a3BHyail Mepeka Ma€e MparHyTH Po3Ii3HaBaHHS
Ha 100 %, aje 1pOro NMPaKTHYHO MOKHU L0 HE BinOyBa-
€TBCS), a KOHCTPYKILis Oo(IP,W)? — KBaJpaT BUXOAY Me-
PeXi, SIKHI 3aJIeXKHUTH BiJl p-0T0 BXOAY i Habopy Koedirti-
enriB Baru W. J1o 1i€i KOHCTPYKIIT BXOIATH 1 siApa 3rop-
TKH, 1 BaroBi KoedimieHTH BCiX BepcTB. [IpopaxyHOK 1mo-
MHUIIKHU TOJISITA€ Y OOYKCIICHHI CepeTHhOTO apU(PMeTHY-
HOT'O 3HAYEHHSI JIJIsl BCIX Map HEHPOHIB.

B pesynbTati aHamizy OyJio BHBEICHO 3aKOHOMIp-
HICTh, III0 HOMIHAJIbHE 3HAYEHHS Baru, KOJIW 3HAYCHHSI
HNOMUJIKH OyJe MiHIMaJbHUM, MOYKHa PO3paxyBaTH BU-
XOJIS1UH 13 3asIeHOCTI (2):

d2E(Wo) —1 dE(W)

Wnin = We — ( aw? )_1 aw 2
Whin - MiHIMaNBEHU# KoedimieHT Baru. W, — cepeaHiii ko-
edimienT Bary. 3 1i€i 3aJ1e)KHOCTI MOYKHA CKa3aTH, IO 3a-
BIaHHS OOYMCIIEHHS ONITUMAJIBHOI Baru € apudMeTHnyHa
PI3HHILS MOXIHOT QYHKIIT NEepIIOro MOpsAKY MOMHUIKA
3a Barow, po3/iieHa Ha MOXigHy (YHKIi Ipyroro mo-
PSLIKY TIOMHUITKH [7].

HaBeneni 3anexHOCTI Jar0Th MOXKJIMBICTh TpHBia-
JBHOTO OOYMCIICHHSI MOMUWJIKH, 110 Yy BUXIJHOMY IHIapi.
OOuncneHHsS TOMIWIKH Yy MPUXOBAHUX IIapaxX HEHPOHIB
MOJKHa peaiizyBaT 3a JOIOMOTOI0 METOIY 3BOPOTHOTO
PpO3MoBCIOKEeHHS TOMWIKK. OCHOBHA iJiest METOLy TO-
Jsirae y MOUIMPeHH] iHdopMaltii, y BUMIISIl curHasi3anmii
PO TOMIJIKY, BiJ] BHXIJHUX HEHWPOHIB JO BXIJHHX,
TOOTO y HaNpsIMKY, 3BOPOTHOMY TI0 BiTHOIIIEHHIO A0 TI0-
[IMPEHHsI CUTHAJIIB HEMPOHHOT Mepexi [6].

BucnoBxku

[Iporpama, peanizoBaHa 3 ypaxyBaHHSIM alTOpPHUT-
MiB, OCHOBOIO SIKHX BXOJWTh HEHPOHHAa MeEpexy, Oyae
3HAYHO €(hEeKTHUBHIIIIE.

[lincymoByto4H, MOKHA pe3IOMyBaTH HACTYIIHE:

* HeiiponHi Mepexi MOXYTh 3HAXOAWTH 3aCTOCY-
BaHHS SIK Y TUTaHHI PO3Mi3HABAHHS 300paXKeHb.
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* Ils Teopist 1a€ MOKIIMBICTH TOBOPHUTH TIPO CTBO-
PEHHS HOBOTO TIEPCIICKTHBHOTO KJIacy MOJENEH, a came
MOJIeNieil Ha OCHOBI IHTEJICKTYaJIbHOTO MOJICTIOBAHHS.

* HelipoHHi Mepexi 3[1aTHI 10 HABYAHHS, IO CBiJ-
YHUTh PO MOKJIMBICTH ONMTUMI3AI] Tporiecy 3 (QyHKIIiO-
HyBaHHA. Taka MOXJIMBICTh € HAA3BUYAaHO Ba)KIIMBOIO
OTILI€I0 IS IPAKTHYHOI pealizamii alropuTmy.

* OmniHKa aaropuTMy pO3Ii3HABaHHS 00pasiB 3 10-
ITOMOTOI0 JTOCII/KCHHSI HEHPOHHOI Mepexi MOoke MaTH
KUTBKiCHE 3HaUY€HHS, BiAMMOBINHO, € MEXaHI3MH MiACTPO-
IOBaHHS IapaMeTpiB HEOOXiMHOTO 3HAYCHHS 3 JOITOMO-
TOI0 00YHCIIEHHS OTPIOHUX BaroBUX KOE(ili€HTIB.

Ha cporomuimHiii fAeHb, MOJANbIIE TOCIIIHKEHHS
HEHPOHHHUX MEPEK € MEPCHCKTHBHOK O0JIACTIO JOCIi-
JOKCHHS, SIKa YCHINIHO 3aCTOCOBYBATUMEThCS B IIE OiJTb-
LIiH KUTBKOCTI rajTy3eid HayKH 1 TEXHIKH, a TAKOX JSTIBHO-
cti moauad. OCHOBHHUI HArojoc y PO3BHTKY CYYaCHHX
CHCTEM pO3ITi3HABAHHSI 3apa3 3pYIIyEThCSl B 00JIaCTh ce-
MaHTUYHOI cerMeHTanii 3D 300paxeHs y reonesii, Meau-
[{HI, TPOTOTUITYBAaHHI Ta HIHUX cepax AisUTEHOCTI JIEO-
JIMHU — 1€ JOCUTh CKJIa [Hi aJlTOPUTMH 1 LI¢ MOB'SI3aHO 3:

* 3 BIJICYTHICTIO JIOCTaTHBOI KIIBKOCTI 0a3 IaHMX
€TaJIOHHUX 300paKeHb.

* BifcyTHICTh TOCTATHBOI KiJIBKOCTI BUIBHUX €KC-
MIEPTIB JJIs IOYATKOBOT'O HABYAHHS CHCTEMHU.

* 300paxkeHHs1 30€piraroThCsl HE B MIKCENSIX, IO

norpedye 101aTKOBUX PECYPCIB SIK BiJl KOMII'TOTEpa, TaK
1 BiJl pO3pOOHUKIB.

Ciiji TAKOXK 3a3HAYMTH, 1110 HA CHOIOHIIIHIH IEHE ic-
HYy€ BeJIMKa KUIBKICTh CTAaHIAPTHHUX apXiTeKTyp NoOya0BU
HEUPOHHUX MEPEeX, L0 CYTTEBO MOJIETIIyE 3a1ady Mmoly-
JOBH HEMPOHHOI Mepexki 3 HyJsl 1 3BoAUTH 11 10 migbopy
CTPYKTYpi MEpexi, III0 BiAMOBiTa€ KOHKPETHil 3aadi.

B nmanmii yac Ha pUHKY iCHY€ JOCHTBH BEIHKA KiJlb-
KiCTh IHHOBALIWHMX KOMIIaHI{, SKi 3aiMalOTHCS PO3IIi-
3HaBaHHAM 300pa’keHb i3 BHKOPHCTaHHSAM HeHpomepe-
’KEBUX TEXHOJIOTIH HaBYaHHSA CUCTEMHU. JJOCTEMEHHO Bi-
JIOMO, 1110 BOHH JIOCSITIIM TOYHOCTI pO3ITi3HaBaHHs 300pa-
KEHb B paiioHi 95% npu BukopucranHi 6a3u ganux 10
000 300pakeHs.

B nanuii yac Ha pHHKY iCHY€ JOCHTB BeJIMKa KiJlb-
KICTh IHHOBALlIWHMX KOMIIaHI{, SKi 3aiMAIOThCS PO3IIi-
3HaBaHHSIM 300pa)keHb i3 BUKOPHUCTaHHIM HeHpomepe-
JKEBUX TEXHOJIOT1H HaBYaHHA cUcTeMH. JloOCTEMEHHO Bi-
JIOMO, [II0 BOHH JIOCSATIIM TOYHOCTI pO3Ii3HAaBaHHA 300pa-
XKEHb B paioHi 95% mpu BukopucraHHi 6a3u mannx 10
000 300paxens. [IpoTe BCi OCATHEHHS BiTHOCATHCS 10
CTATHYHHUX 300paXKeHb, 3 IMHAMIYHHMH 300paKECHHAMH
CHUTyallisl He OJHO3HAaYHA. TOMY JOCHI/DKEHHS B Tajy3i
pO3Mi3HaBaHHs TUHAMIYHMX 300pakeHb 33 JONOMOTOI0
HEWPOHHOT MepeXi € aKTyalbHUMH 1 MOTPeOyIOTh Mmojia-
JBLIOTO PO3BUTKY.
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Analysis of approaches to solving the problem of picture recognition
using artificial intelligence

Danil Klieshch, Volodymyr Fedorchenko

Abstract. Topicality. Text recognition on images (optical character recognition) is one of the areas of image recognition,
the task of which is to translate images of handwritten, typewritten or printed text into text data that is used to represent characters
on a computer (for example, in a text editor). . Recognizing text on images is an important task of machine learning, as it allows
you to organize convenient interaction with data: editing, analysis, searching for words or phrases, etc. Nevertheless, the creation
of an application in this field remains a creative task and requires additional research in connection with the specific requirements
for resolution, speed, recognition reliability and memory capacity, which are characterized by each specific task. In the work, the
algorithm for creating and learning the recognition of handwritten symbols of a neural network was considered, and the types of
learning and classification of neural networks were also analyzed. The goal of this work there are recommendations and ap-
proaches to the selection of types of neural networks, methods and their training. The object of research is the task of image
recognition of handwritten symbols. The object of research image recognition task. The subject of research recognition of im-
ages of text or symbols based on artificial intelligence. Results. the paper analyzed the types, training and classification of neural
networks for creating recognition of handwritten symbols using a neural network. Conclusions. Currently, there is a fairly large
number of innovative companies on the market that are engaged in image recognition using neural network learning system tech-
nologies. It is known for certain that they achieved image recognition accuracy of around 95% when using a database of 10,000
images. However, all achievements refer to static images, the situation is not clear-cut with dynamic images. Therefore, further
research in the field of image recognition using a neural network is still being investigated, it is relevant now.

Keywords: neural network, perceptron, weight paradigm, cnn, rn, adaptive resonance theory.
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DISTRIBUTED COMPUTING SYSTEMS
BASED ON THE USE OF GRID TECHNOLOGIES

Abstract. The article describes the use of Grid technology in telecommunication systems and the creation of Grid
telecommunication systems. Network service providers are focusing on huge consolidated data centers. Particular attention
began to be paid to improving the methods of scheduling data processing tasks. The shortcomings of modern approaches to
planning are considered. These include the inability to provide the maximum total priority of tasks performed at individual
planning stages in distributed computing systems. The developed planning procedure is described. It overcomes this
shortcoming. But at the same time, to reduce the total processing time of tasks in the system in comparison with the
planning procedure based on solving the problem of the least coverage. The desire for the maximum sum of priorities of the
selected tasks is the main criterion for selecting tasks from the queue, which we will characterize by the importance
coefficient. The coefficient of preservation of importance and the coefficient of acceleration of the operation of the Grid-
system segment are described. The article also proposes a solution to improve the efficiency and quality of task servicing. It
is proposed to expand the functionality of distributed telecommunication systems based on the use of computer clusters

using Grid technologies.

Keywords: Grid systems, Grid technologies, telecommunication systems.

Introduction

Modern computing systems represent a set of
communication channels uniting them. They also
represent a distributed environment for information
processing and computing. The complication of various
applications leads to an increase in the workload that are
performed in distributed environments. On the one hand,
there is a need to improve the performance of
organization systems for more efficient use of resources
and organization in a distributed computing environment.
On the other hand, providing users with a wide range of
distributed computing systems and various services. This
additionally imposes requirements on the organization of
distributed information processing and computing. Thus,
modern distributed computing systems represent a
distributed computing environment. Which is intended
both for information processing and organization of
calculations in a distributed environment. The term
distributed computing or metacomputing was introduced
in 1987 by Larry Smarr and Charles Catlett. This
approach is based on the integration of computers
through a data transmission network of specialized
system software into a distributed computing system. The
purpose of such a system is to provide equal access for
users to its resources.

Resources - a set of software and hardware for the
execution of processes. Resource examples: processor,
communication medium, application software, storage
system, etc. A process is a stream of instructions for a
computer processor with a single address space,
processor register values, stack, open files, global
variables, etc.

The processors on the nodes of a distributed
computing system often manage individual resources.
We will consider the generalized concept of a virtual
node (VN). Thus, VN is one computational element
(processor core), considered in conjunction with
comparisons of resources to it. If several processors use
the same resources characterized by volume (RAM,

permanent memory, etc.), then we will assume that the
volume of these resources is evenly divided among all
virtual nodes corresponding to these processors. Figure
1 schematically shows the ratio of VN and resources in
one computing node.

The phrase "Other resources” in Fig. 1 denotes

additional capabilities of computing nodes. For
example, the presence of graphics or signal processors,
specialized  electronic  boards for accelerating
calculations.

Main part

A distributed computing system may include
computing systems of different architectures. A
description of the features of modern computing
architectures is available in [1]. Features of the
architecture of modern high-performance systems are
described in.

The most common implementations of distributed
computing systems are systems built using Grid
technology [1, 2]. The definition of the term Grid is
currently not consistent. We will adhere to the definition
of lan Foster and Carl Kesselman [1]: "Grid is a
consistent, open and standardized environment that
provides flexible, secure and coordinated resource
allocation within a virtual organization." A virtual
organization is understood as an association of users and
real organizations, which is a subset of resources in the
Grid. The purpose of introducing such a union is the
need for separation of powers in the Grid between users.

In most cases, computational clusters act as Grid
nodes. They are located remotely and differ in their
characteristics. In the general case, a computing cluster
is a parallel scalable computing system and includes a
set of high-performance computers (cluster processor
nodes) connected by communication networks and
controlled by a single task manager [3, 4].

When integrating processor nodes into a single
inter-node cluster, communications are carried out by
passing messages between task processes.

© Kaovalenko A., Miroshnychenko R., Martyntsov A., 2023
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Fig. 1. Relationship between virtual and physical nodes of a distributed computing system

In addition to computing clusters, other types of
nodes can be included in the Grid. For example,
visualization workstations or network storages. The
term Grid is based on the electrical power grid
metaphor, which provides users with electricity on
demand without the need for knowledge of where and
how it is generated.

Access to resources in the Grid is usually carried
out through services [5] present on each of the nodes.
Services must be standardized within the Grid. This
allows uniform access to all resources. Absolutely
regardless of its type and local policies on the site. The
Open Grid Services Architecture standard for building
Grid services unifies the creation, naming, and
interaction of services.

The Globus Toolkit has become the de facto
standard for building a Grid based on the Open Grid
Services Architecture. This software package includes
task management services. For monitoring and
coordinating the remote execution of tasks. Also, data
collection services based on the use of the LDAP
protocol. Grid Security Infrastructure Security Services.
Its components are based on X.509 digital certificate
technology and data management services. They allow
users to access, transfer and manage distributed data.

In a computing system, applications can be divided
into three classes: distributed, parallel, and non-parallel.

Distributed Grid applications (multi-site Grid
applications) - a class of applications that can be run on
multiple Grid nodes. In other words, the processes of

one distributed application can be launched on several
computing clusters simultaneously.

Distributed applications are practically not used in
the Grid due to the lack of support from the Grid
toolkits. The main difficulty here is that computing
clusters are controlled by their local resource
management systems. Thus, the control of all processes
of a task distributed among several clusters becomes
more complicated.

There is another reason for the low prevalence of
this class of applications. The difference between the
speed characteristics of data transfer between nodes of
the same cluster and between several clusters can be
very different. Accounting for this property of data
transmission networks complicates the distributed
application method.

Also, the heterogeneity of the architecture of
processors in the composition of Grid sites can become
an obstacle to the development of the sphere of
distributed applications. When running a program, it is
useful to compile the source code for a given processor
architecture after scheduling and running the job on the
Grid node. Such compilation in some cases can
significantly speed up the application by optimizing the
binary code for a given processor architecture.
Obviously, in this case, the distributed application must
be compiled and run in several different copies. This
makes it difficult to design such applications.

In the vast majority of cases, it is possible to
decompose a distributed algorithm into several parallel
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or non-parallel ones. After the completion of the
calculations of many such tasks corresponding to one
distributed task, the received data is collected and
processed separately.

Parallel applications belong to a different class.
Unlike distributed applications of this class, they are
designed to run on a homogeneous computing cluster or
a multiprocessor system with shared memory.

A program with the number of processes will be
called parallel N > 1, concurrently executed on N
homogeneous processors. The processes of a parallel
program can potentially exchange data with each other
as over a data transmission network. It is possible to use
the mechanisms of interaction of processes within the
framework of the same operating system (Inter-Process
Communication). All processes of a parallel program
must be scheduled to run simultaneously. This type of
planning is called gang-scheduling.

In the general case, a parallel task is a user
instruction to run one parallel program with certain
resource requirements. It gives her all the data files
necessary for the calculation. In scheduling parallel
tasks for Grid, it is important that the processes of one
program do not go beyond one VN group - the Grid
node. An example of a parallel task is the execution of
an MPI application on the nodes of a computing cluster.

A program that includes only one computational
process will be called non-parallel. A non-parallel task
would be a user guide to execute one or more non-
parallel programs between which there is no interaction.

Often such a task involves running multiple copies of
the same program with different input parameters.

In non-parallel applications, a control program is
often used. It collects the results of the calculations and
issues a new portion of the input data. This type of
architecture is called Supplier-consumer [1]. Isolated
computing processes often make it easier to develop and
maintain applications. Examples of algorithms with
isolated processes are Map-Reduce [1, 2] and a family
of k-means algorithms [6], which are used in data
analysis methods, mathematical statistics, and other
fields of knowledge.

Conclusions

Therefore, the principal direction in the
development of modern distributed computing systems
is the development of appropriate methods of planning
models. Therefore, increasing the efficiency and quality
of servicing tasks, characterized by the coefficient of
importance, the coefficient of acceleration of the tasks.
Also disclosed is the expansion of the functionality of
distributed telecommunication systems based on the use
of computer clusters using Grid technologies. The goal
is achieved by developing a method for scheduling the
execution of tasks.

They are based on planning the execution of tasks,
solving the problem of non-linear Boolean
programming, developing a solution method based on
the rank approach. This approach improves planning
efficiency.

REFERENCES

1. Foster I. The Physiology of the Grid: An Open Grid Services Architecture for Distributed Systems Integration. — Argonne

National Laboratory, Argonne, Ill., 2002— 57 p.

2. Kovalenko, A. and Kuchuk H. (2018), “Methods for synthesis of informational and technical structures of critical

application object’s control system”, Advanced
https://doi.org/10.20998/2522-9052.2018.1.04

Information  Systems,

2018, Vol.2, No.1, pp. 22-27, DOl

3. Yakovleva, O., & Nikolaieva, K. (2020). Research of descriptor based image normalization and comparative analysis of
SURF, AKAZE descriptors. Advanced Information Systems, 4(4), 89-101. https://doi.org/10.20998/2522-9052.2020.4.13

4. Ruban, 1.V., Martovytskyi, V.O., Kovalenko, A.A. and Lukova-Chuiko, N.V. (2019), “Identification in Informative Systems
on the Basis of Users' Behaviour”, Proceedings of the International Conference on Advanced Optoelectronics and Lasers,
CAOL 2019-September,9019446, pp. 574-577, DOI: https://doi.org/10.1109/CAOL46282.2019.9019446

5. Rukkas, K., & Zholtkevych, G. (2020).

Probabilistic model for estimation of cap-guarantees for distributed

datastore. Advanced Information Systems, 4(2), 47-50. https://doi.org/10.20998/2522-9052.2020.2.09

6. Foster I., Kesselman C., Nick J.M. and Tuecke S. Grid Services for Distributed Systems Integration // IEEE Computer.—

2002.— Ne 6.— P. 37-46.

Received (Hapniiinuia) 24.12.2023
Accepted for publication (ITpuitasra no apyky) 22.02.2023

Po3noaisieni 06unc/I0BaNIbHI cMCTeMH Ha 0CHOBI BUKopucTanusam Grid TexHoJoriii
A.A.. Kosanerko, P. O. Mupomnmienko, A. @. MapTusIos

AHoTanis. Y crarti oOrpyHTOBaHO BUKOPHCTAHHS Ta BIPOBaKEHHS TexHouoril Grid y TenekoMyHiKaliiHi cucremMu Ta
cTBOpeHHs TenekoMmyHikariiaux Grid cucrem. ITocTadyanpHUKM MEPEXHHX CEpPBICIB, CIHMPAIOYMCh Ha BEJIMKI KOHCOJIJOBaHI
LEHTpH OOMIHY NaHHWX, OCOOJHBY yBary CTajdH NPHIUIATH BIOCKOHAJICHHIO METOMIB IUIAHYBaHHS 3aBJaHb OOPOOKH IaHHX.
Po3rnsiHyTO HEHONKM CydYacHHX MiIXOJiB IUIAHYBaHHS, J0 HHX MOKHA BIHECTH BIiJCYTHICTh MOXIHMBOCTI 3a0e3nednTH
MaKCHMaJbHUI CyMapHHMil IPiOpHTET BUKOHYBAaHNX 3aBIaHb Ha OKPEMUX €Talax IUIaHyBaHHs B PO3MNOAUICHHX 00YHCITIOBATBHUX
cucremax. Ommcana po3pobieHa nponeaypa IIaHyBaHH, 10 JTO3BOJISIE MOJOIATH 3a3HAYEHUN HEOMIK, IIPU [[bOMY 3MEHIIUTH
cyMapHuil yac 0OpoOKM 3aBiaHb B CHCTEMi B IOpPIBHSHHI 3 NpPOLEAYpOIO IUIAHYBaHHS Ha OCHOBI DIIlICHHS 3aBHaHHS IPO
HaiiMeHIIe MOKPHUTTS. [IparHeHHs 10 MakCHMajbHOI CYMH NpPIOPUTETIB OOpaHMX 3aBAaHb € TOJOBHUM KPHUTEpiEM NpHU BHOOPI
3aBlaHb 3 uepru, sSKuil OyJeMo XapakTepu3yBaTH Koe(il[ieHTOM BaXKIMBOCTi, Koe(illieHTOM 30epekeHHs BaXIIMBOCTI Ta
KoediuieHTOM npuckopeHHs pobotu cermenTta Grid - cucremu. Takok y CTaTTi 3alpONOHOBAHO PILICHHS LIOAO ITiJBHIICHHI
e(eKTHBHOCTI Ta SKOCTI OOCIyrOBYBaHHS 3aBllaHb, a TaKOXX PO3MIMPEHHS (YHKIIOHATFHUX MOXJIMBOCTEH PO3MOAUICHUX
TEJICKOMYHIKAI[IHHUX CHCTEM HA OCHOBI BUKOPHCTAHHS KOMITIOTEPHUX KJIAcTepiB i3 3acTocyBaHHAM Grid TeXHOJIOTIH.

Knwuosi ciosa: Grid cucremu, Grid TexHOMOTI, TEIEKOMYHIKAI[IHI CHCTEMH.
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MO/JIEJIFOBAHHS ITPOIIECY OBPOBKM TPAH3AKIIIA
Y CEPEJOBHIII TAKTUJIBHOI'O IHTEPHETY

AHoTaunis. AKktyaiabHicTb. TakTHIbHUHN [HTEpHET — I1e 0/1HA 3 OCHOBHHUX TEXHOJIOTIH, 110 BU3HAYA€ YEPTOBY €BOJIIOLIIO
Mepexi [HTepHeT, fika 103BoJIsE NIepeiaBaT TAKTUIbHI BIAYYTTS B PEKUMI peabHOTO yacy. TpaH3aKIlist € OCHOBHOIO IIPO-
Lecy KOMyHikalii Ta 00ciIyroByBaHHsS B TakTUIbHOMY IHTEpHETI Ta BUKOPUCTOBYETHCA IS Mepeadi TaHUX MK PI3HUMH
By3JIaMH B Mepexxi. Monentorouun mporec 00poOku Tpan3akuiid y TaktuisHOMY [HTEpHET-CcepenoBHILll, MOKHA CIIPOTHO3Y-
BaTH NPOIYKTHBHICT pOOOTH 3a PI3HMX CIIEHApiiB 1 BU3HAYUTH 00IACTi IS TOJANBIIOro BIockoHaeHH. Lle HamacTh 3Mory
3a0e3MeYnTH HaiiHICTh Ta JOCTYIHICTh, @ TAKOX HU3BKY 3aTPHMKY Y By3nax Mmepexi TaktmnsHoro [HrepHery. MeTolo
JaHOi podoTH € MOJETIOBAaHHS Ipoliecy 00poOKM TpaH3aKWil Ui 3a0e3nedeHHsT HaliifHOCTI, JOCTYITHOCTI Ta HU3BKOI 3a-
TPHUMKH IIPY Ilepeadi JaHux y cepenoBuii TakTmibHoro [HTEpHETY. O6’€KTOM HOCTIKEHHS € TIpoIiec 0OpoOKY TpaH3a-
kit y cepenoBunti TaktuinsaOro IHTepHETY. [lpenMeToM A0CTIIKEHHS € METOAN ONTHMI3alli] apXiTeKTypu TaKTHIEHOTO
Iareprery. Pe3yabraT. B naHiit crarTi omucaHi Kpoku mpoiecy oOpoOku TpaH3akmiid y TaktuneHoMy [HTEpHET-Ceperno-
BUIIII, BKIIIOYArOUYH 30ip JaHWX, aHAI3 1 TeHEepaliio KOMaH I KepyBaHHA. Po3risHyTO OCHOBHI CKJI1aJ0Bi apXiTekTypu TakTu-
IpHOTO IHTEpHeTY, a came Bemyunii, BEICHHH Ta MEPEKHUHN JOMEHH, 1 MPOMOHYETHCSI BUKOPUCTAHHS IIPOTPaMHO-KOHQITY-
POBaHUX MEpPEeX Ul KepyBaHHS MEPEXHUM TpadikoM Ta IiJBUIIEHHS NPOAYKTUBHOCTI Mepexi TaktuipHoro [HTepHeTy.
KpiM Toro, po3risnaroThes MUTAHHS MacliTabyBaHHS pecypciB, Ha OCHOBI TPHPIBHEBOI apXiTekTypu TakTmiabHOTO [HTEp-
HETy Ta 3MEHIIECHHsI KUIBKOCTI KEPOBaHUX 1HTEIEKTYalIbHUX KOHTPOJIEPIB 3 BUKOPHCTaHHAM mpoTokoiy OpenFlow. Bucho-
BOK. Po3ristHyTa Mozens nporiecy 0OpoOKH TpaH3akIii B cepenoBuii TakTribHOTO [HTEpHETY 31aTHA 3a0€3NEYUTH TaKTH-
JIGHUH 3BOPOTHUH 3B’S30K 3 HU3BKOIO 3aTPHMKOIO T MMOKPAIINTH €()EeKTUBHICT MEPEeXi, o Oyae MaTh MMO3UTHBHUN BILIHB
Ha B3aEMOJIII0 3 KOPUCTYBAaYeM i JO3BOJIUTH CTBOPIOBATH HOBI MMPOTPaMU Ta CICHApIi B TaKuX cdepax, K MEAUIIHA, poOO-
TOTEXHIKa, BIpTyaJIbHa Ta JONOBHEHA PEabHICTb.

Kawuosi crosa: TakTuibHuii [HTEpHET, XMapHa iHdpacTpykTypa, TpaH3akuis, koutpoiep, SDN, MEC, NFV,

OpenFlow
Beryn

IIIBuaKMII PO3BUTOK CYYaCHUX MEPEKHUX TEXHO-
JIOT1{i TPHU3BIB 10 3HAYHOTO PO3BUTKY 1 nommpeHHs Tak-
tuibHOro InTepuery (TI), HOBOT mapamurmu B3aeMoii
JIIOAVHU Ta MaIllUHU.

TaktunbHuil IHTEpHET — LIe 0[JHA 3 OCHOBHHUX TE€X-
HOJIOTiH, 110 BU3HAaYa€ YeproBy EBOIIOII0 Mepexi [HTe-
PHET, siKa J03BOJISE NEepeJaBaTH TAKTWIBHI BIAIYTTS B
PEKUMI peabHOTO Yacy TaK camo, K paHiie 1e 0yJo 3
riepeiauero MOBH Ta Bijieo.

KirouoBa mpobnema TaktunmpHOTO [HTEpHETY TO-
JISTa€E B TOMY, 00 3a0€3MeYNTH TOYHHM 1 TTOCITITOBHUI
TaKTHJIbHUI 3BOPOTHUI 3B’SI30K Yy PEXHUMI PEabHOTO
gacy uepe3 KOMIT I0TepHY MEpexy.

IMpouec 06poOku Tpan3akiiit y TaktuisHOMY IHTE-
PHET-CepeIOBHILII BKIFOUAE CKIIAJAHY B3aEMOJII0 MIX Ta-
KTWJIHUMH JaTYMKaMH, TAKTWIBHUMH [IPUBOJIAMH, Me-
PeXHOIO 1HPPACTPYKTYPOIO Ta alrOpUTMaMH Kepy-
BaHHS.

Taxwuit mpornec BKITIOYae eramnu 300py JaHuX, 00po-
OKM CHTHAITY, TIepeaadi, KOHTPOJb 3BOPOTHOTO 3B’SI3KY,
BUIIPABJICHHSI ITIOMWJIOK, IHTEPIIOJSIII0 Ta 3IJIAJKY-
BaHHS.

Mera nonisirae B TOMY, 100 3a0€3MeUNTH TaKTHIIh-
HUY 3BOPOTHHIA 3B’ 130K BUMOTAM TOYHOCTI B PEXKUMI pe-
TBHOTO Yacy, SKUH MOKpaIly€e B3a€MOIiI0 3 KOPUCTYBa-
4eM 1 T03BOJISIE CTBOPIOBATH HOBI MPOTrpaMH Ta CIieHapii
B TakuxX cepax, K MeIUIMHA, pOOOTOTEXHiKa, BipTya-
JIbHA Ta JIOTIOBHEHA PEaNbHICTh, TOIIO.

MeToro mi€i po6oTH € MOJETIOBAHHS MIPOIeCy 00-
poOKH TpaH3aKIiH s 3a0€3CUCHHS HAAIHHOCTI, JOCTY-
ITHOCTI Ta HU3BKOT 3aTPUMKH IIPH IIEepeaadi JaHuX y ce-
penosuii TakTunbsHOTO IHTEpHETY.

Amnaui3 npouecy o0po0ku TpaH3akuin
y cepenoBuili TakTuinbHoro Inrepuery

TakTunbHUN [HTEpHET CKIAJAETHCS 3 MEPENKHUX
HPUCTPOIB, SIKi 3’ €THaHI MiX CO0OO0I0 Yepe3 BUCOKOLIBH]I-
KiCHI KaHaIlK 3B’ 53Ky 3 MaJIOI0 3aTpUMKOr0. BiH nmpu3Ha-
YeHUH 111 3a0e3MedeHHs] KOHTPOIIIO B pealbHOMY daci
Ta 3B’5I3Ky MIX JIIOZBMH Ta MaliMHaMu. TpaH3akuis € oc-
HOBOIO TIPOIIECY KOMYHIKaIlil Ta 00ciryropyBaHHs B Tak-
THJIBHOMY [HTEpHETI Ta BUKOPUCTOBYETHCS JUTS IIepeaayi
JAHUX MiX pi3HUMH By31aMu B Mepexi. [Ipomec 0Opodka
TpaH3aKIlii Mae BHpilIajdbHE 3HAYCHHS 151 e()ECKTHUB-
Horo (yHKIioHyBaHHs1 TakTHiIbHOTO [HTEpHETY Ta CKIa-
JIA€ThCS 3 HACTYITHUX KPOKIB, 5K MOKa3aHi Ha puc. 1.

36ip gaHux

Y

BignpaBKa gaHux

Y

MPUAHATTA pilleHb

v

BMKOHaHHA KepyBaHHA

Y

3BOPOTHM 1 3B'A30K

Puc. 1. [Ipouec 00poOku TpaH3aKmii
y cepeznosuii TakTuiabHOTO [HTEpHETY

[Nepmmm kpokoM € 30ip JaHUX Bij AATYUKIB 1 MpHU-
BOJIiB, sIKi MiaKItoueHi 10 Mepexi TaktuinbHoro IHTEpH-
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ery. Lli mani npexncraBisitors (i3MUHI BIACTHUBOCTI Ta
cTaH 00 €KTIB, 0 KOHTPOJIIOKOThCS. 310paHi AaHi mepe-
JIAl0ThCS Yepe3 MepeXy Ha HEHTPAIBHHUI MTPOLecop IS
anamizy. Lleit kpok nepend6ayae MOJETIOBAHHS IIBUJIKO-
CTI mepenadi, 3aTPUMKHU Ta HamidHOCTI Mepexi. [licns
TOTO, SIK TaKTWJIBHI MaHi Oyiw 3i0paHi, BOHH aHami3y-
IOTBCS IS 3a0€3MEeUeHHS iX TOYHOCTI 1 IIepeTBOPEHHS Y
¢dopmar, axuil MOkHa TiepenaBatu yepe3 [Hreprert. Lleit
MIpoIieC BUKOHYETHCS CEPI€l0 aITOPUTMIB i MaTeMaTHy-
HHUX MOJEINEH, SKi IPU3HAuCHI Il BAKOHAHHS KOHKPET-
HUX 3aBJaHb, TAKHUX SIK CTUCHEHHS JaHUX, BUIIPABICHHS
TIOMUJIOK 1 00pOOKa CUTHAIIB.

3a pe3ynbTaTaMH aHaNi3y JaHUX LEHTPAJILHUI Ipo-
recop (hopMye KOMaHIU KepyBaHHS JJI1 BUKOHaBUMX Me-
xaHi3MiB. Lleii kpok mependayae MOCITIOBAHHS POIIECY
NPUHHATTS PillleHb, BKIIOYAIOYM OLIHKY KOMIIPOMICIB i
BUOIp Haiikpamioi crpaterii koHTpoyro. Komanmu kepy-
BaHHS NEPEIAIOTHCS M0 MEPEXKi 0 IIPUBO/IIB, IKI BUKOHY-
0Th OakaHWA pyX abo mifo, Mo mependadae MOIEITIO-
BaHHA Yacy BIATYKY Ta TOYHOCTI mpuBoAiB. [locTiitHO KO-
HTPOJIOEThCA CTAaH 00'€KTIB Ta MEPEXKi, BIATIOBITHO KOPH-
TYeThCs cTpateris kepyBaHHs. Llei kpok mependadae Mo-
JICITIOBAHHS [IUKJTy 3BOPOTHOTO 3B’513KY, BKJIIOYAIOUH Yac
BIATYKY, TOYHICTh Ta HaJiiHICTb. MOJEIIOIYH IIpOLIEeC
00pOoOKH TpaH3aKIiil, MOXXHA CLIPOrHO3YBaTH MPOJYKTHB-
HicTh Mepexi T1 3a pi3HuX crieHapiiB 1 BUSHAUUTH 00J1acTi
JUsl TIOKpatieHHs. [le Mo)ke J0moMOorTH ONTUMIZyBaTH ap-
XITEKTYpy Ta MIIBUIIMTH 3arajbHy epeKTHBHICTh Ta Ha-
JUHICTB, OIIHUTH MaciTaboBaHicTs Mepexi T1 Ta ii 31a-
THICTB 0OpOOIISTH BENWKi 0OCATH MaHWX 1 CKIAJHI KOHT-
posbHi 3aBaaHHA. KpiMm Toro, me macts 3Mory Mozeno-
BaHHS PI3HUX YMOB MEPEXi, TAKUX SK IEePEeBaHTAXKEHHS,
3001 Ta 3arpo3u Oe3relri, Moo OIiIHATH CTIHKICTH i Oe3meKy
mepesxi T

3 TOYKH 30py TEXHIKH MOJIETIOBAHHS, 3QJICHKHO Bij
cknasHocTi Ta crierudiky nodynosu mepexi TI MOXyTbh
OyTH BUKOPHCTaHI pi3Hi 3aCO0M MOJIEIIFOBaHHS Ta MaTeMa-
TAYHI Mojeni. Hampukman, MOAentoBaHHS JUCKPETHHUX
TOAIiH, Teopisi MacoBOro o0CIyroByBaHHs1 Ta MapKiBChKi
MOJIeINi 3a3BU4ail BAKOPUCTOBYIOTHCS ISl MOJICITIOBAHHS
TIPOIYKTUBHOCTI CKJIQ[THUX TEXHOJIOTIH.

MeTtoau onTumizauii apxiTekTypH
TakTuabHoro Intepuery

Apxitekrypa Mepexi T ckiramaeTses i3 TpHOX AOMe-
HIB: BEIy4YOro, BEIEHOro Ta MepekHoro. OcHOBHaA MHpo-
611eMa, 3 SIKOI0 CTUKAETHCSI IIEPEBipKa MEPEKHOTO IOMEHY
— 11e 3aTpuMKa B 1 Mc.

VY mxepeni [1] mis noOynoBH MEpesKHOTO JOMEHY
MPOTIOHYEThCS BUKOPUCTAHHSI HOBHMX TEXHOJIOTIH, TaKHX
AK TporpaMHO-KoH(pirypoBani mepexi (Software Defined
Network, SDN), BipTyamizamis MepexHHX (QyHKIiN
(Network Functions Virtualization, NFV) ta MoGinsHi
rpannyHi o6uncienns (Mobile Edge Computing, MEC)
[2]. TTporpamHo-KOHpirypoBaHa Mepeska SDN — 11e MeTo
aIMIHICTpyBaHHS KOMITIOTEPHHX MEpEeX, II0 I03BOJISIE
KepyBaTH TIOCIyraMu Mepesxi, Koiau (hyHKIiOHaJ yIpaB-
minHs (control plane) BimokpemiieHHI Bix piBHS HepecH-
nxu naketiB (data plane). [TnanyBanHS Mepexi Ta ynpas-
JHHS TpadikoM HpH 1IOMY BiZOYBa€ThCs MPOrPaMHUM
nuisixoM. Bipryanizanis mepexxanx ¢yHkuiii NFV — e Te-
XHOJIOTiS BipTyautiallii (Gi3uIHAX MEpEeKHHX EJIEMEHTIB

TeJIeKOMYHIKaliiHOT Mepexi, KOJIM MepexHi QyHKLIT BU-
KOHYIOTBCS IIPOIPaMHUMH MOJYJISIMH, SIKI MPALIOI0Th Ha
CTAaHJAPTHHUX CepBepax i BIPTyalbHUX MallMHAX B HUX.
SDN ta NFV B xonuenii TaktuneHoro [HTEpHETY — TIE
nozin (GyHKIIH KepyBaHHS MepeKelo, IIOTOKOM Tpadiky
Ta QYHKIIH KoMyTarii makeTHuX maHux. OyHKil po3pa-
XYHKY TOTIOJIOTI{ Mepeski Ta TabIHIb MapIIpyTH3aLii Tpa-
(iKy BUKOHYIOTECSI HA OKPEMOMY TPUCTPOI — KOHTPOJIEpi
Mepexi.

OyHKIIIT KOMyTaIlil Ta MapIIPYTH3AIli] ITaKeTiB BIKO-
HYIOTBCS Ha MEpPEKHOMY YCTaTKyBaHHI, SIKE MATPUMYE
3aBaHTAXXEHHs TaOJIMIb KOMYTallil 3 HEHTPaJIbHOTO Mepe-
JKHOT'O KOHTpOJIepa, 3a3BHYail i3 BUKOPHCTAHHSIM IPOTO-
koiy OpenFlow, 1o no3Bomsie MacmraOyBaTu pecypc,
HeoOXiHI U1 KepyBaHHS TpadikoM.

Kpim Toro, neHTpanizarist piBHs KEpyBaHHS 3HUKYE
KUIBKICTh KEPOBAHUX IHTEJIEKTYaJIbHUX HPHCTPOIB, MOJIe-
rirye poboty Mepexi Ta HaganHs nociyr. OpenFlow mpo-
TOKOJI Ma€ HU3bKY €(EKTHBHICTH ¥ TEPMiHAX MacIITabo-
BaHOCTI MepexXi I BeukuxX mepex [3]. OmHak 11 mpo-
Onmema Moke OyTH BHpilICHa BHKOPHCTAHHIM OKPEMHX
OpenFlow-mepesx y pizanx obnacTsix Mepexi Ta Oanancy-
BaHHSIM HaBaHTaXKEHHS [4].

[porpamHo-koHdirypoBana mepesxa SDN nae Mox-
JIMBICTh PO3ALINTH PIBEHb KEPYBaHHS Ta PiBEHb Iepeaadi
JIAHUX, 10 HAJa€ HACTYIHI HOBI MOXKJTBOCTI:

1) crporeHHsT aAMiHICTPYBaHHS Ta THYYKOCTI Me-
pexi;

2) CHpOILCHHS alapaTHOl YaCTHHH;

3) 3MeHIleHHsI KPYTrOBOi 3aTPUMKH Ta HaJiHHICTH
Mepexi;

4) MOXJIMBICTB BIPOBA/KEHHS 1HHOBAILiif;

5) BHCOKa e(heKTUBHICTH MEPEIKi.

OnmHMM 3 BaXIMBUX YMHHUKIB, SIKI BIUIMBAIOTH Ha
3HAYCHHS 3aTPUMKH, € YHUCIIO MEPEXHHUX By3uiB. Kiib-
KICTh BY3JIiB, 1[0 OEPYTh y4acTh Y MPOIIECi 3a0€3MeUCHHS
B3a€MOJIIi MXK KOpPHUCTyBauyaMy MOBUHHO OYyTH sIKHaiiMe-
HIIIE Ta PIBHOMIPHO pO3TalioBaHUMHU. MOO1IbHI FpaHNYHI
OOYKCIICHHS! € OJIHIEI0 3 KIFOYOBHX MOKJIMBOCTEH LI0JI0
3abe3neueHns takux Bumor. Konremnitist MEC noeanye y
co0i IepeBaru TpPhOX TEXHOJIOT1H: MOOLTEHOTO iIHTEPHETY,
MOOUTEHHX OOYHCIIEHh Ta XMapHHX oOumcieHb [5] Ta
MOXe HajaTH 0arato HOBHX MOXJIMBOCTEH, HacaMmmepen
HACTYIHUX:

1) 3MeHIIEeHHs 3aTPUMKH NPH Tepenadi JaHuX;

2) 306imbIICHHS CMYTH POITY CKaHHS;

3) ebekTHBHE BHUBaHTAXEHHS Tpadiky 3 siapa Me-
pexi.

Mopeas npouecy 00po0KH TpaH3aKIil
B cepegoBuili TakTuiabHOro InTepuery

Hananus nocinyr TaktunsHOro IHTEpHETY BUMarae
BiJl MepeXi HaTIHHOCTI Ta TOCTYITHOCTI, @ TAKOK HU3BKOT
3aTPUMKH IIPH [lepeiadi JaHUX Ta Ipu 00poOii 3asBok. Le
HaKJIa1ae 0OMEKEeHHSI Ha KOMIIOHEHTH Mepexi T1 3 mor-
Ty KOHTEKCTY, KOHTEHTY Ta MOOUIbHOCTI. B maHiif
CTaTTi peaizamisi MO Npolecy 00poOKH TpaH3aKIiH,
3aCHOBaHa Ha B3aeMOJi1 By31iB Mepexi TaktuibHoro IH-
TepHETy Ta OyIyeTbCS 3 BHKOPHCTAHHSIM TEXHOJIOTIH
MEC, SDN ta NFV.

TpupiBHeBa apxiTeKTypa B3aeMOii By3iiB Mepexi
TI 300pakeHa Ha puc. 2.
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XmapHa
* iHdpacTpykTypa b
g 2
n f ‘ z
MepexHumn
* By3on MEC ‘

* .4

®Di3an4yHUM piBeHb

Byson obnagHaHHs By3on obnagHaHHsa

Puc. 2. TpupiBHeBa apxiTekTypa B3aeMoii By3iiB mepexi T1

TpupiBHEBa apXiTEKTypa CKIANAEThCA 13 (i3HIHOTO
PiBHS, KU SIBJIsIE COOOO BY30JT 00JIa{HAHHS; APYTOro Pi-
BHS — HalIp IpaHUYHUX BY3JIB, 5IKI OOCIyrOBYIOTH HpH-
CTpOT MepuIoro piBHS Ta TPETHOTO PIBHS — XMapHa iH(pa-
CTPYKTYpa, siKa € TOJIOBHOFO Ta BKJIIOYAE IHTETPALIiO PI3HUX
mpoTokoiiB. Y mepexi TI po3ropraeThest €quHuiA IIEHTpa-
ni3oBaHumi QizuyHmiA koHTposep SDN, sikuii KOHTPOJIIOE Ta
Kepye posnozninennmu By3namu MEC, po3noaiieHUMH Ko-
MyTaTopamH, a Takox npuctposmu T1. Po3noninena mpo-
rpaMHO-KOH(IrypoBaHa Mepexka SDN 103BosIsi€ mporpamy-
Bati MEC-By3mu Ta npuctpoi T1, a Takox kepyBaTu HUMHU
yepe3 iHTepdeiicn mpukmagHOoro mporpamysaHas (API).
Mepexa TaktunpHOTO [HTEpHETY B IUIOMY TTOB'Si3aHA 3a
noromMororo komyrtaropiB OpenFlow, siki ynpapisitoTs na-
KETaMH JIaHUX Ta IIepEeHaIpaBiIsiioTh Tpagik BiIIOBIIHO 10
MapuIpyTHuX Tabnuip. [IpomikHi mpUcTpoi € cranmapt-
HUM OOJIaJIHAHHAM, SIKE€ MOXXe OyTH HaJaHO MEPEKHUM
oriepaTopam 3 MOXJIMBICTH BHKOPHCTOBYBATH JI0JIATKOBI
(byHKLIT, Taki K MDKMEPEXKHHUI eKpaH Ta TPAHCIISILISI Mepe-
*HUX anpec. OCHOBHMMH BUMOTaMH 10 (YHKIIH Ta moc-
JIyT, II0 HAJAIOThCS LUMH MPOMDKHHMH TPHCTPOSMH, €
e(eKTHBHE BUKOPHCTAHHS PECYPCIB Ta 3aXUCT MEPEXKi Bif
arak. Bci i elleMeHTH BiTHOCATHCS IO PiBHSA Iepeaadi Me-

pexi. BaxxnuBy poutb B JaHil apXiTEKTypi TAaKOX Ipae LeH-
TpasbHuI KoHTposiep SDN, sikuii € piBHEM KepyBaHHS Me-
pexeto. Ha ocHOBI JIOTiKK MporpamMyBaHHS Ta KepyBaHHS
BiH MO)Ke BUKOHYBaTH (DyHKIII Ta oriepallii Ha piBHI Kepy-
BaHHsL. Takox BiH Ma€ 1 MATPUMY€E B aKTyaJIbHOMY BUIJISII
robansHy iH(OPMAIIiIO MPO TPaHWYHI MPHUCTPOL Ta TPH-
cTpoi sapa Mepexi: komytaropu OpenFlow, komyTaTopn
JIOCTYITy, TPOMDKHI TIPHCTPOI, MepexXi pamiofocTyIry
(Radio Access Network, RAN) i xmapHi pucTpoi Ta rart-
¢dopmu. Kepye Bcima nepudepiitHIMH MPUCTPOSIMHE Ta TIPH-
CTPOSIMH SiIpa MEpeXi, SKi TPOMHCAaHI Yy MPOTOKOJI
OpenFlow.

Mopens mporiecy 00poOKH TpaH3aKIIii B CEPETOBHII
TakTunbHOTO IHTEpHETY mMOKa3aHO Ha puc. 3. B3aemonis
By31iB Mepexi TI B maniit Mojeni BitOyBa€eThbCs B JCKi-
JIbKa KpOKiB. [IepIiiM KpoKoM € aBTeHTH(DIKAILis, OCKUTBKA
BY30JI BEy4Oro AOMEHY Mae OyTH aBTOpH30BaHuii. Tomy
BiH, 3a JJOIIOMOTOI0 XMapH, 3B'SI3y€ThCA OE3IMOCEPENHBO 3
BEJICHIM JIOMEHOM U1t aBTopr3anii. [ToTiM xMapa BUKOHYE
nporiec ayTeHTH(IKaMil Ta ineHTH(IKYEe TPUCTPIi, IO aB-
TOpU3y€eThCs. HacTymHMM KpOKOM € BH3HA4YEHHS aJpecH,
TIpH K XMapa 3BEPTAEThCS 10 BEYUOT0 IOMEHY, 100 BH-
3HAYUTH HOT0 MiClie3HaX0DKeHHS. [IJ1s IIbOro BeMyuii 10-
MEH 3BepTaeThest 10 opkectparopa SDN, sikuit iHinianizye
TIOIIYK MPUCTPOIO Ta 3aIlIOBHIOE TaOJMII0 MapIpyTH3aLil
PI3HUMH [UISIXaMH MapIIpyTH3awii MiXk By3JIOM BEIy40Tro
JIOMEHY Ta XMaporo Ta 3HAXOIUTh yCl KOMYTaTOpH, IPHU3Ha-
yeHi i 1poro 3B's13Ky. Kontponep SDN n03Bosisie kKoMy-
TaTopaM BUKOHYBATH JEsKi 3aBHaHHsA 0OpoOKH Ta oOumc-
JICHHSI TAHKX, IO TIEPECHIIAIOTHCS BEIYYHM JIOMEHOM ITICIIs
pieast MEC.

Kontposep SDN omiHIO€ KOMYTaTOpPH i3 JOCTYITHAMHU
pecypcaMu TicIis HepeBipKHU MEBHUX MApaMeTpiB:

1) tpam3utHuii Tpadik;

2) Ttpadik gocrymy;

3) Tum goctyry 10 Tpadiky;

4) 0OMeXeHHS Yacy 3aTPHMKH;

5) obumcnmroBajIbHA TMOTYXHICTH UL OOCIYTOBY-
BaHHS JAHUX.

Kontposep SDN BH3HaYa€ MOMITHBICTh BKITFOUCHHS
JTAHUX, TIepelaHnX 10 0a30BOi Mepexi depes piBeHb Ty-
MaHy, 10 CKJIagy JOCTYITHAX PECypCiB KOMYTaTOpiB, OITH-
MI3YIOUH TIOTICpEeHI MTapaMeTpH, i, TAKIM YHHOM, iH(Op-
Mye 00paHi KOMyTaTOPH.

| Beayuuit someH |<*4|

MepeXHui1 JOMeH |+a| BegeHuit somen |

;.\

Byson MEC /?pKECTpaTOp SDN Xmapa
loeHTndiKkauia [« ~/ \ »  ABTOpu3aLif
BusHayeHHA BusHayeHHA ﬁ BusHayeHHA
IP-agpecu IP-agpecu IP-agpecu
BuaineHHa pecypcy [« q BuaineHHs pecypcy

0|'|L|.|| < > o|'|L|,|| < > 0”'—'.”
Mirpauis b, >|] Mirpauisa b/,

Mepepaya gaHnx > MNepenaya faHNX [« »  CMHXpOHi3auin

Puc. 3. Monens nporecy 06poOku TpaH3akiiii B cepenoBuini TakTmisHOrO IHTEpHETY
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OpkecTpaTop CTBOPIOE BipTyallbHy MalllMHy Ha BHOpPaHHX
KOMYTaTOpax, sIKi BAKOPUCTOBYFOTBCS JUTsl 0OPOOKH JTaHHX.
HactymanM kpokoM € Mirparist 6a3u tanux. Xmapa uepes
NocTayaibHUKA OCIYT NEPEHOCUTh 0a3y JaHuX uepes Ie-
BHI KOMyTaTopH. Mepea poIOBXKY€ MPAIOBATH, a KOMY-
TaTOPH arperyloTh Ta CHHXPOHI3YIOTH JIaHi BEIY4OTO JO-
MEHy 3 XMapOI0 Ta BEICHUM JOMECHOM.

BucHoBkH

B pesynbrari mpoBeNeHUX JOCIHIIKEHb Oyin 3a-
MIPONIOHOBAHI KPOKH MPOIIeCy 0OPOOKHU TpaH3aKIIii y ce-
penoBuiti TaktunbHOro IHTEpHETY, BKIrOYarouu 30ip
JIAHWX, aHAJli3 1 TCHepaIlil0 KOMaH KepyBaHHA. Y MaHii
crarTi Oyna mpeAcTaBiIeHa TPUPIBHEBA apXiTEKTypa B3a-
eMofii By3niB Mepexi TakTuisHOTO [HTEpHETY 3 BHKO-
pucranaaM texHosoriit MEC, SDN ta NFV mo mo3Bo-
ns1€ 3a0e31eunTy epeKTHBHE BUKOPUCTAHHS PECYPCIB Ta
3axuct mepexi Tl Bim arak. 30Kpema, po3TrOpTaeThCS

€IMHUN 1eHTpani3oBaHui (iznuHuid KoHTposep SDN,
SIKMH KOHTPOJIIOE Ta KEPy€ PO3INOIUICHUMH BY3JIaMH
MEC, po3nonineHIMH KOMyTaTopaMmu, a TaKOX IPHCT-
posimu T1. Po3noninena nporpamMHo-koH}iryposaHna me-
pexxa SDN no3Bossie nporpamysati MEC-By3nu Ta mpu-
ctpoi TI, a Takoxx kepyBaTH HHUMH depe3 iHTepdeiicu
MIPUKJIAIHOTO MPOTPaMyBaHHA. TakoX y Mepexi BHKO-
pucToByIOTECS KoMyTaTopu OpenFlow, siKi yrpaBistoTh
MakeTaMH aHWX Ta MepeHanpaBisIoTh Tpadik Bimmo-
BIJHO 10 MapIIpyTHHUX TaOmuub. Po3risHyTa MOzenb
mporecy oOpoOKH TpaH3aKIii B CepeOBHUILI TaKTHIIb-
Horo [HTepHeTy 31aTHa 3a0€3M1eYNTH TaKTHIBHUI 3BOPO-
THHH 3B’ 530K 3 HU3BKOIO 3aTPUMKOIO Ta MOKPALINTH ede-
KTUBHICTh MEPEXKI, 1110 OyJie MaTh MO3UTHBHUI BIUTUB Ha
B3a€EMOJIII0 3 KOPUCTYBayeM 1 JIO3BOJIUTH CTBOPIOBATH
HOBI IIPOrpaMH Ta cleHapii B Takux cdepax, K MeIu-
[IMHA, pOOOTOTEXHIKa, BIpTyaJlbHa Ta JOINOBHEHA peajb-
HICTB.
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Modelling of the transaction processing process
in a Tactile Internet environment

Andriy Kovalenko, Roman Yaroshevych

Abstract. Topicality. Tactile Internet is one of the main technologies that determines the next evolution of the Internet,
which allows you to transmit tactile sensations in real time. A transaction is at the core of the communication and service process
in the Tactile Internet and is used to transfer data between different nodes in the network. By modeling the transaction processing
process in the Tactile Internet environment, you can predict the performance of the work under different scenarios and identify
areas for further improvement. This will make it possible to ensure reliability and availability, as well as low latency in the nodes
of the Tactile Internet network. The goal of this work is to model the process of processing transactions to ensure reliability,
availability and low latency during data transmission in the Tactile Internet environment. The object of research is the process of
processing transactions in the Tactile Internet environment. The subject of research is methods of optimizing the Tactile Internet
architecture. Results. This article describes the steps in the transaction processing process in the Tactile Internet environment,
including data collection, analysis, and generation of control commands. The main components of the Tactile Internet architecture,
namely host, slave, and network domains, are reviewed, and the use of software-configurable networks is proposed to manage
network traffic and improve the performance of the Tactile Internet network. In addition, the issues of scaling resources based on
the three-level architecture of the Tactile Internet and reducing the number of managed intelligent controllers using the OpenFlow
protocol are considered. Conclusions. The considered model of the transaction processing process in the Tactile Internet environ-
ment is capable of providing low-latency tactile feedback and improving network efficiency, which will have a positive impact on
user interaction and enable the creation of new applications and scenarios in fields such as medicine, robotics , virtual and aug-
mented reality.

Keywords: Tactile Internet, Cloud Infrastructure, Transaction, Controller, SDN, MEC, NFV, OpenFlow.
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B3AEMO/IISI MIXK «S-BOTS» OJTHIET «SWARM-BOT» SYSTEM
Y ®I3BUYHOMY HEOPT'AHIBOBAHOMY CEPEJIOBHUIII

AHoTanis. 3 MOABOIO MPUHIIMIIOBO HOBUX «Swarm-boty systems, 3 mepeOya0ByBaHOI CTPYKTYPOIO Ta IPO-
IPaMOBaHOIO JIOTIKOI0, BUHUKJIA HEOOX1THICTh ypaxyBaHHs (aKTOpiB, SKi B3a€MOAIIOTH 3 (hi3NYHUM Heopra-
HI30BaHHMM CepeJOBUILEM, 30UIBIICHHSIM YUCIIa SJIEMEHTIB, 10 BXOJATH JI0 iX CKJIaay, a TAKOXK, YHCIIOM BHY-
TpimHiX 3B'A3KiB. Oco0IMBICTIO HOBUX «Swarm-boty systems € Te, mo ix ¢yHKuii, napaMeTpu, CTPyKTypH Ta
MOBE/IiHKa TPH BIUIMBI BHYTPIIIHIX a00 30BHIIIHIX (aKTOpPiB HA PI3HUX YaCOBHX IHTEpBaJlaX XXUTTEBOTO IH-
KIIy MOXYTh 3MIHIOBAaTHCS 200 NMPOrpaMHMM, a00 amapaTHUM crocoOoM. B nanuii yac moBesieHO, 10 BUPI-
IICHHS CKJIAJHUX 3aBAAHb € OUTHII eeKTUBHIM TO/i, KOJIA 3aCTOCOBYIOTHCS «Swarm-bot» systems B HijoMy,
a He OKpeMi eJIEMEHTH, 10 BXOIATH JO iX CKIaay, HAPUKIAL, OKpeMi «s-bots», Tak K IpH 3aCTOCYBaHHI
«Swarm-bot» systems 3Ha4HO 30UIBIIYETHCA PaIiyc Aii 32 paXyHOK PO30CEPEIDKEHHS «S-bots», IO BXOISTh
J0 cKiIany Imiel «Swarm-boty system 1o Bciif 3aJaHiil MOBEPXHIi, M0 3HAYHO MiABHUINY€E MAHCH MOKPUTH BCIO
MOBEPXHIO 0€3 30H MPOMYCKY (TaK 3BaHHUX CIIMHX 30H), y SKUX Drones He 3MOXKYTh 3AIHCHUTH KOMYHIKAIIifO
Mix co0oro. LIs ctaTTs npucBsiueHa BUPILICHHIO 3a7a4i OKPUTTS 3aJIaHOT IIOBEPXHI PErySIpHUMHU 0araTtoxy-
THUKaMH, BIUCAHUMHU B KOJIO.

KawuoBi cimoBa: «Swarm-bots» system, «s-bot», embedded systems, nokanbHa B3aemomisi, KOMyHiKailis,

cucrteMa o0poOku iHpopMmarrii, cuctemMa GopMyBaHHI KOMaH]I.

Beryn

3 MOSIBOIO HOBHUX apXiTEKTYp Pi3HOTO NPH3HAUCHHS,
CTanu 3'SBISITUCS NPUHIMIIOBO HOBI «Swarm-bot» sys-
tems 3i CTPYKTYypOIX, IO MepeOyAOBYEThCS, 1 mporpa-
MOBaHO0 Jiorikow. lle ToB'a3aHO 3 PIZHOMAaHITHICTIO
iHopMaIiHUX TOTOKIB, MPOEKTYBAHHSM MPUHIMIIOBO
HOBHX 1HTEJEKTYaJbHUX CHUCTEM YIPAaBIiHHI, IO
BOYZOBYIOThCA, B TaKhX oOONlacTsAX, sSK 0OOpOHHA
IIPOMHCIIOBICTD; 3€JICHa EHEepreTHKa; pPOoOOTOTEeXHiKa;
OioMenuvHA iHXXEHepis 1 T.1.

VYckmangHeHHsT  HOBHX — «Swarm-bot»  cucrem
BHUKIIMKAaHO HEOOXiHICTIO OONiKy (akTopiB, sKi B3a-
€MOJIIOTH 3 (DI3MIHUM HEOPTaHI30BaHUM CEPEHOBUILEM,
30UILIIEHHSIM 4YHUCIa €JEMEHTIB, IO BXOAATH JO0 IX
CKJIaay, a TaKoX, YHCIOM BHYTPIIIHIX 3B'I3KiB.
Oco0nuBicTio HOBUX «Swarm-bot» systems € Te, 110 iX
(byHKIIT, napamMeTpy; CTPYKTYPH; OBEIiHKa P BIUIUBI
BHYTPIIIHIX 200 30BHILIHIX (h)aKTOPIB HA PI3HUX YACOBHX
iHTepBaaX >XUTTEBOTO LHUKIY MOXYTh 3MIHIOBAaTHCS,
abo mporpaMHuM, ab0 anapaTHUM 3aCOOaMH.

Ha mpakTtuii Mo’ke BHHMKHYTH CHTYyallis, 3a SKO{
noTpiOHI Oyab-sIKi 3MiHM B CTPYKTYPHIH JUHAMIL pi3HOT
npupo abo peKoH(Irypamisi apXiTeKTYpHHX pillIeHb
«Swarm-bot» system. Y pa3i BHHUKHEHHsI BUIIIE BKa3a-HHUX
cuTyaliid, 3a0e3reYeH s HaCTyIMHNX (DAKTOPIB, TAKHX SIK
HaJIHOCTB; KHBYYICTh; KaTaCTPO(OCTIHKICTh «Swarm-bot»
systems B IJIOMY Ta iX eJIEMEHTIB OKPEMO, JUISl BU-KOHAHHS
3amporpaMoBaHnX (QYHKIA Ha SKOMYCh 13 eTa-TiB
JKUTTEBOTO IUKIY € OJHUAM i3 aKTyalbHHX CTpaTe-TiYHHUX
HATPSIMKIB PO3BUTKY HOBHX TEXHIYHUX chcTeM [1].

Onuc npo6aeMu y 3arajibHOMY BUTJISII|

B nmanmii yac HaykoBO OOIPYHTOBAaHO, IO BHUpi-
IIEHHS CKJIAHUX 3aBAaHb € OUThII €(pEeKTUBHUM TOJI,
KOJIM 3aCTOCOBYIOTHCS «Swarm-bot» systems B I1iJiomMy, a
HE OKpEeMi eJIeMEHTH, M0 BXOIATh 10 iX CKIamy,

HATIpUKJIa, OKpemi «s-bots». Tomi, mpu 3acTocyBaHHI
«Swarm-boty systems 3HaYHO 30UTBIIYETHCS pamiyc mii
3a PaXyHOK PO30CEPEeDKEHHS «s-bots», M0 BXOAATH A0
ckirany miel «Swarm-bot» system, mo Bciii moBepxHi. Lle
3HAYHO MiJABUIIYE MIAHCH JIOCATTH IOCTAaBICHOI METH -
TIOKPUTH 3aJIaHy IOBEPXHIO O€3IPOTOBOIO MEPEKEI0, IS
3abesneueHHss edekTuBHOI KomyHikarii [2]. Komu «s-
bots» oxmHiei «Swarm-bot» system cHiibHO BUKOHYIOTb
SIKECh 3aBJAaHHs, Mk HUMM BUHHKAE B3aemois. Metoau
BUPIIICHHS 3a7a4i B3aEMOIii T0Ka3aHo Ha puc.l.

B3aemois Mixk «s-botsy onHieT
«Swarm-bot» system

|
v v

ChiBnpars
MIX «S-botsy
ojiHi€el «Swarm-boty»

KonkypeHmist
MiX «s-bots»
oxmiel

system «Swarm-bot» system
Koopnunaris [lepemoBuHH
MIXK «S-bots» MiX «S-bots»
onHiel onHiel
«Swarm-bot» system «Swarm-bot» system

Puc. 1 - Cxema BUpIlIICHHS 3aBIaHb B3a€EMOIIT

V npoiieci BAKOHAHHS 3aBAaHHS B3a€MOIii, TePIINA
KpOK — IIe eTan IUIaHyBaHHS, TOOTO BH3HAYCHHS, SKi
3amadi  MaloTh OyTH BHKOHAHI, HANPHUKIAJ], KOJIH
BHKOHYEThCS PITyBaJIbHA OIEpallisi, a caMe:

- 3amada Nel mocimiKeHHS 30HH IOIIYKY;

- 3aaua No2 BUKOHAHHS TONIYKY IUICH;

- 3amaya Ne3 1iarHOCTHKA BUSBICHHUX LIJIEH;

- 3aaua No4 BUKOHAHHS €BaKyallil iJICH.

108 © Kpusyms I'. ®@., Tokapes B. B., Insina 1. B., Kpaseus B. €., 2023



ISSN 2073-7394

CucreMu yrpaBiiiHHs, HaBirarii Ta 38's3ky. 2023. Ne 1

Jpyruii Kpok - [e po3mojin 3a SKAMOCH ajro-
PUTMOM TiJ3aBIaHbk MK «s-bots» omHiel «Swarm-bot»
system JijIsl JOCSTHEHHsI CIIOYATKY MMOCTABJICHOT 3a/1aui, a
IIOTIM - TJI00aIbHOI METH.

IIpu BUKOHAHHI 3aBJaHb BUSABJICHHS IlJICH, eBaKy-
atii B omHiN «Swarm-bot» system Mix «s-bots», mo0 He
BUHUKJIA KOHKYPEHIIis, 3aCTOCOBYIOTHCS CHELiaibHi
AITOPUTMH PO3MOIUTYy Tim3ajgad MiK «s-bots» omHiei
«Swarm-bot» system 3 BUKOPHCTaHHSM IIEPEroBOpiB Ha
JIOKaJbHOMY piBHI. TpeTili Kpok — Iie IUIAaHyBaHHS
TPAEKTOPiH pyxy «s-botsy».

AHaJii3 ocTaHHIX J0CTiIZKeHb Ta myOJaiKamiii

V naykoBux poGorax Barcis A., Blender T., Dha-
naraj N., mokasaHo, IO OJWH IHTEIEKTYAIBHHN MO-
OiTpHMIA «s-bot» He 3aBKAHM MOKe €(PEKTHBHO BUKOHATH
3aBmaHHs opHiel «Swarm-bot» system, 30kpema, depes
HEBENWKUH, $K TpPaBWIO, paaiyc mii, OOMeKeHHi
S€HEepPTeTUYHUI pecypc, 0OMeKeHYy KUTBbKICTh Omepariii,
SKi BIH 3JaTHUIl BUKOHYBaTH, 1, HapeliTi, HEBUCOKY
HMOBIPHICTh  JTOCSITHEHHSI METH B EKCTpEeMaJlbHUX
yMOBax, MOB'SI3aHUX 13 MOJJIMBICTIO BHXOIY 3 Jany
OJTHOTO IHTEJIEKTYaTbHOI0 MOOIIBEHOTO «s-bot» [3-5].

Konextusom mocainnukis Barabash O., Serkov A.,
omy0JIiKOBaHI pe3yJIbTaTH, K MOKAa3yIOTh, 1[0 IPH MOSBI
30BHIIIHIX a00 BHYTPIIIHIX AECTPYKTHBHUX BIUINBIB Ha
«Swarm-boty  systems ~ HaWOUTPII  e(EKTUBHIM
PIIICHHAM AJISI TiIBUIICHHS KHUBYYOCTi € 3aCTOCYBaHHS
OTHOYACHO TPYIH IHTENCKTYaIbHUX MOOUTBHHUX «S-
bots», 110 BXOJATH B OJIHY «Swarm-bot» system.
3acTocyBaHHS TAaKOi CKJIQJHOI CHCTEMH JI03BOJISIE:

- 30UIBIIUTH PAAiyC Mdii 3a PaxyHOK po3ocepes-
JKCHHSI 1HTEJIEKTYaJbHUX MOOUIBHHX «S-bots» mo BCiif
po0ouiii miomuHi;

- po3WMpUTH HaO0Ip (YHKIIH, sSKi MOXYTh OyTH
BUKOHAHI;

- 3a0e3meynTi OUTPII BUCOKY WMOBIPHICTh BHpI-
IIIEHHS TIOCTAaBIIEHOTO 3aBIAHHS, 32 PAXyHOK Ii/IBU-ICHHS
(byHKIIOHANBHOI cTifikocTi «Swarm-boty systems [6-9].

MpoBinnumu Buenumu Bagnato A, Arvin F., Na-
rayan M. omyOmikoBaHi poOOTH, B SIKMX MPEICTaBICHUN
Marepian, SKHM IOKazye, IO IIPU BUKOPUCTaHHI
IHTENCKTYaIbHUX MOOUIBHHX «S-botsy, OCHaIICHUX
ABTOHOMHOIO CHUCTEMOIO IepecyBaHHs Ta HaBiramii Ta
3MATHUX J0 BUKOHAHHS NEBHUX (YHKIIH, BUHUKAIOThH
CKIIaJIHI 3aBJIaHHSA, TIOB'sI3aH1 HAacCaMIIepe i3 MPOoOIeMOI0
YOpaBIiHHA TakUMH 3acobaMH Ta  OpTaHi3aIli€ro
KOJIEKTUBHOI iX B3aeMOJii JJis1 HalOUIbII e(heKTUBHOTO
JIOCSTHEHHsI IOCTaBlIeHOro 3aBaanHs [10- 14].

ITocTanoBka 3aBIaHHA JOCTIIKEHHA

IIpobaemi B3aeMomii Mix «s-bots» omHiei «Swarm-
bot» system mpuainseTscs Oarato yacy, TOMy IO Iie
OJIHE 3 HAMOUNBII BaXKIMBHX 3aBIAHb, PIIICHHS SKOTO
HEeoOXi/tHe 1JIsl TOCSTHEHHS TII00aIbHOT METH, a caMe -
Iu1st yeninrHoro ¢GyHKIioHyBaHHs "Swarm-bot™ system B
PEKHMI peasbHOTO Yacy i sKa MOBHHHA 3a0e31euyBaTH:

- 00MiH TaHUMH MiX «s-bots» «Swarm-bot» system;

- JIOKaJIbHI mepeMOBMHHM MK  «S-bots»  oJHI€T
«Swarm-bot» system;

- BUKOHAHHSI TIEPEPO3MOILTY MMia3amad MiXkK «S-bots»
onHiei «Swarm-bot» system.

Ha puc. 2 nokaszano icHyro4i metoau B3aemonii. B
JIaHUH Yac 1l METOJ BUKOPHUCTOBYIOTHCS JIJISI CTBOPEHHS
BHUCOKOE(EKTHBHUX IUIATPOPM KOMYHIKalii MK «s-
bots» onniel «Swarm-bot» system. [[yist cTBOpeHHs BUCO-
KoepeKTHBHMX IIAaTHOpPM KOMYHIKAIil MiX «s-botsy
onHiel «Swarm-bot» system HeoOXiTHO BUPIIIUTH BY3b-
KOCTIeTiaTi30BaHe 3aBIaHHS PO3paxXyHKY MOKPUTTS 3a]1a-
HOI TIOBEpXHi 0€3pOTOBOIO Mepekero, Ui 3abe3nedeH-
HA e(eKTHBHOI KoMyHikarii. KoMyHiKamis BAKOHY€ThCS
i3 3acTocyBaHHAM Drones, ski BUCTyHaroTh y poii "s-
bots" omuiei "Swarm-bot" system. 3aBmaHHA moNsATaE B
ToMy, 100 posnoxinutu Drones omuiei Swarm-bot
system Tak, 00 BOHM TIOKPWJIM BCIO 3aJ[aHy MOBEPXHIO.
[MpuHOMO TOKPUTTS 3adaHoi IOBEPXHI IIOJSIrae B
HACTyHHOMY. Y cTaTuyHOMYy cTaHi Drones onHiel
«Swarm-bot» system NMOBHHHI MOKPHBaTH BCIO 3aJaHy
HOBEPXHIO 0€3 30H MPOMYCKY (TaK 3BaHHX CIIMUX 30H), B
skux Drones He 3MOXYTh 3TIMCHUTH KOMYHIKAIIO MiX
coboro. OOmacTi 3 BEIMKOI 30HOK IEPEKPUTTS
(TIOBTOpPEHHSIMHU) MalOTh OYTH MiHIMI30BaHI 3 METOIO
ekoHoMil pecypciB Drones. 3arampHi 0071acTi TOKPUTTS
Drones moBuHHI BiAIOBIZATH MIEBHUM OOMEXEHHAM IUIS
3a0e3neueHHs MOXKIIMBOCTI Iepeadi HEOOXI1THUX TaHHX.

Metoau koMyHikarii
MiX «s-bots» omHiei «Swarm-bot» system

[
v v

BesnpoToBi mepexi
MiX «S-bots»
oxmiel
«Swarm-bot» system

[
v v

JlpoToBi Mepexi
MiX «S-bots»
oxmiel
«Swarm-bot» system

Mepexa 6e3 Mepexa Ha OCHOBI
iHppacTpyKTYypH iHppacTpyKTypH
onHiel onHiel

«Swarm-boty system

v

«Swarm-bot» system

GSM
3G
4G

WI-FI

v v v

besnporosa Be3npoToBa
Ad Hoc CCHCOpHA KOMipKOBa
Mepexa Mepexa

Puc. 2 - IcHyr04i MeTOIU B3a€MOIi.

IIpononoBanuii anropuT™M
BHPIillIeHHS TOCTABJIEHOI0 3aBaHHS

106 Drones onuiei «Swarm-bot» system 3moriu
BUKOHaTH €(eKTHBHY KOMYHIKaIilo MK co0oro0 Yy
(I3NYHOMY HEOPraHi30BaHOMY CEpPEIOBHILI 3a YMOBH,
mo Oyze 3amissHo MiHIMalIbHA KUTbKicTh Drones omHiei
«Swarm-bot» system, TPOMOHYEThCSI BUKOHATH O
3a/1aHO1 TIOBEpXHI Ha OaraTokyTHHKH (abo OaraTorpa-
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HUKA Yy TPUBUMIPDHOMY BHIAJKy), TOOTO 3IifiCHHTH
MIOKPUTTSI 3a/IaHOT IOBEPXHi PEryJIipHUMHU OaraToKyTHHU-
KaMH, BIIMCAaHUMU Yy Kona. BBegemo nosnauenns. Hexai
K - me BepumHM 0GaraTOKyTHHKIB, 32 JTOMOMOTOK SKHX
Oyne  BUKOHAaHO  IOKPUTTSA  33JaHOi  ITOBEPXHI.
IMpumycTrMo, o SKAach KiTbKicTh 0 1ux 6araToKyTHHKIB
MaloTh 3arajibHy BepIIuHy. Tomi:

k-2)-w
d—( ) =2r,
k
ne d Ta K - mosuTuBHi 1ini uncna, d > 2, ra k> 2. Toni,
OTPUMAEMO PIBHSHHS, 0OMEKCHE HEPIBHOCTSIMH

o))

d>2;k>2;d@=2n. @)

Po3B's3aBn piBHSIHHSA 32 GOPMYIIOIO (2) OTPEMAEMO:
d=6,k=3;
d=4, k=4,
d=3,k=6.

Lle o3Hauae, OO iCHYIOTH TPH BapiaHTH MOKPHTTS
3a1aHO{ IUTOIIMHK OJJHUMH 1 TUMH X OaraTOKyTHUKaMHU.
SIKIIO MOKPUTH IUIOLIMHY KOJIAMH OJHOTO papiycy 3
BIMCAaHUMHU 0araTOKyTHHKaMH, IO MaioThk K BepmmH

TOJi BITHOIICHHS | 3arajibHOI IUTOIII TBOX CYMDKHHX KiJl
JIO IIJIOILI OTHOTO KOJIa JIOPIBHIOE:

1(2n\ 2 1 . (2mw) 2
E ? r -Esm ? r
T=2 5 , 3)

[MigcraBuBmu oTpuMmani 3HadeHHs k=3,4,6 mpu
PO3B'si3aHHI PiBHSHHS 32 (opmyIioto (2) oTpuMaemMo:

k=6, T=5.68%
k=4,T=19.17%
k=3,T=38.8%
Ha puc. 3 noka3aHo koJja 3 pi3HUMHU BITUCAHUMH Y
HUX  ¢irypamMu, TOOTO  pPI3HMUMH  BIHCAHUMH
0araTOKyTHHKaMH, JUI1 ~ BHKOHAHHS  INPOLEAYPH

TOKPUTTS 331aHO{ MOBEpxHi. SIK BHIHO 3 MPOBEACHHX
pO3paxyHKiB, M TOro, moO MiHIMalbHA KIUTBKICTh
Drones opnniel «Swarm-bot» system MOKpHIH BCHO
3aJaHy TOBEPXHIO Yy (i3MYHOMY HEOpraHi30BaHOMY
cepeoBHILi 63 30H MPOIMYCKY (TaK 3BaHHX CIIMUX 30H),
JUIS 3MEHILIEHHS IIOBTOPEHb ONTHUMAJbHUI BapiaHT
npejacTaBieHnii Ha puc. 3, B (KOJIO 3 BIHMCAHUM
6ararokyTHHKOM, KOstk K = 6 Ta T = 5.68%).
IIposenemo IMiTaIiHe MOJIETIOBAHHS y
cepenouii Matlab 7. Hampukiazn, Hexait icHye skach
KUTBKICTB Rpones OIHIET «Swarm-bot» system, y skux
paniyc nokputts ckianae I = 100 i mokpuBaroTh 3a/1aHy
npsiMoKyTHY mosepxHio M X N, ie M = 2000, N = 1000.
Heo0xigHO 3HalTH MiHIMaJIbHY KiJIBKICTBH RDrones_min

onniei «Swarm-bot» system, m00 BOHH TMOKPHIU BCIO
3a/laHy MPSMOKYTHY TIOBEPXHIO 3a JOMOMOTo0 (irypu,
MpeACTaBIeHOl Ha pucC. 3, B.

ByneMo BHKOpHCTOBYBaTH JEKapTOBY CHCTEMY KO-
opmunar OXY. Toxi kijbkicTh Ry prones B3HOBX OCi

abcruc OX MoxHA 00YHCITHTH 32 POPMYIIOFO:
1.5r-(Rx_prones -1) +1r=2000, 4

\a/

u

Puc. 3 - Koo 3 BimcanuMm 6araTokyTHHKOM, KOJIH:

k=3 (a),k=4(6), k=6 (),

Po3B's3aBum piBHHHS 32 hopmyoto (4), oTpuma-
eMO Ry prones = 13.67. Kimbkicts Ry.prones B3IOBX

oci opauHaT OY MOXHA O0UHCIUTH 32 HOPMYIIOH0:
\3r-(Ry.prones) <1000, ®)

PosB's3aBmiu piBHSHHS 32 Qopmyioro (5), oTpuMaemo
Ry _Drones =5.774. OKpyTrIMBIIN 3HAYEHHS, OTPUMAEMO!

Rx-Drones =145 Ry.prones =6 -

BukoHaBIIM 0OYHCICHHS, OTPUMYEMO, IIIO I CiM
JUIISTHOK 33J[aHO1 MPSIMOKYTHOT MOBEPXHI 3aJIHIIAIUCS Y
cmmi 3o0Hl. Tomi MiHiManbHa HeOOXiJHA KUIBKICTH
RDprones «Swarm-bot» system Mo>kHa OOUHCITHTH SIK

RDrones = RX—Drones 'RY—Drones +7 ) (6)
BukoHaBII® 00YUCIICHHS, OTPAMYEMO:
R Drones_min = 91.

KoopauHatu TeHTpiB Koja, MpPEACTaBICHOTO Ha
puc. 3, B, MOXKHA O0YUCITUTH 32 (POPMYJIIOIO:

xi:%+1.5r~(i 1) yEBrE, @
re i=1,2,3,.,14; j=1,23,..7

BucnoBxku

JIyis cTBOpEHHS BHCOKOS(EKTHBHUX IUIATGOpPM KO-
MyHIKaIii Mix «s-bots» omuiei «Swarm-bot» system y
CTaTTi BUPILIYEThCS By3bKOCHELIaTi30BaHe 3aBJaHHS PO-
3paxyHKy IOKPHUTTSI 3aJIaHOi ITOBEPXHI 0€3pOTOBOIO Me-
pexero, i 3a0e3nedeHHs epeKTHBHOT KomyHikaltii. Ko-
MYHIKaIlisi BAKOHY€ThCS 13 3acTocyBaHHAM Drones, siki BU-
CTYNAIOTh y PO «s-bots» omHiel «Swarm-bot» system.
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CucreMu yrpaBiiiHHs, HaBirarii Ta 38's3ky. 2023. Ne 1

3aBiaHHs T0JISrae B TOMy, 00 po3nonuty Drones ox-
Hi€l «Swarm-bot» system Tax, 1100 BOHH TOKPHIIH BCIO 3a-
JIaHy TIOBEPXHIO. Y POOOTI MPOIIOHY€ETHCS 3MICHUTH TTOK-
PHTTS 33/1aHOT MOBEPXHI PETYISIPHIMU 0araToKy THUKAMH,
BITUCAaHUMU B KoJia. bynu mpoBeieHi MaTeMaTH4HI po3pa-
XYHKH, 5IKi [TOKa3aJIH, IO JJIsI TOTO, 1100 MiHIMaTbHa KiJlb-

Buxonsuu 3 b0ro, Mo>xHa 3pOOMTH BHCHOBOK, L0
3aCTOCYBaHHSI Takoi reoMeTpU4HOi (irypu I103BOJIUTH
MOBHICTIO TOKPUTHU 3aJjaHy TOBEpXHIO 0e3 30H IMpOoImy-
cKy. Byso npoBezeHo imiTaliiiiHe MO/IEIOBaHHS B cepe-
nosuiii Matlab 7. OTpumani pe3yibTaTH NOKa3ajH, 10
UL TOTO, 00 3MIHCHUTH ePEeKTHBHY B3a€EMOJII0 MiX

KicTh Drones onmHiei Swarm-bot system mokpuim BCio 3a-
JTaHy TIOBEPXHIO y (i3MIHOMY HEOPTaHi30BaHOMY CepeIo-
BUIIi O€3 30H IIPOIYCKY (Tak 3BaHUX CIIIHX 30H), IJII 3Me-
HIIEHHS MOBTOPEHb ONTHMAIBHUM BapiaHTOM € KOJIO 3
BIIMCAHUM JI0 HBOTO IIECTUKYTHHKOM.

«s-bots» ommiei «Swarm-bot» system HeoOXimHO
Rbrones min = 91 . IlepentagaeTbes MpOIOBKHUTH AOCTi-

JUKEHHS y IIbOMY HAmNpsMi, OCKUTBKM Ha CHOTOIHIITHIH
JIeHb BOHO € OJTHHM 13 aKTyaJIbHHUX.
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Interaction between «s-bots» one «Swarm-bot» system in a physical unorganized environment
G. Krivoulya, V. Tokariev, 1. llina, V. Kravets

Abstract. With the advent fundamentally new «Swarm-bot» systems, with a tunable structure and programmable logic, it
became necessary to take into account the factors that interact with physical unorganized environment, an increase in the number
of their constituent elements, as well as the number of internal bonds. A feature of the new «Swarm-bot» systems is that their
functions, parameters, structures and behavior under the influence of internal or external factors at different time intervals of the
life cycle can change, either in software or in hardware. It has now been proven that solving complex problems is more effective
when «Swarm-bot» systems are used as a whole, and not individual elements that make up them, for example, individual «s-bots»,
since when using «Swarm-bot» systems significantly increases the range due to the dispersion of «s-bots» that are part of this
«Swarm-bot» system over the entire given surface, which significantly increases the chances cover all surface without pass zones
(the so-called blind zones), in which Drones unable to communicate with each other. This article is about solving the problem of
covering a given surfaces regular polygons inscribed in circles.

Keywords: «Swarm-bot» system, «s-bots», embedded systems, local interaction, communication, information processing
system, command formation system
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LenTpanpHOYyKpaiHCHKHIA HAIlIOHATBPHUN TEXHIYHIN yHIBepcuTeT, KpormmBHUIIBKIH, YKpaiHa

METO/I POBOTH PEKOMEHJIAIIITHOI CHCTEMHA
Y KOMIT'FOTEPHIII MEPEKI TUITY PEER TO PEER

AHoTanisi. CraTts nprcBsiueHa po3poOili MeToIy POOOTH PEKOMEHIAIIINHIX CHCTEM B OJHOPAHTOBHX JIEHEHTPANTI30-
BaHMX KOMIT'IOTEPHUX Mepekax. [cHye BesmKa KiTbKicTh METOMIB POOOTH peKOMEHIAIIHHIX CHCTeM Ul BeO-CalTiB Ta
3aCTOCYHKIB, IPU3HAUYECHUX ISl IIEHTPaNIi30BaHUX KOMIT IOTEpHUX Mepexk. B Toil ke "ac JoCciiKeHHS AeLeHTpali30Ba-
HHUX OJJHOPAHTOBUX MEPEK M0KAa3aJlo0, [0 MMTAHHSA CTBOPEHHS PEKOMEHIALIHIX CHCTEM UL TAKOT apXiTeKTYpH MPaKTH-
YHO He posrisaanocs. IIpoBeneHo DOCHiKEHHS METOIIB poOOTH OJHOPAHTOBHX AELEHTPANi30BaHUX CTPYKTYPOBAHUX
KOMIT FOTEpHHUX MEPEeX, HaBEJCHO y3arajbHEeHi NPUHIMNHU 1X poOOTH. 3aIpONOHOBAHO METOJ POOOTH peKOMEHIaliHHOT
CHCTEMH Ha OCHOBI K0JTabopaTHBHOI (GUIBTpamii AJs1 0OJHOPAHTOBOI ACIEHTPATi30BaHOI CTPYKTYpPOBaHOI KOMIT IOTEPHOT
Mepexi 3 ajpecalniclo Ha OCHOBI PO3IMOJUICHHX XemI-TaOuumb. (s IpencTaBiIeHHs JaHUX PEeKOMEHIAamifHOI CHCTEeMHU
0yJI0 BUKOPHCTAHO JIBi CTPYKTYPH JaHUX: PO3TOPHYTI 3B’sA3HI CIIUCKHU Ta XCII-TaOJHIII 3 BIIKPUTOIO ajapecaniero. Buko-
PHUCTOBYBAJIOCS IBa TUIM PO3TOPHYTHX CIIMCKIB: acoLilOBaHI 3 KOPUCTyBadyaMH — MICTHJIM CITUCKH BIIOJOOAHUX HUMH
00’€KTiB Ta acouUifioBaHi 3 00’€KTaMHU — MICTHJIM CHUCKH KOPHCTYBadiB, sIKi BImomoOamu BiamoBimHi 00’exTH. KokeH
KOMIT FOTEp JELeHTPaTi30BaHOi KOMI FOTEPHOT MEPEXi MICTHB CITUCOK BIIOI00aHb acOiOBaHMIA 31 CBOIM KOPUCTYBadeM
Ta CIHCKH BIONOOAHb acoliliioBaHi 3 00’€KTaMu, sSKi Ha HbOMY po3TamoBaHi. JIOCTyI 10 BiICYTHBOI Ha MOTOYHOMY
KOMIT 1oTepi iHpopmamii 3aiiiCHIOBaBCA 32 TOTIOMOTOI0 3aIHUTIB 0 1HIINX KOMII FOTEPiB 3a BiINOBITHUMH 11€HTH(IKATO-
pamH, OpraHi30BaHHMH PO3IOAUIEHOI0 XeNI-TabIUIeI0 OHOPAHTOBOI IelleHTpalli3oBaHoi Mepexi. [IpoBeneHo excriepu-
MEHTaJbHE JOCIIPKEHHS 3alIPOIIOHOBAHOTO METOLY pOOOTH peKOMeHAaliitHoT cucTteMu. BoHo mokasaio, 1mo po3pobie-
HUI METO Ma€ JOCUTH BUCOKI IOKa3HUKK TOYHOCTI (Precision) Ta HU3bKY cepelHbOKBAApaTHIHY NOMIIKY. Hemomikom
PO3po0ICHOrO METOTY € HU3bKi MoKa3HUKH MoBHOTH (Recall), mo BUHMKAE yepe3 Te, MO METO YaCTO POOUTH TOMHUIIKOBI
HEeraTUBHI MPOTHO3U. Lle )KOTHUM YNHOM He BIUIMBA€ Ha TOYHICTH PEKOMEHAALIN, TOMY 0 00’ €KTH 3 HETAaTUBHHUM IIPO-
THO30M BIO00aHb HE MOTPAIUBIIOTH 10 CIHCKY PEKOMEHAlii. AJie e MOTipIIy€e HAllOBHEHICTh CIUCKIB, ajyke Oarato
€JIEMEHTIB, SIKi MOXKHA OYyJIO JOAAaTH A0 HUX, BiCIFOIOTHCS.

KnarouoBi cioBa: pexoMeHpaliiHi cucremMu, KoiadopaTiBHA (GUIBTpAIlis, KOMI'IOTEPHI MEpexXi, OJHOPAHTOBI MEPEXKi,

JIEIIEHTPai30BaHi MEPEXKi, PO3MOiNICHI XenI-Tabumi.

Beryn

PexomeHnauiiiHi CHCTEMH CTallk 3BUYHUM Ta BaxK-
JHMBUM €JEMEHTOM CYYacHHX KOHTEHT-OPIEHTOBaHHX
Beb-caiiTiB Ta comianpHux Mepex [1, 2].

IcHye BenmmKka KiTBKICTh METOAIB pOOOTH PEKOMEH-
JAallifHAX CUCTEM JUIsl BeO-CalTIB Ta 3aCTOCYHKIB, MPU3-
HAueHMX JUIsl [EHTPAIi30BaHUX KOMII'IOTEPHUX MEPEK.
B T0i1 e yac q0CIIiKeHHS JeIeHTPaTi30BaHUX OIHOPA-
HTOBHMX MEpEX MO0Ka3alo, [0 MUTaHHS CTBOPEHHS PEKO-
MEHJaLiHHUX CHCTEM JUIsl TAKOT apXiTEeKTypH NPaAKTUYHO
Maibke He posrisianocs [3-11].

Xouya B peer to peer mepexax 1ye rOCTpO CTOITh
MMUTAaHHS 1HQOPMAIIITHOTO MOIIYKY, a PEeKOMEHIAIliiHI
CHCTEMH 3 PI3HUMH aJITOPUTMaMH QiIbTpaLii JaHUX SK-
pa3 Mori O 3HAYHO MOJIETIIUTH KOPHCTYBayaM HOIIYK
KOPHUCHOTO JIUIsl HUX KOHTEHTY Ta 30unbmmum O iHTepec
JI0 OJHOPAHTOBHX MEpEeX s PO3MOJIIJICHOTO 30epi-
TaHHsI KOHTEHTY.

B nesikux BuIax pPeer to peer Mepex KiacH4Hi Me-
ToAW POOOTH PEKOMEHJAIIMHMX CHCTEM HE 3MOXYTh
IparfoBaTH Oe3 MeBHO{ ajjanTallii Ta 3MiH BHACIIIOK 0CO-
OJIMBOCTEH apXITEKTYPH IIUX MEPEX.

Meroau opranizanii P2P mepex MokHa pO3AiIHTH
Ha HacTynHi Tpu Buau [3-13]:

— llenTpanizoBaHi OJHOPAHTOBI Mepexi, HampH-
knan, BitTorrent [12].

— HecrpykrypoBaHi jeneHTpani3oBaHi OJHOpaH-
TOBI Mepexi, el T MepeX BHKOPHUCTOBYE alrOPUTM
nomyky Flooding, tumosmii mpexcrauuk — Gnutella
[13].

— CrpyKTypOBaHi JCICHTPai30BaHi OJHOPAHTOBI
Mepexi, Haifuacriie OyIylThCS Ha OCHOBI pO3IOJisie-
HHUX XElI-Ta0JMIb, HANPHKJIAJ, Ha OCHOBI AITOPUTMY
Kademlia [10] a6o Chord [11].

Jnst neHTpani3oBaHUX OJTHOPAHTOBUX MEPEK MOXK-
JIMBE 3aCTOCYBAHHS CTaHJapTHUX METOIB MOOY/I0BH pe-
KOMEH/IAI[IfHUX CHCTEM, OCKUIBKH Y TaKHX MEpexax €
cepBep, 10 30epirae MocwiIaHHsA Ha (aillm Ta CTaTHC-
TUKY. CKITagHOIII BUHUKAIOTH TP HAMAaraHHi CTBOPUTH
pEeKOMEHalliiiHI CHCTEMH JUIsl JIELeHTPasli30BaHUX OJI-
HOPaHTOBHX MEPEK, TOMY 110 Tpeba BpaXxoByBaTH ix ap-
XITEKTYypy 1 aJanTyBaTd BiIOMi METOJM Ta MIiIXOJAHU JIO
Hel. 30KpeMa, B JACLEHTPaIi30BaHHX Mepekax ycs iHdo-
pMailist po3Mo/iijieHa 1o yciM KOMIT'IoTepaM Mepexi (1e
1 Gaiiy, 1 TaONHII MapIIPYTU3AIlii, i CTATUCTHKA TOIIO),
TOMY BHHHKae IpobiiemMa 300py iHdopmarii 1 pekoMe-
HIANIHHOI CHCTEMH Ta PO3TJISII MOXKIMBOCTI 3i0paTH HE
BCIO iH(OpMallito, a MiHIMaJIbHO NOTPiOHY, OO HE OMu-
TYBaTH BC1 KOMIT IOTEPH Y MEPEXKI.

VY wiif po6oTi Oy0 3arponoHOBaHO METOJ pOOOTH
pPEKOMEHIAIIHHOT CUCTEMU ISl OJHOPAHTOBOI JETICHT-
paTi30BaHOi CTPYKTYPOBaHOI KOMIT FOTEPHOT MEPEXi, T0-
OyZI0BaHOI 3 3aCTOCYBAHHSM PO3MOIUICHUX XelI-Tab-
nunb. byno BupimeHo po3rismaTé came CTPYKTypOBaHi
JIETIeHTPaTi30BaHi Mepexi, Tak SIK Ha BiAMiHy Big He-
CTPYKTYPOBAaHMX BOHM TapaHTyIOTh 3HAXO/PKEHHs
(aiiiy, HassBHOTO y JaHUH MOMEHT 4acy y Mepexi. A He-
CTPYKTYPOBaHI JACIIEHTPATI30BaHI Mepexi 3HAXOAATh Ha-
sSBHUW (paiia TUTBKH 3 JCSKOK HMOBIPHICTIO, TOMY
MEHIIE MiAXOATh JUIsl SKICHOTO pO3MOALIEHOro 30epi-
raHHs ta oOMiHy ¢aitnamu.
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1. TocaimkeHHs 3arajJbHUX NMPUHIAIIB
poO0OTH OTHOPAHTOBUX JeLlEeHTPATi30BAHHUX
CTPYKTYPOBAHHMX KOMII’IOTEPHUX Mepe:K

PosrisiHeMo nmpUHIMIK POOGOTH OJHOPAHTOBHX Je-
LEHTPaNIi30BaHUX CTPYKTYPOBAHUX KOMII IOTEPHUX Me-
pex. Haitgactime s iHzmekcarii Ta MapmipyTu3arii
BOHM BHKOPHUCTOBYIOTH PO3IOJUICHI  Xel-TaOuuii
(Distributed hash table, DHT). [dus mpocroti Oymemo
Ha3MBaTH JaJli Taki KoM toTepHi Mepexi — P2P DHT me-
pexi.

VY3aransHeni npunnunu podotu P2P DHT mepex
Hactynsi [3-5, 10, 11]:

1. Ioenmugbixamopu komn tomepis. Komm totepn
MaroTh inentudikaropu h € H, o 3sMiHIOIOThCS y Aiana-
30Hi [0, 2™-1]. BoHH BU3HAYAETHCS MESIKOIO Xer-(PyHK-
miero abo 3aJeXUTh Bil YEProBOCTI MiIKITIOYCHHS
KOMII'F0TepiB 10 Mepexi. Hampuknan, 1-i koM’ totep y
Mepexi otpumye inentudikatop ho=0. i-THii KoM 10TEp
onepxkye imentudikarop h;=i abo oauH 3 BiNbHHUX iJ€H-
TU(IKATOPIB, 10 3BUIBHUIIMCS BHACIIIOK BUXOIY 3 Me-
PEXi IeIKUX KOMIT IOTEPiB, 1110 paHilie OyJiu MpueIHaHi.
OCKiNIbKH B JELEHTPATI30BaHUX MEPEkax KOMII I0Tepu
MOXYTbh ITPUETHYBATUCS Ta B’ €IHYBaTUCS BiJl MEPEXi,
TOOTO, YIaCHUKH TOCTIHHO 3MIHIOIOTBCS, 3a7ada BHSB-
JICHHS y>Ke HeBUKOPUCTOBYBAHHX 1HICKCIB i HaJaHHS iX
HOBHM KOMII'I0T€paM € BOXKIIMBOIO Ta MO-Pi3HOMY BHUDI-
LIYETHCS Y PI3HUX aNropuTMax. SIK MpaBUio, HE TUIBKH
TpH IIPHEIHAHHI HOBOTO KOMIT FOTEpa 10 Mepexi, a i 3
JIESKOIO MEPIOIMYHICTIO BiIOYyBa€ThCs IIEpeBipKa JI0CTY-
ITHOCTI BY3JIiB Ta OHOBJICHHS TAOJIUIIb MapIIPyTHU3ALII].

2. [oenmugpixamopu ¢aiinis. aitmu TakOK MarOTh

Tabanua mapwpyTmsauii By3na Nel0
MiCTUTb afipecu By3niB:
7,8,9,10,11,0,1

inenTudikaropu h € H, 1110 3MiHIOIOTBCS Y TAKOMY XK [i-
ama3oHi sk i y komm'totepis [0, 2™-1]. Boxu Bu3Haua-
I0ThCS ICSIKOIO XelI-(yHKIi€l0. BUKOpHCTOBY€EThCS TaK
3BaHE y3ro/KEHE XeUTyBaHHs, [0 Ha BiMIHY Bij JiHIiH-
HOTO Tependadae 3MiHy B cepeqHROMY TiTbku K/n itro-
4iB, ae K — gmcio ximrodiB, a N — gucio ciotis. [omymns-
PHHUM € 3aCTOCYBaHHS anropuTMmy xemryBanHi SHA-1 B
P2P DHT mepexax, B TakoMy pasi m=160, mo no3Bose
CTBOPHTH IOCHUTH BEITMKY MHOXHHY 11eHTH(IKATOPIB.

3. 36epicanna ¢aiinis. ®akinu um iX YacTHHH (TIpH
posnoaineHoMy 30epiranHi) abo nUIsIXK 10 HUX (IpH po-
3MOAIIGHOMY  IHAGKCYyBaHHI)  30epiratloTecsi  Ha
KOMIT'FOTEpaX TaKUM YHHOM, MO0 iJCHTU]IKATOP
KoMIT'toTepa Ta igeHTHdikaTop Qaiiry (Horo yacTUHM)
cmiBnazand. AOo0, TpH BIACYTHOCTI Yy  Mepexi
KOMIT'IoTepa 3 MOTPiOHUM ieHTH(IKaTOpOM, BOHHU TO-
BHHHI OyTH MaKCHMaJbHO OJIM3BKi 3 HasBHUX BapiaHTIB
3a JESKOI0 METPHKOIO BimctaHi. Hamam mms mpocToTn
OyzaeMo po3misamaTH po3mofineHe 30epiraHHs (aimis.
s 3abe3medeHHsT HamiitHOCTI 30epiraHHsa iHpopMaii
KOKeH (paiin myOIroroTh Ha JAEKUThKa KOMII IOTEpiB, I
IBOTO OOMPAETHCS (| HASBHUX y MEpeki KOMIT IOTepiB,
ineHTH(IKATOpU SKUX HAaWOMIK4i 32 00paHOI METpH-
KOI0 BifcTaHi 10 imeHTHdikaropa ¢aiiry. Ipu 3wmini
CKJIQ/ly YYaCHHUKIB Mepexi, 3a HeoOXigHOCTi, BinOyBa-
€TBCSl TIEPEPO3MOII YaCTUHH (aililiB MiX KOMII IOTe-
pamu.

4. Tabruys mapwpymusayii. 30epiraHnHas TaOIUIIL
MapumpyTH3alii Takox € posnoaiteHuM. KoxeH

KOMII'FOTep MICTUTH iH(POPMAIito IIOTPiOHY IS JOCTYITY
(Mepexei aapecu) Haibmmkuaux N cycimiB X = {Xin, ...
Xi+n} pHc. 1.

Tabnanua mapwpyTmsauii Byana No5
MIiCTUTb apecu By3/iB:
2,3,4,5,6,7,8

Puc. 1. Cxemarudne 300pakeHHs IPUHIUITY HATOBHEHHS TaOJIHIb MapIIPyTH3allii B OJJHOPAHTOBHX ACIEHTPATi30BAHIX
CTPYKTYPOBaHHX KOMII IOTEPHUX Meperkax: TabJIimi MapmpyTu3amii mokasasi aust koMmm 1otepi Ne5 ta Nel0
npu 306epiranHi 6 HaOMKINX CyciiB y Mepexi 3 12 By3miB 3a npunImnaMu anroputmy Chord

Busnauenns MHOXHHH X, a Takox po3Mmip N miei
MHOXHHH, Y KO)KHOMY KOHKPETHOMY METOJi 3AiHCHIO-
€ThCS TIO-PI3HOMY.

Hanpuknan, B anropurmi Chord [11] Ta6nuus ma-
pHIpyTH3aIii KOMIT foTepa MIiCTHTh 2r+1 3ammcu, To0TO

iHpopMamil0o TPO caM KOMIT'IOTEp, a TaKoX Ipo I
KOMII'FOTEPiB, 10 MAIOTh HAWOIMKYi MEHIII HOMEPH ce-
pen HasSBHUX Yy Mepexi KOMIT'IOTepiB, Ta Tpo I
KOMIT IOTEPIB, [0 MAOTh HAMOIVKY1 OiIbIIII HOMEPH Ce-
pen HassBHUX KOMIT I0TEPiB.
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Komm’rorepu 00’€mHYIOTBCS B KiIblle, TOOTO,
OCTaHHI KOMII'I0Tep NocuiIaeThes Ha nepuwmid. 11lo Bu-
KJIMKA€ MO>JINBI MPOOJIEeMH 3 HENPAaBUIILHUM 3aMHKaH-
HSIM KUITBIS, BAHUKHEHHSM JIEKUIBKOX KiJIellb Ta PO3pH-
BOM KUJIBLIS IIPH TIOMMJIKaX B OHOBJICHHI TaOJIHMIb MapIl-
pyrusarii. B anmropurmi Kademlia [10] Tabnuus mapii-
pyTu3arii 36epiraetbes y BUTISIOI Tak 3Banmnx K-bucket-
TiB. YV kosxHOMy K-bucket-ti By3na 36epiraetsest indop-
Mariis mpo K By3:1iB Mepexi, 9rs BiICTaHb 10 HHOTO 3HA-
XOIHUTHCS B MeXax iHTepBanmy [271, 2°(i+1)), y sKocTi
METPUKH BiJCTaHI BUKOPUCTOBYeThCs omepamis XOR.
SIKo, HaNpUKIan, 11 CTBOPEHHS ieHTHdiKaTopis 3a-
crocoByeThest xem-QyHkuis SHA-1, To ximekicte K-
bucket-tie Ha xoxxHOMY By3mi O6yae 160. K — 3aransHo-
cuctemue uucio, Hanpuknan 20. Koxxen K-bucket — e
CIIMCOK, 1[0 MICTUTHL He Oinbire K-3ammcis; TOOTO 1Ist
Mmepexi 3 K=20 koxkeH By30Jl MaTHMe CIMCKH, L0 Mic-
TaTh 10 20 BY3TiB A7 MEBHOI BiAcraHi Bix cebe. Ha
MIPAKTHUIII BUXOAUTH, III0 KOXKEH BY3011 30epirae iHpopma-
IO TIPO BY3IH, 3 TKUMHU OyIb-KOIU B3a€MOJISB, TIPOTSI-
TOM IEBHOTO Yacy (HalpHKJIa, 9ac KUTTS 3auTy 24 ro-
IuHA). TakuM 9MHOM PO3Mip TaONHIN MapIIpyTH3amii
3MIHIOETHCS TUHAMIYHO, a aesiki K-bucket-tu 6yxyTs mo-
POXHIMH B JISSIKUIf MOMEHT 4acy.

5. [Towyk ¢paiinis. Daiinm y Mepexi NIyKaOTHCS 3a
ix xem-3HaueHHAMHU. Komm’totep, sIKWH 371CHIOE TO-
uryk Qaiiny, BuOupae B CBOTH TaOIHII MapuIpyTH3allii |
KOMIT FOTEpiB, 11EHTU(IKATOPH SIKUX HAHOIMK4Yi 3a 00-
PaHOI0 METPHUKOIO BINICTaHI IO iNeHTHU(IKaTOpa NIyKa-
Horo ¢aitmy. KoxkeH KoM’ foTep 3 MHOXXHHU BHOpPaHUX
S ={So, S1, ... Sj} IepeBipsie Un MiCTUTHCS OE3MOCEPETHBO
HAa HBOMY IIyKaHWHA (aiii, 1 AKIO Hi, TO TMEePECHiIae 1o-
IIyKOBE TMOBIXOMIICHHS YK€ |  HaWmiIxoIsmum
KOMIT'FOTepaM 3i CBO€l TaOJMII MapmipyTH3allii, i Tak
moku (aitn He Oyae 3HaiaeHuil. Yum Oinibliie 3HAUCHHS
S, TUM MeHIIIa HMOBIPHICTb BiIMOBH Ta BUIIIN PiBEHbD iH-
¢dopmariiiHol O6e3meku, ajie ¥ BUIe HABAHTAXCHHS Ha
Mepexy. MoxkHa Oyiio 0 mepecuaaTd 3amuT TIMBKH Ha
OJIMH KOMIIT'FOTEp 3 HAWOJIMKYUM JI0 IIYKAHOTO iJCHTH-
(ikaTopoM, aje MOKe BUSBUTHCS, 1110 BiH Ha JJaHUIT 4ac
BIJICYTHIH y Mepexi. AGO K MM KOMIT FOTEPOM BOJIOJIIE
3JI0BMHCHUK, 1110 TIEPEHANPABUTD 3aIIUT HE Ha MOLIYK Ta
3aBaHTa)XEHHS MOTPiOHOTO (aiiny, a Ha 3aBaHTAKECHHSI
BipycCy, B TOH ke 94ac IpH HAIlpaBIICHHI 3aIUTy Ha JEKi-
JbKa KOMIT FOTEepiB MOKHa Oyne oOpaTu Ty BiINOBifb,
AKa TMPHUHIe Bi OUIBIIOCTI, [0 3HAYHO 3MEHIIUTH HMO-
BipHICTB iHpOpMALiHOT aTaKH.

6. Ocnosni 3anumu 0o mepeoici. Metogu podOTH
P2P DHT mepex NOBUHHI MICTUTH TaKOX HACTYIHI Qy-
HKIIIT:

— IlepeBipka HasBHOCTI CYCifHIX BY3JIiB y Mepexi
JUISL OHOBJICHHS TaOJIMIIb MAapIIpyTH3aLlii;

— [Tomyk By3miB 32 ireHTHIKATOPOM;

— [Tomyk ¢aiiniB 3a ineHTU(IKATOPOM.

3okpema, B npoTokoui anroputmy Kademlia ms ix
peaizanii HasBHI HACTYITHI 4 THITH 3aITUTiB:

1) PING — HeoOXimHuil 1Uisi epeBipKH iCHYBaHHS
KOHKPETHOT'O By3Jla Y MEpexi;

2) STORE pnae 3mory po3mictutu iHpOpMario Ha
3aJIaHOMY BY37Ii;

3) FIND_VALUE — n03B0J1si€ 3HATH 3HAYEHHS 32
KITFOUEM;

4) FIND_NODE — BuKopuCTOBY€TBCS [/l HOIIYKY
Haiiommkunx K By3niB o 3amaHoro igeHtu(ikatopa
(cxoxwuit Ha FIND VALUE, TinbK# HiKOJH HE MOBEPTAE
3HAYEHHS, 3aBXK/IU BY3JIH).

2. 3anponoHoBaHN MeTOX POOOTH
pexoMeHIANiifHOI CHCTeMH Yy O/THOPAHTOBUX
JeleHTPATi30BAHUX CTPYKTYPOBAHHX MepeKax

3 BpaxyBaHHAM oOcoOMMBOCTEH apxitektypu P2P
DHT mepex Oyo 3anponoHOBaHO METOJ pOOOTH PEeKO-
MEHJaliiHUX CUCTEM ISl HUX.

s peanizanii pekoMeHaninHoOi cuctemu y P2P
DHT wmepexi Haifkpalie migiidayTe MiIXOAH 3aCHOBaHI
Ha KoslabopaTuBHIN (ijbTpalii, ajuke Ui Hel JOCTaTHBO
3HATH TUTBKH PEakIil0o KOPUCTyBada Ha KOHTEHT, IO
MOKe OyTH TpeIcTaBlieHa OIiHKaMH, Jaikamu abo ca-
MUM (aKTOM 3aBaHTaKECHb (PaiiIiB.

Bwicr ¢aiini, ix Ha3BU Ta iHPOPMAILIiFO IPO KOPH-
CTyBadiB 3HATH HE 000B’3KOBO.

TakuM 9YMHOM MO’KHA MPANIOBATH JINIIE 3 iACHTH-
¢ikaropamu ¢aitniB, igeHTH(IKATOPAMU KOPHCTYBauiB
Ta CTaTUCTHUKOIO 3aBaHTKCHHs (paiiiiB, 11e BCe MOXKHA
OTPHUMATH IIPU POOOTI 3 ICIEHTPATI30BAHOI0 CTPYKTYPO-
BAHOIO OJTHOPAHTOBOIO KOMIT IOTEPHOI0 MEPEKEIO.

Jlnis mpesIcTaBICHHS JaHUX PEKOMCHIAIINHOT CHC-
TEMH Y T1aM’Ti OyJI0 BUKOPHUCTAHO J[BI CTPYKTYPH JaHHUX:
PO3TOPHYTI 3B’s3HI CITUCKH Ta XEII-TA0IHIII i3 BiIKPUTOIO
aJipecarti€ro.

PosropryTi 3B’513Hi criicku OyiH oOpaHi i Ipo-
BE/ICHHS EKCIIEPHIMEHTY 3 BHKOPHCTaHHSM HPOTrPaMHOI
IMITaIiifHOT MOJIENi, Ie TeCTyBAJIUCA Pi3HiI MeToan 30epi-
raHHs JaHUX pekoMeHamiinoi cucremu [14]. Xem-ta6-
MLl oOpaHi ISl IPOMDKHHUX OOYHCIIEHb.

PoszropHyTuii 38’s13HUI CIUCOK — 1€ 3B’ SI3HUMN CIH-
COK, SIKU#l CKJIaa€Thes 13 OJIOKIB 3 HAmepe ] BU3HAYCHOIO
KUIBKICTIO €JIEMEHTIB.

Taka cTpyKTypa Ja€ MOXKJIUBICTD TIOETHATH S(PEKTHU-
BHE PO3LIMPEHHS 3B SI3HMX CITHCKIB Ta epeBart Moci1o-
BHOTO JIOCTYITy /IO €l1eMeHTiB O5oky. Byno Bukopucrano
IO CTPYKTYpY NaHUX A 30epexxeHHs iH(opmamii mpo
BITOJJOOAHHS KOPUCTYBaYiB.

BukopucroByBanocs 1Ba THIIH CITUCKIB!

1) acomifioBaHi 3 KOPHCTYBA4eM — MICTATh CITUCOK
00’€KTiB, SIKi BiH BIIO100aB;

2) acomifoBaHi 3 00’ €KTOM — MICTSITh CITHCOK KOPHC-
TyBadiB, sIKi BIOZ00aH 11eif 00’ €xT.

TaxkuMm 9UHOM, BUKOPHUCTOBYIOThCS ABI KotIii iH(op-
Marlii mpo BIOAOOaHHA, IO 301IBIIyE BUTPATH IIaM’sTi,
aJie Ja€ MO>KJIMBICTD YHUKATH TEPETIIiLy yCiX BHOZ0OAHb
JUISL TeHepallii peKOMEH/IAIlT Ta Ja€ MOXKJIHMBICTh Bpaxy-
Batu apxitektypy P2P DHT mepex. 3okpema, KoxeH
KOMIT FOTE€p MOKE€ MICTUTH CIHCOK BIO100aHb acouiiio-
BaHMH 31 CBOIM KOpHCTyBayeM Ta CIIMCKH BHOAOOAHb
acoriiioBaHi 3 00’€KTaMH, sIKi HA HbOMY PO3TalllOBaHI.
s iadopmaris mgoctymHa Uit 300py KOKHOMY
KOMII'I0Tepy, AJIS bOTO Tpeba TiTbKK 30epiraTu cTaTuc-
TUKY AiH BiAIIOBIHOTO KOPUCTyBada Ta CTATHCTHKY 3a-
BaHTa)KEHb HASBHUX (ailiiB.

B Takomy pa3si mig Brogo6aHHIM Oyie po3yMiTHCS
¢daxt 3aBaHTakeHHs (airy. Skmo Bopoamutu y P2P
DHT wmepexy MoxuBicTh OLiHIOBaHHA (ailiiB, cxema
Oyzie TPOXH CKIIAIHIIIOK.
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Hoctyn o nmotpiOHOI iHpopMarii, sika He po3Mi-
IIIeHa Ha KOMIT IOTepi KOpUCTyBaya, skoMmy Tpeba chop-
MYBaTH peKOMeHJallii, Moxxe OyTH OTpUMaHa 3alUTaMH
JI0 IHIIMX KOMIT FOTEpiB 3a iIeHTU(iKaTopamMu, OpraHizo-
BaHMMH po3MoJiIeHOI0 Xem-rabiunero P2P DHT wme-
pexi.

Takox Oyn0 BHKOPHUCTAHO XemI-TaONuWIl 3 BiIKpH-
TOIO afpecamicro I 30epekeHHS MPOMIKHUX 3HAYCHB,
HEOOXiMTHUX IUIA TeHepalii peKOMeHanil, B TOMy YUCIIi
JUTSL TIIpaxyHKy KUTBKOCTI BXO/MKEHB eleMeHTiB. It
IpOT0 OYJI0 peasi3oBaHO OMepariio iIHKpeMeHTy, sKa Ipa-
LIFO€ HACTYITHUM YHHOM:

1. 3pificHIOETHCS MONIYK EJIEMEHTY 3a KITIOUEM.

2. SIKmo eneMeHT HE iCHYE, CTBOPIOETHCSI HOBHUIM
€JIEMEHT 31 3HaYeHHsM 1.

3. SIkumio eneMeHT icHye i Ma€ 3HaUeHHS -1, TO Horo
3HAYCHHS HE 3MIHIOETHCS, 1HAKIIIE — 301IbLIy€eThCs Ha 1.

Takuif MAXiM Ja€ MOXIUBICTE 3a00pOHUTH 1HKpE-
MEHTYBATH IIEBHI €JIEMEHTH.

3amporoHoBaHMiT MeTo ] poOOTH PEeKOMEHAAIIITHOT
CHCTEMH CKJIAIAETHCSI 3 HACTYITHHUX €TaIliB!

Eran 1. CtBOopuTH Xem-TaONIuIo 3 iZeHTH]IKaTO-
pamu KopuctyBaviB Hy Ta Xem-tabauio 3 ineHTudika-
Topamu 00’ekTiB Hy. OnepikaTu JOCTYII 10 PO3TOPHYTHX
CIHMCKIB, aCOLIIOBaHUX 3 KOpUCTyBayamu L Ta acouiiio-
BaHUX 3 00’ ekTaMu Ly, 10 MicTaTh icTopito il (3aBaHTa-
JKCHHSI/BITOTOOAHHS).

Ertan 2. [lepernsiHyTH CIMCOK BIOJ00aHb Lyo KO-
puctyBada Uy, 17151 sskoro Tpeda CTBOPUTH PEKOMEHALLI.
s koskHOTO BriogobaHoro kopucryBadem Up 00’ekTy
CTBOPHTH y XenI-Tabmmii 00’ exTiB Hr eleMeHT 31 3HaUeH-
HM -1.

Eran 3. [Ing KOXXHOTO KOPHCTyBada, SIKAH BIOHO-
0aB oJMH 3 00’ €KTIB, O B Hf MatoTh 3Ha4UeHHS -1, iHKpe-
MEHTYBATH BiIIOBITHHI eJIEMEHT y xem-Tadmui Hy.

Eran 4. [Ins xoxxHoro kopuctyBaua U; 3 xem-Tab-
JIUI KOpUCTyBadiB Hy, e1eMeHT KOro He MiCTUTH -1, Tie-
PEerJIsSHYTH BiIIOBIAHUI CITMCOK BrIoj00aHb Ly Ta iHKpe-
MEHTYBaTH €JIEMEHTH Y Xell-Taduuii 00’ exTiB Hy, skio
JISSIKUI KOPUCTYBay BIIOI00aB BiAMOBIAHUIN 00 €KT.

Etan 5. CtBoputn MacuB Myec UL 30eperkeHHS
CHMCKY peKoMeHnamii. [Iyisl KOXKHOTO eJIeMEeHTy 3 Xelll-
Tabauii 00’ekTiB Hy, 3HaueHHs sIKOro He -1, 3MIMCHHUTH
crnpoOy BCTABUTH LIEH €IEMEHT JI0 MacuBY Myec y IOPSAKY
cnamanHs 3HaueHb. OOpatu TOPN pexoMeHpamii 3 ma-
cuBY Mrec Sautst mokasy kopuctysauy Ug,

Ha mouartky poOoTH 3amporoHOBaHUI METOT TO3HA-
4ae 1inpoBoro kopucryBada Ug (sikomy Tpeba chopmy-
BaTH PEKOMEH/AIIi1) sIK HEAOCTYITHOTO IS Y4acTi y Tpo-
MDKHUX OOYHCJICHHSX, IUIIXOM 3aHECEHHS y Xem-Tald-
JIUITIO KOPUCTYBAYiB €JIEMEHTa, KITI0U SIKOTO — I1€ i7IeHTH-
(ikaTop 1IHOr0 KOPUCTYBa4a, a 3HAUCHHSI JOPIiBHIOE -1.

[Ticnst mbOrO BUKOHYETHCS 00XiJ] CIIECKY BIOJO0AaHb
LIbOBOTO KopHcTyBaya. KoxeH BrogoOaHuii 00’ ekt 3a-
HOCHTBCS JI0 XeII-Ta0auIli 00’ €KTIiB 31 3HAYEHHM -1, 11100
YHUKHYTH TIOBTOPHOI pPEKOMEHAAIii yXe BIIOJ0OaHNX
00’€KTiIB.

Skmo cucrema JOIycKae TOBTOPHI peKOMEHAIlii,
TO IIeH eTan MoXe OyTH 3MiHEHHH.

Jaimi st K0’KHOTO BIOJ00aHOTO 00°€KTYy BHOHMpa-
€ThCS CITUCOK KOPUCTYBAUIB, SIKi HOTO BITOI00ATH.

Jns KOXKHOTO KOpHCTyBada i3 I[bOTO  CITUCKY

BUKOHY€ThCS 1HKPEMCHTAI[iSl BIAMOBITHOTO 3HAYCHHS Yy
xemr-rabnuii kopucrysadis. Lle 3HaueHHs Oye BUKOpHC-
TaHO JUIs BU3HAYCHHS CTYIICHS M0I0HOCTI KOPHCTYBaUiB.
[Ticns 3aBeprueHHsT 00X0ay XeII-TaOJIUIS KOPHCTYBadiB
(GinbTpy€eThCs, 00 BUKIIIOYUTH KOPUCTYBAyiB, BIIOJO-
OaHHS SKUX HE OyZyTh BHKOPHUCTOBYBATHCS IpH (HOpMy-
BaHHI PEKOMEH/IAITii.

[lix gac HaCTYMHOTO eTaIy BUKOHY€EThCS 00XiT yCiX
€JIEMEHTIB XelI-TaONIuIi KOpUcTyBauiB. 11 KoKHOTO 3
OUX KOPHUCTYBadiB BHOHMPAETHCA BiANOBIIHUHA CITHCOK
BITOZ00AHB.

Jn1st KOXKHOTO €JIEMEHTY 3 IIbOTO CHHCKY BHKOHY-
€TBhCSI IHKPEMEHTALIisl BIAMIOBITHOTO 3HAYEHHS y XeII-Ta0-
s 00’exTiB. Ha OCHOBI 1[bOT'0 3HAYEHHST BU3HAYAETHCS,
YH MOTPAUTH 00 €KT IO peKOMEH IaIlil.

Ha ocranHhOMYy eTami 3 XeI-Ta0uuil 00’ €KTiB Biji-
OUpPaOThCS CIEMCHTH 13 HAaHOITBIIMMU 3HAYCHHSIMH Ta
MePEAFOThCS K PEKOMEHAAMIl Ul LiIbOBOIO KOPHCTY-
Baya.

3. Pe3yabTaTH eKciepuMeHTIB IS
BU3HAYEHHSI TOYHOCTI 3aNIPONOHOBAHOI0O
MeToay PoOOTH peKoMeHAAIliiiHOI cucTeMHU

Byno mpoBeneHO excriepuMEHTANbHE JOCIIHKECHHS]
3aIpPOIIOHOBAHOTO METOAY pOoOOTH peKOMEHIaliiHOi cH-
cremu B P2P DHT mepexi. Pesynbrat npoBeneHux exc-
NepUMEHTIB HaBeeH1 y Tabu. 1.

Jnst mpoBesieHHsT eKCIIEPUMEHTIB BUKOPHCTOBYBa-
Jacs mporpamHa imitariiina mogens P2P DHT mepexi
Ta gaHi 3 garacety MovielLens [15], mo nepeBoaumucs
JI0 IOTpiOHOTO (hopMaTy, 30KpeMa, OLIIHKH ISl IPOCTOTH
Oynu TepeTBOPEHI Ha JalKW B OJHIN cepii eKcIieprMeH-
TiB Ta JaWKH 1 AU3NAMKY B iHIIINA cepii eKCTIePIMETIB.

Bynmn mpoBenmeHi HacTymHI cepii €KCIIEpHMEHTIB,
oo BiAPI3HAUTHUCS crOcoOOM OLIHIOBAaHHS 00’€KTIB Y
MporpaMHii MoOJeli Ta 00pOOKOIO pe3yIIbTaTiB!

— ¢akT BogoOaHHS KOpUCTyBadeM (ailry BH3HA-
4yaBcsl HasBHICTIO JialiKy (200 X iHIIA iHTeprpeTamis —
(axToM 3aBaHTakeHHs (ailiny) — ekcriepumenT Nel-3.

— BIJIHOLIEGHHSI KOpHCTyBaua a0 (aiiily BU3Ha4a-
J0Cs TaiKaMH Ta Jin3JaiikaMu — eKkcriepuMeHTH Nod-6.

— BIJIHOLIGHHsSI KOpHCTyBaua a0 (aiiny BuU3Ha4a-
J0Cs JIaliKaMu Ta n3jaiikaMy, KOKeH 3 HUX MHOXXHBCS
Ha koedimientT K=2 mepea 3amyCcKOM pO3paxyHKIB st
(hopMyBaHHS peKOMEHAAMINH — excrepuMeHTH Ne7-9.

— BIJHOLIEHHsSI KOpHCTyBaua a0 (ailily BU3Ha4a-
JOCst JIaKaM¥ Ta Jn3JaiikaMi, KOKeH 3 HUX MHOXKHBCS
Ha KoediuieHT K=5 mepen 3amyckoM po3paxyHKIB s
(dhopMyBaHHS pekoMeHaanii — excrepuMenTr Nel(0-12.

B Mexax Ko’KHOI cepii eKCIIEpIMEHTIB BUKOPUCTO-
BYBAJINCS Pi3HI PO3MipH CIUCKIB peKOMEHIAI, a came,
128, 512 ta 1024 06’€KTH y CIIUCKY.

JI1st OIIHKY SKOCTi pOoOOTH peKOMeHIaIiiHO1 cuc-
TEeMH BHKOPHCTOBYBAJIMCS HacTymHi wmertpuku [16]:
Precision (Tounicts), Recall (moBHoTa) Ta RMSE (cepe-
JHBOKBaJPATHYHA TIOMUIIKA):

Precision= _tr , (D)
tp+ fp
Recall(True Positive Rate) = _P_ , (2)
tp+ fn
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ae tp — pe3ynabTaTH, B SKMX TIO3UTHBHUN TPOTHO3 BUSBH-
Besi BipHuM; fp — pesynpTaTH, B SKMX MNO3UTHUBHHIL

MIPOrHo3 BHUSABUBCA NOMUIKOBUM; fn — pe3yIbTaTu, B
SIKMX HETaTUBHUMN IPOrHo3 BUABUBCA TIOMUJIIKOBUM.

Tabnuysa 1 — Pe3y1bTaTH eKCIIepUMEHTIB /IJIsl epeBipKH AKOCTi po0OTH 3aNIPONIOHOBAHOI0 METOAY

KinpkicTn Precision
G| Cos ooy | owtisy | ey | T e
MeHaaujii
1 Tinbku naiiku (a6o (GakT 3aBaHTAKEHHS) 128 0,7605 0,2033 0,5258
2 Tinbku naiiku (abo GakT 3aBaHTa)KCHHS) 512 0,7160 0,4443 0,4471
3 Tinpku naiiku (abo (akT 3aBaHTa)KCHHS) 1024 0,6917 0,6074 0,4052
Cepenne 3Hauennst | 0,7227 0,4183 0,4593
4 Jlaiiku Ta qu3nanku 128 0,7786 0,2082 0,5199
5 Jlaliku Ta qu3naiku 512 0,7530 0,4346 0,4324
6 Jlaliku Ta qu3naiku 1024 0,7382 0,5825 0,3812
Cepenne 3nauennst | 0,7566 0,4084 0,4445
7 Jlaiiky Ta AU3IalKK, TIOMHOXKEH] Ha k=2 128 0,7936 0,1969 0,5219
8 Jlaiiku Ta qu3naiiku, noMHoxeHi Ha k=2 512 0,7820 0,3880 0,4399
9 Jlaiiku Ta qu3naiiky, noMHoxeHi Ha k=2 1024 0,7765 0,4983 0,3941
Cepenne 3uauennst | 0,7840 0,3610 0,4519
10 Jlaiiku Ta gu3naiiku, momHoxeHi Ha k=5 128 0,8338 0,1507 0,5372
11 Jlaiiku Ta nu3naiiku, momHoxeHi Ha k=5 512 0,8391 0,2293 0,4976
12 Jlaiiku Ta qu3naiiku, nomuoxeHi Ha k=5 1024 0,8401 0,2529 0,4858
Cepenne 3uavenns | 0,8376 0,2109 0,5068

Takox AJ1s1 OLIHKH SIKOCTI pOOOTH PEKOMEH Ialliii-
HOI CHCTEeMH BHKOpHCTOBYBajacsi merpuka [16] RMSE
(cepemHPOKBAIPATHYIHA TOMHUIIKA):

L oS-, 3

RMSE =
|T| (ui)er

Jie 7yi — IPOTHO30BaHi PeHTHHTH (BIIOK00AHHS) UL TeC-
TOBOTO HaboOpy JaHWX 7 mMap KOpUCTyBad-o6 ekt (U, i);
Iy — CIIPaBXHI PEUTHHTH.

VYci nani 3 garacety Oynu nojineHi Ha pobodi Ta Te-
croBi. Ha ocHOBiI po6o4nX maHWX 3MIHCHIOBAUCS MPO-
THO3W BIIOJI00aHh KOPUCTYBadiB Ta (HOpMyBajucs CITU-
CKM pekoMeHzalii. Ha ocHOBI TeCTOBHX JaHHX NepeBi-
psiacsi TOUHICTh pekoMeHAalii 3a popmynamu (1)-(3).

Sk mokazanm pe3ysbTaTH eKCIEPUMEHTIB, HaBeIeHl
y Tabu. 1, Tounicts (Precision) 3anpomnoHOBaHOTO METOAY
BUSIBUJIACS JTOCHTH BHCOKOIO 1 BapiroBasacs y JiarasoHi
0,6917+0,8401 B 3amexHOCTI BiJ 0OpaHUX MMapaMeTpiB
cucremu. Haiikpami pe3ynsTatu Oyl OTpHUMaHi, KOJH
OyJa MOXKJTMBICTh BUKOPUCTOBYBATH 1 JIAMKH, 1 TU3TANKH
KOPHUCTYBadiB, a iX 3Ha4eHHS OYyJM MTOMHOMKEHI Ha Koe-
¢imient k=5.

IMoeuota (Recall) po3pobieroro metomy, Ha Kaib,
BUSIBUJIACS. HA3BKOIO Yepe3 Te, 110 METOJ 4acTO POOUTH
NOMUJIKOBI HEraTHBHI NPOrHo3u. Lle ko JHUM YHHOM He
BILUIMBAE HA TOYHICTh PEKOMEHAALii, TOMY 110 00’ €KTH 3
HEraTMBHHUM IPOTHO30M BII0JJ00aHb HE MOTPAILISIOTH JI0
CIHCKY PEKOMEHAIlii. AJe 1ie MOTIpIIy€e HATIOBHEHICTh
CIHCKIB, aJpke 0araTo eJIEMEHTIB, sIKi MOXKHA OyJIo JI0-
JIaTU J0 CIIMCKIB, BiICIFOIOTHCS.

CepeTHbOKBaIpaTUYHA TIOMIIIKA JTOCHTh HHU3bKA, i
3Ha4YeHHs BapiroBanmocs y miamaszoni 0,3812+0,5372 i
JIETI0 3MEHITyBaJIacs MPH 301IbIICHH] TOBXHHH CITHCKY
pEKOMEH /TaITiH.

BucHoBku

Byo 3anponoHoBaHO MeTO pOOOTH pEKOMEHIAIIIH-
HOI CHCTEeMH Ha OCHOBI K0JIaOOpaTUBHOI (ijbTparii 1is
OJTHOPAHTOBOI  JICIIEHTPAJIi30BaHOI  CTPYKTYPOBAHOL
KOMIT'IOTEpPHOI Mepexi 3 ajpecallielo Ha OCHOBI pO3MOi-
JICHUX XEI-TaOJHIIb.

Takox Oy10 MpoBEAEHO eKCIIepUMEHTAIBHE JIOCITi-
JUKEHHS 3allpOIIOHOBAHOTO MeTofdy. BoHo mokaszaro, 1mo
PO3pO0IIeHNIT METO/] Ma€ TIOCUTh BUCOKI HOKAa3HUKH TOY-
nocti (Precision) Big 0,6917 no 0,8401 B 3anekHOCTI Bij
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00paHMX napaMeTpiB CUCTEMH Ta HU3bKY CEpeIHbOKBA/I-
patuuny nomuiky Bix 0,3812 no 0,5372.

Haiikpamii pe3yapraT OTpuMaHi, KoJu Oyja MOX-
JIMBICTh BUKOPUCTOBYBATH 1 JIAWKH, 1 TU3TalKH KOPUCTY-
BayiB, a iX 3HAUCHHS MHOXHJIHCS Ha KoedimieHt K=5.

Hemomikom po3po6ieHoT0 METOTy € HU3BKi OKa3-
uuku nosHoTH (Recall), o BunMKaE yepes Te, M0 METO

4acTo poOHMTH NMOMWJIKOBI HeraTHBHI mporHosu. lLle He
BIUIMBA€ HAa TOYHICTh PEKOMEHALlil, ajie Moripirye Ha-
MIOBHEHICTh CIIMCKIB PEKOMEHAAIlI, apke Oarato eneme-
HTIB, SIKI MOJKHa OYJIO OJIaTH 10 HUX, BiJICIFOIOTBCS.

[ToBHOTOIO pekoMeHaallii 0yJ10 HOXKEePTBYBaHO IS
ajanTamii KoJabopaTUBHOI (QiNBTpaLii 10 apXiTeKTypH
P2P mepex.
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Method of working of a recommender system
in a peer-to-peer computer network

V. Mikhav, Ye. Meleshko

Abstract. The article is devoted to the development of a method of work of recommendation systems in decentralized
peer-to-peer computer networks. There are a large number of methods of recommendation systems for websites and applications
designed for centralized computer networks. At the same time, the research of decentralized peer-to-peer networks has shown that
the issue of creating recommendation systems for such architecture was practically not considered. The research of methods of
work of structured decentralized peer-to-peer computer networks has been conducted, and generalized principles of their work are
presented. The method of work of a recommendation system based on collaborative filtering for a structured decentralized peer-
to-peer computer network with addressing based on distributed hash tables is proposed. To present the data of a recommendation
system two data structures were used: the unrolled linked lists and the hash tables with open addressing. Also two types of unrolled
linked lists were used: associated with users — contained lists of objects they like and associated with objects — contained lists of
users who liked the appropriate objects. Each computer in a decentralized network has a preference list of associated with its user
and preference lists of associated with objects located on it. The information missing on the current computer was accessed by
requests to other computers using the corresponding IDs organized by a distributed hash table of a peer-to-peer decentralized
network. An experimental research of proposed method of work of a recommendation system was conducted. It showed that the
developed method has quite high Precision and a low RMSE. The disadvantage of the developed method is the low Recall, that is
due to the fact that the method often makes false negative predictions. This does not in any way affect the accuracy of the recom-
mendations, because objects with a negative prediction of preferences do not fall on the lists of recommendations. But this impairs
the fullness of recommendations because many elements that could be added to them are rejected.

Keywords: recommendation systems, collaborative filtering, computer networks, peer-to-peer networks, decentralized
networks, distributed hash tables.
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METHOD OF ANALYSIS OF QUALITY INDICATORS OF COMPUTER NETWORK

OF INFORMATION SYSTEM OF CRITICAL APPLICATION

Abstract. Topicality. Our time is characterized by rapid growth in the number and quality of various computer systems. An
increasing number of users, both in their daily and professional activities, need data transmission and Internet access services in
addition to traditional communication services. The network infrastructure created as a result of convergence should provide the
needs of preferably all service users. But in order to ensure the necessary quality of service, it is necessary not only to have infor-
mation about the state of the telecommunications network, but also to be able to forecast it. This fact requires improving the analy-
sis of quality indicators characterizing the state of the telecommunications network. The purpose of this work is to develop a
method of analyzing quality indicators of a computer network of a critical application information system. The object of the re-
search is the process of functioning of the computer network of the information system of critical application. The subject of the
study is the methods of analyzing the quality indicators of the computer network of the information system. The results. In this
work, an analysis of the main indicators of the quality of the telecommunications network, which are basic in the provision of ser-
vices. Based on the received information, 6 states of the telecommunication network were formalized and classified, in which it is
possible to provide non-essential quality of service for various types of traffic. The developed method of analyzing the quality in-
dicators of the computer network of the information system of critical application is planned to be used in the future to ensure the
quality and reliability of the functioning of computer systems of critical application.

Keywords: computer systems, computer network, critical application information system, traffic, quality indicators.

Introduction

Formulation of the problem. The modern period
of development of the information society corresponds
to an ever-increasing increase in demand for infocom-
munication services. These services are provided by a
variety of computer systems, including critical ones. An
increasing number of users, both in everyday and pro-
fessional activities, along with traditional communica-
tion services, require data transmission and Internet ac-
cess services. Today, it is generally accepted that cir-
cuit-switched and packet-switched networks are gradu-
ally evolving towards the creation of a common infra-
structure. The infrastructure that emerged as a result of
convergence must ensure the transport of telephone
network traffic, television networks, and application
traffic that traditionally uses Internet networks. Such a
convergence scenario offers both economic gains from
the convergence of technologies and determines the
development of the telecommunications sector through
the creation of new services. However, the process of
convergence has so far proceeded rather slowly. And
here one of the dominant ones is the problem of provid-
ing the necessary quality of service, which is one of the
main inhibitory factors in the process of convergence of
networks and services. In addition to the standard set of
services that are currently provided by telecommunica-
tions networks, the following services can be distin-
guished: voice transmission; video calls; video confer-
ence; data transfer; Internet surfing; voice transmission
for corporate subscribers.

In this regard, new requirements for the quality of
service are put forward, involving the solution of the
following tasks:

— prioritization and differentiation of traffic;

— providing information flows with the necessary
network resources;

— improving transmission reliability;

— network congestion prevention;

— shaping network traffic for smoothing and cre-
ating a more uniform flow.

Different types of traffic have different network
resource requirements and require different classes of
service. In this regard, to ensure the required quality of
service, it is necessary not only to have information
about the state of the telecommunications network, but
also to be able to predict it.

From the foregoing, we can conclude that the task
of analyzing quality indicators that characterize the state
of a telecommunications network and classifying the
states of a telecommunications network is relevant.

Analysis of recent research and publications.
The increasing rate of use of new information technolo-
gies leads to an increase in the number of services pro-
vided by the telecommunications network. According to
studies [1], the dynamics of Internet traffic growth over
the past ten years is 70-150% per year, i.e. On average,
every year the amount of information transmitted over
the network doubles.

Existing studies show that network technologies
are far ahead of theoretical and analytical understanding
of network interactions in their growth. Highly special-
ized and limited telecommunication problems of the
past years are well studied and mathematically formal-
ized, in particular, based on the provisions of the queu-
ing theory [2]. Attempts to formalize and classify the
states of a telecommunications network were carried out
in [3, 4]. However, the traditional principles of theoreti-
cal analysis and existing methods do not meet the nec-
essary requirements of the modern period of develop-
ment of telecommunications. To date, information about
the state of the network is represented by a set of values
of quality indicators. This set of quality indicators is not
standardized. For various reasons, the problem of classi-
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fying the states of a telecommunications network is cur-
rently not well understood. There is currently no single
approach to grading the states of a telecommunications
network. All this leads to the fact that providers evaluate
their capabilities differently, which in turn leads to an
unjustified decrease in the quality of service.

The purpose of this work is to analyze the quality
indicators used to assess the state of a telecommunications
network, formalize and classify the states of a telecommu-
nication network, as well as analyze the requirements of
various types of traffic to network resources.

Main part

The state of the telecommunications network is
characterized by a certain set of quality indicators. Ac-
cording to ITU-T Y.1540 [5] and ITU-T Y.1541 [6], it
is possible to identify the main indicators of the quality
of the network, which are basic in the provision of ser-
vices: number of lost IP packets (IPLR); number of
packets with errors (IPER); delay (IPTD); jitter (IPDV).

Number of lost IP packets (IPLR). Packet loss oc-
curs when the value of delays in the transmission of
packets exceeds the normalized value Tmax. The main
reason for packet loss is the growth of queues in network
nodes that occurs during congestion. The IPLR parameter
for a certain time interval t is defined as follows:

IPLR=ZLP/ZRP, )
t t

where LP — is the number of lost packets; RP — num-
ber of received packets.

Number of packets with errors. The IPER parame-
ter for a certain period of time t is defined as follows:

IPER :ZRPE/ZRPS+ RPE, (3]
t t

where RPE — number of packets received with errors;
RPS — number of successfully received packets.

IPER depends mainly on the data transmission sys-
tems used at the physical layer of the network. The use
of cables with optical fibers makes it possible to achieve
high reliability of the transmitted information.

Delay (IPTD). The IPTD parameter is defined as
the time (t2 - t1) between two events - the packet enter-
ing the network input point at time t1 and the packet
output from the network output point at time t2, where
(t2 > t1) and (t2 > t1) <= Tmax, where Tmax is the
maximum delay for various applications. IPTD includes
the following components:

IPTD = Tnak"' Tcpe()w + Tcemu + Tﬁy(j), (3)
where Tpack is the time to form a packet, depends on the
type of traffic; Tmedium - Signal propagation in the transmis-
sion medium, does not depend on the type of traffic; Tt
works - transportation over a packet network (processing in
network nodes), depends on the type of traffic; the most
unpredictable and quality-reducing component of IPTD;
Thut - delay in the receive buffer, depends on the type of
traffic, service discipline, traffic priority (SLA)

In general, the IPTD parameter is defined as the
packet delivery time between source and destination for all
packets, both successfully transmitted and those affected
by errors. The average packet delivery delay is defined as

the arithmetic mean of packet delays in a selected set of
transmitted and received packets. The value of the average
delay depends on the traffic transmitted in the network and
the available network resources, in particular, on the
bandwidth. An increase in load and a decrease in available
network resources lead to an increase in queues at network
nodes and, as a result, to an increase in average packet de-
livery delays. Voice information and partly video infor-
mation are examples of traffic sensitive to delays, while
data applications are generally less sensitive to delays.
When the packet delivery delay exceeds certain Tmax val-
ues, such packets are dropped. In real-time applications
(such as IP telephony), this leads to poor voice quality. The
limitations associated with the average latency of IP pack-
ets play a key role in the successful implementation of
Voice over IP (VolIP), video conferencing, and other real-
time applications. This parameter largely determines the
willingness of users to accept such applications.

Jitter (IPDV). This parameter began to be tracked
quite recently, it is of the greatest importance for multi-
media traffic. IPDV manifests itself in the fact that suc-
cessive packets arrive at the recipient at irregular times.
In IP telephony systems, this leads to sound distortion,
and as a result, speech becomes unintelligible. Current-
ly, there are several approaches for the numerical esti-
mation of the parameter IPDV:

IPDV = Xy — d12, 4)
where Xy the absolute value of the delay in the delivery of
a packet with index k; di is the reference value of the
packet delivery delay for the same network points (input
and output), defined as the absolute value of the first
packet delivery delay between these network points;

IPDV = mean (abs (ti — ti_1)); (5)

IPDV = mean (abs (i — ai)), (6)

where t; is the network delay of the i-th packet; a; is the
time of receipt of the i-th packet;

IPDV = mean(P; )+ mean(N;), @)
Pi=t—Djatti>Dj, Ni=Di—tjat tj<D;j,
where D; — average delay estimate/
Based on the recommendation ITU-T Y.1540 [5],
depending on the accepted values of the performance

parameters of a telecommunications network, 6 classes
of service can be distinguished (Table 1).

Table 1 — Compliance of classes of service with performance
parameters of a telecommunications network
Class 0| Class 1 | Class 2 |Class 3|Class 4| Class 5
120mc | 450mc | 120mc | 450mc lc -
75mc | 75mc - - - -
0,001 | 0,001 | 0,001 | 0,001 | 0,001 -
0,0001 | 0,0001 | 0,0001 | 0,0001 |0,0001 —

Param.
IPTD
IPDV
IPLR
IPER

Based on the proposed classes of service, it is possi-
ble to consider the requirements of the main types of traf-
fic to network resources and identify the states of the tel-
ecommunications network under which it is possible to
provide the required quality of service for various types
of traffic. The main types of traffic encountered in tele-
communication networks are: interactive audio and vid-
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eo; streaming video; streaming audio; interactive data
traffic; game traffic; administrative traffic; the rest of the
traffic. The sensitivity of various types of traffic to the
main indicators of the quality of the network, which are
basic in the provision of services, is presented in Table 2.

Table 2 — Sensitivity of different types of traffic
to network characteristics

. Sensitivity level
Type traffic Losses Delay Jitter
Voice Medium High High
E-commerce High High Low
Transactions High High Low
Email High Low Low
Telnet High Medium Low
Web search Medium i | Medium Low
Constant web search High High Low
File transfer Medium Low Low
Video conference | Medium i High High
multicasting High High High

Interactive audio and video. This type of service
is mainly defined by telephone calls (VolP), low-
resolution audio and video conferences. According to
studies [7], [8] and standards [9], [10], one-way delay
should not exceed 150ms, jitter 30-50ms, since exceed-
ing this threshold greatly affects the quality of speech
perception. At delay values less than 100ms, service
users do not notice it. Packet loss values should not ex-
ceed the threshold of 1 - 5% depending on the codec.
The class of service that best meets these requirements
according to [5] is 0.

Streaming video. First of all, these are such ser-
vices as television broadcasting, video on demand (Vid-
eo on Demand). The following general requirements are
true for them [6]: good video quality; high readiness;
average interactivity - determined for the reverse flow
(from the user).

These requirements must be translated into values
for the requirements for the transport of data over a tele-
communications network. Due to the large size of a sin-
gle stream (from 3.5 Mbps for MPEG-2 and from 2
Mbps for H.264) and the coding principles used, there
are increased requirements for packet loss.

From recommendation J.241 [6] for excellent qual-
ity of service (ESQ), the IPLR value should be minimal.
It should also be noted that the delay parameter can vary
greatly depending on the video streaming service. In
particular, for video on demand, “network video record-
er” and services of similar architecture, these require-
ments increase, as more interactivity is required.

Since the latter services are more demanding on
the performance parameters of telecommunication net-
works, it makes sense to determine the threshold value
for these services as well. According to Addendum 3
dated 05.2008. to recommendation Y.1541 [11], the
values of IPTD, IPDV, IPLR, IPER correspond to ser-
vice class 5 of the recommendation itself. Studies [12,
13] confirm the values indicated in [14].

Streaming audio. First of all, these are such ser-
vices as radio broadcasting, audio on demand (Music on
Demand). For this type of traffic, the values of the per-
formance parameters of the telecommunications

network according to [5, 15] fit into classes 0, 1. For in-
teractive services (Music on Demand), the service class is
0, for broadcasting services, the service class is 1

Interactive data traffic. This class of traffic should
include web surfing, telnet, ssh, interactive messaging
(for example, chat) [14]. The class of this traffic is 2.

Game traffic. The values of the performance pa-
rameters of a telecommunications network according to
studies [16 — 18] correspond to service class 0, which
contradicts the recommendation [19]. The delay value
for good and excellent quality of service should not ex-
ceed 100 ms, the jitter value should be less than 50 ms,
and the packet loss rate should remain below 1%.

The rest of the traffic. As a rule, this is the traffic
of file sharing, mail services and other less important
services. Service class - 4. Depending on the type of traf-
fic, 6 states of the telecommunications network can be
distinguished. In all states of the telecommunications
network, it is possible to transfer both traffic specialized
for a given state and traffic with a lower priority. The
state of the telecommunication network "0" is intended
for real-time information exchange (in particular, for
speech using IP technology). It provides for the creation
of a separate queue with priority processing of packets.
The "0" state is characterized by restrictions on the prin-
ciples of routing (the maximum number of transits) and
the allowable distance between interacting terminals (the
propagation time of signals). Interactivity (probability of
using interactive mode) for state 0" is defined as "high".

The state of the telecommunications network "1™ is
also intended for real-time information exchange, but
with less stringent requirements. Therefore, less signifi-
cant restrictions are imposed on the principles of routing
and the propagation time of signals than for the "0"
state. It also provides for the creation of a separate
queue with priority processing of packets.

The state of the telecommunications network "2" is
focused on data exchange with a high degree of interac-
tivity. As well as the state "0", the level of high interac-
tivity is assigned. In this state, in particular, signaling
information is transmitted. State "2" is characterized by
the same restrictions on the principles of routing and
propagation time of signals as for state "0". For packets
in this state, their own processing queue is formed,
which is carried out with the second priority. This
means that packets in the telecom network state "0" and
"1" have priority for processing.

Telecommunication network state "3" is intended
for exchange with a lower level of interactivity, it has
the same restrictions on the principles of routing and
signal propagation time as state "1". Packets in this state
should be serviced with second priority. This state is
considered acceptable for interactive communication.

Telecom network state "4" is intended for the ex-
change of various information with a low probability of
loss (short transactions, streaming video, etc.). Long
queues of packets are allowed for processing, which is
carried out with the second priority. There are no re-
strictions on the routing and delivery time of messages.

Telecom network state "5" is oriented towards those
IP applications that do not require high quality of service.
The corresponding packets form a separate queue; service
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is carried out with the lowest priority (in this case, it has
the third number). There are no restrictions on the routing
and delivery time of messages.

Conclusions

An analysis was made of the main indicators of the
quality of the telecommunications network, which are
basic in the provision of services, namely, the number of
lost IP packets (IPLR), the number of packets with errors
(IPER), delay (IPTD), jitter (IPDV). Depending on the

accepted values of the performance parameters of the tele-
communications network, based on the recommendation of
ITU-T Y.1540, 6 classes of service have been identified.
The main types of traffic encountered in telecommunica-
tion networks are considered, an analysis of the require-
ments of various types of traffic to network resources is
carried out. Based on the information received, 6 states of
the telecommunication network are formalized and classi-
fied, under which it is possible to provide the required
quality of service for various types of traffic.
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MeTtoa aHa i3y NOKa3HUKIB IKOCTi KOMII'IOTepHOI Mepexki iHopManiiiHOT cMCTeMH KPUTHYHOIO 32CTOCYBAHHS
M. O. Moxaes, B. M. Ilepeciuancekuii, B. €. Por, O. M. Bensopin-Eppepa

AHoTaunisi. AKTyaJabHicTh. Hamr yac xapakrepu3yeTscst CTPIMKIM 3pOCTaHHSIM KUTBKOCTI Ta SIKOCT1 pi3HOMaHITHUX KOM-
MOTEPHUX CHUCTEeM. Bce OLIbIIii KiTBKOCTI KOPUCTYBAYiB, SIK Y OBCAKACHHIN, TaK 1 B MpoQ)eciiiHiil MisUTBHOCTI, TOPSA 3 TPaIu-
LiHHUMH TIOCITyTaMH 3B'SI3Ky TOTPIOHI MMOCTYTH Mepeadi JaHuX Ta IOCTyIy 1o [HTepHeTy. MepeskeBa iHppacTpyKTypa, m0 BU-
HUKJIA B Pe3yJIbTaTi KOHBEPIeHIlil, MOBHHHA 3a0e3neuyBaT noTpedn 0axaHO BCIX CIIOXKMBAYiB MOCTYT. Ane A 3a0e3MeueHHs
HEeoOXiHOT SIKOCTi 00CTyroByBaHHsI HEOOXIAHO HE TIIbKM MaTH iH(GOPMALIIO PO CTaH TeJIEKOMYHIKaliifHOT Mepexi, ale i BMiTH
fioro mporHo3yBaty.. Lleit ¢akt morpedye MoKpalieHHs aHaNi3y MOKa3HUKIB SKOCTI, 110 XapaKTepU3yIOTh CTaHy TEJIEKOMYHiKa-
HiifHOT Mepexxi. MeTolo 1aHoi po6oTH € po3poOKka METOAy aHalli3y MOKa3HHUKIB SKOCTI KOMI'IOTepHOI Mepexi iHdopmariitHoi
CHCTEMH KPUTHYHOTO 3acTocyBaHHS. O0’€KTOM JoCTiTKeHHs € Tporiec QYHKIIIOHYBaHHS KOMITTOTEPHOI Mepexxi iHhopMaiii-
HOI CHCTEeMH KPUTHYHOTO 3acTocyBaHHs. IIpeAMeTOM NOCiKEHHsl € METOJM aHaJli3y MOKAa3HHKIB SKOCTI KOMII'TOTEPHOI Me-
pexi inpopMmariitHoi cucremu. Pe3yabraTu. Y maHiil poOOTi MPOBENEHO aHANI3 OCHOBHUX MMOKAa3HUKIB SKOCTI pOOOTH TEIEKOMY-
HIKaIliifHOT Mepexi, sSKi € 6a30BUMH IPU HaJlaHHI MOCTyT.. PO3TsiHyTO OCHOBHI THIH TpadiKy, M0 3yCTPIiYalOThCS B TEIEKOMY-
HIKaI[IfHUX Mepexax, MPOBEICHO aHali3 BUMOT Pi3HOro BHAY Tpadiky 0 pecypciB Mepexi.. BucHoBok. Ha ocHOBI oTpumaHoi
iHpopmanii popmaiizoBaHo Ta kiaack}ikoBaHO 6 CTaHIB TENEKOMYHIKAI[IHHOT Mepexi, MPH SKUX MOXJIMBE 3a0e3MedYeHHs] Heo0-
XiTHOT SIKOCTI 00CITyroByBaHHS [UIsl Pi3HUX BUAIB Tpadiky. Po3pobieHuii MeTo | aHasi3y MOKa3HHUKIB SIKOCTI KOMIT'IOTEPHOI Me-
pexi iHpopMaliliHOI CHCTEMH KPHUTHYHOIO 3aCTOCYBAaHHS IUIAHYEThCS BHKOPHCTOBYBATH Yy INOJANBIIOMY IS 3a0€3IEUCHHs
SIKOCTI Ta HAIIMHOCTI (DYHKLIOHYBaHHS KOMIT'TOTEPHUX CHCTEM KPUTHYHOI'O 3aCTOCYBAHHSI.

Kaw4oBi cmoBa: KoMm'toTepHi cucTeMH, KOMIT'IOTEpHOI Mepexi, iHdopmaliiiiHa cucTeMa KPUTHYHOTO 3aCTOCYBaHHS,
TpadiK, MOKA3HUK SIKOCTI.
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METO/J BUABJIEHHA BTPYYAHHSA B KOMIT'FOTEPHI CUCTEMMU
EJIEKTPOHHOI'O OBIT'Y JOKYMEHTIB

AHoTanisi. AkTyaabHicTh. Ham gac xapakTepn3yeTbest CTPIMKIM 3pOCTaHHSIM KUIBKOCTI Ta SIKOCTi PiI3HOMAaHITHHX KOM-
M'IOTEpHHUX CHCTEeM. 3HaYHA KUTBKICTh 3 HAX HAJISKHUTH 1O KOMIT'IOTEPHUX CHCTEM eJIeKTPOHHOTO 00iry mannmu. Takuii 06ir
noTpedye BUKOPUCTAHHS HaJIIHUX CHCTEM 3aXHCTY, 1[0 HE 3aBXKIH Ma€ MIiCTO y peabHOMY HTTi. Lle# akT Bumarae yno-
CKOHAJICHHS ICHYIOUMX Ta PO3pOOKYy HOBHX METO/IB BUSBJIECHHS (PaKTiB HE JOCTOBIPHOTO (YHKLIOHYBAaHHS TaKUX KOMII'FO-
TepHUX cucteM. MeTor0 1aHoi podoTH € po3poOKa METOLY BUABJICHHS BTPYYaHHS B KOMII'IOTEPHI CHCTEMHU EJIEKTPOHHOTO
00iry mokymeHTiB. O0’€KTOM A0CTiIKeHHS € poriec PYHKIIOHYBaHHS KOMITIOTEPHUX CUCTEM EIEKTPOHHOTO 00iry A0Ky-
MeHTamu. [IpeameToM rocTiIKeHHSI € METO/IU Ta AITOPUTMU BUSIBIICHHS BTPYYaHHs B KOMI'TOTepHI cuctemu. PesyabraTu.
VY nasiit po6OTi 3aIPONIOHOBAHO METOJ BUSIBICHHS BTPYYaHHsS B KOMI'IOTEPHI CHCTEMH EJIEKTPOHHOTO 00ir'y JOKyMEHTIB.
J171st BUSIBIICHHS BTPYYaHHS B KOMITIOTEPHI CHCTEMH BHKOPHMCTAaHO ITPUHIUITY aJITOPUTMY KOIyBaHHs 3a XeMMiHroM. Jlanuit
METOJ] MOKe OyTH YaCTHHOIO MO)Ke OyTH YaCTHHOIO CHCTEMH METOJIB BHSBIICHHS BTPYYaHHS B KOMI'IOTEPHI CHCTEMH
€JIEKTPOHHOT0 00Iry JOKYMEHTIB, SIKY B CBOIO Uepry MOXKHA BUKOPHCTATH JUIs (DYHKIIOHYBaHHS Pi3HOMaHITHHX B KOMII I0Te-
PHUX CHCTEM KPUTHYHOTO 3aCTOCYyBaHH:S. BHCHOBOK. P0o3poGiieHHI METO/ BUSIBJICHHS BTPYYaHHS B KOMITFOTEPHI CHCTEMH
€JIEKTPOHHOTO 00Iry JOKYMEHTIB IJIAHY€ThCS BUKOPUCTOBYBATH y HMOAAIBLIOMY JIA 3a0€3MeUeHHS SKOCTi Ta HagiiHOCTI
(YHKLUIOHYBaHHS KOMITIOTEPHUX CHCTEM EJIEKTPOHHOTO 00iry JOKYMEHTIB.

Kaw4voBi c1oBa: KOMI'IOTEpHI CHCTEMH, €ICKTPOHHUHN 00Ir TOKYMEHTIB, alTOPUTM KOJYBaHHS, CICKTPOHHUNA IT(pPO-

BUH miAnuc, Kpuntorpadis, Xem-KoIm.

Beryn

P0o3BHUTOK CyCIUILCTBAa BU3HAYAETHCS PIBHEM TOMi-
HyBaHHs iH(pOpMaliiiHOro cepenoBuiia. I[Hpopmariis
CTaja HeBil’€MHOIO CKJIQIOBOIO (DYHKITIOHYBaHHS BCiX Cy-
CHIJBHUX YCTAHOB 1 )KUTTS JIOJUHU 30Kpema. LIIBuakuii
PO3BHTOK 1 BIPOBaKEHHS CYYaCHHUX 1H(pOPMAIiITHO-KO-
MYHIKAIlIHHUX TEXHOJIOTIH CTaB NMPHYMHOK TII00ATBHOT
TpaHcQopMarlii iHIyCTpiadbHOTO CyCIUTLCTBA B iHQOpMa-
uiitae. Bee Oibina yacTuHa iHpopMariii 30epiraeThes i me-
pelaeThes B €eKTPOHHOMY BT, TexHIUHMIA mporpec,
00yMOBJICHHI PO3BUTKOM 1H(OPMALIHOTO CyCIUILCTBA
niepezidayae BAKOPUCTAHHS TEXHOJIOTI €leKTPOHHOT0 00-
MiHy JaHuUMH. [1J1s1 yIpaBiliHHS €KOHOMIKOIO, JEPIKaBoIo,
CHJIOBUMH CTPYKTYpaMH Bce OUIbIlIe BUKOPHCTOBYIOTHCS
PI3HOMaHITHI KOMITTOTepHI cucTemMu. llepexinm mo enek-
TPOHHOTO JOKYMEHTOOOIry, HacamIiepes, MOB’s3aHHi 3
HH3KOIO IlepeBar Horo BUKOpucTaHHs. EsnexTpoHHUA 110-
KyMEHTOOOIT J03BOJISIE CYTTEBO CIPOCTHTH POOOTY TIO (o-
PMYBaHHIO, 30epe)KeHHI Ta BiAMIPaBIl BaXXIMBOI iHQopMa-
wii [1-3] Ta moTpedye CTBOPEHHS CIELiali30BaHUX KOMIT -
IOTEPHUX CHCTEM eJIEKTPOHHOTO 00iry JoKyMeHTiB. Lle
MOPOKY€E 3HAYHY KUTBKICTh YaCTKOBHX IMpoOieM Ta 3a-
Ja4, [Ki OB’ s13aHi 31 crienn(ikor0 eIeKTPOHHOTO OOMIHY
JIAHUMH.

EBodrorist iH(pOpMamifHOTO CYCHUIBCTBA CHPHUSE
aBTOMAaTH3aIlii JIFOJACHKOI MisNIbHOCTI, 30KpeMa IIUpo-
KOMY BIIPOBAJDKEHHIO eNeKTpOHHHX HokyMeHTiB (EJI),
CHCTEM EJIEKTPOHHOTO JIOKYMEHTOOOIry Ta eleKTpOH-
Horo nudposoro nianucy (ELIT). Lle oueBnaHo Ha npu-
KJaJi KoMIT'IoTepu3anii ynpasiiHcbkoi chepu. Emext-
POHHHI JOKYMEHTOOOIT — [1€ CYKYIIHICTb ITPOLIECiB CTBO-
peHHsI, OIpALIOBaHHS, BiJIPABICHHS, IepeIaBaHHs,
ojepkaHHs, 30epiraHHs, BUKOPHUCTAHHSI Ta 3HHUIICHHS
EJl, sixi BUKOHYIOTBCSI i3 3aCTOCYBaHHSIM TIEPEBIPKH ITiTi-
CHOCTI, 1 B pa3i HE0OXiTHOCTi, — 3 MATBEepIKEHHAM (a-
KTy OJ€pIKaHHS TaKHX TOKYMEHTIB [4—7].

Buxopuctanus EJ] oTpuMano mupoke po3noBCIo-
JDKEHHS B TAKHX c(hepax JIF0JICHKOT AisUTbHOCTI, SIK OCBiTa,
MeIUIMHA, Aep)KaBHE YIPaABIiHHS Ta IHIIKX. AJle 3 po3-
BUTKOM Cy4YacHHX iH(OPMaIiifHO-TEXHIYHUX MOKJIIHBO-
CTeH BHHUKAIOTh HOBI PU3UKH Ta 3arpo3H, IO MPHU3BO-
JSITh 710 HEKOPEKTHOTO (DYHKI[IOHYBaHHS CUCTEMH eJIeK-
TPOHHOT'O JIOKYMEHTOO0Iry, 3HHKEHHS HaJ[ii{HOCTI, a Ta-
KOXX 3HA4HMUX MaTepiaJbHuUX BTpar. Tomy, BHKOpHC-
TaHHS €JIEKTPOHHOTO JJOKyMEHTO00Ir'y 000B’I3KOBO Ma€e
CYIIPOBOJIKYBATHCS HaIIHHOIO CHCTEMOO 3axucTy [8].

JI0OKyMEHTOOO0IT B IeprkaBi € CHCTEMOFO, III0 MaTepi-
anizye mporecy 30upaHHs, IIepeTBOPEHHs, 30epiraHHs iH-
(hopmarrii, a TaKOX MPOIIECH YIPABIiHHSI: MIATOTOBKY Ta
OPUAHATTS pillieHb, KOHTPOJIB 32 iX BUukoHaHHsIM [ 18—20].
EdextrBHE BNpPOBa/KEHHS TEXHOJIOTIH ENEeKTPOHHOTO
ypsTyBaHHsI HEMOJKITHBE 0€3 PO3TrOpTaHHS eJIEKTPOHHOTO
JIOKYMEHTO000ITy 13 3actocyBanHsaM TexHosorii ELIT. Ko-
PHUCTYBaHHS CHCTEMOIO EJIEKTPOHHOTO OOMiHY JaHHUMH
MOKJIMBO JIMIIIE 3 BAKOPUCTAHHAM HA/IITHNX CHCTEM 3aXH-
cry. [Ipobrema rapaHTyBaHHS IIUTICHOCTI E€IEKTPOHHUX
JIOKYMEHTIB € MepIIoYeproBUM 3aBJIaHHSM B IIPOILIEC] ele-
KTPOHHOTO JIOKYMEHTOO0O0ITYy. 3aBIaHHs HAaAIHHOTO 3aXU-
cry koH(ineHuiiaux EJ] Bif HECAHKIIOHOBAHOTO JIOC-
TYIy, 3aXUCTY IHTEJIEKTYaJIbHOI BIIACHOCTI, aBTOPCHKHX
TIpaB BUPIIIYEThCS BXKe TpuBaiwid dac. [Ipote, meski mu-
TaHHA PO3POOKH HAIIIHNX METOIB 3a0e3medeHHs iHpop-
MmartiiiHoi Oesnekn EJl me moTpeOyroTh BupimeHHS. Y
HAlll Yac BEJIMKUi 30MTOK HAHOCUTBCS CYCIIBCTBY TAKUM
HETaTHBHUM SIBHIIEM, SIK MiIpoOKa IIHHUX JOKyMEHTIB.
3aco0u BUSBICHHS MiAPOOKH B TPAAUIIIIHIX TOKYMEHTaX
JIABHO 1 JIOCUTbH YCITIIITHO PO3BUBAIOTHCS. 3aB/IaHHS BHSIB-
neHHs (anbcudikamii B eIeKTPOHHUX JIOKyMEHTax € JI0-
CTaTHBO CKJIAHUMU 1 OTPEOYIOTH BEIMKOI KUIBKOCTI pe-
CypciB Uit cBOro po3B’si3aHHs [12—13]. Damscudikaris
CJICKTPOHHHUX JIOKYMEHTIB MOXE CTaTH HEIONpPaBHUM
SIBHIIIEM, OCKUIbKH HAalIMEHIIIi 3MiHU B JOKYMEHTI MOXKYTh
JIOKOPIHHO 3MiHHUTH HOTO CYTb.
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EnexTpoHHMI JOKYMEHTOOOII Mae BaXKIIMBE 3Ha-
YeHHsI JUIS JIIOJICTBA 1 TPpa€ BEJIMKY POJIb TaK, SIK 1 Mpo-
6nema ¥oro 3axucry. OnHak, cepe] BEIHKOI KibKOCTI
ICHYIOUMX METOJIB 3aXHCTy €JIEKTPOHHUX JOKYyMEHTIB
JKOJICH 3 HUX HE JIa€ MMOBHOI rapaHTii iHpopmariiiHoi 6e3-
meKu. BiCyTHICTh e(eKTHUBHUX METO/IB 3aXHCTY CJIEKT-
POHHUX JOKYMEHTIB € KEPEJIOM IOCTIHHOTO TOIIYKY
HOBHX DillleHb, B YUCII SIKUX € Cy9acHa Kpunrorpadis ta
creraHorpadisi Ha OCHOBI BUKOPUCTAaHHS KOMII IOTEPHUX
TexHoJori#. bararo mpars nprcBsIYeHO anTropuTMaM Mo-
OyZOBH €JEKTPOHHOTO IU(PPOBOTO IiINICY 32 PI3HIMH
cxemMaMmu. J{ocipKeHHs TOKa3yoTh, 110 MUTaHHS PO3po-
6xu anroputmiB noOynosu EIII Oynu i 3anumaroTbes
aKTyaJIbHUMH BIPOJIOBXK OCTaHHIX POKIB.

TakuMm 4MHOM, TiJCYMOBYIOYH BHINECKa3aHE, MO-
JKHA CTBEPJDKYBATH, L0 ICHY€E BEIHUKUII PO3PUB MiX I10-
TpeOaMu B 3aXUCTI €IEKTPOHHUX JOKYMEHTIB 1 MOXIIH-
BOCTSIMH, SIKi MOXYTh T'apaHTyBaTH iCHYIOYl METOIUKH.
Tomy 3agada CTBOPEHHSI METOIIB BUSBICHHS Ta IPOTUAI]
(danbcudikamisaMm eIeKTpPOHHUX JOKYMEHTIB € aKTyallb-
HOIO JUISI HAyKOBHX JOCIIDKEHb Ta PO3pOOOK.

Metoro wi€i podoTH € po3poOKa METOIy BHSB-
JICHHS] BTPY4YaHHSI B KOMITIOTEPHI CHCTEMH EJIEKTPOH-
HOT'O 00Ir'y IOKYMEHTIB

OcHOBHA YacTHHA

JocroBipHicTh Tepenadi, 0OpoOKu Ta 30epiraHHsa
SJICKTPOHHMX JOKYMEHTIB B HaIll Yac € BKPail BAXIIMBUM
3aBIaHHAM. EQEeKTHBHUM CIIOCOOOM BHUPIIICHHS JaHOL
po0JIeMH € BUKOPHCTaHHS HAIJIMIIKOBOTO XEIIyBaHHS
iHpopmanii. BeeneHHs HaumMmkoBoi iHpopMarii B iH-
(dopmarliro, sSKa MePeIacTbCsi MEPEXKEI0 3a0e3nedye Mo-
JKITUBICTh BUSIBJICHHS 1 BUIIPABJICHHS! IOMHJIOK Ha CTO-
poHI oTpuMyBaua iHpopMaliiHOro NoBigOMIIeHHS. Ma-
TeMaTH4YHa Teopis MoOyJ0BM HAUIMIIKOBUX (3aBagoc-
TIHKHUX) KOJIIB 3apa3 Mae Benuki gocsarueHHs. [Ipore, ic-
Hy€ BEJUKHH PO3pPHB MK PIBHEM TEOPETUYHUX IOCST-
HEHb TeOopii 3aBaJOCTIHKOTO KOTyBaHHS 1 pIBHEM pe3yITb-
TaTiB MPAKTHYHOTO BUKOPUCTAHHSI qaHoi Teopii [5-11].

BBesieHHST HAUIMIIKOBOCTI J1a€ MOMJIMBICTD BHUSIB-
JICHHS 1 BUIIPABJICHHS MOMIUIOK B iH(pOpMAIIii, sika Tepe-
JaeThes 1 Moke OyTH 3MiHeHa mif yac mepenadi. OmHaK,
JI0 IILOT'O BiJIOMi KOPETyIOUli, IIUKJIIYHI KOIU, KON XeMMi-
ura, Pima-CosiomoHa, omucani B gocmipkennsx [14-21],
He TPUIATHI JUTs BUPILIEHHS [TPpo0JIeMH BUSIBICHHS (ajib-
cudikoBanux QparmeHTiB iH(opmamii. Po3pi3HAIOTH
KOJIH, SIKi BUSIBIISIIOTH TIOMIUIKH, 1 KOPETYIOWi KOJH, SKi II1e
JIOAATKOBO, KPiM BHABJICHHS ITOMWJIKH, BUIPABIIOTH ii.
Haiinpocrimmmu crioco6amu BUSIBICHHS IIOMUJIOK € KOH-
TPOJIbHE CYMYyBaHHS, a TaKOX IepeBipka Ha IapHiCTb.
[pore, BoHN He AOCTaTHHO HAJiHHI, 0COOIMBO NPU BUHHU-
KHEHHI BEJTUKOI KUTHKOCTI MOMIJIOK. OCKUTBKU B JOKyMe-
HTaX 3a3BHYail MOXyTh asbcndikyBaTucs i pparme-
HTH iH(OopMarii, TOMy, HOAIOHI MEXaHI3MH HE MOXYTh B
MIOBHi# Mipi po3B’s3aTu ipobnemy miapooku E/I.

XeMMIHT pO3pOOHB TEOPiFo TiHIHHIX OIOKOBHX KO-
niB. BiH BBIiB i 1aB BU3HAYEHHSI OCHOBHUM TapamMeTpaM
OJIOKOBHX KOJIiB, @ TAKOXX PO3POOHB KOAYIOUHH 1 JEKO-
IYIOUYHMHA TPUCTPOi AJIs cBOIX KoAiB. s OWiHKH Kope-
I'ylo4oi MOJJIMBOCTI KOJIB XEMMIHI' BBiB IapaMeTpH
KOJZI0BOT 1 MiHIMalIbHOT KOJJOBOT BiAICTaHI 1 TOKa3aB iX
3aJICKHICTh BiJl JIOBXXUHHM KOJY 1 BBEICHOI! HAJJIHII-

koBocTi [10]. PosrisiHemo neranbHile BUKOPUCTAHHS
wiei Teopii JuIs BUpiLIEHHS 3a1a4i 3a0e31e4eHHs 10CTO-
BipHOCTI pyHKUioHyBaHH: [IE.

OcKibKH po3mIsaaeThes nmpodiaema migpobku EJI,
Ipu  po3poOui MeToay BUSBICHHS (anbcudikoBaHuX
(parMeHTiB €IEKTPOHHOTO JOKYMEHTY MOXHA B3STH 32
OCHOBY NPHHIUIHN aJITOPUTMY KOIYyBaHHS 32 XEMMiH-
roM. Kog Xemminra — caMOKOperyrounii Kom, 1o J03BO-
Jsi€ 3aKOYBaTH 3TiHO aNTOpuTMy Oynb-ike iHdopma-
HiffHe MOBiTOMIICHHS 1 Bpa3i BUHUKHEHHS IIOMIUIKH, IIPH
repenadi Mepeskero, BUABUTH 1 BunipaBut ii [4]. Tpanu-
LiI{HO aNrOPUTMH KOJyBaHHS-IEKOyBaHHS 32 XEMMiH-
T'OM BUSBJISIIOTH CUMBOJIbHI TIOMMJIKH B KOJOBHX TTOCIIi-
JOBHOCTSAX. Ha BigMiHy Bif TpaaMIIHHOIO aJropurMy
KOJyBaHHsI 32 XE€MMIHTOM, SIKM{ Tpaioe 3 OiTaMu, 10-
peuHOI0 € T00y10Ba ANTOPUTMY, KU Orepye OJIoKaMu
iHpopmarii, TOOTO (parMeHTaMH €IEKTPOHHOTO JIOKY-
MEHTY.

AHaJNOriYHO NPUHIHUIAM KOIYBaHHA 3a XEMMiH-
TOM, BBEJIEMO HAaUINIIKOBICTh, aje 3aMiCTh CHMBOJIB —
nonaeMo Ooku iHdopMmartii.

MHOXH1HY MOXXIMBHX CXEM XEITyBaHHS OJIOKIB ayj,
ay, as,..., an MPEICTABUTH y BUTJIAII ABIKOBOT MaTPHIII,
Jie KOXKHHUH PSJIOK BiANOBiNAe BU3HAYEHIH cxemi xemry-
BaHHs. [Ipy [bOMY BHUKOHYIOTHCS HACTYITHI YMOBH JUIs
PAAKIB MaTpULi:

1) BiACYTHI HyTbOBI PSAKH MATPHIL;

2) Bci }:rﬂzum MAaTPHIIi € JIIHIHHO-HEe3aIC)KHUMU;

3) icHye MiHIMaJbHA KOJOBI BIiICTaHb MiX PS-
KaM{ MaTpPHIIL.

B Teopii kogyBaHHS JUTs TOPOAXKYI0UOI MaTpHUIIi Ta-
KOX € XapaKTepHHUMH IepellideHi BIACTUBOCTI, IO /A€
3MOTy BHKOPHCTOBYBAaTH NpaBHJa MOOYHOBH JiHIHHHX
KOJIB JUIS TOOYJOBU CHCTEM XeII-KOIiB.

CucremMa X€II-KOJIB — MHOKHMHA XEII-KOMIB, SKi
OTpHUMaHI UUIIXOM peaiizauii OyAb-sSKOro alropuTMy
obuucneHHs Xel-QyHKii B OPsIKY, BU3HAYCHOMY CIie-
IaJILHOO MPOIEAYPOr0 BUOOPY 3amnuciB (0J0KiB iHOP-
Marfii), Ha OCHOBI MaTeMaTHYHOI'O arapary JiHIiHHOT aj-
rebpu.

Aaroput™M no0yxoBU Xeml-KoIAiB Ajs 3a0e3me-
yenns wiicaocri EJl. XenryBaHHs BUXiAHOTO OJIOKY 1H-
(bopmariii MOXHa IIPEACTABUTH Y BUTJISII BUPa3y, SIKUH €
CIeliaJIbHOI0 6araTOBUMIPHOIO HE KOMYTAaTHBHOIO OIe-
pamieii xemryBanHs. Tofi, OTpUMaHMiA, B pe3yJbTaTi Xe-
LIyBaHHS, 3aXHUINCHUII OJOK BUIJISJaTUME, SIK CIiellia-
JpHAa OaraTOBHMipHA HE KOMYTAaTHBHA OIEpalis Xemry-
BaHHS iH(oOpMaIiiiHUX OJOKIB EJIEKTPOHHOTO [OKY-
MeHTy. [l momIyKy BCIX MOXJIMBHX BapiaHTIB KOJIB
(MaTpwu1p), 3 MiHIMATBHOIO KOJIOBOIO BiZICTAHHIO MiX ITO-
CITITIOBHOCTSIMH PSIKIB MaTpHILi, OyJI0 po3pobIeHo mpo-
rpamMHe 3a0e3NeUeHHs, Pe3yIbTaTH POOOTH SIKOTO MOKa-
3aHi B Ta0uI. 1.

PosrnsHeMo nekinbKa MPUKIIaaiB BUSBICHHS (alb-
cudikoBaHux (parMeHTiB iHpOpMAIlil Ha OCHOBI 3ampPo-
MIOHOBAHOTO MeTofy. SIK MOKa3ylTh OOYHMCIEHHS, MK
BCiMa KOJJOBHMH ITOCIIJOBHOCTSAMH (PSIKAMHU MAaTpPHIII)
30epiraeThcsl MiHIMaIbHA KOJIOBA BiJICTaHb, I1€ ]A€ MOXK-
JIMBICTh CTBEP/KYBATH, 1110 AaHHH KOJ| CHPUSITHME rapa-
HTOBaHOMY BHIIPABJICHHIO IBOXKPATHOI MOMMIIKH B OJI0-
kax iHdopmamii. CxXeMaTHIHO TPHHIMIT OTPUMAaHHS
xenr-QyHKIA oka3zaHui Ha puc. 1.
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Tabnuys 1 — BapiaHTH IOPOXKYIOYUX MATPULb

Ne MaTtpuns Ne MaTtpuns Ne MaTtpuns Ne MaTtpuns Ne MaTtpuns
000O00O0 00000O0 00000O0 00011 00000O0
1 00111 ) 00111 3 00111 4 00100 5 00111
11001 11010 11011 11010 11010
11110 11101 11100 11101 11101
00011 00001 00001 00001 00011
6 00100 7 00110 8 00110 9 00110 10 00100
11001 11000 11010 11011 11000
11110 11111 11101 11100 11111
00010 00010 00010 00010 00010
00101 00101 00101 00101 00101
1 11011 12 11001 13 11000 14 11001 15 11011
11100 11110 11111 11110 11100
00010 00001 00001 00001 00011
00101 00110 00110 00110 00100
16 11000 17 11011 18 11010 19 11000 20 11001
11111 11100 11101 11111 11110
00011 00011 00000 00111 00100
00100 00100 00111 00000 00011
21 11010 22 11000 23 11011 24 11011 25 11000
11101 11111 11100 11100 11111
00100 00100 00101 00101 00101
00011 00011 00010 00010 00010
26 11001 21 11010 28 11000 29 11001 30 11011
11110 11101 11111 11110 11111
00110 00110 00110 00110 00111
000O00O0 00001 00001 00000O0 00001
81 11001 32 11010 33 11011 34 11001 35 11010
11111 11101 11100 11111 11101
I
I [ 1 ¥
A, A, A, A, F F, /7 F, F,
[ ] 4

B Tabun. 2 nokazaHo 3Ha4€HHs CHHAPOMY IIPH Pi3-
HHUX KOMOiHalisX noMuiIoK. [lepeBipuMO NpaBHIIBHICTD
METO/ly Ha NPHKJIAJi, Hexal MaeMo iH(popMalliiiHi G1oKH

Puc. 1. Cxema oTprMaHHs XenI-(yHKIiH

B Ta0II. 2.

Tabauys 2 — Komoinanii noMuiI0K B 0J10KaX eJIEKTPOHHOTO JOKYMEHTY (¥** MOMMJIKH B 6J10KaX)

«0101», oburcnuMo KOHTPOJBHI Oyioku. Bei  MoximBi
KoMOiHaIi1 HOMHJIOK B iH(opMaLiifHuX GII0Kax MoKa3aHi

0101 11011 0101 11011 0101 11011 0101 11011 010111011
@ @ @ @ S

1001 11100 1111 00000 110000111 0011 00111 0000 00000

1100 00111 1010 11011 100111100 011011100 010111011

0101 11011 0101 11011 0101 11011 0101 11011 010111011
@ @ @ @ S

011011100 1101 11001 0001 11110 0111 00010 0100 00101

0011 00111 1000 00010 0100 00101 0010 11001 0001 11110
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PosrisineMo pe3ybTaTH BUSBIICHHS 1 BUIIPABICHHS
MIOMUJIOK ITPUBEAEHUMH KoJJaMi XeMMiHra B 3aJIe)KHOCTI
BiJl KpaTHOCTI MOMMWIKHU. [laHi pe3yibTaTu HaBe/EHI B
tabm. 3.

Mogeni 3anporOHOBAHUX METOIIB OOYHCIICHHS
xen-(OyHKIIT eJIEKTPOHHOTO JIOKYMEHTY Ta METOJIIB BH-
siBJIeHHS (anbcudikaniii Oyau peanizoBaHi Ha MPoOrpam-
HOMY Ta arapaTHOMY PiBHSX.

Tabauys 3 — BunpasJjieHHs] IOMHJIOK B §JI0KAX €JIEKTPOHHOI0 J0KYMEHTY
(*— danbcudikoBanmii 6,10k indopmairii)

JIOKATIAIIA IO MEITEH

B0oxEpaTHA TOMITTEA OmHOKpaTHAa DOMITIEA
X I *({1 =*|1 *|0 o o 1 *|0 o o
. 1 *(0 ] 1 1 *|0 0 1 *0 0
x 1] 1 *|0 1 o i =0 o 1 *|0
x; 0 0 1 *(0 1 *[1 *=|0 0 0 I
fi (x_: + x_«;) 0 i 1 1 i o 0 o i i
f: ( X + x4) 0 1 1 1 1 0 ] o 1 1
f:: (x: + x4) 1 o 1 1 o 1 0 1 o 1
f4 (xl + x4) 1 1 o o 1 1 1 o o 1
f5 (x: + x_:) 1 1 0 ] 1 1 1] 1 1 0

s po3poOKH armapaTHUX 3ac00iB peanizamii MeTo-
JiB KOHTPOJIO IIUTICHOCTI Ta BUSBIICHHS (pabCu]iKarii
B CJIICKTPOHHUX JOKYMEHTaX BHKOPUCTaHO (yHKIiOHa-
JIbHI CXEeMH peajtizaiii MeToiB o0uncieHHs Xenl-(QyHK-
1ii eMICKTPOHHOTO TOKYMEHTY:

1) ¢dynkuionampHa cxema peanisamnii Metoxy Oe3-
KJIFOYOBOTO OOYMCIIEHHS Xem-(pyHKIIT Ha OCHOBI MOCITi-
JIOBHOTO BUKOHAHHS OTICPAIliii;

2) ¢dyHKIioOHANBHA cxeMa peainisalii Metoxy 0e3-
KITFOYOBOTO OOUYHMCIICHHS XeTI-(QYHKIIi{ Ha OCHOBI ITapalie-
JIBHOTO BUKOHAHHS OePaLiif;

3) odyHkuioHanpHa cxema peajizaiii BIOCKOHAIe-
HOTO METOIy OOYMCIICHHs XelIl-(YHKLIl eIeKTPOHHOIO
JOKYMEHTY Ha OCHOBI ITIOCIIJOBHOI peaiizamii o0dmc-
JICHB;

4) ¢yHKIiOHANBHA CXeMa peasizatlii MeToxy 064H-
ClIeHHs XelI-(yHKIIi eJIeKTPOHHOr0 JOKYMEHTY Ha OcC-
HOBI BHKOPHCTaHHS OIlepalliii MaTpHYHOTO KpUITOrpa-
(i4HOTO NEepEeTBOPEHHS;

5) ¢yHKmioHanbHa cxeMa peajizailii MeToay 00uu-
CIIeHHsI XellI-(QyHKI{ eeKTPOHHOTO JTOKYMEHTY Ha OcC-
HOBI TapajenbHOl peaizamii 00YUCIICHh 3 BUKOPHCTAH-
HSIM OIlepalliil MAaTPUYHOTO KPUIITOrpadiyHOro nepeTBo-
pEHHS;

6) ¢QyHKUiOHANBHA cXeMa peatti3alii BIOCKOHAJe-
HOTO METOJy OOYMCIIEHHs XeHI-(YHKIi eJIeKTPOHHOTO
JIOKYMEHTY Ha OCHOBI TapajellbHOI1 peaizallii oo4wc-
JICHb 3 BUKOPUCTAHHSM OMepaliil MaTpUYHOTO KPHIITO-
rpa¢igHOrO MepEeTBOPEHHS;

7) GyHKIiOHaNbHA CXeMa peatizallii METOLY KIIko-
YOBOTO OOYHUCIIEHHS Xelll- PYHKIIIi €JIEeKTPOHHOTO JOKY-
MEHTY Ha OCHOBI aHai3y pparMeHTy indopmarrii.

OyHKITIOHANBHI CXeMH METOJIB BHUSABJICHHS (alb-
cudikoBaHNX (HParMEHTIB IEKTPOHHOTO TOKYMEHTY:

1) ¢yskuioHansHa cxema peaisailii MeTO/Iy BUSIB-
neHHst GanbcruikoBaHOTO (hparMeHTy eJIeKTPOHHOTO J0-
KYMEHTY IIUISIXOM IIEPEXPECHOTO XEIIyBaHHS;

2) ¢dyHKIOHAIBHA CXeMa peai3allii METO/y BHSIB-
JIeHHsI 3aJaHO01 KUTbKOCTI (hanbcudikoBaHUX GparMeHTiB
€JISKTPOHHOTO JIOKYMEHTY Ha OCHOBI HaJUIMIIKOBOTO Xe-
UIyBaHHS KOHTPOJBHOTO OJIOKY iH(popMaAIii.

BucHosku

B pesynbraTi npoBeieHMX aBTOPaMH JOCIiIKEHb
po3po0biieHnit MeTO/ BUSABICHHS BTPY4YaHHS B KOMII'TO-
TEpHI CHUCTEMH eJIEKTPOHHOIO 00Iry JOKYMEHTIB st
NOKpaIlleHHsS JIOCTOBEPHOCTI EJIEKTPOHHOTO JOKyMe-
HTY.

VY 1iit poOOTi 3aIPONOHOBAHO METOJ BHUSIBICHHS
BTPYYaHHS B KOMITIOTEPHI CHCTEMH EJIEKTPOHHOTO
00iry TOKyMEHTIB, SIKHH BHUKOPHCTOBYE OOYHCIISHHS
XenI-(WyHKIT eeKTPOHHOTO JOKYMEHTY Ha OCHOBI Ma-
panensHOI peamizamii OOYHCICHP 3 BHKOPUCTAHHSIM
orepauii MaTpPUYHOTO KpHUNTOrpadivyHOro MNEepeTBO-
PEeHHSI.

Janwii MmeTox Moxe OyTH YaCTHHOIO CHCTEMH Me-
TOMIB BHABICHHS BTPYYaHHS B KOMIT'IOTEPHI CHUCTEMH
€JIEKTPOHHOTO 00iry JOKyMEHTIB, SIKy B CBOIO 4epry
MOJKHAa BUKOPHUCTATH AJs1 QyHKIIIOHYBaHHS pi3HOMaHi-
THUX B KOMI'IOTEPUX CHCTEM KPHTHYHOTO 3acTOCY-
BaHHS.

VY nmopanbUIMx JOCIIDKEHHSX TUIAHYETHCSI PO3PO-
OKa MporpamMHO-IHCTPYMEHTAJILHUX 3ac00iB peainizarii
PO3pO0IIEHOTO METOY.
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A method of detection of interference in computer systems
of electronic document circulation

O. Mozhaiev, F. Sukhina, V. Bashylov

Abstract. Topicality. Our time is characterized by rapid growth in the number and quality of various computer systems.
A significant number of them belong to computer systems of electronic data circulation. Such circulation requires the use of reliable
protection systems, which the city does not always have in real life. This fact requires the improvement of existing and the devel-
opment of new methods of detecting facts of unreliable functioning of such computer systems. The goal of this work is to develop
a method of detecting interference in computer systems of electronic circulation of documents. The object of research is the
process of functioning of computer systems of electronic circulation of documents. The subject of research are methods and
algorithms for detecting interference in computer systems. Results. This paper proposes a method of detecting interference in
computer systems of electronic document circulation. The principles of the Hamming coding algorithm were used to detect inter-
ference in computer systems. This method can be a part of a system of methods for detecting interference in computer systems of
electronic document circulation, which in turn can be used for the functioning of various critical application computer systems.
Conclusion. The developed method of detecting interference in computer systems of electronic document circulation is planned to
be used in the future to ensure the quality and reliability of the functioning of computer systems of electronic document circulation.

Keywords: computer systems, electronic circulation of documents, coding algorithm, electronic digital signature, cryp-
tography, hash codes.
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FEATURES OF KINEMATICS AND CONTROL
OF MULTI-LINK MANIPULATOR ROBOTS

Abstract. The subject of research is multi-link manipulators, their kinematics and methods of controlling multi-link
manipulator robots. To improve the accuracy of movement of each link and their synergy of work with each other during
operation. In addition, the subject of the research is the analysis of the requirements for multi-link robot manipulators and
the improvement of the kinematics of the robot-manipulator movements based on the comparison of mathematical methods
in operating conditions. In different operating conditions manipulators and the automation of the production line is a big
step for industry. Instead of a traditional industrial robot, a multi -link manipulator robot can be a good intermediate
solution. It is more maneuverable, flexible, and has more complex movements for working on serial production. Multi-link
robots provide a quick replacement of skilled labor in case of a shortage of employees or when production needs to be
accelerated. As with any revolutionary technology, it is necessary to be critical of its implementation. The most decisive
advantage of a robot over a single-link industrial robot is flexibility. Especially since the production environment needs to
be able to adapt to handle the work with small volumes and a large number of different tasks. Such robots are more mobile
and take up less space than traditional industrial robots. They are easier to reprogram to perform different jobs or product
variants. However, it is worth noting that programming a traditional robot, which in its specialized environment requires
deep knowledge and endless settings. When using a robot, the entry barrier for operators is significantly reduced, while
deployment and ROI are accelerated. The aim of the work is to determine how the project context affects the choice of
motion techniques and to determine the dependencies between requirements discovery methods. The article solves the
following tasks: to study the trajectory of robots and compare mathematical control methods. Requirements in industry,
create and draw a parallel regarding the practice of using demonstration robots and requirements in real conditions of using
multi-link structures, determine the preferences of practitioners regarding detection methods and determine how the project
context affects the choice of requirements detection techniques, determine dependencies between requirements detection
methods. The task using such a method as a parametric form of the task is to prove that: the mathematical model of motion
trajectories is the most reliable. Development and improvement of kinematic movements of manipulators with synergy of
movements between manipulators. The following results were obtained: The best detection methods were identified and
compared with other comprehensive studies. Conclusion: It was concluded that the choice of the shape of the wave-like
trajectory of the movement; a traveling wave in a coordinate system moving along this sine wave form should be used as a
control program for an automatic drive system. The assignment of a form in the form of a sine wave appears unsuitable for
this task, because the obvious disadvantage of the sine wave is a continuous change in curvature and greater curvature at
the peaks at large amplitudes.

Keywords: manipulators, mechanisms, movement trajectory, snake robots, trunk bending, movement phases, angular
deviation.

mechanisms and control
scientific consideration.

. systems deserve serious
Introduction y

Reports of automatic technical devices with more
or less complex mechatronics for production, festive
events, or demonstration models that have appeared in
recent decades and at the very beginning of the nineties
are designed to perform the same type of monotonous
work and to simplify and optimize the production
process. It is worth noting that it is recognized that
demonstration robots are an independent class of robots
with their own distinctive types and features.
Demonstration robots include movable manipulators
with component parts or moving robotic machines with
automatically controlled drives that do not perform any
production functions but demonstrate themselves or
other objects [1,2,3]. Demonstration robots are widely
used to attract attention at exhibitions, in advertising, in
entertainment, on theater stages [2], during holidays and
in processions in parks and attractions. Competitions are
organized for some types of demonstration robots (e.g.,
for culinary robots that compete with each other in
cooking battles). Manually operated mini robot spies
have become very popular. Demonstration robots
primarily involve an element of initiative and invention,
but many demonstration robots, drives, and their

Various aspects of industrial robots are usually
considered within the framework of typical industrial
production projects: based on the existing requirements,
the optimal option is selected, which specifies the type
of robots required for a given task, their number, and
also addresses the issues of power supply infrastructure
(power supply, coolant supply - in the case of liquid
cooling of equipment elements) and integration into the
production process (provision of blanks/semi-finished
products and return of the finished product to the
automatic

Small demonstration robots can be considered
reptilian robots (spies) with rather complex control
systems. Also, demonstration robots for games (plau
game). Currently, most reports on the Internet refer to
such robots. According to the geometry of their
mechanisms, kinematics and appearance, they can be
anthropomorphic, android or simply androids (imitating
humans) or zoomorphic (imitating animals, such as
dogs). There are also unique discoveries. One of the
most sophisticated and advanced demonstration robots
is the bipedal anthropomorphic robot Azino from
Honda, which is capable of not only walking on the
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floor but also climbing stairs, communicating with
people, and gesturing meaningfully.

The most large-scale demonstration robots in
demand are those based on long, bendable shells or
multi-link chains. Flexible long body parts with similar
properties include the trunks and long necks of some
animals (giraffe, Chinese dragon), and possibly larger
wings (albatross). As for the theatrical stage, a
transformed figure of a ten-meter giant, whose design
included a multi-link mechanism of a bending spinal
column, and a dragon structure, was developed and
realized [3]. Technogenic fantasies based on self-
modified geometric shapes depicting stylized technical
objects and even moving compositions. The
development of this area allowed us to outline some
ways to further develop this idea with prospects for
technical implementation

Analysis of recent research and publications

The analysis of current robots has shown that
today the problem of controlling robots with complex
control Kinematics is being acutely analyzed. When
analyzing risks, the causes of their occurrence are
considered. Methods of risk analysis have been
developed: risk assessment depending on the
characteristics of the robot control method, the degree
of innovation novelty, analysis of innovation risk at
certain phases of the robot life cycle, with a scale for
assessing the effectiveness of mathematical modeling of
each of the mathematical models and a proposed
analysis and their effectiveness [9, 3].

There are works on theoretical and practical issues
of risk management, in which one of the important
stages is the task of choosing a way to reduce risks and
increase efficiency. The author identifies the sequence
of risk management processes according to this sine
wave shape and describes ways to minimize risks. The
main attention is paid to the principles of phasing and a
large deviation tolerance based on concrete examples.
The issues of minimizing the risky outcome are
considered with a detailed consideration of the risk-
forming factors, taking into account the degree of
uncertainty of the environment [5, 7].

In foreign publications, considerable attention is
paid to the development of standards for managing
kinematics, required deviation tolerances, and
management risks on different surfaces. Innovation
risks are often defined as the probability of loss arising
from different weather conditions. In foreign
publications, considerable attention is paid to the
development of standards for kinematic control,
required deviation tolerances, and risks of control on
various surfaces. However, little attention has been paid
to the issue of risk selection methods and risk pairing
mechanisms. The decision to choose a method does not
take into account all the factors of influence in real
operating conditions. One of the effective ways is to
increase the risk factors for the robot during the
operation period and calculate these risks by
mathematical modeling. This method is mainly used for
the final commissioning of any mechanical device
[11,12]. Let us first consider the general problem of

creating a mechanical system of the torso, taking into
account its large size. The article considers snake robots
of variable geometry, serpentine or serpentine
demonstration robots, which are characterized by the
presence of a long main bending body. The head may
have independent degrees of freedom, but it may
represent the last link of the body; Chinese dragons also
have legs. It is known that the serpentine dragon is an
indispensable participant in festivities in a number of
countries in Southeast Asia. Interest has been expressed
in creating a controlled (on cables) flying dragon for
China, about 100-200 meters long. There is no doubt
that moving snakes and dragons of smaller, but rather
large sizes will find their place in the productions
(primarily with fairy tales and theatrical plots) of many
large theaters in Ukraine. The authors' proposed
classification of variants of designs similar to
demonstration robots with variable geometry, as well as
their components, by several features is shown in fig. 1.

The structures of demonstration robots of variable
geometry and their components can be built as multi-
link mechanisms, deformable elastic bearing elements
along the entire length, or as a sequential structure with
rigid links. It is even possible to combine these
principles.

In most cases, larger demonstration works are built
on non-existent structures, as on internal skeleton
frames, with a light decorative outer shell, cladding. If
the shell that forms the appearance is rigid, then its
attachment to the core or company frame is usually
carried out at many points; during bends, it is necessary
to ensure mobility, against slipping without jamming or
touching adjacent fragments. However, it is possible
that flexible (in particular, corrugated) cladding can be
used not only as an appearance forming, but also as a
load-bearing material. So far, load-bearing plastic
cladding without frame structures has been used
exclusively in small-scale works.

A large number of publications have been devoted
to deciphering and explaining the mechanisms of snake
movement, developing their mathematical models, and
creating moving models that copy the principles laid
down by wildlife (e.g., [4, 5]). It is recognized that the
very principle of movement only by bending the body
without limbs is based on the use of differences between
the friction coefficients in transverse and longitudinal
movements.

In relation to the general ideology of
demonstration robotics, this article is about different,
perhaps completely different, but adapted for technical
implementation ways of building mechanisms and
reproducing geometric shapes typical of snakes in
motion. This means dividing the tasks of movement into
the tasks of movement itself to follow a certain
trajectory. It is assumed that the movement can be set
by wheels with drives that may be uncontrollable either
in terms of rotation angles or in terms of speed.

Regardless of the design, the desired laws of
variable geometry and kinematics of serpentine robots
are determined by the following basic requirements: the
points of the midline of the sections must move along
the same fixed wave-like trajectory when coiling [6];
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- Restrictions are imposed on the curvature of the
cross-sectional midline from above, due to structural
constraints; however, curvature continuity is not
required [6-8];

- Programmability and adaptability of the software,
reproduction of motion by means of a drive system
should be ensured [10-13].

- Movement in the coordinate system moving with
the snake is represented by a sinusoid running from
head to tail [7];

- It should be possible to change the lateral
deviations from a straight line within a wide range to
ensure balance [5-6];

To begin with, we will not take into account the
natural constructive discretization of the snake's body

along the lengths. The most important starting point is
the choice of the shape of the wave trajectory; a
traveling wave in the coordinate system moving along
this sinusoidal shape should be used as a control
program for an automatic drive system.

Setting the shape in the form of a sinusoid seems
to be unsuitable for this task, because the obvious
disadvantage of a sinusoid is a continuous change in
curvature and greater curvature at the vertices at large
amplitudes [7].

Purpose of the article — Analyzing and improving
the kinematic motion of manipulators with synergistic
movements with each other. As well as the development
of a more, perfect bending torso, and the robot's head
and its degrees of freedom in movement.

Design features

Supporting basis ‘

—‘ Support principle ‘

—‘ Engine placement ‘

I:— Hinged-lever —  On the floor — Under the body
— Hinged-ferminal — Onthe wheels — Above the body
. —  Hanging up .
—  Hinged-shell — Aside
—  On the rods
—  Flexible rod —  Embedded
— On the balloons

Fig. 1. Qualification of the design of demonstration robots with variable geometry and their components

Solving the problem

With the above requirements, only the parametric
form of the trajectory in the form of x(s) and y(s) can be
used. As an argument s, it is advisable to take the length
of the arc s of the trajectory section from the selected
starting point. Then, for the movement of a snake with a
speed V, the determination of the coordinates of the
points of its midline of sections along the length is
carried out directly by replacing the argument s with
(L + Vt— 10).

In the program movement, the velocity vector of
each point of the snake along the length is directed
along the trajectory. This greatly facilitates the
possibility of wvarious schematic, fundamental and
constructive solutions, and even the implementation of
such movements on controlled drives. For example,
rolling bearings with axes perpendicular to the
centerline of the cross-sections can be placed along the
length of the body. For a stage demonstration robot, it is
possible to lay a track along the entire length of the
railroad track, and then movement along it will occur
without slippage [8].

Fig. 2 shows only one period of such a wave - the
i-th section of length A 1 starts from the centerline. It is
proposed to form a formula for a trajectory in a fixed
coordinate system (or a traveling wave in a moving

coordinate system) by combining the arcs of circles of
radius R with displaced centers [10].

Both the shape and the length of the arc on the period
are determined by two parameters: the radius R and the
angle a. The analytical representation of this shape by
halves of the period: when 0 < s < R(m + 2a),, i.e.,
for the first half of the period,

x =A's, = R[cos a—cos (As;/R—a)];

x =As, = —R[sina+sin (As;/R—2a)]. (1)
at R(m+ 2a) < s < 2R(p + 2a), i.e., for the first half
of the period,

x =A's, = R[cos a—cos (As,/R—2a)];

x =As, = —R[sina+sin (As,/R—2a)]. (2)

In these expressions, the increase in the length of
the arc s1 is counted from the beginning of the period
(from the point Ai), and the increase in the length of the
arc s2 is counted from the middle of the period (from
the point Bi) [9].

This results in the following relationships between
the length SO of the arc on the period, radius R, angle a,
arc length L, along the centerline of the cross-sections,
transverse span B (i.e., overall size), and the elimination
of h centers of circular sections:

So = 2R(m + 2a); L = 4 R cos a;
h=Rsina;B=2R(1 +sina). (3)
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Fig. 2. Forming a trajectory by combining circles

The characteristic shapes of the three variants of
the curves with the adopted analytical method of
representation for the same value of the radius R are
shown in fig. 3, a, b, ¢. The simplicity of these relations
determines the good adaptability of the proposed form
for programming movements. Here, the values of the
parameter a are respectively a = 0,a= —30°a =
+30°. At the same value of the radius R, a shorter
wave resembles a sinusoid, while negative values of the
angle a correspond to a smoother wave [15,14].

As it will be shown below, this allows to create a
wave that runs by relay control of drives along sections.
With regard to shape control tasks, it is important that in
this representation the curvature and radius of curvature
are piecewise constant and change sign twice per wave
period.

Three consecutive phases of such a movement, in
which all points of the snake move along the same
periodic trajectory (dashed), are shown in fig. 4.

Without discussing the issue of removing the
overturning, we assume that the modules are single-
wheeled. Let us first consider a method of constructing
snake-like robots on chain mechanisms, the rigid links
(modules) of which, bogies on wheeled chassis, are
connected in a pivotal series. The module body is a rigid
drum. Vertical-axis hinges, in which successive
modules are connected to each other, are extended at
equal distances forward and backward along the
longitudinal axis. Fig. 5 shows such a single-wheeled
module [10].

Fig. 3. Variants of movement trajectories based on
obtaining arcs of circles of the same radius

The design of the module with three independently
rotating wheels forming a platform support triangle

generally provides stability on the horizontal plane.
However, for a three-wheeled chassis, the ability to
move with rolling wheels without slipping laterally
depends on the mobility of the wheel axles relative to
the platform. Naturally, an independent one-wheeled or
two-wheeled module is not able to maintain a vertical
position, only the connection of modules by movable
joints can give a stable configuration of the snake as a
whole with sufficient rigidity of the hinge joints. It is
assumed that the chain of such drums has a single
flexible (e.g., corrugated) covering (fabric or plastic).
This covering should have an appropriate texture that
forms the overall appearance of the snake's body. A
two-wheeled module with sufficient wheel spacing on
the sides will not allow you to roll over just on one side.
Let's first assume that the triangular platform is rigidly
connected to the drum of the module. Then, if two
wheels rotate freely around the same axis, and the third
wheel is an autonomous self-mounted wheel with an
independent vertical axis, the properties with respect to
trajectory movement are the same as for a three-wheeled
and two-wheeled wheel [12].

In particular, all or only some modules can have
wheel drives. In the following, when considering the
tasks of moving along a given trajectory, the modules
are depicted as single-wheeled, but the conclusions are
valid for other, more complex options.

Fig. 4. Phases of movement along a periodic trajectory
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Fig. 5. Single-wheeled module of a snake-like robot
with a hinged connection with vertical axes

If all three wheels are self-setting, the properties
are completely different: rolling movement in any
direction is possible without lateral wheel slippage.
Modules with different numbers of wheels and non-
driven, controlled by turning angles or uncontrolled)
have the right to exist and be used in practice.

In undisturbed motion, the chain of modules
reproduces a running wave, the planes of the wheels are
almost everywhere close to the tangents to the
programmed wave-like trajectory, which means that the

wheels can rotate almost without lateral slippage, while
the centers of the hinges are significantly offset from the
specified trajectory to the side opposite to the center of
curvature. A chain of hinged modules following a wave-
like trajectory is shown in fig. 6. It is assumed that the
centers of the contact spots of the wheels with the
reference plane are on the program curve. Holonomous
(geometric) connections reflect the constancy of the
distances between the hinges of each module, and non-
holonomous connections reflect the absence of lateral
slippage in each of the unicycle modules [11].

Of course, the distances of both hinges from the
vertical axis of the wheel are the same, i.e.,n = 1. It
turns out that it is very important to choose a
dimensionless parameter - the ratio n = 11/12 of the
distances 11 and 12 from the hinges (counting from the
head) before and after the point where the wheel
touches the plane. Fig. 7, a shows that in this case, at a
precisely specified angular position, pairs of adjacent or
any number of modules connected in series can move
along a circular path of any radius without slipping,
since the wheel planes will be tangent to the same
circular path. It turns out that when moving, it is enough
to set the correct initial position of all modules along a
circular trajectory of a given (any) radius, use any
module as a master, and there is no need to control the
rotation of the modules' wheels; the movement will be
in a circle without any guides.

Fig. 6. Movement of hinged modules along a wave-like trajectory

b)

=

Fig. 7. The effect of setting the angular position of a pair
of adjacent hinged modules on the movement along a circular trajectory

This seems to imply that if the program trajectories
are formed from sections of circles, as in fig. 2, then in
most of each of these sections, the constant curvature
will fully correspond to the kinematics of the module
connection, but it should be borne in mind that at n = 1,
the angular deviation of one module (it can be

considered the leading one) leads to a wave that does
not fade away (fig. 7, b) and to further distortion of the
trajectory shape. It can be shown that when n < 1, the
deviations along the chain of modules will decrease
(which can be qualified as kinematic stability), and
when np > 1, they will increase.
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In this case, we have the previously considered
case of 1 = 1 can be considered as corresponding to the
limit of kinematic stability [13, 14].

Results

If in the proposed programmable motion the
curvature of the sections takes only one of two values
(positive and negative), then each linear actuator can be
two-position and operate from stop to stop, which
simplifies implementation. When moving along a
piecewise circular trajectory, it should be borne in mind
that there are local changes in geometry in areas close to
the straight centerline, where the curvature must change
sign, and this effect, taking into account lateral slippage,
must be separately investigated by mathematical
modeling. Consider the method of setting the relative
angular position of two adjacent modules using a linear
motor (Fig. 8).

—
-

Fig. 8. Setting the angular position of adjacent modules
using a linear motor

In particular, if the drive is pneumatic, then the
motors can be pneumatic muscles, if the drive is
electromechanical, then the motors can be of the
solenoid type. When using the relay law of curvature
control, it is for these zones that deviations from the
program laws should be investigated, resistance forces
should be estimated, etc. When moving, the control
system should switch to the opposite position when a
pair of modules passes the centerline. Thus, when the
snake moves along the trajectory, the commands to
switch the drives will follow several chains in parallel.
The modules do not necessarily have the same
dimensions, for example: at the tail, they may have
smaller cross-sections and different distances between
the connecting joints. For such a chain, the motion is
realized in such a way that the tangents to the trajectory
lie in the plane of the wheels or are close enough to
them. In such cases, it is necessary to consider the
choice of programmable trajectories separately.
Mechanical manipulators are spatial mechanisms in the
form of open, rarely closed kinematic chains of links
forming kinematic pairs of one, rarely two degrees of
mobility with angular or translational relative motion
and a system of drives usually separate from each
degree of mobility. At the end of the manipulator is the
working body. The design of manipulators is
determined primarily by their kinematic scheme. In
addition, the type and location of the drives and
mechanisms for transmitting motion from them to the

manipulator's links are essential. Finally, manipulators
often use balancing devices, which also have a
significant impact on the design of manipulators.

Conclusions

Thus, based on the analysis of the material, it is
possible to calculate the kinematics of each link of the
manipulator quite accurately. In addition, a three-link
manipulator based on the above formulas (1), (2), (3) or
another multi-link manipulator. During the analysis of
the robot, the problem of kinematics was solved, and it
is possible to incorporate such a mathematical approach
into the neural network approach. Based on the robot's
training and automatic correction of the coordinate
system, it is possible to move the robot in complex areas
of movement. For a multi-link manipulator, the task
becomes more complicated as the number of links
increases due to the possibility of complex motion
trajectories. To this end, the neural network will need to
be further improved depending on the operating
conditions. The input data for training the neural
network can be solved using the parametric form of the
motion trajectory because this method is accurate in
calculations.  Multi-link robot is a relatively new
technology, but it is quite competitive compared to
conventional robots. A multi-link robot is particularly
well suited for large companies with a larger budget and
a greater level of expertise.

Some disadvantages of multi-link robots are worth
noting:

- they are not heavyweights, those models of
robots that are very expensive to operate, and therefore
are usually intended for light manufacturing and
logistics tasks (15).

- traditional robots are more predictable and better
suited for high-volume production. In addition, humans
are still better at some complex tasks that require
advanced pattern recognition using sensors or spatial
awareness.

Effective operation of a multi-link robot depends
on readiness:

- learn what is required to program, operate, and
maintain it.

- avoid monotonous, repetitive work that causes
injuries and move towards more interesting tasks.

- Specialists are needed for programmatic,
mechanical, kinematic, and other adjustments (16, 17).

- When humans and robots occupy the same space,
inherent safety issues arise. The danger can be
minimized with the help of cameras, laser scanners,
sensors, LED and audio feedback, and pattern
recognition using machine learning. As before, each
case requires a critical risk assessment, taking into
account various factors.

However, despite all the difficulties in use, such
robots are used for casting, stamping, welding, carrying
loads, installing parts, assembling bodies, and other
work to automate and speed up production processes.
This can significantly reduce the time spent on
production work and reduce the price of the service or
product of the original product.
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Oco00/1uBOCTI KIHEMATHKH TAa YyIPABJIiHHSA
0araToJlaHKOBHUX POOOTiB MaHiNy.1ATOPIB

M. A. Omapos, B. B. Kopo6ckwuii, B. B. HeBmrogosa

Anortanin. I[IpeaMeroM noCHiIKeHHs OAaraTONaHKOBI MAHIMYJSITOPH iX KiHEMaTHKa Ta METOMU YMPaBIiHHS
0araToJIaHKOBUX POOOTIB MaHIMyIATOpiB. [ MOKpaIeHHs: TOYHOCTI PyXy KOXKHOI JIaHKH Ta iX CHHEprist poOOTH OAWH 3 OJTHIM
mig vac poborm. Takok mMpeaMeToM OCTIDKEHHS SBIATBCS —~ aHAN3 BUSBICHHS BHMOT 10 0araToJaHKOBHX pPOOOTiB
MaHIITyJIATOPIB Ta TMOKPAIICHHS KiHEMAaTHKH PyXiB poOOTa-MaHIMyJIsATOpa Ha OCHOBI NOPIBHSAHHSA MaTeMaTHYHHX METOIIB Yy
yMOBax eKcIuTyaTamlii. B pi3HHX yMoBax eKcIuTyaTallii MaHImyJIATOpiB, aBTOMATU3allisi BUPOOHNYOI JiHIT — BEMKHUN KPOK IS
MIPOMUCIIOBOCTI. 3aMiCTh TPaJHLIifHOTO HPOMHCIOBOTO po0OTa 0araToNaHKOBHH pPOOOT-MAHIIyJSITOP MOXKE CTaTH TapHUM
MIPOMDKHHMM pilmeHHsM. BiH OibI1 MaHeBpeHHH, THYUKHUIl 1 BiIpi3HAETHCS BUKOHAHHAM OUIBII CKJIATHUX PYXiB A poOOTH Ha
cepiiiHoMy BHpOOHMITBI. baraTonankoBuit poOoT 3a0e3neuyloTh MBUIKY 3aMiHy KBajdiikoBaHOT poOOYOl CHIM B pa3i HecTadi
CHiBpOOITHUKIB a00 KOJM MOTPIOHO NMPHUCKOPUTH BUPOOHMITBO. SIK i y BHUIanKy 3 OyAb-sIKOIO PEBONIOLIHHOI TEXHOJIOTIENO,
HEOOXiZTHO KPHUTHUYHO CTaBUTUCH A0 ii peamizamii. HaifOimpin BupimanbHOIO TepeBaror poboTa Iepel OTHOIaHKOBHM
MIPOMHUCIOBIM POOOTOM € THYUKicTh. OCOOIMBO 3 OTIISAY Ha Te, IO BUPOOHIYE CEPEAOBHIIE MAE BMITH MPUCTOCOBYBATHCS, 00
CIPABIATHCA 3 POOOTOIO 3 NPiOHUMH OOCSATaMH Ta BEIHMKOIO KIBKICTIO Pi3HHX 3aBHaHb. Taki poOoTH € Ounbmr MOOLTBHI Ta
3afiMalOTh MEHIIE MicIId, Hi TpaJuIiiiHi IpoMHCIoBi po6oTH. IX IpocTinre mepemporpaMyBaTH 10 BUKOHAHHS Pi3HHX POOIT um
BapiaHTIB MPOAYKTY. AJle BapTO 3a3HAYUTH IO BiJ MPOrpaMyBaHHS TPATUIIHHOTO poOOTa, SIKMH y CBOEMY CIIEIiali30BaHOMY
CepelOBHII BUMarae IJHOOKUX 3HAaHb | HECKIHYCHHMX HaJallTyBaHb. [IpM BHKOpHCTaHHI poOoTra BXigHuil Oap'ep s
OnepaTopiB 3HAYHO 3HMKYETHCS, TPH bOMY IMPUCKOPIOETHCS PO3TOPTaHHS Ta PEeHTaOenbHIiCTh iHBecTHLid. MeTa poboTH
HOJISITaE B TOMY, I[00 BU3HAYMTH, SIK KOHTEKCT MPOEKTY BIUIMBAa€E Ha BHOIp TEXHIKH PyXy, Ta BU3HAYUTH 3aJIEKHOCTI MiX
METOJaMH BUSIBICHHS BUMOT. Y CTaTTi BHPILIYIOTHCS HACTYIHI 3aBAaHHS: BUBYMTH TPAEKTOPiI0 PyXy POOOTIB Ta MOPIBHSHHS
MaTeMaTHYHUX METO/IB YIPaBIiHHA. BUMOT y [isIbHOCTI Ha IPOMUCIIOBOCTI, CTBOPUTH Ta MPOBECTH Mapajenb MO0 MPaKTHKA
BUKOPHCTaHHs JEMOHCTpalifiHuX pOOOTIB Ta BHUMOI B pEalbHUX YMOBaX BHKOPHUCTaHHS 0araTOJaHKOBHX KOHCTPYKIIH |,
BU3HAYHUTH ITIEPEBard MPAKTHKIB LOJ0 METOJIB BHUSABJICHHSA Ta BH3HAYMTH SIK KOHTEKCT HPOEKTY BIUIMBAE Ha BUOIP TEXHIKH
BUSIBJICHHS BHMOT, BH3HAUHTH 3QJISKHOCTI MK METOJaMH{ BUSBICHHS BHMOT. 3aBAAHHS. BUKOPHCTOBYIOUHM TaKHH METOX SK
napamerpuyHa Qopma 3aBHaHHSA JOBECTH MI0: MaTeMaTHYHa MOJENb TPaeKTopid pyxy € HaiiHaxiiinima. Po3poOka Ta
HOKpAILleHHs] KIHEeMaTUYHOI PyXiB MaHIMyJIATOPIB C CHHEPri€lo PyXiB MK MaHimyjstopamu. Bynu oTpumani Taki pe3ynbraTu:
Haiikpamii meTonm BusiBIeHHsS OyJi BH3HAuUeHI Ta TMOPIBHSHI 3 iHIIUMH BceGIUHMME JOCHiIKeHHIMH. BucHoBok: 3pobieHo
BHCHOBOK, 110 BHOiIp (OpMHU XBHIIEMOAIOHOI TpaekTopil pyXy; Oikyda XBWJIS B CHCTEMi KOOPJHMHAT, LIO PYXa€ThCs 3a II€I0
(dopmolo cuHycoinu Mae OyTH BUKOPHCTaHA SIK MporpaMa KepyBaHHS aBTOMATHYHOIO CHCTEMOIO NMPHBOJIB. 3aBHaHHS (GopMu y
BUIISIII CHHYCOIIM CTOCOBHO JIAHOI 33/1aui MPEACTaBISAEThCS HENPHIATHUM, TOMY IO SBHUH HEJOJIK CHHYCOinH - Ge3nepepBHa
3MiHa KPUBHU3HH 1 OLTbIIa KPHBU3HA Y BEPIIMHAX MPU BEIHKHAX aMIUTITYAaX.

KnwyoBi cioBa: MaHImyasaTOpH, MEXaHi3MHU, TPAEKTOPil pyXy, poOOTH-3Mil, 3rUHAHHS Tyiy0a, Ga3u pyxy, KyToBe
BIIXHWICHHS.
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JOCHIKEHHSA CUCTEMM PO3III3HABAHHSA
ABTOMOBIJIBHUX HOMEPIB HA RASPBERRY PI

AHoTanis. O0’ekToM IOCTIKEHHS AaHOI poOOTHU € 3acO0M MALTMHHOTO HAaBYaHHS UL aBTOMaTUYHOTO PO3Ii3HABAHHS aB-
TOMOOLTPHUX HOMepiB. MeTa 1aHoi poOOTH MOJIATae y JOCTiKEHHI peani3allii CHCTeMH IUTsl po3Mi3HaBaHHS aBTOMOOUIBHUX
HoMepiB 3acobamu Raspberry Pl 4. OCHOBHUM 3aB/aHHSM JAQHOTO JOCII/DKEHHS € aHali3 aHaJIOTIB ICHYIOUHX CHCTEM aBTOMa-
THYHOTO PO3ITi3HABAHHS aBTOMOOLIBHIX HOMEPIB Y CEpe/IOBHILI anapaTHUX MpoayKTiB Raspberry Pl, a Takox peasizaris Bia-
CHOI cHcTeMH Ta il JocHiukeHHS. Y pe3y bTaTi JOCIiIKEHHS iCHYIOUHX aHAJIOTiB OyJI0 BHSBIICHO MEBHI IPOOJIEMH Ta 3HAHICHO
IUBIXH 1X BHpimeHHs. CHCTeMa BUKOPUCTOBYE CydacHi TEXHOJIOTIT IITYYHUX 3TOPTKOBUX HEHPOHHMX MEPEX ULl BHPILICHHS
nocTaBieHoi 3anayi. Takox CIIiJ| 3a3HAYUTH, 110 Po3pobIIeHa CHCTEMa IPAIIOE Kpallle KOHKYPEHTHUX Ha BEJIMKHX KyTax 3io-
MKH. Y pe3yJbTaTi BUKOHAHHS poOOTH OyJO peanizoBaHO CUCTEMY aBTOMATHYHOTO PO3Mi3HABAHHS aBTOMOOUIBHHX HOMEpPIB
3aco0amu riatu Raspberry Pl quist inrenekryansHux BOYIOBaHHX CUCTEM. ByJIO MPOBEAEHO TOCTIIKEHHS TA BUSIBIICHO BETMKUI
MOTEHIIia]T 3aIPOIIOHOBAHOT PO3POOKH Y CEpEeIOBUINAX, A€ IIBHAKICTH POOOTH CUCTEMH He OyAe KpUTHYHOIO.

KawuoBi caoBa: cucrema po3mi3HaBaHHS aBTOMOOIIBPHUX HOMEPIB, AITOPUTMH MAIIMHHOTO Ta TIMOOKOTO HaBUAHHS,
3ropTKOBa HEHPOHHA MEpesKa, IHTeNIeKTyalbHa BOy1oBaHa cucrema, Raspberry Pl.

Beryn

BukopucTaHHs CHCTEM aBTOMATHYHOTO pO3IMi3Ha-
BaHHS aBTOMOOUTLHHUX HOMEPIB BiJOyBA€THCSI y HABKO-
JHIIHBOMY Cyd4acHOMY CBiTi KoxkHoro nHs [1, 2]. Taki
CHUCTEMH MOXYTh BUKOPUCTOBYBATHUCH IpH (ikcawii no-
POXHBO-TPAHCHIOPTHHUX IPHUIOZl, ABTOMATHYHHUX CHUCTE-
Max HajcwiIaHHs wWTpadiB, 411 PO3YMHHX CHUCTEM MHap-
KyBaHHS, Toio. KoxeH 3 Ha3BaHMWX NPHUKIIA/IIB HEMOXK-
JIMBO peajizyBaTh 0e3 iHTerpyBaHHs CHCTEMH aBTOMAaTH-
YHOTO PO3Ii3HABaHHS aBTOMOOLILHUX HOMEpIB [3].

Ha cporoani Ha noporax YkpaiHH BHKOPHCTOBY-
etbes 237 kamep doTosineodikcarii (puc. 1) [4].
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Puc. 1. Kapra kamep dorosineodikcarii Ha 1oporax Ykpaidnu

OCoOIMBICTIO TaKUX KaMep € MOXIIMBICTH PO3IIi-
3HABaHHS HE TUIbKHM (aKTy MEPEeBUIIEHHS IIBUIKOCTI, a
i HOMEpPHOT'O 3HAaKy aBTOMOOLJIS, 10 JTO3BOJISIE BUITHUCY-
BaTH IITpapy y aBTOMAaTHYHOMY PEKHUMI.

Mera cTatTi: i71es 1OCHII/KEHHS TOJISATaE B TAKOMY:
MPOBECTH aHAJIi3 iICHYFOUMX CHCTEM aBTOMAaTHYHOIO pO3-
Ii3HaBaHHs aBTOMOOIUJIBHUX HOMEPIB y CEepeloBHILI ama-
patHux npoxaykris Raspberry Pl, BuGip cxemoTexHiuHOl
Ta AITOPUTMIYHOT 0a3|, peani3allisi BIaCHOI CUCTEMHU Ha
Raspberry Pl Ta ii qocmimkeHHs i GopMyTIOBaHHS Iepcrie-
KTHB 3aCTOCYBaHHS Ta MMOJAJbIIOT0 PO3BUTKY.

AmnapartHa peaJi3aiis cucreMmu
ABTOMATHYHOI0 PO3MiZHABAHHS HOMeEPiB

OnuH 3 HaOUIBII ITUPOKO BUKOPUCTOBYBAHUX Me-
TOIIB peaiizallii Takoi CHCTEeMH — Iepefada Bieo Mo-
TOKY Ha cepBep Ta Iofaibina fioro oopobka. Takuii mis-
Xil Ha3WBaeTbcA NpOrpaMHUM. BiH Mae cBoi mumocw,
MPOTE TOJIOBHHM MiHYyCOM OYAYyTh BHCOKI BHMOTH [0
MIBHKOAIT Ta 0OUMCIIOBATIBHNX XapaKTEPUCTHK anapar-
HOi yacTHHH crcTeMH. OCKIBKH BiIeO € HellepepHUBHUM
HOTOKOM iH(opMallii, ToMy cepBep HOBHHEH OyTH 10CTa-
THBO TMOTYXHHUM JJisi 00pOOKHK yCiX MOTOKIB OJJHOYACHO
[5].

Iumuit migxin — anmapatauii. [nes anapatHoi pearti-
3amii cucteMu aBToMaTH4HOI (ikcarii aBTOMOOUTLHHX
HOMEDIB TOJIATae y TOMY, IO (iKcarist Homepa Bin0yBa-
€TBCS «HA MiCI», TOOTO Oe3MmocepeHh0 KaMeporo.
[TmocamMn Takoro Merona € MOXIMBICTh INEPECHIATH
JWIe KOPHUCHY iH(pOpMaIilo, HAPHUKIAA, TUTBKA (QaKT
MIEPEeBUIICHHS IIBUAKOCTI Yy ¢opmari mara-dgac-HOMeEp
aBTOMOOUTA-TIBHAKICTH. [IpoTe Takwmif miaxig TaKoX Mae
BaroMuil MiHyC — Taki amapaTHi 3acO0M MOBHHHI OyTH
JIOCTaTHBO TIOTY>KHUMH JIJIs 0OpOOKH 300pakeHb y pea-
JBHOMY Yaci, 10 poOHTH iX T0BOJI Joporumu [6].

Cepen1 iCHYIOUMX CHCTEM ]ISl BUPIIIIEHHS TaKoi 3a/1a41
icHye OaraTo pisHuX Kamep. Lle cremianbpHi Kamepu, KOTpi
BCTAHOBITIOIOTHCSI HA MIPUBATHUX 00’ €KTAX 1, MOXKIIMBO, Mi-
CTSITh HE TUIBKH MOJIYJIb PO3ITi3HABaHHS aBTOMOOUIEHO HO-
Mepy, a i 00siub. Taki kamepu J00pe MiIXOAATh IS BEITH-
KUX MIIPUEMCTB KOJIM Ma€ CEHC 3aKyIaTH iX ONTOM Jecs-
TKaMH, COTHSIMH 200 HaBITh THCSYaMH LITYK, JJIs1 BCTAHOB-
JIeHHS Ha 00’ €KTax, 1110 OXOPOHSIFOTHCSI.

s moOy 0By iHTeneKTyanbHOT BOY/I0BaHOI CHCTEMHU He-
00xizHO obpatu cuctemy Ha kpucraii (SO0C), mocTaTHbo
TOTY>KHY ISl peattizaliii MeTO[iB MaIlllMHHOTO HaBYaHHSI.
BpaxoByroun Te, o it Takoi SOC HeoOXiaHa BemKa Ki-
JIBKICTh PI3HUX MPOTPAMHHUX KOMITOHEHTIB, JaHWUH Yill 10-
BHHEH MaTH orepamiiHy cuctemy. Hermoranmii BHOip yis
TaKuX winei — cimeiicteo wiat Raspberry Pl [7, 8].

Raspberry Pl — mini komm'totep, po3pobienuii 6pu-
taHcbKUM QoHzoM Raspberry Pi Foundation. ITouaTkoBo
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Cuctemu ynpasiiHHs, HaBiramii Ta 38's3ky. 2023. Ne 1

wiatdopma Raspberry PI Oyna cTBopeHa juisi HaBYaHHS
JiTel, MWKOJSPIB Ta CTYJEHTIB NporpaMyBaHHio. [Ipote
aTdopma crana ayke MOMyJISIPHOIO Cepe]] HTY31acTiB,
TOMY 3apa3 iCHy€ BeJIMKa KUIBKICTh IIPOEKTIB po3pooite-
HUX 3a JOTIOMOT 00 came Hei.

Jis peamnizariii cuicteMu aBTOMaTHYHO1 (hikcarlii aB-
TOMOOLTEHUX HOMEpIB Oy0 06pano Mozens Raspberry
Pl 4B (puc. 2), sika Ma€ TEXHIYHI XapaKTePHUCTUKN HaBe-
neHi y Tabm. 1.

T

Rospberry Pi 4 Model 8
(©FRaspberry Pi 2018

Puc. 2. 3oBHimHii Buriszg wiatu Raspberry Pl 4

XapakTepucTHKU MpornoHoBaHoi SOC 103BOJISIOTH
CTBODUTH IHTENICKTyallbHy BOYZOBaHy CHCTEMY, sIKa
MOKe IPOBOINTH Y PEXKHMI peanbHOro 4acy o0poOKy 30-
OpakeHb 13 BUKOPUCTAHHSIM aJTOPUTMIB MAIIUHHOTO i
rIHOOKOT0 HaBYaHHsI, 3aCTOCOBYIOUH TEXHOJIOT1i 6araTo-
[IAPOBHUX 3rOPTKOBHUX HelipoHHMX Mepex [9, 10].

Tabauys I — TexHiyHa XapaKTepUCTHKA 00paHOL
Raspberry Pl

Broadcom BCM2711, quad-core Cortex-

fpouecop | A7 (ARM v8) 64-bit SoC @ 1.5GHz
O3I1 4GB LPDDR4

2.4 GHz and 5.0 GHz IEEE 802.11b/g/n/ac
3B’5130K wireless LAN; Bluetooth 5.0; Gigabit Ether-

net; 2 x USB 3.0 ports; 2 X USB 2.0 ports
2 x micro HDMI ports (up to 4Kp60 sup-
ported); 2-lane MIPI DSI display port
2-lane MIPI CSI camera port; 4-pole stereo
audio and composite video port
[TinTpumka SD kapn

5V DC yepe3 USB-C (Bix 3A)

Bineo Ta 3Byk

ITam’s1TH
JKusnenns

Orasi icHYyH4YHX cUCTEM

Sk Bxe Oymo ckaszaHo, 3a JormoMoror Raspberry
peaii3oBaHoO jayske 06arato pi3HHX MPOEKTIB, Cepes SIKHX
€ ¥ MpoeKTH pO3IMi3HABaHHS aBTOMOOLIEHHX HOMEpIB.
Op1H 3 MOXJIMBHX ITiJIXO/IiB — BUKOPHCTOBYBATH METOH
06po0Oku 306pakeHHs Ta 6ibmioTexy OpenCV [11]. ITpo-
6J1eMa TaKoro METO/y IOJISra€ y HU3bKid TOYHOCTI pO3-
MMi3HABaHHS Ha pealbHUX 300pakeHHsX. Lle moB’s3aHO
Hacamrepe/ i3 mpo0IeMoI0 po3TallyBaHHS HOMepa Bijl-
HOCHO KaMepH, a TAKOXK OCBITIIEHHS, pi3HOMaHITHUX TIe-
pemko, Tomo (puc. 3).

[HIIM# miaxin — e BUKOpUCTaHHS TEXHOJIOTIH Ha oc-
HOBI IITYy4YHHUX HeipoHHHX Mepex [12, 13]. ¥V crati [14]
OyJI0 BUKOPUCTAHO IiJXiZ y SIKOMY KOMOIHyBaJHCS Me-
pexi YOLOvV3, CRAFT Text Detector Ta CRNN. Takuii

crioci® JI03BOJIMB JIOCSTTH PO3ITi3HABaHHS HOMEpPY aBTO-
MOOLIIO y PeXHUMI peabHOTO Yacy, MpoTe 3 HACTYITHUMHU
OoOMEeXeHHSIMH: po3Mip 300pakenHss 480x270 mikceniB
(daktuuno 416 mo ropusonTali), yacrora kaapis 30 FPS,
BepxHi 45% BiCOTKIB 300paxeHHs OyJ10 00pi3aHo (TOOTO
peanbHE BUKOPUCTOBYBaHE 300pakeHHs Oymo 416 Ha 135
mikceniB). Bei mi oOMexeHHs Oyii HaKaAeHi TaKoX IS
MOJJIMBOCTI Tiepeadi 300paXeHb Y Mepeki CHCTEMH,
OCKiJTbKH 00poOKa 300pakeHp BiI0yBaslaCh Ha cepBepi, a
He Ha 1wati. [Imara mume gopMyBana BiAMOBIIHI Yepru
JUTS aCHHXPOHHOT 00POOKH KOYKHOTO HOBOTO KaJpy.

Puc. 3. Haxwmm BiTHOCHO KaMepu

TakuMm YUHOM BCi pOOOTH MOXKHA 3BECTH JI0 CHELli-
aTi30BaHUX METOIIB 00p0oOKH 300paXkeHHs, 200 10 BUKO-
PHUCTaHHS IITYYHHX HEHPOHHUX Mepex. CItijt 3a3Ha4YNTH,
10 TEePIIUH MiAXi He Ta€ BiIMIHHOTO Pe3yJbTaTy, OCKi-
JIBKH Pe3yNbTYHOYA SKICTh CHIIBHO 3QJISKHUTh BiJl HAXHITY
HOMEpY BiIHOCHO KaMepH, a TAKOXK TaKi METOIH, SIK Ipa-
BWJIO, AyXXE€ YyTJIHBI 1O BHKPHBJICHb OOYMOBJICHHX
HIyMaMH Ta OCBITJICHHSIM.

Merton mTy4HuX HeHpoHHHX Mepex [15] y cBoro
4Yepry Mae BaroMHuid MiHyC y IIBHJKOIT i CKOpillle 3a Bce
BiJI pO3Mi3HABAHHS y peallbHOMY 4aci J0BEJEThCS BiIMO-
BUTHCSI, SIKIIIO BUKOPHCTOBYBATH JIHIIIE TOTYXHOCTI SOC
riaty. st peanizanii Oyno o6paHo MeToan rimboKoro
naBuanHs ta SOC na Raspberry Pl.

Heiiponna mepeska Mask R-CNN
Ta peaJisanisg Ha RaspberryPI

Jst peamizamii Oyso oOpaHo moOpe mociimKeHy
mepexy Mask R-CNN [1, 16, 17]. Ls mepexa moka3zana
BiZIMiHI pe3yJbTaTH Ha BEJIMKHX KyTax pPO3TaIlyBaHHI
HOMEPHOTO 3HaKy a0 kamepu [1]. V3arajpHeHa cxema
po0OTH KX MEpeX 3 BUAIIEHHS OKPEMHUX PETIOHIB Ta
po3mi3HaBaHHs 00’ €KTIB Ha HUX HaBeJeHa Ha puc. 4 [17].

aeroplane? no.
.
e 3
<> person? yes.
CNNN, i

A $
tvmonitor? no.

WCNN K

IxipHe or np o
no perioxam

06y

perioHis

Puc. 4. V3araisHena cxema po6otu Mepexi Mask R-CNN
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s Mmeperxa Mae iHHOBAIIMHKH TiX1 10 00pOOKH 30-
OpaxeHHs. CrioyaTKy BUKOHYETBCSI 3BUYaliHa 3ropTKa 30-
Opa)keHH JUTsl OTpUMaHHs KapTu o3Hak. Jlami nparroe Mo-
TlyJb TeHeparlii perioHiB, KOTPUH JaJli TOAAETHCS B MEPEXKY,
cxoxy Ha R-CNN, To0TO0 BinOyBa€eThCs BU3HAYEHHS Kilacy
115t periony. Bimmirmicts Mask R-CNN i Faster R-CNN
TIOJISITa€e Y TOMY, IO [IepIlia XapaKTepH3ye KOKHUH MiKCeb,
TOGTO BHpimTye 3amady instance segmentation. [IpoGiema 3
LII€F0 MEPEeXKeI0 — HasABHICTh BEMKOI KUTBKICTh MOyTiB. L5
mpo0OJieMa MOBCTAa€E Ha eTalll HaBYaHHS, OCKUIBKI HaBYaHHS
KOKHOT'O MOJYJISL OKpeMO Oyzie TPHBATH JIy)Ke IOBIO aB-
TOPY BUKOpHUCTaIN 00 €aHany (yHKLiro moxudok. Crif 3a-
3HA4MTH, 110 YacTHHA i€l GyHKIIT 1ie TOuHa KOst hyHKIiT
noxu6ok 3 Faster R-CNN:

L(p,t“,v) = Las(p,w) + A [u = 1)Ly, (%, v);
Las(p,u) = —ulogp — (1 —u)log(1 —p);

Lioe (t%,v) = Lo (el

ie{x,y,w,h}

- 1),

Jie U — KJ1ac 00’ €KTY, KOTPHU HACTIPaB/li MPEACTABIICHO Y
perioni; Ly (p,u) — norapudmiuba QyHKIs MOXUOOK;
v= (vx, Vy, Uy, vh) - peayibHi pO3MipH paMKu 00’€KT;
t“(ty, ty, ty, ty) — OTPUMaHi paMKH 00’ €KTy I KyIacy u;
Lioc — GyHKIISI TOXMOOK MIXK OTPUMaHHMU Ta PealbHUM
paMkamu 00’€KTy; A — HO4aTKOBU KoeillieHT, KOTpHii
OanaHcye BIUIMB 000X QyHKIIIH MOXHOOK Ha pe3ybTar (B
OpUTiHAJBHIN CTAaTTI JOPIBHIOE OJMHUIN, TOOTO BILJIHMB
000x (yHKII# 0/THAKOBHIA);

0.5x2, |x| < 1;
[x] —0.5,]x] = 1.

KombinoBana ¢ynkmis mist Mask R-CNN mae ta-
KU BUTIISIA:

Limooth (x) — {

L = Les + Lige + Linask
a6o (BuxopucroByrouu Fr R-CNN):

L=L(p,t“ v) + Linask;
Linask = -m~?x
x> [y logyls + (1 - yy) og(1 - ¥E)]
1<j,Jsm

m X m— posmipu Macku; y;; — kiac wiitueka (i, ),
yikj — BU3HAYEHHH KJIacC IS Ti€T K caMoi KIIITHHKH.

[HmmMu cnoBamu QiHasbHA QyHKINS TOXUOOK IIe
cyma noxu6ok Faster R-CNN Ta cepenus 6inapHa noxu-
Oka kpoc-eHTpomii (Cross entropy loss). Mask R-CNN
Oyna cTBOpeHa JUIsl BUpiLIeHHs 3a1au4i instance segmen-
tation, ToOTO 1M BH3HAYECHHS KOXKHOTO OKPEMOro
00’exty Ta #oro kmacudikamis. Ll cucrema mokasana
BiZIMiHI pe3yJIbTaTH MOPIBHIHO 3 KOHKYPEHTHUMH Ha 30-
OpaKeHHSIX Jie HOMEpP PO3TALIOBAHO i/l BEIMKUM KyTOM
1o xkamepu [1]. TIpoGiiema 3 po3ropTaHHsIM CHCTEMH T10-
YaJucs Ha eTalll 1HCTaJAIil HeoOXITHUX KOMIIOHEHTIB.
s poboTtr g Mepexka moTpedye HACTyIHI HeoOXimaHi
komnoHeHTH: Python 3.6, OpenCV 3.x, Tensorflow
1.13.x. Ockinbku Bepcii nux 0i6i0TeK 10BOII CcTapi, TO
noTpibHO OyJi0 BCTaHOBIEHHS cTapoi Bepcii Raspbery PI
OS Tta po3ropraHHs KOXXHOTO KOMIOHEHTY 3 piwheels.

Inmoro npo6aemoro OyB BUOIp KaMepH: BUKOPHCTO-
ByBatn Pl Camera, umu 3Buuaitny USB-kamepy, abo

MOXIIMBY Kamepy 3 iHTepdeiicom HDMI. Jns npocrotu
OyJio BUpilIeHO BHKOpUCTOBYBatu 3BuuaiiHy USB ka-
Mepy, OCKIUJIbKM TaKHH MiAxix OUTbII ZOCTYIHUH Ta yHi-
BepcasbHui. Po3mpenns nanoi kamepu Oyio 640x480.

[Ticnst BcTaHOBJIEHHS BCiX HEOOXITHUX KOMITIOHEH-
TiB peajizallisi cucTeMHu Oyna IyKe IMpOCTOI0, OTpHMa-
HUU{ pe3yJIbTaT HaBeIeHO Ha puc. 5.

L g

Puc. 5. Pesynbrar pobotu cucremu Ha Raspberry PI

SIk MoxHa Mo0AYUTH MPOMOHOBAaHA CHUCTEMA Ipa-
IFO€ HABITH i3 300pakKeHHSIMH IIif] Ty>Ke BETUKAM KyTOM
aBTOMOOITEHOTO HOMEPY /10 Kamepu. Lle nae 3mMory Bcra-
HOBJIFOBATH TaKi KAMEPH B HIMPOKOMY JTialia30Hi 3HAUYEHb
BHCOTH Ta KyTa HOMepy 110 kKamepu. TakuM YnHOM IisI CU-
cTemMa 100pe i XOIUTh JUTs CKJIQJIHUX YMOB €KCILTyaTa-
11, KOJIU HEMOXITUBO BCTAHOBUTH KaMepy Tak, 1100 Ho-
Mep OyB PO3TAIIOBAHUI MiJ IPSIMHUM KYTOM.

Ipote HenOMIKOM JaHO1 peanizarii Ha Raspberry Pl
€ JIOCTaTHBO MOBLJIbHA POOOTA CHCTEMH, OCKLILKHA 00pO-
Oka oHOro 300pakeHHs 3aiimana Bix 7 1o 20 ¢. o me-
peBar oTpuMaHOl peaizalil MOXKIJIMBO BIJHECTH Te, IIO0
JlaHa CUCTeMa MPALF0€ KOPEKTHO IPH BUKPUBJICHHSX 30-
OpakeHb OOYMOBIICHHMX TE€OMETPHYHUMH (DaKTOpamu,
OMa/IaMHK Ta HEJIOJIIKaMH OCBITIICHHSI, Y BEJIMKOMY Jliara-
30HI pO3pi3HEHb 300pa)KeHb, I pi3HUX (popmaTiB 30-
Opa’keHb a TAKOXK MOXKE PO3ITi3HABATH JCKIIbKa HOMEPiB
Ha 300pa)XeHHI 0JJHOYACHO.

BHCHOBKH Ta mepcneKTUBH
MoJAJBLIINX JOCTiIKEeHD

ITix yac po3ropraHHs CHCTEMH aBTOMAaTHYHOI (ik-
canlii aBTOMOO17IbHUX HOMEPIB Ha BEIMKUX KyTaX 3HOMKH
BJIAJIOCSI IOCATTH NPalIodoi Mepesi BOy1I0BaHIUMH 3a-
cobamu Raspberry PI. Taka moTyxHa cuctema, KoTpa
BIZIMIHO TIPAIIOE HAa BENHMKUX KyTax 3WOMKH, MOTpedye
BEJIMKOI MOTYXHOCTi. Ha >kanp cucTema mpaimroe IOBi-
JIbHO, OTKE JIaHy pealli3allifo MOXKJIMBO BUKOPHUCTOBY-
BaTH JIMIIE y 3aCTOCYHKaX, 110 HE MOTPEOYIOTh PeXUMY
peaybHOTO Yacy.

OCKIJIbKY JlaHa CUCTEMa BiZIMIHHO NPALIIOE HA BEJIH-
KUX KyTaxX, TO € MOXJIMBICTh BUKOPUCTOBYBATH 1 Yy KOM-
OiHawlil 3 IHIIUMU CHCTEMaMH, KOTPi OyAyTh HAIpPHKIaN
JIOKaJIi3yBaTH HOMEPH, a Hajaili Oy/ie npalioBaTH Mporo-
HOBaHa CHCTEMa JUIsl BU3HAYEHHs O€3110CepPEIHBO IUX HO-
MepiB. KpiM TOro, MOXKJIMBICT TAaHOT CHCTEMH PO3IIi3Ha-
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BaTH JEKiJIbKa HOMEPIB OJJHOYACHO JIa€ 3MOTY BUKOPUCTO-  [IpHK/IazioM Takoro 3acTOCyBaHHS MOKEe OyTH mapkoBa
BYBaTH 11 y MICIISIX BEJIMKOTO CKYITYE€HHsI aBTOMOOLNIB, e 30Ha, a0 CTOSIHKA, /¢ IIBHIKOCTI HaBITh B OJHE 300pa-
LIBUJKICTE POOOTH CHCTEMH He OyAe KPUTHYHOIO.  JKCHHS 32 XBWJIMHY OyJie JOCTaTHBO JJISI MOHITOPHHTY.
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Implementation of automatic license plate recognition system with Raspberry Pl
A. Podorozhniak, N. Liubchenko, D. Petrukovich, D. Onishchenko

Abstract. The object of study in the article is machine learning methods for automatic license plate recognition. The goal
is to implement the system of automatic license plate recognition with Raspberry Pl 4. The main tasks of this research are to
analyse systems of automatic license plate recognition that implemented with capabilities of Raspberry PI and to implement own
system. As a result of research of similar systems common problems were discovered and resolved. The developed system uses
modern approach and technologies of artificial convolutional neural networks to solve occurred problems. It is important to note
that the implemented system performs better than similar systems for large shooting angles. As a result of the work automatic
license plate recognition system using Raspberry PI boards for intelligent embedded systems was implemented. Research has been
conducted and the great potential of the proposed development has been revealed in environments where the speed of the system
will not be critical.

Keywords: license plate recognition system, machine learning algorithms, deep learning methods, convolutional neural
networks, intelligent embedded systems, Raspberry PI.
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ATPETALIISA CTPYKTYPHOI MOJIEJII CKJIAJTHUX MEPEXKHUX CUCTEM

AnoTtanis. CxmaaHi cucteMu motTpedyrOTh CHEIiaTbHIX METO/IIB aHai3y Ta MpoekTyBaHHsI. OCHOBHA MeTa X METOIIB
TMIOJIATAE B TOMY, II00 3MEHIINTH po3Mip cucTeMH. [1oTpiOHO 3HANTH MpoCTille MpeCTaBICHHS TAKUX CHCTEM 31 30epexeH-
HSIM BJIACTHBOCTEH CHCTEMH IT0YaTKOBOI po3MipHOCTi. B pooTi po3risaatoTsest opMaibHi HEpeTBOPEHHS CTPYKTYPHOT MO-
JIeTTi CHCTEMH 3a JloroMororo arperamii. Lle# migxin qormomarae 3MEHIINTH pO3MIPHICT Ta 00YHCITIOBAIBHY CKIIAIHICTh CH-
cremu. IIpeamMeToM H0C/IiKEHHSI € METOM NEPETBOPEHHS CTPYKTYPHOI MoJeni cucteM. MeTor po6oTH € JIOCIIKEHHS]
arperatii CTpyKTypHOi MOJIETIi CHCTEM, 110 3a0e3Medye 3MEHIICHHSI PO3MIpHOCTi, 00UHCITIOBANIBHOI CKJIAJHOCTI Ta 4acy BU-
pilieHHs Npo0aeMU. AKTYaJbHICTh POOOTH TOJIATAE Y TOMY, L0 PsI MpoOaeM MOXe BHPIIIyBaTHCSA Ha OUIBII BUCOKOMY
PiBHI iepapxii cucteMu, KUl MOXKHA OTPUMATHU B pe3yibTaTi arperauii CTpyKTypHOI Mozeni cucteMu. B po6oTi Oynu Bupi-
HIeHi HACTYNHI 3aAa4i: IepeTBOPEHHs CTPYKTYpHOI MOZEII CHCTEMHU Ta CTBOPEHHS i€papXidHOI CHCTEMH 3a JIONMOMOTOI0
arperarii; omiHKa e()eKTHBHOCTI EPETBOPEHHS CTPYKTYPHOI MOZIEN CHCTEMH 32 JIOTIOMOT'OI0 BUPIMIEHHS 3a1a4i MOIIYKy MakK-
CHMaJIBHOTO NOTOKY. B pe3yabTati qociimkenns Oyia cTBOpeHa iepapXiyHa CHCTeMa; IPOASMOHCTPOBaHa e(heKTUBHICTD Me-
TOJy Ha NPUKJIaJ]l BUPILICHHS 33/1a4i PO MAaKCUMAIIBHUH MOTIK. Pe3ynpTraTn oniHku e(eKTHBHOCTI IEepeTBOPEHb CTPYKTYPHOI
MOJIETi CHCTEMH: 3MEHIIYIOThCS KUIBKICTh €IEMEHTIB B CUCTEMI, KUIBKICTh 3B’A3KiB MK €IEMEHTaMH B CHCTEMI Ta KLIbKICTh
iTepariif 00xoxy rpada; 3HaYeHHS MaKCUMAIBHOTO TIOTOKY € OJHAKOBUM IS TBOX PiBHIB CUCTeMH. JOCIiKEHHS T03BOJIAIOTh
3pOOUTH BUCHOBKM: METOJM NIEPETBOPEHHS CTPYKTYPHOI MOJENi 3a0€3MeUyIOTh IPOCTIIlIe MPEACTABICHHS CKIAJHUX CUCTEM,
30epiraro4u Mpy HbOMY TOIIOJIOTI4HI BITACTUBOCTI CHCTEMH Ha OLJIBII BUCOKOMY PiBHIi; B pe3yJIbTaTi arperamii CTpyKTYPHOI MO-
JeJTi 3MEHIYETHCS PO3MIPHICTh CHCTEMH, 00UNCITIOBAJIbHA CKIIAJHICTh Ta YaC BUPIIICHHS MPOOJIEMH; arperamis Hagae epeKTh-
BHI CIIOCOOHM 00YMCIICHHS OQ)KaHUX BEIWYMH ISl CHCTEM 3aBISKU 3MEHIICHHIO PO3MIPHOCTI CHCTEMH.

Kaw4oBi caoBa: arperamis cTpyKTypHOi MOZAEIN, IEPETBOPEHHS CTPYKTYPHOI MOAENI, CKJIQJHI CUCTEMH, 3MEHIICHHS

PO3MIPHOCTI CHCTEMH, MAKCHMAIbHUH MOTIK.

Beryn

CkJ1aiHi CHCTEMH 3yCTpivaloThes B 0aratbox cde-
pax Ta XapaKTepU3yIOTHCS BEIMKOIO PO3MIPHICTIO Ta 00-
YHCTIOBAILHOKO CKIIaAHICTIO. OcTaHHIM YacoM OyJio po-
3p0o0JIEHO BENUKY KiIbKiCTh HOBHX IHCTPYMECHTIB Ta Me-
TOJIB U pOOOTH 3 PI3HUMH BETMKOMACIITAOHUMHU CKJIa-
JTHUMH Mepexamu [1].

Mepexi BUKOPHCTOBYIOTBCS SIK 3arajibHa MOJIETb
MHOXXUHHM CKJIagHuX cucteM. CKilagHa CHCTEMa MICTHTb
BEJIMKY KINBKICTh C€JIEMEHTIB Ta 3B’S3KiB MK HHMHU.
SIkio MaTy Ha yBa3i ONKMC CHCTEMH Ha PIBHI OKpEMHX
OJIMHHIIB, MOXe OyTH KOPHUCHHUM DO3IUTUTH €IEeMEHTH
CUCTEMHU Ha TPYIH, SKI MOXKHA PO3IJISIATH SIK ITiJICHC-
TEMH, Ta OTPUMaTH e(eKTUBHI B3aemonii Mixk Humu. Ta-
KHAM YMHOM, MOKHa OTPUMATH OITUC Ha O1J1bILI BUCOKOMY
PiBHI CHCTEMH.

Bararto cxylaHUX CHCTEM MOXXHa NPEACTaBHTH SK
GaraTopiBHEBI Mepexi, 10 CKJIQIAI0THCS 3 OKPEMUX eJie-
MEHTIB, Ki B3a€MOJIIIOTE 1 3aJI€3KaTh OJIMH BiJ OQHOT0, Ta
MAaIOTh HETPUBIAIBHI TOMOJOTIYHI BIACTHBOCTI [2].

CkJ1aiHi CCTEMH TTOTPEOYIOTH ClelialbHIX METO-
B aHaJIi3y Ta MPOEKTYBaHHs, OCHOBHA METa SIKUX IOJIs-
rae B TOMY, 1110 BOHU 3MEHIIYIOTh CHCTEMY JI0 MEHIIIOTO
BHMIipYy, BUKOPHCTOBYIOUH ii arperamiro abo 1eKOMII03H-
Iif0.

IcHye Tpu TpynH 3a/1a4 IS CKJIAIHUX CUCTEM: aHa-
J1I3 BIIACTUBOCTEN Ta MOBENIHKA CHCTEMH B 3aJIEKHOCTI
BiJI 1T CTPYKTYpH Ta 3Ha4eHHS i mapaMeTpiB; BUOIp CTpy-
KTYpH Ta 3Ha4eHb IapaMeTpPiB Ha OCHOBI BIACTHBOCTEH
cucTeMH; To0y/10Ba CKIIaTHUX CHCTEM.

JHana po6oTa npucBsiYeHa arperarii sik MeToay Iie-
PETBOPEHHS CTPYKTYPHOI MOJIEJI CKJIaTHMX CHCTEM 3 Me-
TOIO 3MEHIICHHS PO3MipHOCTI CUCTEMH, KOJIM Jac Bifir-
pa€ BaXJIHMBY pOJIb y BUPIINIEHHI 3a7ad KepyBaHHS B

pearbHOMY Yaci Ta KOJHM 4ac MOJETIOBAHHS CHCTEMH €
KPUTHYHUM IapaMEeTPOM.

AXTyallbHICTh pOOOTH MOJISITAE Y TOMY, IO JEsKi
npoOJieMH MOXKYTh OyTH BHpIILIEHI Ha OLIbII BUCOKOMY
piBHI iepapxii cucremu. [l bOTO 3IHCHIOETHCS arpe-
rauisi CTpyKTypHOI MOJiell, sika moJisirae B 00’eHaHHI
€JIEMEHTIB CHUCTEMH Yy MiJICHCTEMH, B pe3yJIbTaTi 40ro
¢dbopmyeThCs iepapxiyHa cucrtema. IlepeBaror IbOTO
IiIX0/y € 3MEHIIEHHS KiJTbKOCTI €lIEeMEHTIB CHCTEMH Ta
3B’S3KiB M)XK HAMH, 3MCHIIICHHS PO3MIPHOCTI CHCTEMH,
O0YHCITFOBATFHOI CKIIAAHOCTI Ta Yacy BHPIMICHHS MpPO-
Gnemu.

AHauni3 gitepatypu

3a ocraHHii 4ac 3pocia KiIbKicTh poOiT, sIKi IpHc-
BSIYEHI BHBYCHHIO CKJIQJHUX Mepex abo, IHIIUMH CIIO-
BaMH, CKJIaTHUX CHCTEM 3 MEPEXEBOIO TONOJIOTiEr0. Me-
PEeXi BUKOPHCTOBYIOTBCS SIK 3arajbHa MOJEb Pi3HOMA-
HITHUX CKJIQ[IHUX CHUCTEM.

BukopucToByeThest HacTyHa Ki1acH(piKalist cKia-
HUX Mepex [3]: TexHOoOorIYHi, 010JI0T19HI, €KOJIOTIYHI Ta
colliajbHi. 3HaYHA yBara NPUALIIETBCS TEopil Mepex,
MEpEeKEBOMY MOJICTIOBAHHIO.

MaremaTtiyHa MOJENb CHUCTEMH CKJIQJa€EThCs 3
JIBOX YaCTHH: OIUCY ii €IEMEHTIB 1 ONTUCY CTPYKTYPH CH-
cremu. DopmanbHa TeXHiKa, M0 OMKCYE MaTeMaTHYHI
MOJIENi CHCTEM, BKJIIOYAE TEOPIF0 MAaCOBOTO OOCIYTOBY-
BaHH:, Mepexi Ilerpi, anrebpy mpomecis i TEOpi0 MHO-
HKHH.

Psix mpo6iem crcreMHOrO aHami3y norpedye noci-
JUKEHHSI CTPYKTYpHOI Mojelni CkiafiHoi cucreMHu. [lpu
LLOMY JI€sIKi TPOOIEMH BUPIIIYIOTHCS JIMIIE IUITXOM I1e-
PETBOPEHHS 1CHYIOYOI CTPYKTYpPH B TaKy, LIO JO3BOJISIE
JOCSIT'TH BUPIIIEHHS NOCTABICHHUX MEPE JOCIiIKESHHIM
3aBJaHb.
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ABtopu [4] 3aCTOCOBYIOTH arperauilo €JIeMEeHTIB
Mepexi MacoBOT0 00CITyTrOBYBaHHS 3 METOIO 3MEHILICHHS
il po3MipHOCTI Ta CKOPOYEHHs 4acy MojetoBanHs. Mo-
JICTIFOBaHHS PEaJIbHOT CUCTEMH MOXKE 3alHATH Oararto
4acy, TOMy HEOOXIIHI METOJH JUIsl MOJICITIOBAHHS BEIHU-
KHAX CHCTEM 3 BIAITOBIIHUM OajlaHCOM TOYHOCTI Ta IIBHU-
naxocti. OCHOBHHMH MiAXiA Moysrae B TOMY, 00 po3mi-
it Mepexy Ha aBi miaMepexi: C ta R. ITigmepexa C
MICTHTh OCHOBHI BY3JIH, a miaMepexa R micTuts iHmIi By-
3mu. MeTa noJsrae B mepeTBOpPeHHI miaMepexi R mo me-
HIIol migMepexi R* takum danHOM, 11100 MOJETIOBaHHS
C 3 R* nabnmxanocs no monemoBanns C 3 R. ITokaz-
HUKH NpoayKTUBHOCTI C MOBHMHHI OYTH O/JHAKOBUMH B
000X Meperxax, aje IIOKa3HUKU MPOAYKTUBHOCTI B R* Ta
R He 000B’SI3K0BO MOBHHHI CMiBMagaTH. TakKUM YHHOM,
migMepeka R 3BoauThes 10 MeHIol miaMepexi R*, tomy
NepeTBOpeHa Mepexka MEHIIa, HiK 04aTKOBa Mepexa.

ABTOpPH [5] MOCTIIKYIOTE CXeMH arperariii MapKoB-
chKkuX nporteci. [linxin monsaras y Tomy, mob 06’ exHaTH
CTaHU MapKOBCHKOTO MPOIECY B IPYITH Ta 3aIPOIOHY-
BaTH MapKOBCHKHUI POIIEC HA MHOXKUHI TPyTI, SIKUH Ma€e
arperoBaHy cCTallioHapHy HWMOBipHicTh. [loTeHIIHHIMHA
nepeBaraMu € ¢peKTUBHI OOYUCIICHHS, BKITFOUAIOYH T10-
BTOPHE OOYMCIICHHS JJIsl BpaxyBaHHs JIOKaJIbHUX 3MiH.

ABTopH [6] pO3MISAOAIOTh METOX AOCIHIIPKCHHS
CKJIaAHOI cucTeMU Ha OCHOBI ii mexomnosuuii. Mertox
NoJArae y 1eKOMNo3ullii BeIMKoMacTabHUX MOENeH y
B3a€MOIIOB’sI3aHUi rpad) JOTIYHUX TMPOIECIB, 3JaTHUX
OJTHOYACHO 0OpOOIIATH MOJi1 MOAETIOBAaHHS Ha CYyYacHHX
napanenbHUX miaTdopmax.

MeTtox 3MeHIITye PO3MIpPHICTH MOJEIN CHCTEMH Ta
MIOKpaIIy€e TPOAYKTHBHICTh MOJEJIIOBAaHHS CHCTEMH Ha
napaenbHuX miaTgopmax.

Arperariisi BUKOPUCTOBY€ETBCS B CTaTTi [7] UIA 1M0-
LYKy HAWKOPOTIIUX IUIIXiB y rpadi. Lle moxe OyTu 3a-
CTOCOBaHO B pO3po0Li CYMyTHMKOBOI HaBiraiii, moo
MaTd MOXIIMBICTbh pearyBaTH B PEKHUMi PEabHOTO 4acy
Ha OHOBIICHHS JIOPOXKHBOTO TpaQiKy.

BupitieHHst 3a7a4 TOMOJOTIYHOTO aHaji3y MOTpe-
Oy€e BEMKUX O0YHCIIIOBAIILHUX PECYPCIB 1 PO3BUTKY Ma-
TeMaTHYHUX MeTomiB. Taki 3amadi MOKHa 00’ €qHATH B
HACTYIIHI TPYIIH.

1. Po3pobka CTpyKTYpHOTO ONHCY CKJIQJHOi CHC-
temu. Jlo mi€el rpynu HajexaTh 3aBIAaHHI, O BU3HAYA-
I0Th TOMOJIOTIYHY CTPYKTYPY CUCTEMH: BU3HAUCHHS eJIe-
MEHTIB Ta IiJICHCTeM CKJIaJIHOI CHUCTEMH, BHU3HAUCHHS
3B’SI3KIB MK HUMH.

2. Bu3HaueHHS XapaKTepPHCTUK CKIAJHOI CHCTEMH
13 3aJITaHOIO TOTIOJIOTIYHOIO CTPYKTYPOIO, HATIPUKIIAJ, BU-
3HAYEHHs] HAKOPOTUIMX UISXiB, HUKIIB. Takox MoJIesb
CTPYKTYPH CHCTEMU BUKOPHUCTOBYETHCS JIJISL aHATI3Y TO-
Ka3HUKIB SIKOCTI CTPYKTYpH, HAPUKIIAM, aHaJi3 KiIbKO-
CTi 3B’SI3KIB MIX MiZICHCTEMaMH, IIPOITyCKHOI 371aTHOCTI
a0o0 IHIIMX XapaKTEepUCTUK KaHAJIB, HIBUAKOCTI Iepe-
J1adi IMOBIJOMJIEHD 10 KaHaJIaxX.

3. ExBiBaJIeHTHI IepeTBOPEHHS TOIOJIOT1YHOI CTPY-
KTYPH CKJIQIHOT CUCTEMH.

BinpmicTe 3aBHaHb TPETHOI TPYNH € 3aBIAHHIMH
MiIBUIIECHOT cKiIagHOoCTI. [IpOEKTYBaHHS CTPYKTYpPH Me-
PEXKEBUX CHCTEM € OJITHUM 3 OCHOBHHX 3aBJaHb 1 ITOJISITae
y BHOOpi ONTUMAJIBHOI CXEMH 3’€THAHHS BY3JIiB Ta BH-
00pi MPOMYCKHOT 3IaTHOCTI KaHAIB.

VY it pobOTI pO3risAaEThCS 3a/1a4a CKBIBAJICHTHUX
MIepETBOPEHb CTPYKTYPHOI MOJIENi CUCTEMH, sIKa Halle-
JKHUTB JI0 TPEThOI TPYIH 3a]a4d TOIOJIOTIYHOTO aHali3y.
ExBiBaJICHTHI IEpeTBOPEHHsI MOXKHA 3aCTOCYBaTd B Ha-
CTYIHUX BUINAJKaX: MEPEpPO3NOILT 3B’ I3KIB 1 CXEM B3ae-
MOJIii B paMKaxX II09aTKOBOi CTPYKTYpH; arperartis ta Jie-
KOMIIO3HIIiSi KOMITIOHEHTIB CHCTEMH; 3MEHIICHHS PO3Mi-
PHOCTI CHCTEMH, KOJIM Yac Bilirpae BaXKIHUBY pOJb Y BHU-
pilleHHi 3aBIaHP YOPABIIHHA B pealbHOMY dYaci, a Ta-
KOJK, KOJIM YaC MOZEIOBAHHS CUCTEMHU € KPUTHYHUM I1a-
pametrpowm [8].

DopMaJbLHUI onHC arperamii
CTPYKTYPHOI MOJ1eJIi CHCTeMH

B oMy po3aini po3risaaeThest NoOyI0Ba MOEITI
CTPYKTYPH CUCTEMH Ta aJICOPUTM arperailii CTpyKTypHOi
MOJIeJTi CHCTEMH. PO3TIIsIatoThCs 3a/1adi MEePEeTBOPCHHS
CXEMH 3B’SI3KY €JIEMEHTIB.

Cucrtema S cknamaetnes 3 eaemenTiB C1,Cap,...,Cn Ta
3oBHimHLOr0 cepenosuia Co [9]. Enementu cucremu
MaroTh BXimHi korTaktd Xi?, ne i = 1,2, ..., m i BuXimHi
kontaktd Y\9, ne 1=1,2,...,r. Enement Cj MicTuth mj
BXiHMX KOHTaKTiB; koHTakT X0 npuiimae enementaphi
curnam xi9(t); i=1,2,...,m;; j=1,2,...,N. Enemenr Cj mic-
TUTb Ij BUXiJHUX KOHTaKTiB; koHTakT Y9 Bumae eneme-
arapi curnanu y/O(t); 1 = 1,2,....1;.

30BHIIIIHE CEPEAOBUIIE CHCTEMHU MPEIACTABIAETHCS
¢ikruBHIM enemeHTOM Co, TKUH MICTUTB Mo BX1THUX KO-
uraktiB Xi© Tta ro Buxigaux xoutaktiB Y|©. Takum un-
HOM, KoxkeH Cj eIeMEHT CHCTEeMH S XapaKTepH3Y€eThCS
MHOXHHO0 BXigHMX KoHTakTiB X1¥, Xo0, .., Xn0 Ta
MHOXHHOIO Buxigaux koHTakTiB Y10, Y20, ..., Y0

st popmanbHOTo omucy 3’enHanHs enemenTa Cj 3
IHIIUMY eJIEMEHTAaMH Ta 30BHIIIHIM CEPEI0BHUIIIEM BUKO-
PHCTOBY€EThCS MATEeMAaTUYHA MOJIETb, 110 CKIATAETHCS 3
muoxuH [XiP]:™ ta [Y\V]1", ne i — Homep BXigHOrO KOH-
Takty, i=1,2,...,m; 1 HOMEp BHUXITHOTO KOHTAaKTY,
1=1,2,...,r; j — HOMep enemeHnTa cuctemu, j=1,2,...,N.

J1o BXiTHOr0 KOHTAKTy OYyJb-SIKOTO €JIeMEHTa CHUC-
TEeMH MiJKITI0YAEThCS He OiIbIe HiK OJUH eJIeMeHTap-
HHUI KaHaJ, a 10 BUXIAHOTO KOHTAKTy MOXeE OyTH IijaK-
JIFOYEHO OY/Ib-sIKE€ KIHIIEBE YHCIIO eJIeMEHTAPHUX KaHaJIiB
3a YMOBH, III0 JI0 BXOJy OJHOTO 1 TOT'O K €JIeMEHTa CUC-
TEMH HANpPaBJSIETHCS HE OUIBINE HIXK OJUH 31 3rajaHux
€JIEMEHTAPHUX KaHAIB.

3rigHo 3 MPUITYIIEHHSM, IO KOXXHOMY BXiTHOMY
KOHTaKTy X0 igmoBinae He Gijblie Hi’K OMH BUXiTHUI
kouTakT Y|¥), BBOAUTHCS 01HO3HAUHMI onepaTop [10]:

) )
v =R, (1)
Iie 00J1aCTh BU3HAYEHHS Ha MHOUHI:
wm1m™
Uise[X”], @)
Ta 001aCTh 3HAYEHb HA MHOYKHHI:
k T
Uil ], 3)

Omnepatop (1) 3 oOnmacTi0 BU3HAYCHHS Ta 00JIACTIO
3HA4YeHb HA3UBAETHCS CXEMOIO CIIOJyYCHHS €JIEMEHTIB B
cucTeMi S 1 0IepaTopoM CIIOIy4eHHs a00 (OpMaIbHOIO
MO/ISIUTIO CTPYKTYPH CUCTEMH.

CxeMa mepmioro piBHSA CHCTEMH IpeICTaBICHA
Ha puc. 1.
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Puc. 1. Cxema nepiioro piBHS CHCTEMH

OmnepaTop CHOJYYEHHS CIEMCHTIB B CHCTEMi MO-
JKHA 33J]aTH y BUTIISAI TaOUII, Ic HAa ICPETHHI PSIKIB 3
HOMEpaMH eJIEMEHTIB CHCTeMH (j) Ta CTOBIIIB 3 HOMe-
pamu ii BXiTHHX KOHTAkTiB (i) pO3TalIOBYIOTHCS Hapu
gncen (k, 1), mo BkazytoTs HOMep enementa (k) Ta Homep
BHX1HOTO KOHTAKTY (1), 3 TKUM 3’ € THAHUH KOHTAKT X;0,

CrioyueHHsI €JIEMEHTIB MEepIIOr0 PiBHSA CHCTEMHU
mpeacTaBieHi y Tadm. 1.

Tabruysa 1 — CnoJiyueHHs1 eJ1eMeHTiB
Ha NnepuoMy piBHi cucreMu

i 1 2 3
0 11 2.1 42
1 0,2 31
2 0,1 32 41
3 0,2
4 12 32

Bianosiguicts Mix Y® i X0, mo onucyerses one-
paropom (1), He € B3aeMHO ojHO3HAuHOW0. TakuM uH-
HOM, Ma€MO HEOJHO3HAYHMIT OIepaTop:

Xi(j) - R—1(Ylk), (4)

ne X% — BximHi konTakTH enementa; Y| — BuximHi KO-
HTaKTH €JICMEHTA.

Mepmmii eranm arperauii nomsirae B 00’€THaHHI
eneMeHTiB y migcucremu. CkiazHa cucteMa S po3iyis-
€TBCS Ha miIcucTeMu Sy, e L = 1, 2, ..., M, sIKi MICTSITh He
MeHIe HiX oauH eneMeHT. Enement Cj Moxe BXOIUTH
nviIe B oHy 3 migcucreM Sy. Skmo enement Cj He BXO-
JTB Hi B OJTHY 3 MiJICUCTEM, TO IIeH €JIeMEHT CaMOCTIHHO
(dhopmye micucreMy, HaMPUKIA, Suo. 3MIACHIMO arpera-
tiro takum arHOM: Syo={Co}; S,1={C1,Cs}; S;o={C>,Cs}.

HactynHum etanom arperauii € BU3Ha4eHHS (ik-
THUBHHUX KOHTAKTIB I11JICHCTEMH.

Ilincucrema S, € OJHOYACHO 1 CKIJIaJIHOIO CHCTE-
MOIO, ITOAI0OHO CHUCTEMI S, 1 €JIEMEHTOM CHUCTEMH S.

VY mepmioMy BHNAAKy MiACHCTEMa Sy pO3risga-
€ThCS SIK CAMOCTIMHA CHCTEeMa Ta MOBUHHA MaTH 30BHi-
IITHE CEPEIOBHIIIE, 10 TIPEACTABIAETHCS (DIKTUBHIM elie-
meHnToM Co". BHYTpIlIHS CTPYKTypa 30BHIIIHEOTO Cepe-
JIOBHIIA € HEBUIUMOIO JUISl €JIEMEHTIB MiACUCTEMH Sy, Y
IbOMY BHIIJIKy 30BHIIITHE CEPEIOBHIIE, SKE MPEICTAB-

asteTbest pikTuBHUM enementoM CoV, B3aeMoi€ 3 miJcu-
ctemoto Sy uepes cBoi BXiani konTaktn XiOW, ski 3°en-
HaHi 3 BUXOAaMH €JIEMEHTIB MiICUCTEMH Sy, a TAKOXK Ue-
pes Buxiani kontaktu Y|O¥, ki 3’€aHaHi 3 BXOJaMu elne-
MEHTIB TigcucTeMu Sy.

VY npyromy BUMajKy mijcucTeMa S, pO3risaaeTbCs
SIK €JIEMEHT CUCTeMH S. BHYTpIlIHSA CTpyKTypa Mifcuc-
TeMH Sy € HEBUAMMOFO JIJIS1 IHIIKX ITiCUCTEM CHCTEMH S.
KoxHa mizcucremMa Ha Mei NOBHHHA MaTH (iKTHUBHI
Bxigai Xi® i (IKTUBHI BUXIIHI Y™ konrakTH mms
3B’53Ky 3 IHIIMMHU IiJICUCTEMaMH CHUCTEMHU S.

Takum umHOM, napa konTakTie Xi® ta YO, a Ta-
koxk XiO% a YW 06’ eiHyI0TbCS B «MOABIHHI» QiKTHBHI
KOHTAaKTH Ha Mexi migcucremu Sy (puc. 2). Beenenus
HOHATTS (PIKTMBHUX KOHTAKTIB BIJIrpae BaKJIUBY POJIb
JUTSL KOXKHOI migcuctemu Sy, [Ipu HeoOXiqHOCTI migcuc-
TeMy Sy MOXKHA 3aMiHUTH Ha HOBY, 3aBASKH YOMY MOXKHA
HOKPAIIXTH MPOAYKTHBHICTh CHCTEMH S 200 PO3LINPUTH
(bYHKI[IOHAJIBHICT.

IcHy€e IBI MHOKMHU KOHTAKTIB €JIEMEHTIB IIiICHC-
TeMu Sy

— MHO’KMHA BHX1JTHUX KOHTAKTiB BCiX eneMeHTiB Cj,
ne Cj € Sy, ki 3’e1HaHI eJIeMEHTapHIMH KaHaJlaMU 3 BXi-
JHUMH KOHTaKTamu eneMeHTiB Cy, ne Ck & Sy, a Takox 3
BXI{JIHUMH KOHTaKTaMu QikTuBHOTO enemenTa Co:

[Yl(j)]#’ (5)

Jie L — HOMep TIiICUCTEMH;

— MHOKMHA BXiJHMX KOHTAaKTiB BCix eneMeHTiB C;j,
ne Cj € S,, 3’eIHAHUX eJIeMEHTapPHIUMH KaHAJIaMU 3 BUXI-
JHAME KoHTakTamu eneMeHTiB Cy, ne Ck & Sy, a Takox 3
BHXiTHUMH KOHTaKTaMu (pikTHBHOTO exemeHTa Co:

[Xl(j)]u’ (6)

Jie L — HOMep TiICUCTEMHU.

JI71st MHOXKWHY KOHTAKTIB €JIEMEHTIB MiACUCTEMU Sy
MOTPiOHO BM3HAYUTH (DIKTUBHI KOHTAKTH, IO 3’ SIBIISI-
FOTBCS TIPH MOJIUTL CHCTeMH S Ha mifgcuctemu Su. B pe-
3ynbTaTi Oyae chopMoBaHO N1Bi TPyNH (PiKTHBHUX KOH-
TaKTiB: TepIlla TPymna XapaKTepu3ye MiACucTeMy S, sK
CKJIaJHy CHUCTEMY, a Apyra rpyra KOHTaKTiB XapaKTepH-
3y€ MICUCTEMY SK €IEMEHT CHCTEMU S.
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Posrnsinemo muoskuny [Y19], Beix enemenris Cj, ne
Cj€ S,, sKi 3’€qHAHI eleMeHTapHIMHU KaHAIaMU 3 BXiJ-
HUMH KOHTakTamu eneMeHTiB Cy, ne Ck € S,, a Takox 3
BX1JTHUMH KOHTaKkTaMu QikrueHoro enementa Co.

Koxuomy Y9 € [Y(D], cTaButhes y BinnosinHicTs
mmapa ornepaTopis:

Yl(ﬂ) — Q#(Yl(f))' (7)
X0 = 0. (®)

Omnepatopu (7), (8) HA3UBAIOTHCS ONIEpaTOPaMH HY-
Meparii QIKTUBHAX KOHTAKTiB MiICUCTEMH Sy, TIOB’s3a-
uux 3 konraktamu Y Bcix enementis Cj, mo HamexaTh
migcucTeMi Sy, 1 3’ €THAHUX €IIEMEHTAPHUMH KaHAJIaMH 3
BX1THUMH KOHTaKTaMHu eneMeHTiB Ck, KOTpi HaJexaTh J10
MiZCUCTEMH Sy, 1 3 BXIIHUMH KOHTaKTaMH (DiKTHBHOTO
enementa Co. Oneparopu Qu Ta Q'y 3amar0Thes TaOIH-
1ero HyMeparlii piKTHBHUX KOHTAKTiB.

Aunroput™ (hopMyBaHHSI (IKTHBHHX KOHTAKTIB JJIS
muoxunn [Y\9], nonsrae B macrynnomy. Ha nmepmomy
etami ans migcuctemu S, popmyeThest MHOKMHA [YD],..
[MoTiM BH3HAYAIOTHCSI KOHTAKTH, 1110 HAJIE)KATh €JIEMEHTY
Cj, ne Cj € S,. Ha apyromy erani koxszomy Y9 3 miei
MHOXXUHHM CTaBHUTBHCS Y BIJIIOBIAHICTH mapa (QiKTUBHUX
KOHTaKTIB, SIKi MICJISI HyMEPYIOThCS 3 BUKOPHCTaHHIM
oneparopiB (7), (8). Hymepariiss QiKTHBHUX KOHTAKTiB
migcucTeMu Sy, MAKIIOYEHUX 10 KOHTaKTiB MHOXKHHH
[Y(9),1, npencrasnena y Tabm. 2.

Tabnuys 2 — Tabanus Hymepauii piKTHBHHX KOHTAKTIB
nigcucremMu Sy2, MAKJIIOYEHHX 10 KOHTAKTIB
muoxuun [Y(D]y

Omneparop 2,1 4.2
Qpl 1 2
Q’ul 1 2

Posrasuemo muoxuny [X|9], Beix enementis Cj, ne
Cj€ S,, 3’eqHaHUX eIeMEHTApHUMH KaHajlaMH 3 BUXi-
HUMH KOHTakTaMu eneMeHTiB Ck, ne Cx & Sy, a Takox 3
BUXiIHUMH KOHTakTaMu (ikTrBHOTO enementa Co.

BBoxsiThest oneparopu Hymepauii QiKTUBHUX KOH-
TaKTIB:

(10)

Omneparopu (9), (10) dpopmyroTs (ikTHBHI KOHTa-
KTH TIijicucTeMu Sy, AKi 0B’ s13aHi 3 koHTakTaMu Xid) Beix
enemeHTiB CjeSy 1 3’€/1HaHI eJIeMEHTapHUMHU KaHaJlaMU
3 BUXIJIHUMU KOHTakTamu enemeHtiB Ck & S, 1 3 BuXil-
HUMH KOHTaKTaMH QikTHBHOTO esiemenTa Co. Po3risiHyTi
orepaTopu MOXYTh OyTH NIpeJCTaBJIEH] y BHUIIISAI Ta0-
JUIh (GIKTUBHUX KOHTAKTIB.

Anroput™m popmyBaHHS (HIKTHBHUX KOHTAKTIB IS
muoxurd [X (], monarae B HacTymHOMYy.

Ha mepmomy kpomi i migcucteMu S, dopmy-
erbes MaOkuHA [X(P],.. TToTiM BH3HAYAIOTECS KOHTAKTH,
mo Hanexatb eneMeHTy Ci, ne Cy €S,.

Ha npyromy kpoui koxxaoMy X9 craBuThCS y Biz-
MOBIAHICTH Mapa QiKTUBHUX KOHTAKTIB, SKi TIOTIM HyMe-
pYIOTbCS 3 BHKOpHCTaHHsAM omeparopi (9), (10).

Ou _ prey()
O = B,

Hywmepariist (piKTHBHUX KOHTAKTIB MIJCUCTEMH S, i K-
moyenux 10 kontaktis MEOokuHU [X,9].1, npencraBnena
y Tabm. 3.

Tabnuya 3 — Tadanus Hymepanii piKTHBHIX KOHTAKTIB
migcucreMu Sy2, MiAK/II0YEHHX 10 KOHTAKTIB
muoxuan [ X0y

Omneparop 2,1 41 2,2 42
Pu 1 2 3 3
P’y 1 2 3 3

Hactymnum eramom arperaunii € BH3HaUYeHHS
3B’ SI3KIB MK €JIEMEHTaMH B ImigcucreMi. PosrisgaemMo mi-
ncucTeMy Sy K caMOCTiliHy cuctemy, TooTo Co 1 Bei iHIIT
KOMIIOHEHTH CUCTEMH S TPEACTaBIAIOTh AN S, 30BHi-
mHe cepepopume Col. ITpu moGynosi cxeMu cHomy-
YeHHsI HEOOXiHO BPaxOBYBATH JIBa TUIH 3 €JHAHb. Y
MIePIIOMY BHTIAJIKY — 1€ BHYTPIIIHI 3’ €JHAHHS BXiTHUX 1
BHXiIHUX KOHTaKTiB eneMeHTiB Cj, me CjeSy. Y apyromy
BHIIAJIKY — II€ 3’ €JHAHHS BXiTHUX | BUXiTHUX KOHTAKTiB
enemenTiB Cj, o HalexaTh Sy, 3 BXITHAMHU Ta BUXIiJ-
HUMH KoHTakTamu exeMenta Co™), 110 IpeacTaBse 30B-
HIIITHE CepeIOBHIIE IO BiTHOMICHHIO 0 MiJCHCTEMH Sy.

V nepmomy Bunaaky muoxuad [XiO],™ ra [Y\0],f
KOHTaKTiB aiis exeMeHTiB Cje Sy 3aaHi, a onepaTop Cro-
aydeHHs R, nopisHioe R.

VY npyromy BUOAKy mifcucTeMa Sy MOBHHHA MaTh
kontaktd XiO ta YO mo 3’emnyrors BianosigHo
Bxoau QikrusHoro enementa Co™ 3 BUXxonamu enemes-
TiB MJCUCTEMH Sy, TAKOXK BUXOIHU (DIKTHUBHOTO €JIEMEHTa
Co™ 3 BXOJaMH eJeMeHTIB MijicHCTeMU Sy. Takum yu-
HOM, onepatop Q’, Bu3Hauae BXimHi koHTakTH XiOF, Ta
oneparop P’ BusHauae Buxinani kontaktn Y (OH,

[Xi(O)#]Zn — Qlli([yl(j)]u)' (11)

w1 _ pr 6]
[V, = Bix:"1,). (12)
Cxema CIIOJIYUCHHA I l'IiI[CI/ICTeMI/I Su SAK CaMO-
CTIMHOI CHCTEMU 6yz[e BHU3HA4YCHA 3a JOIIOMOTI'O10 OIepa-
TOpa CHOJXy4eHHs R, — BHYTpIIIHBOTO oTiepaTopa Croiy-

YEHHS €JIEMEHTIB B MiJCKHCTEMI Sy
k) _ @)
v = R, (13)
Criony4yeHHS eJIEMEHTIB TiacucreMu Ry, mpencras-
JeHi y taba. 4.

Tabauysa 4 — Tadauus crniogyYeHHs eJIeMEHTIB
nigcucremu Ry

i\j 1 2 3
2.1 42
0.1 03 41
4 0,2 03

HacrynHum eramom arperauii € nmoOynoBa apy-
roro piBasi cuctemu. [lincucrema Sy Moke pO3TIILAATUCS
K eneMeHT cucteMu S. [limcucTemMa XapakTepru3y€eThCs:

- muoxuHO0 [X9],, sKa mo3HAUAE MHONKMHY
BXITHMX KOHTaKTiB Bcix eneMeHTiB CjeSy, 3’ennanux
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€IEMEHTAPHUMH KaHAJaMU 3 BHXiIHHUMH KOHTAKTAMU
enemMeHTiB Ckx €S, 1 BUXIIHUMH KOHTaKTaM# (IKTHBHOTO
enementa Co;

- muoxuHO0 [Y(9],, siKa mo3Hauae MHOKUHY
Buximaux konrtaktie Y\9 Bcix eremeHTiB Cj, mo Haie-
KaTh MICUCTEMI Sy, sKi 3’ €THaHI CIEMCHTAPHUMH KaHa-
JIaMH 3 BXiTHUMH KOHTaKTaMH erneMeHTiB Ck&S, 1 BXin-
HUMH KOHTaKTaMu QikTuBHOTO enemeHTa Co;

- MHOXXHHOIO (DIKTHBHUX BXiJHUX KOHTAKTiB
[Xi®]1™, me Xi® — BXimHMIt KOHTAKT MiACHCTEMH;

- MHOXXHHOIO (DIKTHBHUX BUXITHUX KOHTAKTIiB
[Y{®]1", me Y(* — BuXigauil KOHTAKT ITiICHCTEMN.

Jis moOymoBH CXeMH CITONYYCHHS IMIICHCTEM Sy,
K = (Mo, 1, 12,... [ iM) B CHCTEMI S BBOIMTHCS OIEPATOP
CIIOTYYICHHS IiICUCTEM:

v = R, (X", (14)
Iie 001acTh BUSHAYCHHS HA MHOKWHI:
m
i b el (15)
001acTh 3HaYEHb HA MHOKHHI:
T
UZI:O[YI(#)]]_’ (16)

e M — KIITBKICTD HiICUCTEM B CUCTEMI.
Omnepatop (14) BXigHOMY (IKTHUBHOMY KOHTaKTy
X;® craBuThH Yy BIAMOBIAHICTh BUXITHHN (iKTUBHUHA

kontakt YY), 3’ ennanmuii 3 Xi*) eneMenTapHuM KaHaioM,
SIKIIO Take 3’€THaHHS B cucteMi S icHye. s QikTus-
Horo KoHTakTy X' BU3HauyaeThCsA MOB’A3aHMI 3 HUM
oyuH 3 koHTakTis X0

xP = P71 x®), 17)

ne Xi® — Bxinauit kourakt enementa Cj, ne CjeS,. Ome-
parop P, Y(Xi™) € HeomHo3HAYHEM, TOMY B pe3yabTaTi
MOKe BUSIBUTHCS OLIbIINe Hi3K oxuH KoHTakT Xi¥ mst ¢i-
KTHBHOTO KOHTAKTY.

CyKyTHICTh CXeMU crioydeHHs Ry migcucrem Sy B
cucremi S i cxem comydeHHs R, enemenris C; B miacu-
cTeMax S; Ha3WBAIOTHCS ABOPIBHEBOIO CXEMOIO CIIONY-
YEHHSI CHCTEMH S.

CriotyueHHs €JIEMEHTIB Ha APYroMy pPiBHI CUCTEMH
npescTaBieHi y Tabdi. 5.

Cxema [Ipyroro piBHS CHCTEMH MpeCTaBieHa Ha
puc. 2.

Tabnuys 5 — CnoJiy4eHHsl eJIeMEHTIB
HAa Jpyromy piBHi cucTeMu

i\j 1 2 3
0 11 2,1 2,2
1 0,2
2 0,1 12 13

Puc. 2. Cxema npyroro piBHS CHCTEMH

Ouinka epeKTUBHOCTI MepeTBOPEHD
CTPYKTYPHOI Mojei cucTeMHu

Jist oniHKYM €(heKTHBHOCTI IEPETBOPEHHSI CTPYKTY-
PHOT MOJIeJIi CHCTEMHU MOXKHA BUPILIUTH 3a/ady Mpo Ma-
KCUMAaJIBHUH MOTIK JUIs KOXKHOTO PiBHS i€papXiuHOi cuc-
TeMH. 3aja4ya PO MaKCUMaJIbHU MOTIK MOJISITAE B TOMY,
00 OTPUMATH 3HAYEHHS MaKCHMAJIbHOTO MOTOKY Me-
pexi ans 3amanoi Tormosorii [11]. 3agaga mpo MakcuMa-
JILHUH TOTIK (OPMYITIOEThCS TaKUM YHHOM. HeoOXimHo

3HANTH MakCHMalbHEe MOXIIMBE JJISI JJaHOI Mepexi 3Ha-
YEeHHsI CyMapHOTO IIOTOKY MK JUKEPEIOM Ta CTOKOM TIPH
3aJ]aHUX NPOITYCKHUX 3[aTHOCTSX JIyT Mepexi. SKiio no-
TIK HE JOCSIT MAaKCUMAJIbHOTO 3HaUSHHs, TO Tpeba BU3HA-
YUTH, IK HOTO 301JIBIIUTH.

Jlns BupimeHHs 331291 PO MOIITYK MaKCHMAaJIbHOTO
MTOTOKY BUKOPHCTOBYETHCS TEOpPEMa, 10 Oy/1a ToBeIeHa
®oprom Ta DPankepcoHOM, 3TiTHO 3 TKOI0 MaKCHMAIIbHO
MOJKJIBE 3HAUCHHS CyMapHOTO IOTOKY Ha KIiHIIEBUX Y-
rax JOpiBHIOE MiHIMAIBHIA TIPOMYCKHIA 3MaTHOCTI
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o0Opanoro po3pisy [12]. ITix mpormycKHOO 31aTHICTIO PO-
3pi3y MaeThCsl Ha yBa3i CyMa IIPOIyCKHUX 3aTHOCTEH
JIYT, IO YTBOPIOIOTH PO3Pi3.

Anroput™ ®Popra-dankepcoHa BKIIOYAE HACTYIHI
KPOKH:

- TIOIITYK Ha rpadi JTaHIiora 3 JyKeperna B CTiK;

- IUIsL KOKHOT JYT'M CTaBUTHCS MaKCHMajbHe
MOKJIMBE 3HAUCHHS MOTOKY 3 JPKepena B CTiK, 3HAUCHHS
MTOTOKY He MO>ke OyTH OITBIINM HiX Bara IyTH;

- SIKIIO 3HAYeHHS IIOTOKY JMJOpiBHIOE Basi
IyTH, TO TaKa Iyra € HACHYCHOIO, Ta Yepe3 Hel BiKe He
MOYKHa IIPOMTH MiJ] Yac BUOOPY JaHIIOTIB y Tpadi;

- AJITOPUTM 3aBEPIIy€EThCS TO1, KON Hepexin
3 JpKepena B CTIK CTaHe HEMOXKIIMBUM.

[Ticns 3aBepieHHs Aii aIrOpUTMY 3HAYEHHS Mak-
CHUMaJIGHOTO TMOTOKY JIOPIBHIOE CyMi MOTOKIB BCIX IyT,
IHI[UICHTHUX CTOKY Tpada.

Crionmy4eHHS eIEMEHTIB TIEPIIOTO PiBHSI CHCTEMH 3i
3HAYCHHAMH IIPOITyCKHOI 3JaTHOCTI NpencTaBieHi y
Tabm. 6.

Tabnuys 6 — CrnoJiyyeHHs eJIeMEHTIB Ha MepuIoMy piBHi
CHCTeMH 3i 3HAaYeHHAMH
NPONYCKHOI 31aTHOCTI

MakcumabHU TOTIK MEpeXi BU3HAYAETHCS 3a (o-
pMyJI0K0:
— n
f= Xk (18)
Jie N — KiJIbKICTh pebep, IHIUICHTHUX CTOKY;
fi — BemuurHa NOTOKY pebpa, iHIHICHTHOTO CTOKY;

3a popmyioro (18) OyB 3HalIEHUIT MaKCUMATTbHUHA
TIOTIK MEPEexi:

fi=15+11+9 + 10 = 45 (19)

B pesynbrati arperauii cTpykrypHOi Mojneni OyB
OTpUMaHU# Apyruil piBeHb cucteMu. CHoNyudeHHs eje-
MEHTIB APYTOTO PiBHA CHCTEMH 31 3HAYCHHAMH MPOIyC-
KHOI 3/1aTHOCTI IpencTaBiieHi y Taour. 8.

Tabauys 8 — CroJiyueHHs eJleMeHTIB Ha APyromy piBHi
CHCTEeMH 3i 3HaYeHHSAMH NPOIYCKHOI 31aTHOCTI

i\j 1 2 3
11,11 21,15 2,2,19
0,2,56
0,1,25 1,2,9 1322

i 1 2 3
0 11,11 21,15 4219
1 0227 315
2 01,25 32,7 415
3 02,29
4 12,9 32,15

Bupimmmo 3amavy momryky MakCHMallbHOTO MO-
TOKY JUISl IIEpIIOro piBHs cucTeMu. I'pad meprroro piBHs
CHCTeMH TpeJICTaBIeHUI Ha puc. 3.

Puc. 3. I'pad mepriroro piBHS CHCTEMHU

PesynpraT 06x0my Tpada A mepIoro piBHA cHC-
TEMH TIPeJICTaBICHUH y Tadi. 7.

Tabauys 7 — Pe3yabTaT 00X0ay rpaga
IJ1s1 IePINOTro PiBHS CHCTEMH

o ILsix 3HaueHHS
HOTOKY

1 Jxepeno—2—Crik 15

2 Jhxepeno —1- Crik 11

3 Jlxepeno —1-4— Crik 9

4 Jxepeno —3—4— Crik 10

Bupimmmo 3asady MOUIyKy MakCHMajbHOTO MO-
TOKY AJ1sl Apyroro piBHs cuctemu. ['pad apyroro piBHs
CHCTEMH IpeJICTaBICHUH Ha pHc. 4.

11/11
Puc. 4. I'pad npyroro piBHS CHCTEMHU

Pesynbrar 00x04y rpada s APyroro piBHS CHC-
TeMH MpecTaBIeHu y Tadi. 9.

Tabauys 9 — PesyabTar 06xoay rpaga
1151 IPYTOro piBHsI CHCTEMU

Ne sx 3HaueHHs 1o~
TOKY
Jxepeno —2— Crik 25
Jxepeno —1- Crik 11
Jxepeno —1-2— Crik 9

3a popmyioro (18) OyB 3HalIEHNIT MaKCUMATTbHIHA
MOTIK MEpPEexi:

f,=25+11+9 =145 (20)

B pesynbraTi BUpileHHs 3a/1a4i 3HAYESHHS] MaKCH-
MaJIbHOTO TOTOKY OJHAKOBE Ha JBOX PIBHIX CHCTEMHU.
ToMy MOKHA 3pOOHTH BUCHOBOK, I1I0 B JAHOMY BHITAIKY
MEPETBOPEHHS CTPYKTYPHOI MOJIEJIi CHCTEMH € eKBiBaie-
HTHHMH.

B pesynbpTari mepeTBOpeHb CTPYKTYpHOI MOJemi
CUCTEMH 3MEHINYIOTHCS PO3MIPHICTH CHUCTEMH, O0YHC-
JFOBaJIbHA CKJIAHICTh Ta Yac BUPINICHHS 3a1adi. Pe3yib-
TaTH OIIIHKU C(ECKTHBHOCTI IEPETBOPEHb CTPYKTYPHOL
MOJIENi CHCTEMH: KUIBKICTh €JIEMEHTIB B CHCTEMi 3MCH-
muaack Ha 33%, KUIBKICTh 3B’S3KIB MIXK €JIEMEHTaMH B
cuctemi 3MeHmmIach Ha 36%, KUTbKIiCTh iTepamiid 00-
xoJy Tpada 3MeHmmIacs Ha 25%.
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BucHoBKkH

Y poboTi Oyma po3TisIHyTa arperartisi ik METOJI Tie-
PETBOPEHHS CTPYKTYPHOI MOJIETI CHCTEMH, IO 3a0e3medye
3MEHIIICHHS PO3MIPHOCTI Ta OOYHCIIIOBATIFHOI CKJIATHO-
CTi cucTeMu. Byno mpoaeMoHCcTpoBaHO, 110 METOIH I1e-
PETBOpEHHSI CTPYKTYpHOI MOZETI CHCTeMH 3abe3redy-
I0Th MPOCTIIlIe IPE/ICTaBICHHS CUCTEM, 30epiralyu npu
LIOMY TOIIOJIOTIYHI BIACTUBOCTI OUIBII BUCOKOTO PiBHA
CUCTEMH.

Y poborti OyB mpencTaBieHu (HOPMaTBLHUN OIIHC
arperauii CTpyKTypHOI MOJENi CHCTEMH Ha IPHUKIaIi
CTBOPEHHS 1€papXi4HOI CTPYKTYPH CHCTEMHU.

Jist oniHky e(heKTUBHOCTI IIEPETBOPEHHS CTPYKTY-
pHOI Mozei cuctemu OyJia BUpilIeHa 3a/1a4a PO MaKCHU-
MaJBHUH TOTIK A7 KOXKHOTO PIBHA i€papXigHOi cwuc-
TeMd. Byno BH3Ha4YeHO, IO B Pe3yJbTaTi MEPETBOPEHb

CTPYKTYPHOI MOJIEeJIi CUCTEMH 3MEHIIYIOThCS KUIBKICTh
€JIEMEHTIB CHUCTEMH, KUIBKICTB 3B’513KiB MIXK €JIEeMEHTaMH
CHCTEMH Ta KUIbKICTh iTepaniii o0xoxy rpada, ane 3Ha-
YEeHHsI MAKCUMAJIBHOTO TTOTOKY € OJJHAKOBUM JUIS JIBOX
PIBHIB CHCTEMHU.

ToMy MOXHA 3pOOUTH BIHCHOBOK, IIIO0 B PE3YJIBTATI
arperarii CTpyKTYpHOI MOJIENIi CHCTEMH 3MEHIITYIOThCS
PO3MIpHICTE CHCTEMH, OOYHCIIOBANbHA CKIAIHICTH Ta
yac BUPIOICHHS MPOOJIEeMH; Ha PO3TIITHYTOMY MPHUKIIAII
MOJKHA 3MIHCHUTH 3MEHIIEHHS PO3MIpPHOCTI CHCTEMH 31
30epeXeHHAM KOPEKTHOCTI ii mapameTpiB.

[Monanpmia poboTa HossArae B 3aCTOCyBaHHI arpera-
il CTPYKTYpHOI MoJesni Ajsi 3MEHIICHHS PO3MIpHOCTI
CKJIQ/IHUX CHUCTEM 3 Jy’KE€ BEIUKOIO KUIBKICTIO €JIEMEHTIB
Ta 3B’s13KiB MK HUMHU. Lle 103BOIHUTH OLIHUTH €PEKTUB-
HICTH PO3MIITHYTOTO METOJA Ul BUPILICHHS PI3HUX 3a-
Jlay ONTUMI3allil, OB’ SI3aHUX 3 BETMKHMHU MEPEKaMH.
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Aggregation of structural model of complex network systems
Olha Ponomarenko, Valeriy Gorbachov

Abstract. Complex systems require special methods of analysis and design. The main goal of these methods is to reduce
the size of the system. It is necessary to find a simpler representation of such systems while preserving the properties of the system
with initial dimension. In this paper formal transformations of structural model of the system using aggregation are reviewed. This
approach leads to reduction of system dimension and computational complexity. The subject of research is the methods of struc-
tural model transformation of the systems. The goal of this work is to investigate the aggregation of structural model of systems
which provides the reduction of system dimension, computational complexity and time of problem solving. The relevance of this
research is that several problems can be solved at a higher level of the system hierarchy, which can be obtained as a result of
structural model aggregation of the system. The following tasks were solved in the work: structural model transformations of the
system and creation of the hierarchical system using aggregation; evaluation of the effectiveness of structural model transformation
of the system by solving the maximum flow problem. As a result of this research a hierarchical system was created; the effec-
tiveness of the method was demonstrated on the example of solving of the maximum flow problem. The results of evaluating the
effectiveness of structural model transformations of the system: the number of elements of the system, the number of connections
between elements of the system, and the number of graph traversal iterations are reduced; the value of the maximum flow is the
same at two levels of the system. The studies allow us to conclude that the structural model transformation methods provide a
simpler representation of complex systems while preserving the topological properties of the system at a higher level; as a result
of the aggregation of the structural model, dimension of the system, computational complexity and time of problem solving are
reduced; aggregation provides efficient ways to compute desired quantities for systems by reducing dimension of the system.

Keywords: structural model aggregation, structural model transformation, complex systems, system dimension reduction,
maximum flow.
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IDENTIFICATION AND MANAGEMENT OF RISKS IN THE PROJECT
MANAGEMENT OF THE DEVELOPMENT OF SOFTWARE PRODUCTS

Abstract. Software development is one of the most difficult areas of intellectual activity for forecasting and planning.
By their nature, digital products are intangible, and software development projects often involve many stakeholders.
Software development processes typically include several stages, including design, documentation, programming, and testing,
all of which require a high level of professional, technological, and managerial knowledge. Due to the complex nature of
digital projects, from the very beginning of the implementation of any software project, it is necessary to take into account and
manage a wide range of risks, which are one of the most important factors affecting the success of a digital project. The work
analyzes and classifies project risks, conducts a qualitative and quantitative identification of the main risks for the selected
subject area, the Crawford card method was used to work with project risks, the risks were ranked, a responsibility matrix for
the project was created, the workload of the project resources was analyzed, and the project was optimized.

Keywords: risks, project management, optimization, identification, Risky Project.

Introduction

Software development risks are factors that can
affect the success of a digital project. They can arise
both internally (when they are the result of situations
within the company) and externally (when they are
influenced from outside). There is also the issue of
personal risks associated with the efforts and
professional qualities of individual team members.
There are many reasons why identifying software
development risks has become so important. A software
development risk management plan helps the team
evaluate the entire project, plan for success, maximize
results, meet deadlines, communicate effectively with
stakeholders, and finally allocate funds to eliminate
significant risks.

Risk is always a potential problem. In software
development, a risk is any event that can jeopardize the
success of a digital project. Relying on guesswork and
crisis management is an ineffective approach. To
properly manage and mitigate risk, you should always
have a risk management plan in place. Proper
implementation of such a plan can help you prevent the
impact of risks if and when they arise, while at the same
time improving the quality of your digital product. Even
if every project comes with numerous software
development risks, most of them can be prevented
before they cause any damage.

Analysis of recent research and publications.
Risk is the possibility of occurrence of any adverse
situations and negative consequences in the future. The
concept of "risk" is closely related to the concepts of
"probability" and "uncertainty".

Risk management is a field of modern
management related to the specific activities of
managers in conditions of uncertainty, complex
selection of options for management actions. Risk
management can be defined as a system of making and
implementing management decisions aimed at reducing
the impact of the consequences of the implementation of
risks on the organization's activities [1]. Planning and
implementation of projects takes place in conditions of
uncertainty caused by changes in internal and external

environments. Uncertainty is understood as the lack of
complete and reliable information about the conditions
of project implementation. Uncertainty associated with
the possibility of adverse conditions, situations and
consequences occurring during project implementation
is called risk [2]. In a market economy, risk is an
integral attribute of business. Uncertainty makes it
impossible to avoid risk. But this does not mean that
you should look for such solutions in which the result is
known in advance, they are usually ineffective. It is
necessary to learn to predict risk, assess its size, plan
measures to prevent it. Risk is a complex economic and
management category, in the definition of which there
are a number of contradictions [3].

Risk management is the process of responding to
events and changes in risks during project
implementation.

At the same time, risk monitoring is important.
Risk monitoring includes risk control throughout the
entire project life cycle. Quality risk monitoring
provides information management that helps make
effective decisions before risk events occur.

The most widespread characteristic of risk is the
threat or danger of failure in one or another activity, the
danger of adverse consequences, changes in the external
environment that can cause loss of resources, damages,
as well as the danger against which it is necessary to
insure. Therefore, project risk is a combination of
constraints and uncertainty. It is possible to minimize
the risk in the project by either eliminating constraints
(which is quite problematic), or finding and reducing
uncertainty [4].

Risks arise at different stages of the life cycle of an
innovative project (Table 1). From the point of view of
project management in the software development life
cycle, risk management is the process of identifying
risks, evaluating them and limiting or mitigating those
that may hinder the achievement of the overall goal,
while at the same time, maximizing opportunities and
results. In the case of the risk management process in
software development, it is about managing the risks
that prevent the successful release of a well-tested and
secure digital product.

© Skakalina O., Kapiton A., 2023
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Table 1 — Types of risks arising at different stages
of the project life cycle

Phase Types of risks

Mistakes in the development of the project concept

ilr:\:z;t- Incorrect determination of project location
ment Attitude towards the local government project

Making a decision about the feasibility of investing

Solvency of the customer

Unforeseen expenses for construction work

Invest- |Exceeding construction terms, equipment costs

ment  [Untimely supply of equipment

Non-fulfillment of contractual obligations by contractors
Untimely training of personnel

Emergence of an alternative product (service)
Insolvency of consumers

The scope and segment of the market in which

the project product is implemented are incorrectly
defined

Change in prices for raw materials, transportation; salary
Changes in the cost of capital and the level of inflation
Threat to environmental safety

Change in the population's attitude towards

the implementation of the project

Opera-
tional

Practical implementation of the risk management
process in the direction of software engineering, specific
responsibility of the executors - the role of risk manager
is performed by project managers or product owners.
They are responsible for identifying risks in software
project management, monitoring the project and making
sure everything is going according to the project
parameters.

In other words, they identify business risk factors,
assess their probability and impact on the project, make
a plan and carry out risk management. This is risk
identification, risk analysis and risk mitigation in an
optimal presentation.

Statement of the research problem. The
following risk management algorithm is applied in the
work, which consists of 5 stages in accordance with the
features of the subject area - software engineering.

« Stage | - identification of risks

The first thing we do is identify potential problems
and threats that could potentially affect the project. We
then calculate their chances of showing up - a risk score.
To do this, we can use various risk management tools
and techniques, as well as general risk knowledge from
previous projects and experience from other teams. How
likely are these software risks to occur?

« Il stage - risk analysis

At this stage, we assess the impact of a specific
risk on the product. How serious is it? Thanks to this,
we can prepare the right course of action and make
business decisions related to reducing risks.

« Stage |1 - setting priorities

When we know what we're dealing with, what
might cause a problem, and the breadth and depth of a
particular business operation, we can rank risks based
on their urgency and the damage they can cause.

« Stage IV - responding appropriately

We have identified threats to the software
development process, analyzed them and prioritized

them. Now is the time to act. This step depends on
whether we can prevent the risk or reduce it as much as
possible. Depending on the type of threat, we take
appropriate action.

» Stage V — monitoring

When the project plan is executed, we observe the
changes — did the selected strategy work? If not, we
make the necessary changes and try again. There is no
end to risk management — therefore, it is necessary to
constantly monitor project risks.

Risk management must begin with a thorough
analysis of the client's business and the client's end-user
needs. In addition, market and competitor business
analysis helps to identify and mitigate certain risks
associated with launching the program at an early stage,
resulting in reduced risks. Depending on the results of
the research and whether the product is innovative, it is
suggested to perform a concept test of the project goal
to check if the idea is feasible and to avoid the risk of
low demand for the digital product.

Later, as the process continues, internal and
external tests must be conducted. With these tests, we
can eliminate the risk that the application will not be
intuitive or will not have the necessary functions. In
addition, the developer receives regular feedback about
the project and information about threats and challenges
that arose during the implementation of the project.

Basic material and results

The choice of the method of risk reduction is
carried out as a result of comparing the necessary means
to reduce risks with the benefits of preventing loss.

This ratio is determined using the risk factor.

Kp=Y/C,

where Kp is the risk factor; Y — the maximum possible
amount of damage; C is the amount of own resources,
taking into account precisely known inflows of funds [5].

The optimal risk factor is 0.3.

The effectiveness of measures to reduce risks is
determined using the following algorithm:

1) the most significant risk for the project is
considered;

2) the overspending of funds is determined taking
into account the probability of the occurrence of adverse
events;

3) a list of possible measures aimed at reducing
the probability and danger of a risk event is determined;

4) additional costs for the implementation of the
proposed measures are determined,;

5) the necessary costs for the implementation of
the proposed measures are compared with the possible
overspending of funds due to the occurrence of a risky
event;

6) a decision is made to implement or refuse anti-
risk measures;

7) the process of comparing the probability and
consequences of risk events with the costs of measures to
reduce them is repeated for the next most important risk.

The subject area "E-commerce Management™ was
defined for the management of the developed digital
project.
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Modern technologies transfer direct marketing to
new electronic spheres of activity. The term “electronic
commerce" (e-commerce) unites a wide range of
business activities carried out through electronic data
exchange; using the Internet, telefax and e-mail for
transactions, which speed up and facilitate ATM and
start card calculations. All this brings business activity
from "market as place" to "market as space". Although
the growth rate of Internet purchases of goods
(computers, software, books, CDs, video materials,
video games) is constantly increasing, the volume of
business transactions is increasing even faster [6].

A method using Crawford cards was chosen for
qualitative and quantitative risk analysis of the selected
subject area.

The method was developed by Dr. C.C. Crawford
to quickly collect the opinions of a large number of
people in a short period of time, and anonymously if the
participants so desired. The surveyed group is asked a
question. Participants must formulate their ideas and
write each one down on a separate sheet - this is a
mandatory rule. At the same time, there should be no
exchange of opinions in order to exclude the influencing
factor. Thus, the organizer will have at his disposal a
fairly large number of cards with answers, from which a
list is made and sent to the participants for making
changes and additions [7].

The method of Crawford cards
following procedure:

— Each participant writes down each idea on a
separate card.

involves the

— All submitted ideas are then copied on a large
stand and briefly discussed. The purpose of the
discussion is to find out the essence of each idea and
exclude repeated ideas from consideration.

— The next step is individual work, when
participants rank the proposed ideas. From the general
list of ideas, each member of the group chooses no more
than five ideas and writes them down on his card for
ranking. When ranking ideas, participants assign
numerical coefficients to these ideas, starting with 5 for
the most important idea and ending with 1 for the least
important.

— The organizer collects all cards with rankings
and rewrites the coefficients assigned to the ideas on the
poster. For each idea, the weights are summed. The
overall score is also recorded on the stand. If the idea
gained the most weight, then it is considered the most
priority idea of the group and is adopted as a decision.

Therefore, we will form a list of risks for the
project to develop a digital project for creating a
computer game and its implementation by means of e-
commerce:

1. Undemanding and unattractive game concept.

2. Technical implementation.

3. Violation of copyright.

4. Risk of information security.

5. Lack of qualified personnel.

6. Lack of vision of the final goal of the
development.

After forming the list of risks, we will clarify them
in the Table 2.

Table 2 — Determining the risks of the "*Computer game development™ project

Reason Conditions

Consequent Damages

Undemanding and Poor analysis of focus groups and

Few copies of the game Low or no profit from game

unattractive game concept.  |lack of contact with the audience. |were sold. sales.
Technical implementation. |Insufficient supply of technical Emergence of bugs and low [User dissatisfaction and loss of
resources. optimization of the product. |trust.

Copyright infringement.
analogues.

Excessive borrowing of ideas from

Legal proceedings with the
analog developer.

Loss of time and money for
legal proceedings and payment
of compensation and loss of
reputation in case of loss.

Risk of information security.
against hacking.

Insufficient security of the product

Leakage of product and
user information.

Disclosure of corporate secrets,
possible financial losses and loss
of reputation.

Work with software and technical
support for which the necessary
specialists are not available.

Lack of qualified personnel.

An increase in terms and
complexity of development.

Low development
productivity.

Lack of vision of the final
goal of the development.

The development team does not
agree on what the game should be.

Loss of audience interest due to
postponement of release and loss
of investor confidence.

Exceeding the game's
release schedule.

Qualitative risk analysis includes ranking of
identified risks. When analyzing the probability and
impact, it is assumed that no risk prevention measures
are taken. Qualitative risk analysis includes [8]:

v’ Determination of the probability of realization
of risks.

v' Determination of the severity
consequences of the realization of risks.

v' Determination of the risk rank according to the
"probability - consequences" matrix.

v' Determining the proximity of the risk.

of the

v Assessment of the quality of the information
used.

For a qualitative assessment of the probability
of risk realization and determination of the severity of
the consequences of its realization, as a rule, scales
generally accepted in the organization are used,
examples of which are given in Table 3, 4. To determine
the risk rank, a matrix of probabilities and consequences
is used (Fig. 1). The risk rank is determined by the
product of the weight of the probability and the
significance of the consequences.
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Table 3 — Risk impact assessment scale

Weight Value Criterion
3 Catastrophic Losses over $100K
2 Critical Losses from $10K to $100K
1 Moderately Losses less than $10K

Table 4 — Scale for assessing the probability
of risk realization

Weight Value Criterion

The chances of occurrence
are quite high
The chances are equal

The occurrence of the event
is very doubtful

3 Very likely

2 Perhaps
1 Not likely

For the identified risks, we will choose risk
response strategies:

1. Shortage of qualified personnel (grade 9) - risk
reduction. Strengthen the quality of recruitment of
employees, provide them with proper training and
provide appropriate working conditions for retention.

2. The lack of demand and unattractiveness of the

game concept (grade 6) - risk reduction. Maximize the
audience, for example, due to the simplicity of the game
and taking into account the wishes of the players, and
maximize the probability of a viral reaction (many
indicators, including such as exchanging items, using
friends as resources for personal play).

3. Technical implementation (grade 6) — risk
transfer. To conclude a contract with the game
publisher for the proper provision of technical and
software equipment and the transfer of all responsibility
for the provision of service and maintenance.

4. Lack of vision of the final goal of development
(grade 6) - risk avoidance. Adding to the project plan
meetings and meetings to discuss the stages of project
development and agree on goals.

5. Information security risk (grade 2) — risk
reduction. Take measures to ensure the protection of
information and provide the maximum possible
protection against hacking by hackers.

6. Infringement of copyright (grade 2) -
acceptance of risk. It is difficult to follow all
competitors, and if someone has claims, it will be
difficult to prove the fact of plagiarism in court.

Catastrophic

Major

Moderate

Severity

Minor

Insignificant

Probability

8 O

Fig. 1. Risk ranking and matrix of probabilities and consequences

The criteria for assessing the quality of the
information used in the analysis are as follows:

> Degree of risk understanding.

> Availability and completeness of risk
information.

> Reliability, integrity and reliability of data
sources.

The result of qualitative risk analysis is their
detailed description in risk cards:

e The first card "Shortage of qualified personnel”

e The second card "Undemanding and
unattractive game concept"

e The third card "Technical implementation”

e The fourth card "Lack of vision of the final
development goal"

o The fifth card "Information security risk"

e The sixth card "Copyright infringement"

A matrix of responsibility for the project was
created (Table 5).

At the risk management stage of the project, three
versions of the digital project were calculated for the
determination of risks using the Monte Carlo method:
optimistic (initial project completion period), expected
(performance period multiplied by a factor of 1.3) and

pessimistic (performance period multiplied by a factor
of 1.5). After calculating the terms, we will get risk
forecasts using the "RiskyProject 7" program (Fig. 2).

Table5 — Project responsibility matrix

executant
#1 | #2 | #3

v |V

Working

Determining the purpose of the project
Planning project stages

Creating tasks for project stages
Establishing deadlines and dates for tasks
Establishing a sequence of tasks

Identification of required types of
resources
Creating a resource pool v

Assigning the cost of resources
Assignment of resources to the task
Analysis of the causes of resource overload
Leveling of overloaded resources
Duration optimization

Cost optimization

BusBneHHs pu3uKiB
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Fig. 2. Risk forecasts for the project

According to the results of risk modeling, it can be
seen that with optimistic forecasts, the probability that
the duration of the project will be 766.93 days, with the
expected result, the duration of the project will be
811.13 days, and with pessimistic forecasts, the duration
will be 860.7 days, which will be 1.21 more than the
planned duration.

The projected cost of the project in all three
versions of the forecast will amount to UAH
15,423,810, which will be 1.34 times more than the
planned cost.

It is also predicted that with a 54% probability the
cost of the project will be less than UAH 16,515,152.

There is a 53% probability that the end of the
project will come earlier than 02/05/2023. There is a
51% chance that the project duration will be less than
810 days.

Conclusions

Risk management is an important component of
digital project planning. Risk management in software
engineering involves the identification and assessment
of the probability of risks in the order of their impact on
the project. Software development is a high-level
activity that uses a wide range of technological
advances. Every software development project contains
elements of uncertainty due to these and other factors.
The level of risk associated with each project activity
determines the success of a software development
project.

It is not enough to simply be aware of the danger.
To be successful, project management must identify,
assess, prioritize, and manage all major risks.

Most  software engineering and  software
development projects strive to be unique, whether they
are creating new features or improving the efficiency of
existing digital projects.
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InenTudikanis i kepyBaHHsI pU3MKaMHM NP NPOEKTHOMY YNIPAaBJiHHI po3p0o0K0I0 NPOrpaMHUX NPOAYKTIB
0. B. Ckakanina, A. M. Kaniton

AHoTanisi. Po3poOka mporpamMHOro 3a0e3redeHHs € OHICI0 3 HAWCKIAIHIMHUX cep IHTeNeKTyalbHOl AisTIbHOCTI ISt
MIPOTHO3YBaHHS Ta IUIAHYBAaHHA. 3a CBOEIO INPHPONOI0 IM(POBI NMPOTYKTH € HeMarepiadbHHIMH, a IIPOEKTH pPO3pPOOKH
MPOrpaMHOro 3abe3MeyYeHHs] YacTo BKIIOYAIOTh 0araro 3alikaBiIeHHX CTOpiH. IIpolecH po3poOKH HPOrpaMHOro 3abe3rnedeHHs
3a3BMYail BKIIIOYAIOTH KibKa €TaliB, BKIIOYAIOYM MPOEKTYBaHHS, JOKYMEHTALil0, IPOrpaMyBaHHs Ta TECTYyBaHHS, YCi 3 SKUX
BHMAararoTh BHCOKOTO PiBHS HpoQeciiiHuX, TEXHOJNOTIYHUX Ta YHPAaBIIHCHKMX 3HaHb. Yepe3 CKIaAHy MPHUPOAY LU(POBHX
HPOEKTiB, 3 CaMOro MOYaTKy BIPOBAKEHHs OyIb-SKOrO MPOrPaMHOTO IPOEKTy HEeOoOXiJHO BpaxOBYBaTH Ta YIIPABISITH
IIMPOKUM CIIEKTPOM PH3HKIB, SIKi € OJHUMH 3 HaiBaXIMBIMIMX (aKTOPiB, 0 BIUIMBAIOTH HA YCMiX HU(PPOBOTO AEMOHCTPYBATH.
VY pobori aHami3yeThCs Ta KIaCU(IKYEThCS PU3UKH TIPOEKTY, IPOBOAUTHCS SKICHA Ta KiNbKICHA 1IeHTH(]IKAIlis OCHOBHUX PH3HKIB
IUIst 00paHoi npenMeTHOI o0macTi, Uit poOOTH 3 pU3NKaMU IPOSKTy BUKOPHUCTaHO MeTox kapT Kpoydopaa, pamkoBaHo pusuky,
CTBOPEHO MATPUIIIO BiJIIIOBIAIBHOCTI 3a IIPOEKT, IPOAHAIi30BaHO 3aBaHTaXKEHICTh PECyPCiB IIPOEKTY Ta ONTUMI30BAaHO IIPOEKT.

Kiw4yoBi ciioBa: pu3uky, ynpaBlIiHHs MPOCKTaMu, ONTHMI3arist, ineHTudikamis, Risky Project.
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XapKiBChKHI HAIllOHATBHUN YHIBEPCUTET PaIioeNeKTPOHIKH, XapKiB, YKpaina

MOJEJIb PO3IIOALTY I1YJIY 3ABJJAHD 3A OBYUCJ/IIOBAJIBHUMUA PECYPCAMU

AHoTanisi. Akryaabnicts. Ha nmanmii yac icHye mpoGieMa, sika IOB’si3aHa 3 BIJCYTHICTIO aJTOPUTMIB ONTHMAIbHOTO
YIPaBIiHHS PO3IOALIOM IIyJly 3aBJaHb, SKHH HaJXOJWTh Ha OOYMCIIOBANBHI pecypcH kinactepy. [lmaHyBanbHUMKH, sKi
3[IMCHIOIOTh PO3MOALT 3aBJaHb, HE BPAaXOBYIOTH BapTICTh BHKOPHCTaHHS OOYHCIIOBAIBHUX PECYpCiB, SIKI MOXYTb
3MEHIINTH Yac BUKOHAHHS IyJy 3aBIaHb. 3aBJaHH, sIKi HAAXOMATH HA BXiJ] IUIAaHYBAIBHHKA, € PI3HOPITHUMU, IO TaKOXK
CTBOPIOE JOJATKOBI CKIAIHOIII I 9ac ix posmoninry. MeTor manHoi po6orm € Moandikariiss Moxesi po3noairy IyIry
3aBJaHb 3 YpaxyBaHHSAM KpHUTEpiiB pO3MOALTYy, po3poOka MeTOoAy MOLIYKYy ONTHMAIBHOTO IUIAaHy PO3MOALIY Ta
BIIPOBa/UKEHHS Horo B iMiTauiiiHe cepenoBuiie GRASS. O6’exkToM 10CHiIKeHHs € POIeC PO3MOALTY IMyJTy 3aBIaHb Ha
obuncmoBanbHI pecypcu kinactepy. IlpeaMerom J0caigKeHHsl € METOAM Ta aJrOPUTMHU MOJAETIOBAHHS PO3MOALTY IMyiIy
3aBgaHb. PesyabTaTH. 3anponoHoBaHa Moaudikalis MOJET] po3NOAiTy 3aBIaHb Ha OOUHCIIIOBAIBHI peCypcH KiiacTepy, 3a
paxyHOK BHKOPHCTaHHS KpHTepiiB po3moniry. Kpurepii peanizoBaHo B SIKOCTI MOMYJs, SIKMH JOJAHO JO CepelOBHUINA
imiTanifinoro moxemoBanHs GRASS. Ha ocHOBI mMareMaTH4HOi MOJeNi 3alpOIOHOBaH METOJ MOIIYKY ONTHMAbHOTO
IUIaHy PO3MOALTY 3aBJaHb 10 OOYMCIIOBAIFHHMM pecypcaM Kiactepy. BucHoBok. Kputepii posmoniny, ski mogaHo mo
MOJIeJi PO3NOAITY IyJly 3aBIaHb, € CKJIAJOBAI0 METOAY IOLIYKY ONTHMAIBFHOTO PO3MOMINY. 3aBISKH BUKOPUCTAHHIO iX
KoMOiHamii 3A1HCHIOETHCS OUIYK PO3MOALTY, IKUH 3aJ0BOJIBHSIE BUMOTaM ITOCTavalIbHUKIB 3aBIaHb Ta PECYPCiB.

Kaw4doBi cioBa: Mozels po3noniny 3aBaHb, iMiTallilHE CEPEIOBHUINE, KPUTEPIl PO3MOILTY, METO MOIIYKY ONTHMA-

JIbHOI'O IJIaHYy.

Beryn

Ha nanwii yac icHye HU3Ka METOJIB Ta ajrOpHT-
MiB, SIKI OPIEHTOBAHO Ha PO3MOALT 3aBJaHb MO OOYHC-
JIIOBAJIbHUM pecypcam, II0 BHIUISIOTHCS I 3aIlyCKy
peCYPCHOMICTKHX 3aBaanb [1-5].

Po3nonin 3aBaaHb — 1€ BaXKJIMBa Ta CYTTEBA IIPO-
6neMa mpu poOOTi 3 PI3HOPIAHUMHU 3aBAAHHSIMHU Ta 00-
YHUCITIOBAIBHIMHU pecypcamu. barato nociigHukiB Ha-
MaraloTbCsl IMepen0aYnTH ONTHMAIBHE DIlIeHHS IS
IUTAaHYBaHHS 3aIlyCKy 3aBIaHb Ha pecypcax KJacTepy.
Are po3mofin 3aBmaHp — Ie, K mpaBwio, NP-moBHa
3aada, o JA0Aa€ JOJAaTKOBI TPYAHOIII IPH PO3IOMALTI,
TOMy IO iCHY€ 0arato KpuTepiiB, sKi BIUIMBAIOTh Ha
posmofin B minomy. Sk mpaBuio st BupimieHHs NP-
MOBHOI 3aj1a4l BUKOPUCTOBYIOTh €BPUCTHYHI aJrOPHT-
Mu omrtuMizamii [6, 7], KpiM TOro 3acTOCOBYIOTH €BO-
nrortiitai anropurmu [8, 9] s mepenbadeHHs onTUMa-
JILHOTO BUPIIIEHHS 3a/1a4i 32 BiIIOBIIHUI Yac.

Bennyesna Hima y MuTaHHI IIAHYBaHHS PO3IIOALTY
BIZIBOAWTHCS TIPOTpaMam, siki came i 3MiHCHIOIOTH PO3IIO-
I 3aBJaHb MDK ICHYIOYHM ITyJIOM OOYHCITIOBAIEHHX
pecypeiB. Lli mporpamu oTpuMany Ha3By — IUIaHyBajb-
HUKH 3aBJIaHb, 1 iX OCHOBHA Wb — MOOYIyBaTH IUIAH
PO3IIOIiITY, IO BiJIIOBIa€ BUMOTaM, SIKi 3asBJICHI ITOCTa-
YajbHUKaMH1 3aBJ[aHb Ta 00UYHCITIOBAILHUX PECYPCIB.

IIpn moOymoBi IUIaHy pPO3MOALTY 3AIHCHIOETHCS
ONITHUMI3aIlist 3HAYCHB mapaMeTpiB 1iTboBoT (yHKIi [10,
11], 3a paxyHOK SKHX BiZOyBaeThCsi CKOPOUCHHS dacy
BHUKOHAHHS 3aBJIaHb, 110 B CBOIO 4€pry NPHU3BOIMTH JI0
€()EeKTUBHOTO BHKOPUCTAHHS OOYHCIIIOBAIBHUX PECYp-
ciB kyacrepy. Bigomi IuIaHyBaJIbHMKHM MAaloTh psf
HEJIOJNIIKiB, TOJIOBHMM 3 SKHX € OpI€HTallisl Ha
KOHKpeTHHH Kiac 3anad. CydacHi IUIaHyBaJbHUKH, 5K
NPaBWJIO, TPU PO3MOAUI  BHKOPHCTOBYIOTH  OJIMH
HaAWITPOCTINI METO/ PO3NOALLY Ta HE NMPUHMAIOTH /10
yBard IiHy BHKOPUCTAHHs OO0YHCIIOBAIHLHOTO PECYpCy,
IO B CBOIO 4YEPry IpPU3BOIUTH 1O HEe(HEKTUBHOTO
BUKOPHCTAHHS PECYPCIB KIIacTepy.

MeTtoro podoTu € Momudikamis iCHyrouoi MoAemi
PO3MOIiTy 3aBIaHh Ha OOYMCIIOBAJBbHI pecypcH KiacTe-
Py, po3po0Ka Ta BIPOBaKCHHS B IMITaIliifHE cepeIoBH-
Ie METOAy HOLIYKY ONTHMAaJIbHOTO PO3MOALTY IUIS ITyITy
3aBIaHb, L0 HAIXOIATh HAa OOYMCIIOBAJBHI pPeCypcH
KJ1acTepy 3 ypaxyBaHHIM KPHUTEPIiB PO3MOILITY.

OcHOBHA YacTHHA

BunineHHss  OOYHCITIOBaNBHHUX  pECypCiB  JUIA
3allyCKy 3aBJaHb — II6 OJWH 13 OCHOBHHUX THIIIB
VIOpaBIiHHSA Y KJIacTepi, TOMy IO PO3MOAUT OKPEMHUX
pecypciB, BIUIMBAaE Ha BapTICTh Ta MPOIYKTHBHICTDH
BUKOPHCTAHHS ycboro kinacrepy [12-15]. OcnoBHa meta
po3mojily mnojiArae B HalKpalieMy BUKOPHCTaHHI
pecypciB  iHQpacTpyKTypu, IHTErpyBaHHI iX JyIst
JOCSITHEHHS OUIBIIOT MPOIMYCKHOI CIPOMOXHOCTI TMpH
BUPIIIEHHI BEIMKOMACIITAOHUX O0YHCIICHb.

Ha panmii 4ac icHye pepijbka IIpeJCTaBlICHb
mozeniii [16, 17] posmoainy 3aBaaHb Ha 0GUUCITIOBAIIB-
Hi pecypcu. Bimpmr merampHO 3ynmMHEMOCS Ha MOJEINI
[18], sxa OymyeTbcsi HAa TPHOX MHOMXKHMHAX: MHOXHHI
o0UHCITIOBATBHUX pecypciB R, MHOXUWHI 3aBmaHp Z Ta
MHOHHI MeTOJIiB Q, TOOTO

G={R Z,Q}. 1)
Bci pecypcu kiactepy 3rpyrnoBaHO y €IHHHH ITyIT
pecypci {RJ-, i=12, .. N} , Vj=1.N, ne j— HOMEp

obunciroBaNIbHOTO pecypey, a N — umcno pecypciB B
knactepi. KoxHUH pecypc Kiactepy ONHCYETbCS 3a
JIOTIOMOTOI0 KOPTEXKY 3a BiJMOBITHUMH MPaBHIIAMHU

R; :{arjr,osﬁ, pci, psE,msE,ch,wa,de}, )
Je arj — apxiTekTypa Ipouecopa; 0Sj — orlepauiifHa
cucTeMa,; PCj — KUIBKICTD MPOLECOPiB; PSj— HMIBUAKOMIS
npouecopi; Ms; — o0'em omepaTuBHOI mam'sTi; dCj —
JOCTYIHU# 06csT BiHYecTepa; bwj — cymapHa mporyck-
Ha 3JaTHICTh KaHamy (Big Opokepa no pecypcy) 3
ypaxyBaHHSM CTaHy Mepexi Ha moTouHwmit gac; d; — cy-
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MapHa 3aTpHMKa Yacy Iepeadi makera 3 ypaxyBaHHIM
CTaHy MepeKi Ha MOTOYHHH Yac.

3aBIaHHs, SKi HaAXOAATh Ha KJIACTep — LE ITaKkeT
3a7a4, M0 3TPYINOBaHO 3a NEBHOIO O3HaKoro. KokHe
3aBJaHHs MICTHTh iH(QOpPMali0 PO XapaKTePHUCTHKH
HEOOXiTHUX OOYHCIIOBAIBHUX PECypCiB, BXiTHI Ta BHU-
XimHI HA0OpH JaHWX, a TaKOX IHMII BimomocTi. 3aBHaH-
HAL SIK | pecypeu 3rpynoBaHo y myn {Z;,i=1,2,.., M},

Iie i — HoMep 3aBHaHHsA, a M — 9mcio 3aBaaHi y mymi. Sk
1 pecypcH Kiactepy, 3aBIaHHS, 10 HAIXOAATH Ha HOro
BXiJl pOpMYIOThCS 32 BiJIIOBIIHUMU ITPABUIIAMH

Z :{ariz, os{, pcf, psf, msf, dcf, pr?, caf, rtiz} , (3)

JIe Pri — mpiopuTeT 3aBAaHHA; Ca; — Koe(illieHT
3BSI3HOCTI 3a7ad y 3aBHaHHi; Iti — Yac BUKOHAHHSI
3aBJIQHHSL.

Posmoninom 3aBoaHp Ha OOYHCIIOBATBHI pecypcu
3aiiMa€ThCS TUIAHYBAJIBHUK, SIKUH BUCTYIIA€ TIOCEPETHH-
KOM MK IOCTAa4aJIbHHUKAMH 3aBJaHb Ta O0YMCIIIOBAIIb-
HHUX pecypciB. BiH peanizyeTbcs 3a JOMOMOTOIO NIEBHO-
ro Meroay posnoniny. Ha nanuii yac icHye HHM3Ka cHC-
TEM YIpPaBIiHHA ¥ PO3MOALTY PecypciB, MPOTE IUIAHY-
BaJIbHUKH, SIKI peaji3oBaHi B HHMX, HE NalOTh €(pEeKTUB-
HOTO croco0y po3Moily 3aBIaHb, 3 IX JOMOMOIOIO KO-
pHCTYBa4 MOXKE JIMIIE CKOPHCTATUCSI OJHUM IIPOCTUM
AJITOPUTMOM.

Mertonu naHyBaHHS, SIKI BUKOPHCTOBYIOTHCS B
ICHYIOUMX KEpYIOUHMX CHCTEMax, MaloTh Psi HEJOMIKIB.
Ilepmr 3a Bce, BOHM He B 3MO31 3a0€3MEYUTH BUCOKY
0o0YnCIIoOBaNIbHY 3aBaHTAXXEHICTh BY3JIiB Kiactepa. Ta-
KOX 9aCTO BUHHKAE CHUTYaIlis, KOJIHU € BiIbHI 0OYUCITIO-
BaJIbHI BY3JIM, B TOH 4ac SIK B Yep3i 4eKae CBOI'O BHKO-
HaHHS JOCHThL BEJIMKA KUILKICTH 3aBJaHb. Binemr Toro,
BOHU HE 3aBXIHM PO3MNIAJAIOTh BHIIQJIOK, KOJM 00YHC-
JIIOBaJIbHI BY3JIM MalOTh HEOJHODIJHHUH CKJaJ, TOOTO
KOJIM BOHHU BIJIPI3HSIIOTBCS 00CSATaMH OINEpaTHBHOI Ta
JIMCKOBOT IaM'sITi, IPOJYKTHBHICTIO MpoliecopiB. Takox
HE y BCIX KEpyIOUHMX CHCTEMaX BPAaXOBYETHCS MOKIIHU-
BICTh HasBHOCTI JIOKAJIbHOTO 3aBaHTAXXEHHS BY3JiB, SKa
XapakTepHa I KJacTepiB pOOOYHMX CTAHIIIMH.

Imitamiiine cepemoBuma MmonemoBaHHI GRASS
[18,19] mo3BONsi€E NPOBOAUTH HU3KY EKCIEPHUMEHTIB 3

BUKOPUCTAHHSAM  JICKUIBKOX  METOMIB  PO3MOJLTY
Q¢ ={mny,Ipc}, Vk=1.K, e mn — meroa posnozi-

Jy 3aBAaHb 110 OOYUCIIOBAJIBHUM pecypcam, lp — Buxin-
HI mapaMeTpH, sKi BpaxOBYIOTHCS NPU PO3MOALT IS
BIIMOBiTHOTO MeTOAy. BukopucTaHHs icHYr040i MoAemi
PO3TIOALTY 3aBlIaHb Ta CEPEIOBHINA iMIiTallifHOTO MOJIe-
moBaHHI GRASS no3Bosmsie chopmyBatn mianu posmo-
IUTy TI0 KOXXHOMY i3 METOZIB pO3MOAiNy, i B MOJalb-
oIOMYy, OTPHUMABIOH pPE3YJIbTAaTH, MOXJIHBO 3pOOUTH
aHaJi3 Ta BHUCHOBOK, SIKWH 13 METOMIB PO3IONTY Hamgae
ONTUMAaNBHUH (HalKpaluid) pe3ynpraT. Hanpuknan, 3a
3aralbHUM 4YacoM BHKOHAHHs IyJy 3aBJiaHb, SKiii Ha-
JUHIIOB HA BXif KJIACTEPY.

AuJle BUCHOBOK Ha OCHOBI OJJHOTO IIapaMeTpy He Ha-
JIa€ TIOBHOI KapTMHH BUKOPUCTaHHS PECYpCiB OOUYHCIIIO-
BaJIbHOTO KJlacTepy. ToMmy mpu 3aifiCHEHHI pO3MOIiLy
CITIiT BPaXOBYBAaTH HE TUIBKH «BHTPAID) ITOCTAYATEHUKA
3aBIaHb, a # «IPOMYKTUBHICTH BUKOPUCTAHHS KIIACTEPY»
MOCTavalIbHAKA pecypciB. ToMy peKOMEHIYETHCS TOJaTH
JI0 MOJIeIi PO3MOAUTY 3aBIaHb Ps/ IMOKA3HUKIB, SKi Oy-
IyTh BIUIMBATH Ha IIPOIEC MOIIYKY ONTHMAJIBHOTO PO3-
TOIUTY, & caMe MHOYKUHY KPUTEPIiB pO3MOALITY

Cr={ty, to, Py}, (4)

ne tr — 3aranpHUN Yac BUKOHAHHS MyJy 3aBHaHb; tay —
cepelHii yac O4iKyBaHHs 3aBJaHb B 4ep3i; Pd— BiJcoO-
TOK IPOCTOI0 OOYHCITIOBAIBHUX PECYPCIB KIIacTepy.

HaBeneni kputepii po3noaiay I03BOJSITH 3iic-
HIOBAaTH ONTHMI3ali0 BIANOBIIHO 32 Oa)KaHHSIM MOCTa-
YaJbHUKIB 3aBJIaHb Ta PecypciB (MOKIMBO BUKOPHCTO-
BYBATHU Ii KPUTEPIii OKPEMO OJMH BiJ OJHOTO abo 00u-
partu pizHOMaHITHI KOMOIHAILT).

[ics Toro, K 1O MOAETI PO3MOIUTY JOAAHO KPH-
Tepii po3moiny BoHa MpUiiMae BUTIIS

G={R,Z,Q,Cr}. )

Ha mincragi Toro, mo B Mol pO3MOALTY 3aBaHb
3’sIBUJIacs TOJATKOBa MHOXKMHA JO CEpeIOBHUINA iMiTa-
niftHoro moxaemroBanHss GRASS Oymno nomano Momyns,
SIKMHA pealli3ye METOJ IOIIYKY ONTHMANBHOTO IUIaHy
posnoxiny. Ha puc. 1 HaBeaeHo #oro MicTo B iMiTamiii-
HOoMy cepenoBuiti GRASS.

aHar3 3B'SI3HOCTI

3ropTka KOpTexy

— (I

Monyib hopMyBaHHS
JIOJIATKOBUX ITApaMETPiB

Zi—> MmnosxuHa 3aBIaHb
= R; i
{z,i=1,2, ..., M} { JL 1. InanyBanbHKK (PO3MOALT) I Qx Moy BH6OPy
2. 3amycK MOJEIIOBaHHS METOJTy PO3IMTOILTY
Monyas log-daiinis Tr = {tﬁv try, ..., trp} FIFO
log-(aiin 3aBnanus P, tav LIFO
10g-(hait1 po3moiny | Mozayib HOIIYKY ONTHUMAILHOTO | plany, HPF
- - [UIaHY PO3MOMINY
log-daiin pecypcin BIICOTOK TIPOCTOI0 .Smart
00YHCIIIOBAILHUX PECYPCIB Simplex
_ CepellHIN Yac OYlKyBaHHS Backfill
R; Mmuoxuna pecypcis 3aBJAaHHs B 4ep3i B -
> . ackfill (mod
{R;,j=1,2,..,N} |= (mod)
Puc. 1. MicTo MOJIyJIIO NONIYKY HAaHKpAIOro IJIaHy PO3NOALTY B iMiTaliiiHomMy cepenoBuili GRASS
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3aBIaHHs, W0 HAAXOAATh Ha BXiJ CepeIOBHILA
MOJICTIFOBAHHS, YTBOPIOIOTH MOTIK {Zi}. Koxne 3a-

BJIAaHHS Ma€ JIBi CKJIAJOBI: XapaKTCPUCTHUKU 3aBIaHHS
(BUMOTH 1O OOYHMCIIOBAILHUX PECYpCiB) Ta TiIO 3a-
BHaHHA (y BUTILAL .exe-¢ailny, ¢aiimy BXiJHUX NaHUX,
BJ] Tomo). Ha mogatkoBOMy eTarli po3moIiTy TOJOBHE
3HAYEHHS MalOTh BUMOTH JIO PECYPCIB.

[MapanensHO i3 3aBAaHHSIMHU IO CEPEAOBHIINA MO-
nemoBaHHsI GRASS nHagxomuth iH(MopMaris mpo noc-

TYTIHI 00YHCITIOBANIBHI pecypcu {R j} .

Monyne BHOOpY METOIB pO3IOALTY 3aBJaHb Mic-
THTb psng MeToniB {Qy |, KOXKEH 3 SIKHX BUKOPHCTOBYE

cBilf HaOip mapaMeTpiB T po3noauTy (Teper 3aImycKoM
eKCIEPUMEHTY MOJIJIMBHN BHOIp PI3HOTO YHCIIa METO-
IiB po3moainy). Bei 3aBaanHsI, 10 HAAIAIUIN JI0 CUCTeE-
MH, TIOMIIIAIOTECS B Yepry 3aBIaHb i MapajelbHO Bil-
OyBaeThcs mepenada iH(opMalli mo KOKHOMY 3aBIaH-
HIO B MOJYJIb (DOpMYBaHHS JOAATKOBHX MapaMeTpiB, Je
B MOJANBIIOMY Oyjae 3/ifiCHEHa 3ropTka KOPTEXKY Ta
aHaJi3 3a/1a4 y 3aBJIaHHI Ha 3B SI3HICTb.

[Tpu 3ropTaHHi KOPTEKY 3IIMCHIOETHCS OOYHCICHHS
y3araJlbHECHOTO KPUTEPIIO OIIHKU MO KOKHOMY 3aBIaHHIO.
Take oOumcieHHs MO3BOJSAE OUTBIN e(hEeKTUBHO KepyBaTh
TPOLIECOM PO3IIOALTY 3aBIaHb HA OOUMCITIOBANIBHI PECYpCH
Ta MOKa3ye, Ky YaCTHHY OOYHCIFOBAJIEHOTO pecypey 3aii-
Mae 3aBjiaHHs B nporieci Horo Bukonanus [10]. Ha Buxomi
IBOTO IiIMOMIYJISI € MHOKHHA OOUHCITIOBAJIHHUX PECYPCIB,
Ha SIKI 3aBJIaHHS MOKE OYTH PO3MOALICHO.

HactynHum miarom € anaii3 3B’S3HOCTI 3a/ad B
3aBiaHHi. Skumo 3amaui B 3aBJaHHI MalTh BUCOKY
3B’SI3HICTH 400 I JAHOTO 3aBJaHHsS HEOOXiTHE mepe-
CUJIAHHS BEJIMKOTO OOCATY JIaHMX, BiIOyAeTbes mindip
00YHCITIOBAILHUX PECYpPCIB TaKUM YHHOM, 100 3MEH-
OIMTH Yac TepeAadi JaHuX MK 3aJadyaMH B 3aBJIaHHI
(To6To iX iyl pO3TAlyBATH MOPYY).

Sxmio B cucTeMi IpUCYTHI OOYHCITIOBANBHI pecyp-
CH JUIS 3aIyCKy TaKoro 3aBJIaHHs, aje BOHHM Ha JaHWH
MOMEHT 3aiHATi, TO 3aBJAHHS 3QJIHLIATHECS B 4ep3i Ta
HaOyne crany Waiting. Kommn HeoOXximHi pecypcu Oy-
JyTh 3BUIbHEHO, 3aBJIaHHs OyJie HAIPaBJICHO /IS BUKO-
HaHHS Ha OOpaHi OOYMCIIOBAIBHI pecypcu Kiactepy.
SIKIO TakMx pecypciB Ha KilacTepi HE BHSBUTHCS, TO
3aBranHs HaOyne crany Cancelled, micnst woro iforo
Oyzae BUAAJICHO 3 Yepry, 3 iHHOPMYBAHHAM IOCTAYaIb-
HHUKa I1PO HEMOXJIMBICTH HOro BUKOHATH pPecypcamu
naHoro kiactepy [20]. ¥ manomy Bumajaky y mocradva-
JbHUKA 3aBJaHb € MOXKJIMBICTH 3MIHUTH BHMOTH JUIS
3aIlyCKy 3aBIaHHs ie pa3. Bukopucranus indopmariii,
0 MepeaaeThesl 3 MIAMOMYIIIO0 aHANI3Y 3B’S3HOCTI, JO-
3BOJISIE 3AIHCHIOBATH MiJ0Ip 0OYMCIIIOBANBHUX PECYPCiB
Ha KJacTepi 3 ypaxyBaHHSM 3MEHILEHHS 4acy Ha Iepe-
Jady BXiJHMX Ta BUXIIHHMX JNaHWX Ui 3aBaaHHs. [lna-
HYBaJIbHUKY IS PO3IOJIUTY 3aBIaHb HAa OOYHCITIOBAJIBHI
pecypcH Kiactepy HeoOXiTHO OTpUMATH TaKi JaHi:

- iHopMariiro mMpo OOUYMCITIOBATBHI PECypCH, SIKi
MIPUCYTHI B CHCTEMI;

- iHOpMaIlifo PO 0OUYMCITIOBAIBHI PECypeH, 110 €
3aiSHUMH Ta 4Yac IX BUBLILHEHHS,

- METOJI PO3MOJIiITY;

- iH(OopMaIliro PO 3B’SI3HICTH 3a]a4 B 3aBAaHHI.

Ha ocHOBI oTpuMaHMX JaHUX IUIAHYBaJbHHUK PO3-
TMOJIUIISIE 3aBIaHHS HA OOYMCIIIOBAJIBbHI PECypcu Kiacte-
py. Pesynprarom po0OTH MIaHyBaJIbHHKAa € MHOXKHHA
IUIaHIB PO3MOALTY 32 00paHMMH 3a3/AJIETib METOJAMH
pO3MOLTY.

Jlani oTpuMaHi IJIaHA PO3MONLTY 3aIyCKAlOThCS B
CEepELOBHILE MOJCTIOBAHHS 3 METOK OTPUMAHHS pe-
3yJbTaTiB MOJETIOBAHHS, AKi B TOAANBIIOMY OyIyTh
MpoaHaii3oBaHi Ta Oyxe oOpaHUI ONTHMAaNbHWHN IUIaH
posmoxiny. B pesynbraTi podoTn iMitarmiifHOTO cepeno-
BUIA 3’SABIETBCS MHOKMHA YaciB BHKOHAHHS ITyIy
3aBlaHb f, 3a KOXHHM METOIOM PO3IOALLY, a TAKOX

3HAYCHHS KPUTEPiiB, AKI TaKOX BUPAXOBYIOTHCS IS
KOXHOTro Metony (ty, Ta pg ).

Hacrynuuii kpok, 1ie pobota MeToay MOIIYKY OIl-
THUMaJbHOTO pimeHHs. Poborta 1poro Merony moJjsrae B
aHali3l OTPUMAaHMX IUIAHIB PO3MONUTYy 3 ypaxXyBaHHIM
KpUTEPIIB pO3NOALTy, siki OyJI0 3aJaH0 MOCTaYaJbHUKA-
mu. Lli nmanHi (BaroBi KoeQillieHTH) NOCTadyaIbHUKH
3aBlaHh BHOCATH JO IMITaifHOTO cepenoBHIIa. Te Xk
caMe CTOCY€ETHCS 1 MOCTaYalbHHUKIB PECYypCiB B MOMEHT
HAJIaHHS PECypCiB U1 BUKOPUCTAaHHA. Barosi xoediri-
€HTH HEOOXiTHI IS PO3paxXyHKY KPUTEPIIO OLIHKH PO3-
MOIUTY Ta TOJAJBIIOTO aHAI3Y IUIaHy PO3MOILTY.

Ertan 1: 3aBaHTa)Xe€HHS BUXIJIHUX JJAaHUX:

- MHOYKHHH yacis BHUKOHAHHS [JIaHIB

Tr :{trl,trz, . trp} , Vp=1.P 1o KOXXHOMY METOIy

posmogity (mneQ) f:Plan, > Tr;
- BIZICOTKY IIPOCTOI0 PECYpCIB Kiactepy Py IO

KOXHOMY 13 00OpaHUX METOJIIB PO3IOILTY;
- CEPEAHBOTO Yacy OYiKyBaHHs 3aBJaHHS B uep3i
t;y TI0 KOKHOMY i3 0OpaHMX METOMIB PO3MOIITY.

ETam 2: oTpumaHHS pe3yibTaTiB aHANi3y IDIaHIB
Ha IiICTaBi IapaMeTpiB 4aCTKOBUX KpuTepiiB: t,, t,,

Ta Pg. SKmo oTpuMaHi KpuTepii BUKOPHUCTOBYBAaTH B

KOMOIHAIi1, TO IX CIOYaTKy ciix 00’€HATH B y3aralib-
HeHwid (aautuBHUA) kKputepii [10]. Ilicnsg mporo Mox-
JINBO 31MCHIOBATH MOJAIBIINNA aHaIi3.

Ha Buxo0ai MOAYITIO MTONIYKY ONTUMAIIEHOTO IDIaHY
po3noxiny (GopMyeTbcs pEeKOMeHMamiiHa iH(opMaris
IIOJI0 KOXKHOT'O IJIaHY PO3MOJUTY, SIKa MepecHIaeThCs
NoCTa4yajibHUKAM 3aBJaHb Ta PECYPCIB 3 BIANOBIAHUMHU
pO3paxyHKaMH Ta PEKOMEHIAITISIMH.

Bynp-sixke 3aBaaHHs, sIKe HAIINIIIO J0 CepeOBU-
112 MOJISIIIOBaHHS, Oy/ie po3noaiieHo. BUHATKOM MoOKe
OyTH BHIIQJIOK, KOJH B CHUCTEMi HE BUSBUTHCS HEOOXIN-
HUX OOYMCIIOBAIBHHUX pecypciB. Y IbOMY pasi 3aBaaH-
HIO OyJie BIIMOBIICHO y BHKOHAHHI, i BOHO OYyAyTh BiJIl-
paBJIeHO TOCTadajdbHUKY M 3MiHH BuMor. [Iporec
MOJICITFOBAHHS [0 KOKHOMY METOJy PO3IOJLTY TPUBAE
JI0 TUX Tip, TOKU B Yep3i MPUCYTHI 3aBAaHHS.

Meton pimeHHs OaraTokpuTepialbHUX —3a/1ad
ONTUMI3allii 3 BUKOPHUCTAHHSAM Yy3arajJbHeHoro (iHrter-
PATBHOTO) KPUTEPil0 3aCHOBAaHWN Ha 00 €IHAHHI TpH-

BaTHUX Kputepiie Fj(X), i=1n B oxuH iHTErpoBa-
mit F(X)=®(F(X), F(X),... [, (X)) 3 noma-

JIBIIMM 3HAXOIDKEHHAM MakCHUMyMy —a0o
nanoro xkputepiro [10].

MiHIMyMY

152



ISSN 2073-7394

Cucremu ynpaBiliHHs, HaBirarii Ta 38's13Ky. 2023. Ne 1

[Ipu BUKOpHCTaHHI aMTUBHOTO KPUTEPIIO 1IJIbOBA
(YHKIIS y 3arajbHOMY BUIIISAI MA€ TaKMH BUTIISIL

v X3 -

F(X)=2.Ci—5—~=>.Cifi(X) - max(min), (6)
=1 R (X) =

Je N — KUTBKICTh NPHUBATHUX KpPUTEpiiB, 1m0 00'edHY-

101bcsl; C; — BaroBuil koe(illieHT i-ro NPUBATHOIO KpU-

Tepito; F (X) — YHCIIOBE 3HAYEHHS 1-TO NPHBATHOTO

kputepito; L (X )— i-it ginbHuK, wo Hopmye; fi (X)—

HOPMOBAaHE 3Ha4€HHS i-T0 IPUBATHOTO KPHUTEPIIO.
B sKoCTI OUIBHMKIB, 1110 HOPMYIOTb, IPUHMAIOTHCS
JUPEKTHBHI 3HAYCHHS IMapaMeTpiB abo KpHUTepiiB, sKi

Tabnuysa 1 — Pe3yabTaTn eKcllepUMEHTIB

OyJi0 3a1aHO TOCTAa4yalbHUKaMu ab0 MakCUMajbHI (Mi-
HiMaJbHI) 3HAYECHHS KPUTEPIiB, 110 JOCATAIOTHCS B 00-
JacTi JOMYyCTHMUX DIllICHb. Y3arajdbHCHUA aIUTUBHUIMA
KpUTEpiH, SKUH OTPUMYETHCS B PE3YJIbTATI PO3PaXyHKIB
€ 0e3p0O3MIPHOIO BEIIUYUHOIO.

ITepen moyaTkoM MOJENIOBaHHS OyJO 3aJaHO Ha-
CTYIHI BaroBi Koe(illieHTH I IPUBATHUX TapaMeTpiB
t, =04, py =03, t;, =0.3, a Takok 3aBaHTAXKEHO

IyJIM 3aB/IaHb Ta 00UMCITIOBAIBHUX PECYPCIB KIacTepy.

BukopucTtoBytoun Habip METOIB pO3MOXiTY, SKi
Oynu mpucyTHi B imitaniiiHomy cepenoBuiii GRASS
(FCFS, LIFO, HPF, Backfill, Backfill_mod, Simplex Ta
Smart), mpoBeieHO iMiTaIlifiHe MOEIIOBAHHS Ta OTPH-
MaHi BimoBixHi pe3ymbraT (Tadm. 1).

Kpure- BaroBuii ko- 3HayeHHs1 KPUTePIiB 10 MEeTOaM PO3NOIiTy

piii Fi edinienr Ci FCFS LIFO HPF Backfill Backfill_mod Simplex Smart
tr 0,4 10:48:55 | 10:52:48 10:48:37 9:36:43 8:36:56 9:12:11 9:05:54
tav 0,3 3:22:32 4:58:24 2:52:48 2:35:59 2:07:44 1:55:54 2:01:37
Pd 0,3 85 79 75 63 51 53 50

Pe3yabTaTu 1151 NOMIYKY HAKPAIIOro IJIAHY PO3NOaiLy

tr, Pd 1,01213 0,97913 0,9519 0,8243 0,706 0,7453 0,7224
Pd, tav 1,03425 1,24639 0,89728 0,7818 0,63662 0,618 0,6148
tr, tav 1,02637 1,27752 0,94918 0,85 0,73062 0,7273 0,7372
tr, Pd, tav 1,53637 1,75152 1,39918 1,228 1,03663 1,0453 1,0372

3 Tabu. 1 BUIHO, 110 B 3aJ€KHOCTI BiJ TOrO, KU
KpHUTepiil po3moAily oOpaHO — 3MIHIOETBCS PE3yJbTaT
BHOOPY IUIaHY PO3MOILTY:

- SIKIIIO TOJIOBHUM KPHUTEPieEM OMTHMI3alii oOpaTh
tp > min, cmix obupatm  MeTox  PO3MOALLY
Backfill_ mod, Tomy 1o 3a I0NOMOrow HbOro METOILy
IyJI 3aBJIaHb BUKOHA€ETHCS 3a 8:36:56;

- SIKIIIO B SIKOCTI TOJIOBHOT'O KPHUTEPiIO0 ONMTHMi3amii
obparu ty, — mMin— cuix obparu MeTox PO3MOIiTY
Simplex, sikuii TOBOPUTB, 10 CEPEAHIN Yac OUiKyBaHH:
3aBIaHHs B 4ep3i ckiazgae 1:55:54;

- AKIIO TOJIOBHUM KpUTEpieM onTumizauii oOpaTu

Pg — Min, TO ciix po3MOIINATH 3aBIaHHS 3a JOMOMO-
rol MeTomy po3mozmimy Smart. Bin gae Haiikpamiuit
Ppe3yJbTat MPOCTO0 00YHCTIOBaANBLHUX pecypciB — 50%.

IHIIa KapTUHA BUIUIMBAE B TOMY BHIMAJKY, KOJH
BUKOPUCTOBYBATH  KOMOIHAIT KpPUTEPIiB PO3MOILTY
(tr tay, Pg )

SIKIo B SIKOCTI KpUTEPIiB PO3MOITY BHKOPUCTO-
ByBaTH {tr, Pd } —Mmin, TO pO3MOAUIATA 3aBIAHHS
Kpartie 3a J0moMororw Metoay posnoainy Backfill mod,
a SKIIO BHKOPHCTOBYBaTH KOMOIHAIil KpHTepiiB
{ty toy} > min, 10 B sKOCTI MeTOAy po3mOAiMY Crin
o0uparu MeTo po3noaisy Smart.

B Tomy Bumanky, KoiH B SIKOCTI KpUTEPiiB 00paHO
{t; tay} &> min, 10 cix o6uparn metox Simplex. A

0Ch KOJIM 00MpaeMo {tr, Pd !tav} — min, To cmig 06-

patu metox Backfill mod.

Bci pe3ynbpraTé OTpEMaHO 3aBISKH PO3PaxyHKaM,
SIKI CTOCYIOTBCSI KOHKPETHHX ITYJIB 3aBAaHb Ta 00YHC-
JIOBAJILHUX PECypciB. Ajsie SKIIO 0OpaTd iHIN ITyJH
3aBllaHb Ta PECYPCIB I MOJICITIOBAHHS, a TAKOX 1HII

BaroBi Koe(imieHTH, TO pe3yNbTaTH IIOIIYKy HaiKpa-
II0T0 METOLY PO3IOALTY OyIyTh iHIII.

BucHoBku

B pesynbraTi mMpoBeACHUX aBTOPAMHU TOCTIIKCHD
O0yno Moau(}iKOBaHO MaTEeMAaTUYHY MOEIb PO3MOILTY
3aBJlaHb 32 PaXxyHOK BBEJEHHS 10 Hei KpuTepiiB po3-
MOJUTY, sIKi JOMOMOTAIOTh OOpaTh ONTHUMAIBHHUNA IUIaH
pO3MOAITY Ul BIATIOBIAHWX IyJiB 3aBAaHb Ta 00YHC-
JFOBAJIFHUX PECypCiB KiacTepy. 3alponoHOBaHI KpHTe-
pii peanizoBaHO B SKOCTI MOZYJS i JOJAHO O CEepeno-
BumIa iMitarmiitHoro moxpemroBanHs GRASS. Kpurepii
PO3MOAITY € CKJIagoBald METOMYy IIOIIYyKY ONTHMANb-
HOTO PIlICHHS 1 BIAMOBIHO 70 OOpaHHs X KOMOIHAIii
3MIACHIOETHCS TIOIIYK PO3MOIUTY, SKHH 3a70BOJIBHSE
BUMOTaM I0CTa4YaIbHUKIB 3aB/IaHb Ta PECYPCIB.

B xoni pocrmimkenHst Oyno 3IiiCHEHO psil eKcre-
pumeHTiB. ITix yac X IpOBeJEHHS OTpUMaHa 3aJeXKHICTh
pe3yNbTaTiB PO3NOAINY Bif KJIacy 3aBHaHb, SKi HaIXo-
JUITh Ha KJIactep. Pe3yipTaTté MOBOIATE Te IO, 3aCTOCY-
BaHHS OJTHOTO METOJy PO3IOJALTY 3aBJaHb B INIaHYBaIb-
HUKY € MEHII e)eKTUBHIM HiXXK MHOXWHH. binbmr edek-
TUBHHM BapiaHTOM € BHOIp ONTUMAJIBHOTO IUIaHYy PO3MO-
JIJTy 32 JIOTIOMOTOIO0 3alpOIIOHOBAaHOTO METOJY HOIIYKY
ONTUMAIILHOTO PO3MOIiTy 3aBJaHbh 3 MHOKHHU METOIIB
po3Moily, TOMY IO 3aBIAHHS, SIKI HAJXOJATh Ha Kiiac-
Tep € pi3HOpiAHUMH. B naHwmii yac He iCHye METOdy po3-
MOy, SIKHH JUts OyIb-5IKOTO ITyJTy 3aBJaHb JOIOMAaraB
On OoTpUMyBaTH ONTHUMAJbHUI BapiaHT pO3MOIUTYy 3a
O00paHMMH KpHUTEPiAMH po3noaity. OfHakK, SKI0 KOPHC-
TyBayeBi BIJIOMI XapaKTEPUCTHKH OOYMCIIOBAIBLHHUX pe-
CypCiB KJacTepy, TEXHIYHI XapaKTEPUCTHKH BXiJHOTO
MyJIy 3aBJaHb, TO MOXKHA TPOBECTHU iMITalliliHE MOJIEITIO-
BaHHs 3a JoromMoror cepenosuiia GRASS Ta obGparu
ONTHUMANBEHUA METOJ PO3MOAUTY JJIsi KOHKPETHOTO ITyITy
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BXIZIHUX 3aBJaHb Ta OOYMCIIOBAIGHHX pecypciB. OOpa-  BalbHHKY B SIKOCTI HalOLIbII €(QEKTHBHOIO pIlLICHHS,
HU{ TUIaH PO3NOALTY MOXJIMBO 3alpOIIOHYBaTH IUIaHY-  PO3LIMPUB HOrO MOXKIIMBOCTI.
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Model of distribution of the tasks pool according to computing resources
Tetiana Filimonchuk, Yurij Koltun, Iryna Klymova, Denis Kornienko

Abstract. Topicality. Nowadays, there is a problem associated with the lack of algorithms for optimal management of the
distribution of the pool of tasks that comes to the computing resources of the cluster. Schedulers that distribute tasks do not take
into account the cost of using computing resources, which can reduce the execution time of the task pool. The tasks that come to
the scheduler's input are heterogeneous, which also creates additional difficulties while their distribution. The goal of this work
is to modify the task pool distribution model taking into account the distribution criteria, to develop a method for finding the
optimal distribution plan, and to implement it in the GRASS simulation environment. The object of this study is the process of
allocating the pool of tasks into the computing resources of the cluster. The object of research are methods and algorithms for
modeling the distribution of the pool of tasks. Results. The proposed modification of the model of allocation of tasks to compu-
ting resources of the cluster, due to the use of allocation criteria. The criteria are implemented as a module added to the GRASS
simulation environment. On the basis of a mathematical model, a method of finding the optimal plan for the distribution of tasks
on the computing resources of the cluster is proposed. Conclusions. Allocation criteria, which are added to the task pool alloca-
tion model, are a component of the method for finding the optimal plan. Due to the use of their combinations, the search for dis-
tribution is carried out, which satisfies the requirements of task and resource providers.

Keywords: task distribution model, imitative environment, distribution criteria, best solution search method.
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XapKiBChKHIA HAIllOHATBHUN TEXHIYHUN YHIBEPCUTET PajlioeNeKTPOHIKH, XapKiB, YKpaiHa

3ACTOCYBAHHA KOMIT'IOTEPHUX METO/JIB ObPOBKH 30bPAKEHb
B EKCHEPUMEHTAJIBHIN TA KJITHIYHIV MEJALTAHI

AHoTauisi. AKTyanabHicTh. B Hanr yac B CBiTi IIMPOKO 3aCTOCOBYIOTHCS B XapUuOBii MPOMHCIOBOCTI O10JIOTi4HI JOMIIIKH,
30kpeMa kapareHanu (E407a). Bimomo, 110 kapareHaHd BUKOPHCTOBYIOTHCS SIK eMyJIbIaTOpPH Ta XKeJlIeyTBOoBayi. B excme-
PUMEHTANIBHUX TOCHTIHKEHHAX BU3HAUCHO BIUTUB KapareHaHiB Ha OpraHi3M JI0JIeH Ta TBapuH. 3 HAyKOBOI JIiTepaTypu BiIOMO
BIUTHB I1i€] 0i10JJOMIIIKK Ha PO3BUTOK 3alalicHHs] KAIKiBHUKA. MeTor AaHoi po6oTH € BUOiIp alropuTMiB IUPPoBOT 00po-
OKH 300pakeHb I 00’ €KTUBHOTO aHANI3y Pe3yJIbTaTiB eKCIIEPIMEHTAIBHIX JOCHiKeHb. 00’ €KTOM mocTiKeHHs € 6io-
JIOTi49HI 00 €KTH, a caMe CYCIIeH31s JIeHKOIUTIB Ta epUTPOLUTH KpoBi 1ypiB. [IpeaMeToM AocTixzKeHHSI € METOIH Ta ajro-
putMH 00poOKH 300paskeHs MeToaMu OiHapu3arlii. Pe3yabraTn. Y naHii poOOTi pO3IIITHYTH METOAM KOMIT FOTEPHOI 00po-
Ok 300paxkeHb 010JIOTIYHNX 00’ €KTIB, sKi TO3BOJSIOTH MOKPAIUTH SKICTh aHAJi3y Pe3yJbTaTiB eKCIEPUMEHTAIBHUX J0CITi-
JDKeHb. BU3HayeHi pillleHHs CTaroTh 0COOMMBO e()eKTUBHUME MPH BEIUKOMY 00CSA31 OTPIMAHUX PE3YNIbTATIB AOCITIKEHbB, SKi
HEeoOXiJHO OTpAIIOBATH 3a KOPOTKHUil yac. BucHoBok. Llei miaxin 3MeHIIye KiITbKICTh TOMIJIOK, 3yMOBJICHHX JIFOACHKIM (ak-
TOpOM. BHKOpHCTaH] alropuTMH MOXKHA 3aCTOCYBATH 1 A0 1HIIMX 300paKeHb, OTPUMAHUX METOJAaMH, SKi 3aCTOCOBYIOTH B
eKCIIepUMEHTAIIBHIN Ta KIHIYHIH MequnuHI. Takox MOXKHa po3MMpUTH QyHKITIOHANEHI MOXKIMBOCTI aHAIII3Y.

KawuoBi cioBa: cycnensis JeHKonuTiB, 300paKeHHS, KIITHHA, KapareHaH, epUTPOLIUTH, aKTUBHI ()OPMH KUCHIO.

Beryn

Ha Tenepiminuii yac B CBiTi y»e IIUPOKO B Xapyo-
Bilf IPOMUCIIOBOCTI 3aCTOCOBYIOTh Oi0JIOTIYHI JOMIIIKH,
OJTHIEIO 3 TAKMX XapyOBUX J00ABOK € KapareHaH. Y Hay-
KOBI# JIiTepaTypi BU3HAYAETHCSI, IO TIAPOKOJIOIHI Ta re-
JICYTBOPIOIOYI BIIACTUBOCTI KapareHaHiB poOIsTh iX Mpu-
JaTHUMH JJIs1 BAKOPUCTAHHS y Xap4oBi MPOMHCIIOBO-
CTi, 16 BOHH JICCATHIIITTAMH IIHPOKO 3aCTOCOBYIOTHCS SIK
rejeyTBOpIOBayi, 3aryCHHKH, MOKpallyBadl TEKCTYpH
MPOJYKTIB Ta eMybraropu tomio [1,2]..

MopchKi BOIOPOCTI € JpKepelIaMH IOJlicaXapHIiB,
30KpeMa arapy Ta ajriHariB. ¥ 6araTbox eKcrepuMeHTa-
JIbHUX JIOCIIJKEHHSIX TI0Ka3aHUil BILIMB KapareHaHiB Ha
KHIICYHHK B 3aJIKHOCTI Bil TO3M 3aCTOCYBaHHsI, Ta PO-
3BHTOK 3aIallbHOTO TIPOIIECY B KUIeUHUKY [3,4].

VY uinoMy, kKapareHaH” JOAAIOThCS JI0 MOJIOYHHMX
MPOJXYKTIB (MOPO3UBO, MOJIOYHI HAIOi, BEPLIKH, HOTYpT,
CHp TOWLIO) Ta M’SICHUX MHPOIYKTIB (KoBOacu, CylieHe
M’sico Tomo). A-KapareHaH dJacrimie 3a Bce 3ycrTpida-
€TBbCS B MOJIOYHHUX TIPOAYKTAX Ta 3aCTOCOBYETHCS IS
MIOKPAIIEHHs] OPTaHOJENTUYHUX BJIACTUBOCTEH Xapyo-
BUX IPOJYKTIB Ta 3a0€3Ie4eHHs BEPIIKOBOI B'sI3KOCTI.

KpiMm Toro, dmciieHHI eKCIepUMEHTAaJbHI JOCIi-
JOKEHHS iN Vitro ta in ViVo 1eMOHCTPYIOTh 3/IaTHICTD Ka-
parcHaHiB BUKIIMKATH 3aMajJeHHs B eMiTeTalbHUX KITITH-
HaxX KHIICYHMKA [UITIXOM CIIPHUSHHS BUBUILHEHHIO IIPO-
3amanbHUX MUTOKIHIB [5, 6]. IcHyI0Th Tak0X ekcrepume-
HTaJbHI JIOKa3W TOTO, MO0 MaKpodarn MOXKYTh TOTJIH-
HAaTH Xap4yOBHH KapareHaH 3 HACTYITHOIO MIrpaii€ro 10
niMpaTuaHux By3miB [7]. Pobora BHKOHaHa B paMkax
cniBpoOITHHITBA MiX Kadenporo OionoriuHoi Ximii Xap-
KIBCHKOT'O HAIlIOHAJIEHOTO MEJIMYHOTO YHiBepcurery, Ha-
YKOBO-JIOCJITHOTO 1HCTUTYTY €KCIIEpUMEHTAIBHOI Ta KIli-
HiyHOT Meauman XHMY ta xadenporo EOM XapkiBch-
KOTO HalliOHAJILHOTO YHIBEPCUTETA PATI0ENEKTPOHIKH.

MeTo1o 1i€i podoTH € 3aCTOCYBaHHS KOMII IOTEp-
HUX METOAIB OOpOOKM 300pa)XeHp IS TOKPAIICHHS
aHaJi3y OTPUMAaHHUX EKCIEPUMEHTAIBHUX IOCIiIKCHb,
3MEHIIEHHS CYO'€KTHBHHX MOXHOOK  JOCIiKEHB,
BUKJIMKaHHUX JTIOJCHKAM (PAKTOPOM.

OcHOBHA YacTHHA

B sikocTi nepioro nprkiaaa po3risiHEMO CUTYaIiIo,
KO TpeDa OL[IHUTH BIICOTOK MOGOJIOTiYHO 3MiHEHHX
KJIITHH, HAIIPUKJIaj Ha 300pakKeHHI ermiTeNilo KUIeYHuKa
(puc. 1). Y upoMy mociimKeHHi omiHoBany e E407a
Ha MOP(}OJIOTIYHMI CTaH TOHKOT KHIITKU 3 BUKOPHUCTAHHAM
(apOyBaHHS TeMaTOKCHIIIH-€O3MHOM. PesymbraTtén Mop-
(hOTOTIYHOTO NOCIIHKEHHS TIOKA3aJ, [0 BXXKUBAaHHA IIi€l
Xap4oBoi 100aBKH MPU3BENO 10 PO3BUTKY 3amancHHA [8,
9]. V uypiB, sKi BXKHBAJIM HAIBOYMILICHUI KaparcHaH
CIIOCTEPIraeThCs MOIIKOKEHHS BOPCHHOK 3 IeCKBaMOBa-
HUMH €TlTeTiaTbHUMH KIITHHAMH, JiITHKH 0€3 BOPCHHOK
a00 MISTHKY 31 3MIHEHOI0 BOPCHHYACTOIO apXITEKTYpPOIO,
3anajbHa KIITHMHHA iHQIIbTpalis y BIACHIH MJIACTHUHII.
dapOoBaHrMHU OyM BiJKIIAJICHHS KOJIAr€Hy Y CIW30BIii
00OJIOHIII TOHKOTO KHILEYHHKA HIYpIB, SKi OTPUMYBaJIH
E407a, mopiBusao 3 kouTponem [10]. Binknanenus Biapi-
3HSIOTHCS TEMHHMM BIJITIHKOM IO BIJHOIICHHIO 10 (hOHY,
SIKUH 3aIIOBHEHUH 3J0POBHMH KIIITHHAMH.

Puc. 1. MikpormnpemnapaT TOHKOI KUIIKH,
siki Oy moapOOBaHi TeMaTOKCIITIH-€O3HHOM

Jnst 3MeHIIeHHs TOXMOOK aHaizy, 00yMOBIICHHX
MOJICEKUM (aKTOpOM, OTpuMaHe 300pakeHHs 0yio 00-
pobieHi pisHUMH MeTojmamu OiHapmsamii [11], 3 sxux
Halikpammid pe3ynpTaT OyB OTPUMAaHHN 3a METOIOM
Orca ( puc. 2).
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Puc. 2. 3o6pakennst Ha puc.l nocie GiHapu3aii

VY 1pOMy METOZ1 OOUUCITIOETHCS TIOPIT t, IKUH MiHi-
Mi3y€e CepefHI0 MOMHIKY BiJI yXBaJICHHS PILIEHHS PO
HAJICXKHICTh MIKCETB 300pakeHHs 00'ekTy abo (oHy.
3HaveHHS SICKPABOCTEH MiKceliB 300pakeHHs po3rJsiia-
I0ThCS SIK BUNIAJIKOBI BEJIMYHMHH, SIKi ricTOrpama — siK OLli-
HKa [IUTEHOCTI PO3MOILTy IMOBipHOCTEH. SKIIO MinhHO-
CTi po3mOiTy HMOBIPHOCTEH BiIOMIi, MOKHA BU3HAYUTH
ONTUMAIIHUM TOPIT Ui CerMeHTallii 300pakeHHS Ha
nBa kiacu ¢0 i cl (o6'extu i T710) [12].

JlocmiKkeHHs. IpyHTYBaIUC Ha HACTYIHOMY: 30-
OpakeHHs1 MOIAETHCS 3a JI0IIOMOT 010 L piBHIB SICKPaBOCTI;
hi - unco enemMeHTIB 300paKeHHS, 110 MAKOTh SICKPaBiCTh
i,i=0,1, .., L-1; H—3aransna KineKicTs miKkcemiB Ha 30-
OpaKeHHI; TiCTOrpaMa 300pakeHHS € HOPMaTi30BaHOKO 1 11
MOYKHA PO3IJISIATH SK O30 HMOBIpHOCTEH

hi ) L-1
Pi :ﬁ,l =01,..,L-1; > p; =1. (@8]
i=0

Enementn 300pa’keHHS AUIATHCS Ha ABa Kiacu c0
Ta cl 3a J0IMOMOT00 MOPOTOBOTO 3HAYEHHS t, e Kiac cO
MICTHTB TiKceli 3 sickpaBocTssMu 3 MHOkuHH (0, 1, ..., t),
a kiac ¢l — mikcedi 3 sICKpaBOCTAMH 3 MHOXKHUHH (t, t+ 1,
., L - 1). IMOBipHOCTI KOXKHOTO 3 IIMX JBOX KJaciB Ta
cepelHi 3HAYeHHS iX SICKPaBOCTI OMHUCYIOTHCS BHpPa3aMHu:

t
Po=2pi=P; 2
i=0
L-1
PL= 2 pi=1-P; (3)
i=t+1
Ho =210 /Po =n¢ /Pt ; 4)
L1
= 2ipi/Pr=(ut —1)/(1-Py), 5)
i=t+1
L-1
ne Pt = Dipj — cepeHs ICKPaBiCTh 300paKeHHSL.
i=0

[Ticnst orpumanHs OiHapHOTO 300paskeHHs OYJIO BU-
KOHAHO TiJpaXyHOK YOPHHX ITIKCENiB Ha 300pakeHHi,
sKuii craHoBUB 60% , 10 A03BOJISIE 3pOOUTH BUCHOBKH
PO CTYMIHb BIAKJIAJICHHS KOJareHy Ha JIaHOMY eTarli
€KCIIEPUMEHTY.

Jpyruii MprKiIag MOB'SI3aHAH 3 OIIHKOIO TOKCH-
YHOTO BIUIMBY JOCIHIpKEHOI Xap4yoBoi gpomimku (E407a)
KapareHaHy Ha XXHUTTE3AaTHICTh NeHKouuTiB Kposi [13]. V
MIONEPEAHIX EKCIEPUMEHTAIBHUX IOCITIPKEeHHSIX BH3HA-
YEHO JIOCTaTHIH BIUIMB KapareHaHy Ha KJITHHU KPOBi 30K-
peMa, JISWKOLUTH, SIKi 3a0e31e4yI0Th IMyHHHUH CTaH opra-
Hi3my [14]. [yt uporo B [HCTHTYTI eKCIIEpUMEHTATIBHOT Ta

kiiHiyHOT Meauuman XHMY  nocninauku dapOysanu i
KJIITUHY TPUIAHOBUM CHHIM MiCIIs iHKyOAii miel 1o0aBKu
3 CYCIIEH3I€I0 JICHKOIUTIB TPOTATOM 2 roauH. Bukopuc-
ToBYBasM KoHUeHTpanito 0-10 mr/mn. Ha puc.3, 4 HaBe-
JeH] 300pakeHHs CyCIeH31i JIeHKOIUTIB, OTPUMaHUX 3a
JIOTIOMOT0I0 MiKpockora. Ha 1mux 300pakeHHAX HeoOXi-
THO TPOaHAJi3yBaTH KIIBKICTh HEKHUTTE3NATHHUX JICHKO-
uTiB (3adapOboBaHKX B YOpHUH KOip). o 300pakeHs Ha
puc.3, 4 3acrocyBanu Meton Ginapusartii Otca ( puc.5, 6).

Puc. 3. Penpe3eHTaTnBHI 300pakeHHs CYCIEeH311 JICHKOIUTIB
KOHTPOJBHOI TPYIH, 3a0apBICHUX TPUIAHOBUM CHHIM

A N

Puc. 4. Penpe3eHTaTuBHI 300pakeHHs CyCIEH3i1 JIEHKOLIUTIB,
3a0apBIICHUX TPHUIIAHOBHMM CHHIM, AKi iHKyOyBanu 3 E407ay
KOHIIeHTparii 10 Mr / MiT IpoTsiroM 2 rojiuH in Vitro

Puc. 5. 3o6paxenHs cycrensii 1eiikonuTis
Ha puc.3 micis GiHapu3anmii
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Puc. 6. 300paskeHHs cycIeH3ii IeHKonnTiB
Ha puc.4 micis GiHapu3arii

Sk BUOHO Ha puc. 5, 6, MEPTBi JCHKOIIUTH CTAIOTh
MTOMITHIIIIMMY HiX Ha puc. 3, 4.

Amnaii3 300pakeHp Ha puc. 5, 6 mokasye, o HaBiTh
He3HauHa KoHIeHTpamis E407 cnpusita 3arubeni geiko-
uuTis [14].

HactynHuii npuKiIag - aHaji3 reHepanii akTUBHHX
(hOpM KHCHIO B EpUTPOLIUTAX, II0 3a3HAJIN BILIUBY Xapyo-
Boi mobaeku E407a [15]. OuiHKy mpOBOIHIN METOAOM
MPOTOYHOI IIMTOMETPii 3 BHUKOPHUCTAHHSAM OapBHUKA
H2DCFDA. [lns uporo eputporuTs iHKyOyBaiu 3 E407a,
¢apOysanu anexcuHoM V-FITC s Bizyanizauii epunto-
TUYHHX KITITHH 32 JJOTIOMOTI'0I0 KOH(OKaIbHOT CKaHyI04o1
nasepHoi mikpockorii [15]. Bymo mpoananizoBaHo 306pa-
JKEHHsI CyCIeH3ii i3 koHueHTpamierol0 mr /mi (puc. 7).
BizyanpHO 300pakeHHsI Ha pHC. 3 BAYKKO IPOAHATi3yBaTH,
TOMY JI0 HBOTO OYyJIM 3aCTOCOBAaHI Pi3HI MeTOAN 00pOOKH
300paKeHb, 3 IKMX HaKpaniuii pe3yabTaT I0Ka3aB METO
Ginapu3arii Hioneka (puc. 8) [16].

Puc. 7. Bizyani3zaiis epUTpOLIUTIB,
no¢apOOBaHUX 32 IOTIOMOT'O0 aHEKCUHY
V-FITC 3a momomMororo koH(pOKaIbHOT MIKPOCKOTTIT

VY 1poMy METOI JUISE KOXKHOTO IIKCEIs 300paskeHHS
BHKOPUCTOBYETHCSI 3HAUCHHS Mopora. Bu3HauycHHs Be-
JMYUHH TIOPOTa BiJOYBAETHLCS HA OCHOBI OOYHCIICHHS JI0-
KaJbHOTO CEPEIHBOrO Ta JIOKAJTBHOTO CEPEIHBOKBAPA-
TUYHOT'O BiAXHUIIEHH.

3HavyeHHs IOpoTra y TOUIl 3 KOOpAMHATaMHU (M, n)
O0YHCITIOETHCS BIAMIOBITHO 10 (OPMYITH:

t(m, n) = p(m, n) + k- o(m, n), (6)

ae w(m, n) — cepente, a o(m, N) — cepeIHbOKBAAPATH-
YHE BIAXWIEHHS y JIOKaJbHIM OKOJHII TOYKH 300pa-
xeHHs (m, n) [5]. Po3mip okomy mikcenst Gyno obpaHo
r=15x15,a k=-0.2.

300paxkeHHs Ha puc.8 Oinbl iHPOPMATUBHO Yy MOpi-
BHSIHHI 31 300pakeHHSIM Ha puc.7, ToMy 1o nodapboBaHi
EPUTPOLMTH BUAHO Kpallle.

h

. .

Puc. 8. Pesynbrar 06poOku 300pakeHHs Ha puc./
3a MetooM OiHapu3zanii Hibneka

[MpoBenenwmii anaini3 renepaniii AOK B epurpo-
UTax 3a YMOB BIUIMBY Xap4uoBoi nob6aBku E407a, no3Bo-
JIMB OI[IHUTH MiJABHUIICHHS 1HTEHCHBHOCTI (DIyopeciieH-
i X [18].

BucnoBku

B pesynprari mpoBeneHUX IOCHIKEHb BHOpPaHO
METOJM KOMIT IOTEPHOi 00pOoOKH 300paxkeHp 0i0ioriv-
HUX 00’€KTiB, IO J03BOJISIOTH MMOKPALTUTH SKICTh aHa-
T3y pe3yJbTaTiB eKCIIEPUMEHTAIBHHUX JOCHiKeHb. Bu-
3Ha4YeHI PIIICHHS CTalOTh 0COONINBO €(EKTHBHUMH IMIPH
BEIMKOMY 00CS31 OTPHIMaHUX Pe3yJIbTaTiB JOCIiIKEHb,
sIKI HEOOX1JTHO OmNpaloBaTH 3a KOPOTKHi yac. Bukopuc-
TaHi aITOPUTMH MOYKHA 3aCTOCYBATH 1 70 IHIIHMX 300pa-
JKEHb, OTPUMaHHUX METOJIAaMH, SIKi 3aCTOCOBYIOTh B €KC-
MIepUMEHTAIBHIN Ta KIHIYHIA MeauiuHi. Takox MOKHA
po3mMpHTH (YHKIIOHAJIbHI MOXJIMBOCTI aHamizy. Llei
MiIX1]T 3MEHIITY€E KUTbKICTh TIOMUJIOK, 3yMOBIIEHUX JIFO]I-
CBKUM (PaKTOpOM.
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Application of computer image processing methods
in experimental and clinical medicine

Oleksandr Yankovsky, Stanislav Partyka, Vladlen Filippov

Abstract. Topicality. Nowadays, biological additives, in particular carrageenans (E407a), are widely used in the
food industry. It is known that carrageenans are used as emulsifiers and gelling agents. In experimental studies, the influence
of carrageenans on the body of humans and animals has been determined. The impact of this bioadmixture on the develop-
ment of intestinal inflammation is known from the scientific literature. The goal of this work is the selection of digital
image processing algorithms for the objective analysis of experimental research results. The object of research is biological
objects, namely a suspension of leukocytes and erythrocytes of rat blood. The subject of research is the methods and
algorithms of image processing by binarization methods. Results. In this work, we consider the methods of computer pro-
cessing of images of biological objects, which allow to improve the quality of the analysis of the results of experimental
studies. The identified solutions become especially effective when there is a large amount of research results obtained, which
must be processed in a short time. Conclusions. This approach reduces the number of errors caused by the human factor.
The used algorithms can be applied to other images obtained by methods used in experimental and clinical medicine. You
can also expand the functionality of the analysis.

Keywords: leukocyte suspension, image, cell, carrageenan, erythrocyte, reactive oxygen species
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CODING TO REDUCE THE ENERGY OF DATA MOVEMENT

Abstract. The problem of reducing power dissipation in global interconnection lines while maintaining high
performance is considered in the paper. High switching activity leads to significant communication losses due to
communication capacitances between long lines. New byte-addressed non-volatile memory technologies, such as phase-
change memory, enable systems with large persistent memory, improving reliability and potentially reducing power
consumption. However, these technologies only support a limited number of write operations over the lifetime per cell, and
consume most of their power when the state of a bit changes during a write. Low power coding techniques are required to
reduce switching activity during device-to-device or on-chip communications. The purpose of the article is to develop a
method for constructing a set of unit distance codes, analyzing their characteristics and choosing codes that satisfy the
given properties. The address bus coding methods with the least switching activity are considered. To reduce dynamic
energy losses in the address bus and minimize communication losses between closely spaced lines, Gray code is used,
which has a number of disadvantages. Conclusions. The type of codes that have the same properties as Gray codes, i.e. unit
distance codes, is determined. A method for constructing a set of unit distance codes, analyzing their characteristics, and
choosing codes that satisfy the given properties has been developed. By using the entire set of codes, developers have more

choices than using only Gray codes, and this leads to better results.
Keywords: Gray code, switching activity, hypergraph, non-volatile memory.

Introduction

Statement of the problem. Computer systems are
widely used in various fields of science and technology
in the construction of control systems, regulation,
transmission and processing of discrete information.

To ensure the required level of quality of their
functioning and reliability different approaches are
used: improvement of existing and organization of
fundamentally new systems, their hardware and
software, creation of algorithmic, hardware and
software, control and diagnostic support.

Modern processors are becoming increasingly
bottlenecked by the energy of moving data across
different levels of the memory hierarchy and between
different input-output devices, such as sensors and
specialized gas pedals.

Reducing power dissipation in global interconnect
lines while maintaining high performance is an ongoing
challenge for scalable CMOS technology.

Analysis of recent research and publications.
There are many approaches to reducing input-output
power consumption. These approaches fall into two
categories. The first consists of methods that optimize
the memory hierarchy and data organization to
eliminate input-output requirements in the first place.
The second category consists of methods that reduce
switching activity on buses [1, 2].

External input-output and associated buses are a
major contributor to overall system power consumption
[3, 4]. The input-output power consumption is in direct
relation to the product of the switching activity present
on the input-output by the average capacitive load of the
switching elements. In [5, 6], it was shown that the
capacitive load of the external input/output is several
orders of magnitude greater than that of the internal
switching nodes.

High switching activity leads to significant
communication losses due to communication
capacitances between long lines. The long lines of the

address bus are accessed very frequently. As a result of
these factors, the instruction memory address bus is
usually one of the most power-consuming components
of an embedded system [7, 8].

New non-volatile byte addressable memory
technologies, such as phase transition memory, enable
systems with large persistent memory, improving
reliability and potentially reducing power consumption.
However, these technologies support only a limited
number of write operations over the lifetime per cell and
consume most of their power when the bit state changes
during writes [9].

Consequently, low-power coding techniques are
required to reduce switching activity during device-to-
device or on-chip communication.

Various methods are used to encode the address
bus with the lowest switching activity. Gray's codes are
used to reduce dynamic energy [10, 11]. The use of
Gray's coding ensures that only one bit is switched
between consecutive addresses. Since access to
instruction memory is often continuous, the use of
Gray's codes not only reduces dynamic energy loss on
the address bus, but also minimizes communication loss
between closely spaced lines. However, Gray's code has
low balance and a large number of bit switches.

The aim of the article is to develop a method for
constructing a set of unit distance codes, analyzing their
characteristics, and selecting codes that satisfy the given
properties.

Presentation of the main material of the study

Gray codes are known as unit distance codes
(single-step or monostrophic). A unit distance code is an
unweighted code that changes only one digit position
when moving from one number to another in a number
sequence [12, 13].

The graph model of Gray's codes is a hypercube
graph. In graph theory, a hypercube graph Q. is a
regular graph with 2" vertices, 2"!" edges and n edges
converging to one vertex [14].

© Yareshchenko V., Kosenko V., 2023
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A regular (homogeneous) graph is a graph with
degrees of all its vertices equal, i.e. each vertex has the
same number of neighbors.

Below we consider the hypercube graph Q, with
labeled vertices.

A labeled wvertex is additional information
associated with a vertex, which allows to distinguish it
from other labeled vertices.

For the considered problem numbering of vertices
will start from number "0" and each vertex will
correspond to n-digit binary code aia.. an, Where aj is 0
or 1. Two vertices (or points) of cube Q, are adjacent if
their binary representations differ only in one position
(one digit). Fig. 1 shows the graph of hypercube Qs,
binary codes of vertices and their notation.

Fig. 1. Hypercube Qsgraph

A path in graph G is an alternating sequence of
vertices and edges that begins and ends with a vertex,
each edge of the sequence is incident to two vertices, one
of which immediately precedes it, and the other
immediately follows it. The specified path connects
vertices Vo and vy, and it can be denoted by vovive...w. A
path in which all vertices are different is called simple. A
path in which, vo=v, is called closed (or cycle) and open
otherwise. A closed path is called a simple cycle if all its
n vertices are distinct and n > 3 [15].

A simple path passing through each vertex of the
graph exactly once is called a Hamiltonian path. A
Hamiltonian path differs from a Hamiltonian cycle in
that the start and ends of the path may not coincide,
unlike a cycle. A Hamiltonian cycle is a Hamiltonian
path. Any hypercube Q, with n > 1 has a Hamiltonian
cycle passing through each vertex exactly once.

The Hamiltonianness of a hypercube is closely
related to Gray's code theory. More precisely, there
exists a bijective correspondence between the set of n-
bit cyclic Gray codes and the set of Hamiltonian cycles
in the hypercube Qn. A similar property holds for
acyclic n-bit Gray's codes and Hamiltonian paths [16].

In terms of graph theory, the problem of
constructing a set of unit distance codes is reduced to
constructing a set of Hamiltonian paths (cycles) in a
hypercube.

To construct a set of Hamiltonian paths in graph
Qn an algorithm was developed, which was described
using the following notations:

U - path to be formed,

L(U) - length of path to be formed,

U(i) - number of vertex at the i-th place in the path U,

v—U means writing the vertex v into the path U,

O(v) - neighborhood of vertex v - set of vertices
adjacent to vertex v,

A(v) = {v3,...,v%} is the set of active vertices in
the neighborhood of vertex v. A vertex is called active if
it is not included in the formed path U,

e is the number of active vertices,

B = {Bs, ..., Bs} - set of promising initial paths (for
further consideration),

s - number of promising initial paths,

d - current number of initial paths,

Bi — B means writing path Bi to the set of
promising paths B,

R ={U,...,Uq} is the set of formed Hamiltonian
paths,

q is the number of formed Hamiltonian paths,

U — R means the entry of a new formed path,

t is the current number of the vertex in question.

The algorithm for constructing Hamiltonian paths
in graph Qn consists of the following steps:

1.g=0.

2.d=0,5=0.

3.d=d+1.

4. U=Bq.

5. t=L(V).

6. Determine the neighborhood of vertex O(v), v=U(t).

7. Define the set of active vertices
AV) = {v,...,V%}

8. 1fe =0, go to step 13.

9. Write the vertex val into the generated path:
Val — U.

10. Ife=1, go to step 6.

11. Form new prospective initial paths:

§=s+j, V4 > Bs, Bs— B, j=1,...,e- 1.

12. We proceed to step 6.

13. If L(U) = n, then a new Hamiltonian path is
formed. Write it down: g =g+1; U — R.

14. If d = s, then the end of the algorithm.

15. We choose the next promising initial path: go
to step 3.

Table 1 shows an example of the algorithm's work,
Table 2 shows the process of selecting vertices during
the algorithm's work.

Table 1 — An example of algorithm work

d| U t [O(V) [A(V) [ V& |s Bs
0|0 0124 | 124 |1 1 02
2 04
01 1135 35 3 3 015
013 3127 |27 2 4 0137
0132 21036 |6 6
01326 6 | 247 | 47 4 5 013267
013264 4 105 |5 5
0132645 51147 |7 7
01326457 | 7 | - - -

102 2113 |35 3 6 026
023 3 127 |17 1 7 0237
0231 1103 |5 5
02315 51147 | 47 4 8 023157
023154 4 105 |6 6
0231546 6 1247 |7 7
02315467 | 7 | - - -

2104 4 |1 056 | 56 5 9 046
045 51147 |17 1 10 | 0457
0451 1103 |3 3
04513 3 127 |27 2 11 | 045137
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045132 2103 |6 6 4 | 0137 7 |35 | 56 5 14 | 01376
0451326 6 | 247 |7 7 01375 51147 |4 4
04513267 | 7 | - - - 013754 4 105 |6 6
3 1015 5147 | 47 4 12 | 0157 0137546 6 1247 |2 2
0154 4 1056 |6 6 01375462 | 2 | - - -
01546 6 | 247 | 27 2 13 | 015467 5 | 013267 713% |5 5 -
015462 21036 |3 3 0132675 51147 |4 4 -
0154623 3127 |7 7 01326754 | 4 | - - -
01546237 | 7 | - - -
Table 2 — Selection of vertices during the work of the algorithm
Hamiltonian path number
Nv |1 [2 [3 J4 |5 ]6 |7 I8 Jo J1o J11 J12 [13 [14 [15 [16 [17 [18
1 0
2 1 2 4
3 3 5 3 6 5 6
4 2 7 |4 7 |1 7 |4 7 1 7 2 7
5 6 5 |6 3 |5 6 |5 3 3 6 3 5
6 4 |7 [4 |12 |7 |2 [4 |7 |4 |1 7 1 2 7 2 1 7 1
7 5 |5 |6 |3 [3 |6 |6 [6 |5 |3 3 5 6 6 3 5 5 3
8 7 14 |2 |7 [2 |4 |7 |4 |1 |7 1 4 7 2 1 7 1 2

For all code variants the corresponding binary matrix

Table 3 — Hamiltonian paths and their characteristics

is formed, the number of changes in the values of each

variable (bit) in column h; is determined as follows:

k
hi = Z (Xi,j—1®xi,j)’ i= 1,..., n, (l)

i=2

where n is the number of digits of the binary code (the

number of matrix columns), k - the number of binary sets

(the number of rows of the binary matrix), X; - the i-th

binary code, Xi = {Xiz1...xin}, where Xi1...xin - bits of the i-th

binary code. The balance of code C is defined as follows:
n
n
c:Zi hy .(ijlhj )/n ‘
1=

Table 3 shows the Hamiltonian paths (U) for vo=0
and the balance (C) of the corresponding binary code
obtained with the above algorithm.

The analysis of the obtained unit distance codes
given in the table shows that the set of codes consists of
acyclic n-bit codes and corresponding Hamiltonian
paths as well as cyclic n-bit codes and corresponding
Hamiltonian cycles in the hypercube Qn. Fig. 2 shows
examples of cyclic and acyclic codes. Depending on the
balance value of the C code and the number of changes
of values of each variable H = {hy, ha,..., h,}, the set of
unit distance codes can be divided into three classes.

)

Table 4 - Binary codes and their characteristics

No U C No U C
1 01326457 2.7 10 02645137 2.7
2 01326754 3.3 11 02645731 3.3
3 01375462 1.3 12 02673154 1.3
4 01546237 2.7 13 04513267 2.7
5 01546732 3.3 14 04513762 3.3
6 01573264 1.3 15 04576231 1.3
7 02315467 2.7 16 04623157 2.7
8 02315764 3.3 17 04623751 3.3
9 02376451 1.3 18 04675132 1.3
O D)
(9—(5)
® @
(2 3

Fig. 2. Example of an acyclic and cyclic path

Table 4 shows decimal equivalents of binary codes
(D), position code (Bin) and representatives of codes of
each class (Ui, Uz, Usz) and their characteristics. It
should be noted that Gray code belongs to the second
class.

Do Bin D. U1 Dy U2 Ds Us
X1 X2 X3 X1 X2 X3 X1 X2 X3 X1 X2 X3

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1
2 0 1 0 3 0 1 1 3 0 1 1 3 0 1 1
3 0 1 1 2 0 1 0 2 0 1 0 7 1 1 1
4 1 0 0 6 1 1 0 6 1 1 0 5 1 0 1
5 1 0 1 4 1 0 0 I 1 1 1 4 1 0 0
6 1 1 0 5 1 0 1 5 1 0 1 6 1 1 0
7 1 1 1 7 1 1 1 4 1 0 0 2 0 1 0
H 1 3 7 1 3 3 1 2 4 2 3 2
C 6.7 2.7 3.3 1.3
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Conclusions and prospects
for further research in this area

Technological trends and especially portable
applications are driving the search for integrated circuits
with low power consumption. Solutions are sought that
include algorithmic, structural, or physical transformations.

Address bus coding methods with the lowest
switching activity are considered. Gray's code, which
has low balance and a large number of bit switches, is
used to reduce dynamic energy losses in the address bus
and to minimize communication losses between closely
spaced lines. A type of codes with the same properties

as Gray codes, the unit distance codes, has been defined.
We have developed a method for constructing a set of
unit distance codes, analyzing their characteristics, and
selecting codes that satisfy the given properties. By
using the whole set of codes, developers have more
choices than when using only Gray codes, and this
allows to get better results in terms of branching,
propagation delays, power consumption or other related
limitations when designing digital systems.

Further research in this direction: developing a
method for classifying codes with respect to a given
group of transformations, compiling catalogs of typical
representatives, and constructing code converters.
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KoayBaHHs 1151 3MEHIICHHS eHeprii pyXy JaHHX
B. B. Spemenka, B. B. Kocenko

AHoTaniss. Po3risHyro npoGiieMy 3MEHIIEHHS pPO3CIIOBaHOI MOTYXHOCTI Yy TJIOOAIBHHUX JIiHIAX MiK3'€[HAHb 3a
30epeKeHHs] BUCOKOI NMPOIYKTUBHOCTI. Brcoka koMyTaliilfiHa aKTHBHICTh HPH3BOAWTH 10 3HAYHHMX BTPAT 3B'I3KYy 4Yepe3 €MHOCTi
3B'I3Ky MDK JOBI'MMH JIiHissMI. HOBI TeXHOIOTII eHeproHe3alie:KHOT maM'siTi 3 0alTOBOIO ajpecalliero, Taki SK maM'saTh i3 (Ha3oBHM
MEePEeX0/IOM, JO3BOJISIOTH CTBOPIOBATH CHCTEMH 3 BEJIMKOK IOCTIHHOW MaM'sATTIO, IJBMIIYIOYM HAAiffHICT Ta MOTEHI[HHO
3HIDKYIOYH €HeprocnokiBaHHs. OIHAK I1i TEXHOJIOTIT MATPHMYIOTH JIHIIIe OOMEKEHY KUIBKICTh OIepariiif 3aIcy IpoTsAroM YChOTo
TEpMiHy CITy»KOM Ha KOMIpKY Ta CIIOKHBAIOTH OLIBIIY YaCTHHY CBO€I MOTY)KHOCTI TPH 3MiHi CTaHy Oita mix dac 3amucy. s
3HIDKEHHSI KOMYTAIiHOI aKTHBHOCTI ITiJ Yac 3B'I3Ky MDK MPUCTPOSMHU a00 Ha KPHCTa MOTPiOHI METOIM KOIYBAaHHS 3 HHU3bKUM
€HeprocroXrnBaHHsaM. MeTa cTaTTi: po3pobka MeToay moOyIoBH Oe3midi KOIiB OAMHUYHOI BiZICTaHi, aHaJl3y X XapaKTepHCTHUK Ta
BHOOpY KOMIB, IO 3aJOBOJILHSIOTH 3a/laHi BJIACTUBOCTI. PO3MIHYTO METOOM KOAYBaHHS aapecHoi IIMHH i3 HailMEHIIO
KOMYTAaliffHOIO aKTHBHICTIO. [IJsl 3MEHIICHHs [MHAMIYHUX BTpaT eHepril B ajpecHii IMHI Ta MiHiMi3amil BTpar 3B'SI3Ky MiK
OJIM3BKAMH JIIHISIME 3aCTOCOBYIOTH KOZ ['pest, sIkuii Ma€e psii HeqoiKiB. BU3Ha4eHO BU KOAIB, IO MAFOTh Ti K BIACTHBOCTI, IO i
xomu ['pest - komu omuHUYHOI BifcTaHi. Po3pobieHo MeTox moOynoBy 6e3iivi KOIIB OMMHUYHOI BiJICTaHi, aHAJI3Y iX XapaKTepHCTUK
Ta BUOOPY KOJIB, IIO 3a/I0BOJIBHSIOTH 33JaHMM BIACTUBOCTSAM. 3aBISKH BHKOPHCTAHHIO BCi€] MHOXKHHH KOZIB Y PO3POOHHUKIB €
OlybIIe BapiaHTiB BHOOPY, HiX IIPU BUKOPHCTAHHI TUTEKH KoAiB I'pes, 1 Iie J03BOJIsIE OTPUMATH KpaIlli pe3yJIbTaTH.

KawuoBi cnoBa: kox I'pest, komyraliiiHa aKTHBHICTE, Tineprpad, eHeproHe3aeKHa Iam'1Th.
1 1 pes, Yy s prpag, p
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MPUHIAI IOBYA0BU BAJIBHO-MOJU®IKOBAHOI JIIATPAMU ICIKABU
AK CYHACHOTI'O IHCTPYMEHTAPIIO AHAJII3Y PU3UKIB BUIOBYBHUX
TA MEXAHOOBPOBHUX IIAIIPUEMCTB

AHoTanisa. Mera. 3anponoHOBaHO MPUHIHMI MOOyn0BU OansHO-MOAM(iIKOBaHOI AiarpaMu IcikaBw, SIK cydacHOTO iH-
CTPYMEHTAapII0 aHaTi3y PU3HKIB BUAOOYBHHUX Ta MEXaHOOPOOHHX MiANPHUEMCTB 3 00poOKH KapOoHOBHX KoMIo3uTiB. [Ipe-
aMmeT. OOIpyHTYBaHHsI 3aCTOCYBaHHsI YIIPABIIHCHKHX PilllcHb 3 OpraHi3allil 3aX0/[iB OXOPOHH TIpalli 010 3HHKCHHS BILIH-
By He0E3NEeYHHX Ta IIKIJUIMBUX YMHHHKIB IUIIXOM BHKOPUCTaHHS CHCTEMAaTH30BaHUX NaHUX y 3allpOIIOHOBaHOI Score-
modified Cause-effect Diagram (6anpHO-MoandikoBaHOi aiarpamu IcikaBu), a TAKOXK JOCIIKEHHsI IPOOIEMH aIanTHBHOT
OLIIHKY PHU3HUKIB Ta HeOe3IeK, sIka HasiBHOI B IIFOYMX CTaHAAPTAaX . 3alpOIIOHOBAHO BUKOPHCTAHHS CIIOCO0Y BUPIMIEHHS MO-
CTaBNeHOI MPOOJIEeMH, IUIIXOM 3aCTOCYBaHHS OanbHO-MOAM(IKOBAaHOT MPHYMHHO-HACIIIKOBOI AiarpaMu, sIK Cy4acHOTO iH-
CTPYMEHTAapIiIo aHaJIi3y PU3UKIB IpU IUIaHYBaHHI Ta palliOHANI3AIi] 3aX0/iB 3 OXOPOHH Ipalli Ha MiAIPHEMCTBAX .

KnaouoBi croBa: aHami3 pusukis, 6ansHO-Moau(ikoBaHa JiarpaMa, mpod3axBoproBaHHs, Oe3mneka mparii.

IMocTanoBka mpodJeMu Ta aHATI3
OCTaHHIX T0CTiTKeHb i myOsikamiii

VY 3B’s13Ky 3 MiZIBUIIEHHM piBHEM NpodeciiiHol 3a-
XBOPIOBAHOCTI POOITHUKIB MPOMHUCIIOBOCTI OCOOJIHBY
yBary MpUIUISIOTh YIPaBIiHHIO PU3UKaMH Ta CTBOPEH-
HIO 0e3MeYHUX YMOB mparli. B pe3ynbTaTi mpoBeneHoro
CTaTUCTUYHOTO aHajizy MOHIOM COLIabHOTO CTpaxy-
BaHHS YKpaiHu Oylo BCTaHOBJICHO, mo 3a 2022 pik y
MOPIBHAHHI 3 aHANOTIYHMMHU maHuME 3a 2021 poky
MMOKAa3HHUK HEMIACHUX BUMAJKIB i TOCTPUX MPOoQeCiiHHmX
3axBoproBaHb 3HM3MBCA Ha 31,2% [1]. [lana curyamis
TIOSICHIOETHCSL 3BITHICTIO LIEHTPY MEIUYHOI CTaTHCTHKH
MO3, a Takox Aep>KaBHOKO CITy’)KOOI CTAaTHCTHKH YK-
paiHu BiAMOBITHO SKUX 3MCHIIYETHCS KUIBKICTh ITiII-
PHEMCTB, YCTAaHOB Ta Oprasizaiiif, TOOTO pPoOOUMX
MiCIIb 32 PaXyHOK aKTUBHUX OOMOBHX Jili Ha TEPUTOPIi
VYkpainn. OCTaHHIM YacoM BIAMOBIAHO 0a3u JaHUX
aBTOMaTH30BaHOl iH(popmariitnoi cucremu «IIpod3a-
XBOPIOBAHICTh» ITIEPEBAXKAE 3aXBOPIOBAHICTh Ha MiaM-
pHEMCTBAX TipHUYO100YBHOI MPOMHUCIIOBOCTI Ta IiAT-
pueMcTBaX 0OPOOKH BUCOKOTEXHOJOTIYHMX HAJMIITHIX
MarepiaiiB Ha OCHOBI BYTJIELIEBHX BOJIOKOH, IIIO CTAHO-
BuTh Maibke 80 %. B Takiii curyanii enuHUM Ii€BUM
CHocoOOM 3aXHCTy € YIpPaBIiHHS PU3UKaMH, SKHAH 10-
3BOJIUTH OOTPYHTOBYBATH BHOIp iH)KEHEPHO-TEXHIYHHX
3aXO[iB JJsl CTBOPEHHIO OE3MeYHHX YMOB TMpami Ta
3HMKCHHIO KiNBbKICTI HEMIACHUX BHIAJKIB Ta TOCTPUX
mpodeciifHNX 3aXBOPIOBAHb 3 yPaXyBaHHAM MOXKIIFBOC-
Ti paHXXyBaHHS OKpeMHUX HeOe3meyHnx (pakTopis.

VY cydacHiii TpakTHUIl BiJoMO 0arato pi3HHX METO-
JiB OLIIHKM PU3HKY, SIKi I03BOJISIIOTH KOMIUIEKCHO OLiHIO-
BaTH YMOBM Mpamli Yy Pi3HHX Taly3sX NPOMHCIOBOCTI.
3acTocyBaHHS KOMIUIEKCHOTO IIXO/MY aHANI3y PU3MKIB
JI03BOJISIE 3IIFICHIOBATH OLIHKY BIPOBA/DKCHUX 3aXO[IB
I0JI0 YIPABIIHHS PU3UKaMHU Ta OTPUMAaHHS KOMILIEKC-
HOI KapTUHU ICHYIOUMX YMOB IIpali Ha BUPOOHHLTBI 3

MOXJIHBICTIO Tpa(iuHOr0 BHUAUICHHS BCIX CKJIaJOBHX
3MATHUX BIUIMBAaTH Ha PiBCHb OE3IMEKH Ta HEOOXITHOCTI
PO3pOOKH TEepIIOYEProBUX IMPEBEHTHBHHUX 3aXOIIB Ta
MOXKJIMBICTIO OLIHKM €(QEKTHBHOCTI Ta JOLUIBHOCTI iX
BrpoBapkeHHs. CydacHi Mmeromguku Taki sk JACTY
IEC/ISO 31010:2013 wmicTsath B cOOi pi3Hi MiIX0mau 0
3araJibHOI OIIHKHM PH3MKIB, PEKOMEH/I0BaHi /10 3aCTOCO-
BYBaHHS Y MiKHApOIHi# npaktuii [2]. OnHak B 3a3Have-
HOMY CTaH/apTi HEMAaEe TOTOBUX PillleHb A aJalTHBHOI
KOMIUIEKCHOI OILIHKH 3 YpaxyBaHHSIM KOHKPETHHX po0o-
YUX MiCIJb Ha PI3HUX IIJIPHEMCTBAX ab0 YCTaHOBaX.
ToMy Kepyrounch CTaHAAPTOM KOXKHE OKpEME ITiATIPUEM-
CTBO rajiy3i MOKe€ OOMpaTH TOW YH IHIIKI METOX Biamo-
BIJIHO JI0 BJIACHOTO JIOCBiJy 1 BUMOI 3aKOHOJIABCTBA, a
TaKoX BHOCUTH 3MIHM $KI 3aJI€KaTh BiJ CTATUCTUKU
HEIIaCHUX BUMAJKIB Ta NpOQeciiiHUX 3axXBOPIOBaHb Ha
KOHKPETHOMY IiinpreMcTBi abo ycraHosi. Takox mpo-
Legypa OLIHKM PU3MKIB Tependavae CKIAJaHHSI KapT
imeHTH(IKaIi{ HeOe3mek, abo KapTH PU3MUKIB, SIKY IIPOBO-
JSITh KCIIEPTH 3a YCTAICHUMH XapaKTepUCTHKaMu Hebe-
31eK (PU3UKIB), Cy0 €KTUBHO HA/IAI0UH CBOIO EKCIIEPTHY
OL[IHKY TOMY YH 1HIIIOMY BHJy PH3UKIB.

OcraHHi JOCTIPKEHHSI PI3HUX aBTOPIB IPOIIOHYIOThH
JIOTIOBHUTH KapTH PU3MKIB BBEICHHIM EMITIPUYHHX Me-
TOIIB aHANi3y YMOB Mpalli JUI1 BUSBICHHS NPHIHMHHO-
HACJIITKOBOTO 3B’S3KYy MK PI3HUMH WIKiIJTUBUMH Ta
HeOe3neyHNMMH (pakTOpaMH Ha OCHOBI 1HCTPYMEHTIB
Bi3yamizamii Ta cucTeMaTtusallii JaHux — giarpamy Icika-
BU (miarpama «Pu0’stumii ckener», Cause-effect diagram),
TOOTO SIK JIOAATKOBHH IHCTPYMEHT aHali3y KapT PU3UKY
[3], 3 MoknHBiCTIO 1NTFOCTpALil CHCTEMATH30BAHOTO 3B’513-
Ky MDK JOCTI/PKYBaHUMH TTOKa3HHKaMHM, IIO0 Ja€ 3MOTy
HaBiTh HE €KCIepTaM 3pO3yMITH CyTh BHHHUKAIOYMX MPO-
61eM (HeOe3reK, pu3MuKiB) 1 3HAHTH e(heKTHUBHI CIIOCOOH
ix 3amoOiranHio. TOOTO HAa OCHOBI JAiarpaMu MPOBECTU
OIIHKY TMOTEHI[IMHUX TPUYMH 1 HACIIJKIB HEIIaCHUX
BHIAJKIB Ta MPOo(3aXBOPIOBAHb 3 MOXKIHMBICTIO paHKYy-
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BaHHS PiBHA IX Ba)XJIMBOCTI Ta BiJlo-

OpaxkeHHsM TpagivuHOI cxeMu iepapxii

NMoguHa H06nap.|-|auun

Y BUIIISAIL «PUO’THOTO CKENETY».

IMocranoBka 3aBAaHHSA
Ta ii0oro BUpilIeHHS

\

Ipodiema

[IpnunHHO-HacHiIKOBA Jiar-
pama - 1e iIHCTpYMEHT, SIKUi JO3BOJISIE
BHSBATH HAWOINBII iICTOTHI NPUYHHA
(YMHHUKH), 0 BILIMBAIOTH Ha KiHIIE-
Buif pesymbTar (Hacmigok). i 6Gyno
3arponoHoBaHo y 1953 p. mpodeco-

110 BUBYAETHCHA

A
//

pom Toxkiiicekoro yHiBepcutery K.

‘MaTepianu‘ ‘ Bumipum HTexuonoria

4

IcikaBoro.

[IpuunHy, 5K BIJIMBAIOTH Ha
pobIIeMy, 300paKYIOTHCS MTOXUIUMH
cTpinkamu (puc. 1), mpu4yomy 3araib-
Hi NpUYMHKA (DPUYUHM TIEPUIOTO I10-
pANKY) - NOXWIMMH BEJIMKMMH CTPUIKAMH, YacTHHHI
(IpUYMHK JPYTOTO Ta HACTYITHOTO MOPSAKY) - MaJeHb-
KAMH HOXWINMH CTpUTIKaMH. Y JIiTepaTypi aHaii30BaHa
nmiarpamMa HA3WBa€TBhCS TAKOX «PUO STIHM CKEICTOM.
[Ipobnmema, ska BHUBYAETBCA II€ «TOJIOBA PHO’SUOTO
ckereray. «XpebeT» yMOBHO 300paXKyeThCsl y BUTIILAI
npsIMOT TOPU3OHTANBHOT CTPINKHU, «KICTKH» - IPUYHHH -
300paXKyIOThCS MOXMJIUMH CTpPIJIKaMH. 3arajbHa Jiar-
pama IcikaBu 3 OCHOBHHMH KaTETOPisSIMH MPUYHUH TIpe]l-
cTaBjeHa Ha puc. 1.

Ha BUpOOHMITBI BCi MOXJIMBI MPUYHUHH PO3IOJI-
JISIFOTH 32 IpyIamMHy (KaTeropisMu) 3a npuHimnom "SM":

1) man (roauHa) - MPUYHMHM, MOB'SA3aHI 3 JIIOJACH-
KnM (hakTopom;

2) machines (MaummHH, 0ONajHAHHSA) - NPHYHHH,
MOB's13aHi 3 00JIaIHAHHSM;

3) materials (Marepianu) — NPUYMHM, TOB’sI3aHI 3
Marepianamu;

4) methods (meronu, TexXHONOTiS) - HPUYUHH,
OB’ s13aHi 3 TEXHOJIOTi€0 POOOTH, OpPTaHi3alli€ro mpole-
CiB;

5) measurements (BUMIpIOBaHHS) - TPHYMHH,
OB’ s13aHi 3 METOIaMHU BUMIPIOBAHHS, KOHTPOJIIO SKOCTI.

Jist xoxkHOT Tpynu OyAyrOThCS JIONATKOBI «KiCT-
KN, SKi MalOTh OKpeMi NPUYHHH, & Ti, Y CBOIO YEproio,
IT/ITAIITOBYIOTH CBOI MpUYMHU. B pe3ymnbrari BUXOANTH
posraiyXeHe NepeBo, L0 II0B’S3y€ NPUYUHN BHHHUK-
HEHHsI HEBIJAIMOBIIHOCTI, SIKi 3HAXOIATHCSA HA PiBHI Jie-
Tamizamii. Y Takuil crmocid MOKHA BiHAWTH TICpPBUHHI
NIPUYMHH, YCYHEHHS SIKMX HalHOLIbII ICTOTHO BIJIMHE Ha
BUPILICHHS TPOOIEMH.

Jlo mepeBar MeTOly MOYKHA BIJIHECTH MOXIIUBICTh
30CepEePKEHHS IPYIH Ha 3MICTI POOJIeMH; IpyITyBaHHS
MPUYMHH Y CAaMOCTIHHI KaTeropil; 30CepeKeHHs TpyIu
Ha IOLIYKYy NPHYHH, a HE 03HAaK, L0 J0Ope 3aCTOCOBY-
€TBCSI IIPH TPYNIOBOMY OOI'OBOPEHHI, CTBOPIOE Pe3yiIbTaT
KOJICKTMBHOTO 3HAHHS; JIETKICTh CIIPUHHATTS Ta 3aCTO-
CYBaHHSI.

BxigHumu nanumu it moOymaoBu giarpamu Icika-
BU MOXYTb OyTH piBeHb (DaXOBOi KOMIICTEHTHOCTI Ta
JIOCBi/I y4YacHHUKIB, ab0 TONEpeJHbO pO3podJeHa MO-
JIelTb, sika OyJ1a BUKOPHUCTaHA MUHYJIOMY.

AHai3 TPUYMHHO-HACTIIKOBHUX 3B’S3KiB TOBHHHO
MIPOBOJUTHCS TPYIIOI0 EKCIIEpTiB, JA0Ope 00i3HaHUX 3

dakTopn

Puc. 1. CrannapTHa niarpama IcikaBu 3 OCHOBHUMH KaTETOPisIMU MIPHYHH

po0JIeMOI0, SIKYy MOTPiOHO po3B’s3aTi. OCHOBHI eTamu
aHaJIi3y MPUYMHHO-HACIIIKOBHX 3B’s3KIB 300pakeHi Ha
puc. 2.

==
==

Puc. 2. OcHOBHI eTanu aHANI3yBaHHS
MPUYUHHO-HACTIJKOBHX 3B SI3KiB

Otpumana iHdopmanis 3 ICHYIOUMX IPUYUHHO-
HACIIIIKOBHX Jiarpam IcikaBu IS IUTaHYBaHHS 3aXO0JIiB
31 3HW)KEHHS PH3HKIB HeOe3lmek Ha poOOYUX MiCIsIX
IATIPUEMCTB Bi3yaJIbHO HE TIPUHHSTHA Ta JUIS aHaJl3y i
BHpIIICHHS KOMIUIEKCHUX MpOOJeM Ta € HaJATO HediT-
KOIO.

Kpim Toro mis BHpimIeHHS 3ama4 MOJEITIOBAHHS
CHIIFHOTO BIUIUBY HIKiJIMBUX Ta HEOS3MECUHUX YHHHU-
KiB BUKOPHCTaHHSA I[LOTO METO/Y B3araji HEMOKIUBO.
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Tomy Oyio mHpuiHATO 3Ba)KeHE PIIEHHS MIONO
YJIOCKOHAJICHHS iICHYI0YOT0 MiAX0Ay A0 NOOYyIOBH Aiar-
pamu IcikaBu, sika mependavae IpyIyBaHHS 1 paHXKy-
BaHHs YMHHUKIB 32 3HAYECHHSIM IOKA3HHUKIB B CHCTEMi
«JIFOTUHA-BUPOOHUYE CepepOBHIIE-TEXHIKay, SIKI Xapa-
KTePH3YIOTh CTYIiHb PU3UKY BUHUKHEHHS IOCIIiKyBa-
HOi mpo0IileMy, IO BIUIMBAIOTH HA OE3MeKy MpalliBHU-
KiB Ha BIAMOBIZHUX poOOYMX MicTax (IIPIOPUTETHOTO
YHcia PU3HUKY).

Ha ocnoBi TprMaHoi iHpOpMarii Ta 3aIporoHoBa-
HHUX 3aXOJIiB IOAO 3HW)KCHHS BIUIMBY HEOE3NEYHUX Ta
UIKIITMBUX YUHHUKIB € MOXJIMBICTH moOymyBatu ball-
modified Cause-effect diagram (6anpHO-MOaMbiIKOBaHI
niarpamu Icikasn).

3aInpornoHOBaHUi AITOPUTM HOOYIOBY MOIU]IKO-
BaHOI JliarpaMu HaBeJeHO Ha pHUC. 3.

1. BuzHaueHHs poOOYMX MICIIb TS IOOYI0BH JiarpamMmu
NIPUYMHHO-HACIAKOBYX 3B'SI3KiB

BUOOPY HaWO1IbII HEOE3MEUHHX 3 TOUKH 30Py
LIKIZAIMBOCTI i Hebe3nek pobounx Miclb

X

CCTBOPGHHH EKCIIEPTHOT KOMICIi 111010 OIIHFOBAaHHS Ta

3. Bcranosiennst kareropiii (rpymn)He6esmnex

\—/

4, Bu3HayeHHs HEOE3MEYHUX Ta IIKIIMBUX YAHHUKIB 3a
KaTeropisiMu Ta KiJbKiCHA OI[IHKA BEJINUNHHU PU3UKY

2

5. PamxyBaHHS HEOES3MEUHHX Ta MIKIATHBAX YHHHHKIB 32
CTYIIEHEM HeOe3NeKu

. 2

( 6. Busnauenus NPpHUYMH BUHUKHEHHS HeOe3IeK

2

C7. IIpono3umii moxo opraHizaifHuX Ta TEXHIYHIX

\—~/

\~/

pillieHs, CIPIMOBAHUX HA 3aM00iraHHS a00 MPOTUII0
BIUTMBY HEOE3MEUHNX BUPOOHUYNX YHHHHUKIB

— U

Bizyauizaris iepapxigHoi
0anbHO-MOIM(IKOBAHOT
nmiarpamu IcikaBu

Puc. 3. Anroputm no6ynoBu 6anbHO-MOAN(IKOBAHOT
JiarpamMu «IpuYMHa-HacHinok»(aiarpama IcikaBu)

Jnis inTerpanii eKCepTHUX JaHuX y AlarpaMu po-
3MIIAJAI0ThCA METOAM poOO0TH, MaTepiaiv, BHIM TIparli
(pyuna abo aBTOMaTH30BaHa) Ta BUPOOHWYE CEPEIOBU-
me.

ToOTO BpaxOBYIOThCSI CIIOCOOM OpraHi3amii JislTb-
HOCTI Ta peXHUMH ii BUKOHaHHSI.

Ile no3Boisisie KOperyBaTH NPHYMHHO-HACIIIKOBI
3B’S3KM TPW 3MiHI OOJIaHAHHSA a00 TEXHOJOTIYHOTO
Ipolecy Ha poOOYHX MiCLsIX.

Ha neskux mianpueMcTBax NOAATKOBUM IHCTPY-
MEHTOM aHaji3y 1 MoOyZOBM miarpaMu IOIITEHUM €
BUKOPHUCTAHHS KapTH PHU3HUKIB MiANPHEMCTBA, 3 SKHX

HEOoOXiTHO NpoaHaji3yBaTH HasBHI MPOOJIEMHU Ta BHKO-
HaTH KOPUTYBaJIbHY JiIO.

B takoMy BHIa/IKy 3alpOIOHOBaHHN METOJ MOO0Y-
JIOBH JliarpamMy TPUYUHHO-HACIIIKOBUX 3B’SI3KIB Ma€
HACTYITHI [lepeBaru:

— yBary eKCIepTiB MOXHA 30CEPEAUTH Ha KOHK-
peTHiit mpobiemi;

— Jla€ 3MOTY TOJIETIIUTH BU3HAYCHHS MEPINON-
pUYMH TpPOOJIIEMH 3aCTOCYBaHHSIM CTPYKTYpPOBaHOTO
MIXOY;

— CHpHs€e CIHiBIpami y Tpymi Ta BUKOPUCTAHHIO
3HaHb IPYIH 1010 IPOIYKIIT YU POLIECY;

— Jla€ 3MOTy BUKOPHCTAaTH BIOPSJKOBAaHMH 1 3py-
YHUH JUIA COpUIHATTA (opMmar BimoOpa)keHHs 3aliexk-
HOCTEH y niarpami,

—  BKa3ye€ Ha MOXJIMBI NPUYMHH 3MiHH TIPOLIECY;

— Jlae 3Mory Bu3Ha4uTu cdepu, y sSKUX Tpeda
30Mpaty JaHi Ui MOJANBIIOr0 BUBYEHHS Ta BIOCKOHA-
JICHHSL.

Ho niarpamu IcikaBu OyJ0 BBECHO ACKITbKA Bi3y-
AIBHUX 3MiH (pHc. 4):

1. Tognin ii Ha Bi3yanbHi 30HU 32 KaTETOPiIMHU pHU-
3MKiB, a caMe Ha: BHUCOKy Kareropis pusuky (High),
cepenuro kareropis (Middle), Husbky kareropist (Low)
3Ti/IHO eKCIIEPTHHUX OLIHOK;

2. o mxepen Hebe3mnek (HeOe3meyHi Ta IIKiTUBI
YUHHHUKK) OyJIO J0JJaHO PEHTHHI MMOYaTKOBOTO PUBUKY
(o € noOYTKOM IMOBIPHOCTI Ta TSDKKOCTI PH3HKY) 13
BKa3aHHAM KaTeropii pu3WKy (HAIpUKIaa: HEJOCTATHS
ocBiTieHicTh pobouoi 3ouu (Middle, 50);

3. Honani IomaTKOBi OJOKH «HIPUYHHA» Ta «pi-
mieHHs» (0anbHO-MOMU(iIKOBaHA jiarpama € ajibTepHa-
THUBOIO ICHYIOUHX KapT PU3HKY).

OparMeHT Bidyamizamis 0ambHO-MOIH(iKOBaHOT
niarpamu po0OOYOro MicTa TpH MeXaHiuHii 00poOLi
BHCOKOTEXHOJIOTTYHMX KOMIIO3UI[IIHUX MaTrepiaiiB Ha
OCHOBI BYTJICLIEBHX BOJIOKOH HaBeJIeHO Ha puc. 4.

3acToCyBaHHS MPEACTABICHOI AiarpaMu Ta IMKIY
PDCA (llyxapra-/leminra) [4], sikuii € JOTI4HOO MOC-
JIZIOBHICTIO MOBTOPIOBAHKX [Iil, CIPSIMOBAaHUX Ha 0e3-
NepepBHE BJIOCKOHAJIEHHS IIPOLECIB, 3alPOIIOHOBAHO
3axX0[¥, IO TependavyaroTh IUIAHYBaHHSA, pealli3alliio,
aHall3 Ta KOPUTYBAHHA IUIAHY Mid, IMOCIiAOBHICTh BH-
KOHaHHS SIKMX 3a0e3neuye 3HIKEHHS PU3NKY HeOe3nek
Ha po0OYHMX MICTax BHAOOYBHHX Ta METaI00OpPOOHHX
T ATPUEMCTB!

1. OcHoBHa TeMa (Oe3meKa Ta TirieHa mpari).

2. TloctanoBKa 3a/1a4i (BU3HAYEHHS pOOOYHX MICT).

3. [linpoBe popMyIIIOBaHHS, 1110 BU3HAYAE 3aBIAH-
HS TIPOEKTy (3HIDKEHHS PH3HKY HeOe3nek Ha pobodnx
MICITIX).

4. HayxoBa ocHoBa nponecy (muxsn PDCA), To6to
METO/I, 3aCTOCOBYBAaHHI BUBYCHHS ITPOOIEMHU.

5. Merogu cucrtemHoro aHamizy (0anbHO-
MoaudiKoBaHa Jiarpama NpUYKH Ta HACIIKIB,).

6. TlpomoHoBaHe pilleHHs (3axomu Ta 3acobu
CIpsIMOBaHI Ha 3HWXEHHs TPaBMaTU3My Ha BUPOOHMIIT-
Bi Ta ipo(h3aXBOPIOBAHHS, PHC. 4).

7. I'padix BUKOHAHHS.

8. I'padiuni umrocTparii, Mo MOMETUIYIOTh CHPUIN-
HATTSA iHpOpMAIIii.

9. JlaTa Ta 3BiTHHAN TiAPO3IiT.
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Puc. 4. bamsHo-MondikoBana giarpama IcikaBu po609oro Micist 0OpoOKH BUCOKOTEXHOJIOTTYHUX KOMITO3UIIIHHUX MaTepiaiB
Ha OCHOBI ByTJIeIeBHX BOJIOKOH (1 - HeOe3meuHui Ta IMIKiIJIMBUH YHHHUK (KaTeropis pusuKy),
2 - npu4KHa, 3 — pileHHs (3aX01u Ta 3aCO0H 3HIDKEHHS PU3HKY ))

BucHoBku

AHami3 TNPUYUHHO-HACTITKOBUX B3a€EMO3B’S3KIB
(miarpama IcikaBu) OBiB, IO METO JOIIIEHO BUKOPH-
CTOBYBATH JIMIIE SK YaCTHHY aHaJi3y MEepIIONpPHYHH,
KpiM TOTO TIOZiJI IPUYHH Ha OCHOBHI KaTeropii Ha moya-
TKy aHali3y He Ja€ 3MOrY aJeKBaTHO BPAaXOBYBATH
B3a€MOJIIT MiXK KaTeropisMu. Y 3B 3Ky 3 IIUM 3aIpoIIo-
HOBaHO AJITOPUTM MNOOYMOBHM Cy4yacHOi Jiarpamu MHpH-
YUH Ta HACIIJIKIB, sIKA MMO30aBJIEHHS 3a3HAYEHHX HEIO-
JIKIB.

Cunte3oBaHa iepapxiuna cucremua ball-modified
Cause-effect diagram (6anpHO-MoaM(iKOBaHA Aiarpama

IcikaBu), w0 mependayae TPyHMyBaHHS 1 paH)KyBaHHS
YUHHHKIB 32 3HAYCHHSM IIOKAa3HUKA, SKUH XapaKTepu-
3y€ CTyMiHb PU3MKY BUHHMKHEHHs JIOCHIJKYBaHOI Mpo-
OneMu, sIKi BIUIMBalOTh Ha O€3NeKy MpaliBHHUKIB Ha
BIAMOBITHUX poOOYMX MicTax (IPIOPUTETHOTO 4YHCIIA
pHU3HUKY).

MomudikoBaHo miarpaMy Ha OCHOBI Bi3yaJbHOL
iHpopMarii, e HaBeeHO MPOOJIeMH Ta BHABIICHHI IIPH-
YWH, sKi BIUTUBAIOTh Ha Oe3IeKy Ipali Ta peKOMEHO-
BaHMMH LUISIXaMH iX YCYHEHHs, 3HAYHOI MIpOI0 CHpo-
LIy€ BIIPOBAKEHHS YNPABIIHCHKUX PIlICHb 3 OXOPOHH
nparli 00 3HWKEHHS BIUIMBY HEOE3MEYHUX Ta IIKiJ-
JIUBUX YNHHUKIB.
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The principle of constructing a score-modified ishikawa diagram as a modern tool
for risk analysis of mining and machining plants

Olga Chencheva, Serhii Sukach, Ivan Petrenko, Nataliia Karaieva

Abstract. Purpose. The principle of building a ball-modified Ishikawa diagram is proposed as a modern tool for risk
analysis of mining and mechanical enterprises processing carbon composites. Subject. Justification of the application of man-
agement decisions on the organization of occupational health and safety measures to reduce the impact of dangerous and harmful
factors by using systematized data in the proposed Score-modified Cause-effect Diagram (score-modified Ishikawa diagram), as
well as the study of the problem of adaptive assessment of risks and hazards, which exists in current standards. It is proposed to
use a method of solving the problem, by using a point-modified cause-and-effect diagram, as a modern risk analysis tool for

planning and rationalizing labor protection measures at enterprises.
Keywords: risk analysis, ball-modified diagram, occupational disease, occupational safety.
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METO/I B3AEMO/IIi KOMIIOHEHTIB KOMIT''OTEPHUX CUCTEM
ITPU CITOBIIIEHHI ITPO HAZI3BBUYAUHY CUTYAIIIO

AHoTaunis. Y cTarTi pO3rsIHYTO CHCTEMY HOBIIOMJICHb PO HAA3BUYAKHI CUTYAllii, siIka MOXKE€ BUKOPHUCTOBYBATUCH IS
3armo0iraHHs Ta pearyBaHHs Ha pi3HI HaA3BUYalHI cUTyallii. PO3risHyTO pi3HOMaHITHI BUIY HaI3BUYAHHUX CUTYAIliH, Taki
SIK IPUPOJIHI KatacTpou, TEXHOTCHHI aBapii, KibepaTaku Ta TEPOPUCTHYHI aKTH, Ta OOTOBOPEHO BaKJIMBICTH IIBHUAKOI Ta
e(eKTHBHOI peakiil Ha HUX. TakoK po3risIHYTO iCHYIOUi CHCTEMH ITOBiIOMIICHB Ta iX (yHKIIi1, @ TAKOXK BapiaTUBHICTh apXi-
TEKTYPH Ta KOHQIrypairii eJIeMeHTIB TakuxX cucteM. Ha OCHOBI aHai3y MOXHa MiICYMYyBaTH, IO ¢)EKTHBHI CHCTEMH MOBI-
JIOMJICHB TIPO HaJ3BMYaliHi CHTYyalii IIOBUHHI MaTH THYYKy apXiTeKTypy, BapiaTHBHICTb (QYHKIIH Ta MOXKYTh MaTH pi3HOMa-
HITHY KOH(}Irypamilo e1eMeHTiB 3a/y1s 3a0e3nedeH s X aJanTariii 10 pisHOMaHITHUX BUIAJKIB 3aCTOCYBaHH:. SIk BHCHOBOK
— BU3HAYCHA HallKpalla Ta HalBIIMOBOCTIMKIIIA CCTEMa CIIOBIIICHHS PO Ha[3BUYAiTHI CHTYaIlil.

KnwyoBi ciioBa: Haa3BuuaiiHa CHTYyallisl, CHCTEMA MOBIIOMIICHb, B3aEMOJIisl KOMIIOHEHTIB, KOMIT'FOTEPHI CHCTEMH, 3a-
no6iranns, Cell Broadcast, Mesh-mepesxi, apxitekrypa, koHpirypatisi, 6e3mexa.

Beryn

JIMBJISYHMCh HA LUIAX PO3BHUTKY JIFOJCTBA MOXKHA 3
MTOTUBOM BU3HAYHTH, IO iH(POPMAIIiS € OJHUM 3 KITF0YO-
BUX HOTO pecypciB, X04 i He TAKHX OYCBHIHUX SIK - MaTe-
piajy 41 BUHAXOMH.

Llle Binm 3apouKeHHS NEPIIMX IUIEMEH CBO€YacHa
KOMYHIKaIlisl Ta KOPUCHA MpaKTHYHa iH(popMaris - Manu
BUpilIaJbHEe 3HAYCHHS, aJUKE 32 JIOTIOMOTOI0 HHX HeEBe-
JIMKI TPYNH HAIIUX MpallypiB KPOMaHbHOHIIB IIepeMo-
[JTK OLIBIIIMX Ta YUCICHHIMINX Bifl ceOe HeaHIePTabIB.
Kpi3b THCAYOMITTS 3MIHIOBAIUCH (POPMHU, CEHCH Ta CIO-
cobwu nepeaui iHGopMmariii, ajie He3MiHHUM OYB caM KOH-
LIEMNT - 3MIHIOBaTH BUIMMUI TOPU30HT MO/IH ajapecara, 3
MeBHOI0 MeTo10. J{o croBa Oyze He 3aliBUM 3rajaT mpo
PO3IyMH IBOX BETHUKUX MHTIIB 20-TO CTOJITTS MPO CBi-
TOBHH yCTpiit MaliOyTHROTO. ONIUH 3 AKX IMOMIX IHIIAM
nepeadavaB TOTATBHAN KOHTPOJb 3a iH(pOpMAIIi€lo, a iH-
LW TepesipikaB HeGe3reKy came y JOCTYITHOCTI Ta Iie-
PEIOBHEHOCTI HEKW 3aranpHoro couiymy. Ilo-cBoemy

Oynu mpaBi oOHMIBa, Ta BCE XK HE MOXKHA 3a0yTH IPO Te
IO Ha ChOTOJIHI JIOJCTBO BUPOOIISIE HECKIHUCHHO BEIIHKY
KUTBKICTh PI3HOMAaHITHOI 1 HE PiIKO BTOPUHHOI Ta PiKTH-
BHOI iH(popMarii.

HanzBuuaiini cutyatii MOXyTb TPaIUIATHCh Y OyAb-
SIKOMY Miclli Ta B Oyb-SIKHii Yac, 1 4aCTO BOHU HETaTUBHO
BIUIMBAIOTh Ha JIIOACH Ta HABKOJMIIHE CEPEIOBHIIE.
[IIBuake Ta eeKTHBHE CHOBIIICHHS MPO HAA3BHYAHY
CHUTYaI[ll0 MOXXE JIOTIOMOTTH 3MEHIIMTH LIKOAY, 3aro0i-
rTu Karactpodi, adbo 30epertu uTTs moaei [1-4].

Merta cTaTTi — pO3IIISIHYTH METOA B3a€MOJIT KOM-
MOHEHTIB KOMITIOTEPHHX CHUCTEM IPH CIIOBIIICHHI NPO
HaJ3BHYAiHYy CHTYAIil0.

Buknag ocHOBHOTo Mmarepiajy

Buau Hag3Buuaiinux curyanii. IcHye 6e3miv piz-
HUX BUAIB HAJ3BUUYANHUX cuTyariii (puc. 1), ocKimbkH
BOHH MOXXYTh OyTH CIpUYHMHEHI 0araTbMa pi3sHHUMHU TPH-
yrHamu [5, 6]. OnHiero 3 0CHOBHUX KiacuDiKaIii € moain
HA TIPUPOJTHI Ta IITYYHI HAA3BUYAHI CHTYyAaITil.

[ Hapassu4yanHi cuTyauil Ha TepuTopil YekpalHu ]

3a macwrabom
MOXINMBWX HAcNigkiB

3a ranyseBorw
O3HaKO

Y cdpepi BUHMKHEHHRA

‘Saranhuo AepKaBHOTo
piBHA

B GyniBHUUTBI

TexHOreHHi

‘ B BupobHUUTBI

‘ PerioHansHoro piBHA

‘ MpupoaHi

‘ Ha TpaHcnopTi

‘ MicueBoro piBHA

‘ CouiankHo -
NoNiTUYHOrO XapaKTepy

‘ B cinbcbKoMy
rocnogapcrsi

‘ O6'ekTOBOro piBHA

‘ BincbKkoBoro

B nicHomy

Xapaktepy

rocnofapcTtsi

| B XMTNOBO - KOMYHanbHIA
i nobyTtoBin cdepi

Puc. 1. Knacudikariis Haa3BU4ailHuX cuTyariit

[Ipuponni Ham3BHUAMHI CHUTyamii BKIIOYAIOTh, Ha-
TIPUKITAL;

— CTHXIWHI JIXa, Taki sIK 3€MJIETPYCH, TOPHAJO,
yparaHu, IOBeHi, IlyHaMi Ta iHII IPUPOJIHI KaTaKIi3MHu;

— eKOJIOTiYHI KpH3H, Taki K 3a0pyTHEHHS IOBi-
TpS Ta BOJM, JTICOBI MOXKEXKi, 3pPUBH 3eMJIi, BUKHIU HebOe-
3TMEYHUX PEYOBHH Ta iHIIN HETaTHBHI BIUIMBH Ha J0-
BKIJIJIS.
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Ty4ni Han3BUYAlHI cuTyalii MOKYTh BUHUKHYTH
3 PI3HUX MPUYUH, TAKUX SK:

— TEXHOTeHHi aBapii, HanpuKiaa, BUOYXH Ha 3aBO-
Jax abo TOXKeXi Ha TEPUTOPISIX TPOMHUCIIOBUX 00'€KTIB;

— Karactpodu, HOB'sI3aHi 3 TPAHCIOPTOM, HaIpH-
KJIaJ, 3iITKHEHHS JIITaKiB, MOTOIICHHs KOpaotiB abo 3iT-
KHEHHS aBTOMOO1ITIB;

— TEpOPHCTHUYHI aKTH Ta 3JIOYHMHH, TaKi SK Hamaau
Ha MUBUTLHHUX, BUOYXH OOMO, 3JTOYMHHI BUMHKH Ha TTyOJIid-
HMX 3aX0Jax Ta IHIII.

Kpim Toro, Haa3BUJaiiHi CUTYyaIlii MOXYTh BiTOyBa-
TUCS HAa PI3HUX PIBHAX, B IHIUBIAyAIbHUX MOMAINA IO
rI00aJbHUX KPU3, 1 MOXYTh IOTPEOYBATH Pi3HOTO PiBHA
pearyBaHHs Ta KOOPIUHAIII.

PizHoBuA TestekomyHikamiii. TenexomyHikaris - ne
nepenayda iHpopMarlii Ha BiJICTaHb 3a JIOTIOMOTOIO €JICKT-
POHHHX Ta ONTHYHUX 3ac00iB. Lleit mporec Moxxe BifOy-
BaTHUCS Ha PI3HUX BIJICTAHAX 1 3 BUKOPHUCTAHHSAM Pi3HOMa-
HITHUX TPHUCTPOIB [7]. PO3riIssHEMO OMH 3 PI3HOBHUIIB Te-
JISKOMYHIKaIli# - MOOIJIbHY TEICKOMYHIKAIIITO.

Mo0ibHa TeIEKOMYHIKAIS - 1Ie TEXHOJIOTIs Tepe-
Jladi rojlIocoBoi iH(OpMaIIii Ta TaHUX HA BiJICTaHb 3a JI0-
MIOMOT'OI0 MEPEeXi CTUIbHUKOBUX BEX Y MOOUIBHUX IPH-
CTpOIB, TaKUX SIK cMapT(OHH Ta rIaHmeTd. MoOiIbHI Te-
nedoHHI Mepexi Oymu po3podieHi y 1970-x pokax, i 3
TOTO Yacy I TEXHOJIOTIS CTaia Bce OLIbII MOMYJISIPHOIO
Ta MIMPOKO MOIIUPEHOIO B YCHOMY CBITI.

OnHi€rO 3 KITFOUOBUX 0COOIMBOCTEI MOOIIBHOI TeJTe-
KOMYHIKaIlii € MOXKIIUBICTD 3a0€3eueHHS 3B'13Ky 3 Oy /b~
SIKOTO MICIIS 3 TIOKPHUTTAM Mepexi. MoOiTbHa TeIeKOMY-
HiKaIliss BUKOPHCTOBYE Pi3HOMAHITHI TEXHOJOTII, Taki sIK
GSM, CDMA, 3G, 4G, 5G. KosxHa 3 1[IUX TEXHOJIOT1i Ma€
CBOi IepeBard Ta HENOJIKH Ta 3a0e3leuye pi3Hy MIBUI-
KiCTh Tiepenadi JaHuX. 3 mosBoro 5G, MOOLTEHA TENeKO-
MYHIKaIlisi Ha0yBa€ HOBUX MOJIMBOCTEH Ta MEPCIEKTHB.

TenexoMyHiKalil OXOIUIIOIOTH IIUPOKHUIA CIIEKTP Te-
XHOJIOT1H Ta METOJIB Mepenadi Ta oOMiHy iH(opMariiero
Ha BiZICTaHI MIX BiJTAJICHUMH TOYKaMH 3B's3Ky. Y HayKO-
Bill JliTepaTypi MOXKHA 3HAWTH HACTYIHI PI3HOBUIM TeJle-
KOMYHIKaIiit:

Pamioss's3ok. Lle mepenayua inpopmariii 3a qornomo-
TOI0 PaTi0OXBHUITB, IO IEPEJAFOTHCS 3 OJJHOTO MPUCTPOIO JI0
IHIIIOTO Yepe3 MPOMIKHUK KaHall 3B'SI3Ky, HAIPUKIIAM, pa-
I1io a0 CYITyTHUKOBI CHCTEMH.

Tenedonis. Lle nepemayda rosocoBoi iHpopMartii ge-
pe3 TenedoHHI TiHiT a00 MOOLNBHI TeneGOoHHI Mepexi.

Komn'totepni mepexi. e nepenaya qaHux Mixk KOM-
MIOTepaMH Ta IHIIUMH MPUCTPOSMH, MiAKIFOUCHUMH JI0
Mepexi, 3a JOMOMOTOI0 Pi3HUX MPOTOKOJIB Ta TEXHOJIO-
riif, Takux sk [aTepuer, Wi-Fi, Bluetooth tomro.

CymyTHukoBi koMyHikarii. Lle mepemaga indopma-
1if 32 JOTIOMOT'OI0 CYITyTHHKIB, 5IKi 00€pPTaIOTHCS HABKOJIO
3emuti Ta 3a0€3MEUYIOTh OKPUTTS Ha BEIMKUX BiJCTAHIX
Ta B BiJTAJICHUX PEriOHaX.

Tenesiziiiae Ta pamiomoBieHHs. e mepenaya ingo-
pmarii y BUIVISI 3BYyKY Ta 300pakeHb yepe3 pajio- abo
TeneBi3iiHI Mepexi.

Ontrnuni Mepexi. Ile mepenaya gaHuX 3a JOMOMO-
TOIO CBiTJIa Yepe3 BOJIOKOHHO-ONITHYHI Kabei.

Pamionokarist Ta pamionasiramis. I{e BUKopucTaHHS
PamioOXBWIIb JUII BU3HAYCHHS IOJIOKEHHS 00'€KTiB Ha 3e-
MJIi, B TIOBiTpi a00 Ha MOpi, a TaKOX I HaBiramii Ta

BU3HAYEHHS MapIIPyTy PyXy TPaHCIIOPTHUX 3aco0iB, Ha-
MIPUKJIA]], aBTOMOOLIIB, JIITAKIB Ta CyJICH.

Crnoco0u onoBimeHHs Ji0Aeil N1po HAA3BUYANHI
cutyanii pizHoro Tumy. OnuH 13 HaiOLIBII TOMIKpE-
HUX CIIOCOOIB OMOBIIICHHS PO HAJ[3BUYAlHI CUTYaIlIT -
1le BUKOPHCTaHHS CHCTEM €JIEKTPOHHOTO OIIOBIIICHHS,
TaKUX SK MOOUTBHI JOIATKH, €JICKTPOHHI IOBiIOM-
neHHs, Tomo. Lli cucTeMH HO3BOJSIOTH BiATIPABIATH
IIBU/IKI Ta TOYHI MOBIJOMJICHHS MPO HAI3BHYAiiHI CH-
Tyamii 6e3mocepeIHpO Ha MOO1LTBHI Telle(hOHI KOPHUCTY-
BadgiB, IO JO3BOJISE MIBUAKO PO3MOBCIOIKYBATH iH(O-
pMalito Ta OTPUMATH BiIMOBIAHI IHCTPYKIIT MO0 i
B Takiil cutyanii.

[HIIMM eeKTUBHUM CIIOCOOOM OMOBIIIEHHS PO
Ha/[3BUYaiiHI cuTyalii € BUKOPUCTAHHS TENEBI3iHHMUX Ta
panioMoBHUX edipHHX Mepexk. LI mepexi MOKyTh OyTH
BUKOPHCTAaHI JUIs1 TpaHCIALil eipHUX MOBIZOMIIEHB PO
HA/I3BUYAIHI cUTyaii, iKi OyayTh TOCTYIIHI IS TIeper-
TSIy Ta MPOCTyXOBYBaHHS JIFOABMH B 00JIACTI IOKPUTTS
edipHOI Mepexi.

Juts 6inpIn TOYHOTO Ta e(h)eKTUBHOTO OIOBIIICHHS
PO HaJ3BUYAiHI CUTyamii TaKOXX BHUKOPHCTOBYIOTHCS
CHCTEMH aBapiiHOTO OMOBIIIEHHS, TaKi K CUCTEMa aBa-
piiiHoro onosimenns (Emergency Alert System - EAS)
B CHIA, abo cucremu iHQOpMYBaHHSI HACENICHHS TPO
HaJ3BUuaiiHi curyauii Ha 0a3i Cell Broadcast. Lli cuc-
TEMH JJO3BOJISFOTH BiJIPABIATH aBTOMATHUYHI Ta HaJiiHI
HOBIJIOMJICHHS TIPO HaJ| 3BUYaliHI CUTYyalii, sIKi MOXYTb
CTaTH 3arpo3010 AJISI XKUTTA Ta 3I0POB'S JIFOAEH, Ha Tele-
Bi30pH Ta panionpHiiMadi B 30HI MOKPUTTS CHUCTEMHU.
Taki cucreMu MOXYTh TaK0)XX BHKOPHCTOBYBATHChH LIS
OTIOBIIIEHHSI JIFOIeH TIPO MOTOTHI KaTacTpodu, MPUPOIHI
KaracTpo(u Ta iHIIi MOI1, IO MOXKYTh BiIOYTHCS B KOH-
KpETHIH 30Hi.

Kpim Toro, icHyroTh creuiajibHi CHCTEMH OIOBi-
IIEHHS NP0 HAJ3BHYaliHI CHUTYyaIlil, SIKI BUKOPHCTOBY-
IOThCSI B IIKOJIaxX, odicax, Ha 00’ €KTaxX IMiBUIICHOI He-
0e3IeKH Ta IHIINX MICIX, JIe 30MPaEeThCs 0araTo JHEH.
Li cuctemMu MOXyTh BKIIFOYATH 3BYKOBI CHI'HalHM, CBIT-
JIOBI CHTHAJIM Ta 1HIII CIIOCOOM ONOBIIIEHHS, SIKi J03BO-
JSIOTH JIFOASM 3pPO3YMITH, IO BiOyBaeThCs, Ta OTPH-
MaTH HEOOXiHI IHCTPYKIIii.

BaxxinuBo 3a3HauMTH, IO KOXKEH CIIOCIO OIOBI-
IIEHHS [IPO HA/I3BHYAlHI CUTYalii Mae CBOI IepeBaru Ta
HEJIOJNIKH, 1 IX BHOIp 3aJIC)KUTH BiJ THUIY HaI3BHYAHHOT
curyaii, ii macmraly Ta iHmwux ¢aktopis. Hampuxian,
CHCTEMH EJICKTPOHHOTO OTOBIIIICHHS MOXYTh OyTH Haii-
MIBUIIIAM CTIOCOOOM PO3TOBCIOIKEHHS iH(opMallii, ae
BOHH MOXYTb HE NPAIIOBATH Y BUIAJKY BiJKIIOYCHHS
€JIEKTPOIIOCTaYaHHI 9M iHTepHeTy. TeneBi3iiiHi Ta pa-
JIiOMOBHI e(ipHI Mepexi MOXyTb OyTH TOCTyIIHI A7 Oi-
JBIIOT KiTTBKOCTI JIIOZCH, aje BOHH MOXYTh OyTH 0OMe-
XKeH1 reorpadiqHIM ITOKPUTTSIM.

VY Oynp-IKOMYy BHUINAJKY, BOXIJIMBO MaTH HAJEXKHY
CHCTEMY OIOBIIIEHHS PO HaJ[3BUYaiiHI cuTyanii Ta Ha-
BYMTH JIIOJIEH, SIK TIPAaBUIILHO pearyBaTH Ha TaKi CUTya-
uii. Lle mormoMoske 30epertu XUTTS Ta 3710pOB's JIFO/IEH, a
TaK0X 3MEHIINTH MOXIIUBI HACIIJKK HaA3BHYAHHOI CH-
Tyanii. KpiMm Toro, BaXImBo peryJsipHO MEpEBipATH po-
00Ty CHCTEM OIOBIIIEHHS Ta HEOOXiTHO MPOBOIUTH Ha-
BUaHHS ITUBIIBHUX, OO COIiyM OyB rOTOBUM JI0 Pi3HUX
HaJ3BHYAHUX CUTyallid. JI7s mhoro Mo’kKHa BHUKOpPHC-
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TOBYBaTH TPEHYBaJIbHI BIIPABU Ta TPCHYBAJIbHI CUTYAII1,
mo06 3abe3neynTy eeKTUBHY peakiilo B pa3i peanbHOl
HA/I3BUYAITHOT CUTYaIIii.

Cell Broadcast [8]. Cell Broadcast (CB) e TexHo-
JIOTIEFD MACOBOTO CIOBINICHHS, KA JI03BOJISIE HAJICUIATH
KOPOTKi MOBIAOMJICHHS HA MOO1TbHI Tee(OHN KOPUCTY-
BayiB, AKi 3HAXOATHCS B MEBHIiH reorpadiuniit 30Hi. 1s
TEXHOJIOTis OyJia po3pobIeHa 3 METOIO TOKPAIICHHS CH-
CTeM OIOBIIIEHHS NP0 HAA3BUUAiiHI CHTyamii Ta 3MEH-
IICHHS Yacy pearyBaHHS Ha ITOJii.

ITepen BBenennsm CB TexHoIOTIi, cCHCTEMU CIOBI-
LICHHS PO HAJ3BUYANHI CUTYAIlil B OCHOBHOMY BUKOPH-
cToByBaIM SMS-MOBITOMIICHHS 200 BUKJIMKH IO KOHK-
peTHHUX KopucTyBauiB. OmHak, OOWABI IIi TEXHOJOTIT
MaJIi CBOI HEJOJIKH, 30KpeMa BHCOKY 3aTPUMKY B Ha-
XOJDKCHHI MOBIIOMJICHb Ta BiJICYTHICTh MOKJIMBOCTI Ha-
JCIIaTH MOBIIOMIICHHSI TIIbKH KOPUCTyBauaM, sIKi 3Ha-
XOJIATHCS B TIEBHIHM reorpadidHii 30Hi.

CB TexHoJIoris, 3 1HIIOTO OOKY, JO3BOJISIE HAJICH-
JIATH TTOBIJOMJICHHSI BCIM MOOIJTbHIUM KOPHCTyBavaM, SKi
repeOyBaloTh B 3a7aHii reorpadidHiil 30Hi, HE3aJICKHO
BiJl TOTO, UM € BOHH KOPHCTyBadyaMH MOOUIFHUX omepa-
TOpiB, Ta 3a0e3Medye JOCTaBKY IOBIIOMIIEHb HPOTATOM
KUTBKOX CEKYH/I.

OnHUM 3 HAMOUTBII 3HAYYIIMX MTPUKIAJIB BUKOPH-
cranns CB TexHOJIOTIi € crcTeMa OMOBIIICHHS PO Ha/I-
3BHYaiiHi cutyanii B SInoHii. SInonceka cucrema CB, sxa
Has3uBaeThes "Area Mail", Oyna po3pobGena B 2007 poi
i Oyma BUKOpHCTaHa Mix yac katactpopu B Dykycimi B
2011 pori.

VY mopiBHSAHHI 3 {HITUMH TEXHOJIOTIIMH MacOBOTO
crnioBimenHs1, CB mae nekinpka mepesar. OkpimM OIBHIKO-
CTi Ta MO>KIIIBOCTI BiJIIPaBKH TOBIJJOMJICHB BCIM KOpPHC-
TyBadaM, sKi mepeOyBaroTh B 3anaHiil 30Hi, CB Takox
JI03BOJISIE HAJICUJIATH IOBIJOMIICHHSI O€31ocepeiHbo Ha
MOOITbHI TeneOHH, 1110 pOOUTH HOro OUIbII eheKTUB-
HUM Ta HAJIHHAM CIOCOOOM OTOBIIICHHS PO HAI3BH-
YaifHi CUTyalrlii.

Onnak, CB Takox Mae JIesKi HEAOMIKH. 30Kpema,
BiH 3aJIGKUTh BiJl HAasBHOCTI MOKPHUTTS MOOUIHHOT Me-
pexi B 3amaHill reorpadivHiil 30HI Ta MOke OyTH 0OMe-
’KEHHH KIJIBKICTIO TIOBIJOMIIEHB, SIKi MOXKHA HAJ(ICIaTH 3a
pa3. KpiM Toro, € pu3uK cramy Ta HaJCHJIaHHS HEIoTpi-
OHO1 iH(opMaIlii, 10 MOKE MPHU3BECTH 10 ITHOPYBaHHS
MTOB1TOMJICHh KOPHUCTYBa4aMHU.

Cucremu crioBillieHHsI MPO HAA3BUYAITHI cUTYya-
uii pizanx kpain. YV CIIIA e HanioHaapHA CHCTEMA EKC-
TpeHoro omoBimeHHs (National Emergency Alert
System).

BoHa 103BOJIsIE BiANPaBISITH MOBIAOMIICHHS TIPO
HaJ3BHYAiHI cUTyallil Ha TeJe0adyeHHs Ta Pallio y BCiX
wrarax ([puknang y3stuit 3 xypHamy «Latency and
geofence testing of wireless emergency alerts intended
for the ShakeAlert® earthquake early warning system for
the West Coast of the United States of America» 3a moc-
TynoM jgo pecypcy https://wwwsciencedirect.com/
science/article/pii/S0925753522002375, puc. 2).

s cucteMa BHKOPUCTOBYETHCS IS OTMOBIIICHHS
HaCeJICHHS IO TaKi Moii, sIKk MPUPOIHi KatacTpodu, Te-
POPHUCTHYHI aTakW Ta iHII 3arpo3u Oe3memi. Y MesKux
mTarax, Takux sk KamidopHis, Takox iCHYIOTh CHCTEMHU
OTIOBIIIEHHST Yepe3 MOOUTbHHUU 3B'SI30K, IO J03BOJISE

BIJIIPABJIATH MOBIJOMJICHHS NP0 HAJI3BUYaWHI CUTYyamii
Ha TeneoHH BCIiX MiKII0YEHNX KOPUCTYBAYiB.

X

-

/\ EMERGENCY ALERTS 33m ago

Emergency Alert

TEST of the CA Earthquake Warning
System. No action required. THIS IS A
TEST.

Puc. 2. [Tpukia moBiqoMICHHS
National Emergency Alert System

Kanana Mae cucrema ONOBIIEHHS NPO HA/I3BH-
YaifHi cuTyarii, sska Ha3uBaeTbcs Alert Ready. s cuc-
TeMa TaKoX Nependavae BUKOPUCTAHHS TelaeOaueHHs Ta
pazio [T BiAIpaBIIeHHS [TOBIIOMIICHD TIPO HAA3BUYAHHI
CHUTYyallii, a II1e MOXKJIMBICTh OTIOBIMICHHS Yepe3 MOOITh-
Hull 3B'130K Ta [HTepHET. KpiMm TOTO, B Kanaxi icaye cu-
CTeMa CIIOBILICHHS IIPO 3arpo3y TEPOPHCTHYHHUX AKTIB
(National Public Alerting System), sika 103B0JIsI€ Bifmpa-
BJISITH TIOBIIOMJICHHSI [IPO NOTEHIIHY 3arpo3y Tepopuc-
TUYHUX aKTIiB Ha TeJae(OHH Ta 1HII MPUCTPOT MigKITF0Ue-
HHUX KOPUCTYBAadiB.

SInoHist po3poOuiIa CHCTEMY OTOBILIEHHS PO
HAJ[3BUYAIHI CUTYallii, sika Ha3uBaeThes J-Alert. s cuc-
TeMa JJ03BOJISIE OMOBIIATH HAcEIEeHHS Npo HeOe3nedHi
CHTYaIlil, Taki SIK 3eMJICTPYCH, I[yHaMi, BUBEP)KCHHS BY-
JKaHiB, Tomo. ONOBIIEHHS MOXYTh HAIXOIUTH Yepes3
MOOLITBHUH 3B'30K, TenebaueHHs Ta pamio. KpiM Toro, B
SAnoHii icHye crieriaibHa CUCTEMa OTIOBIIIICHHS TIPO siIe-
pHY HeOe3neky, sika J03BOJISIE BiJIIPABISATH IOBiOM-
JIGHHSI TIPO MOXJIMBY pajialiiiHy HeOe3leky Ha Telie-
(oHM Ta IHII MPUCTPOT MiIKIFOYEHUX KOPUCTYBaUiB.

VY I3paini € cucTtema OMOBIIIEHHS MPO PAKETHI 3a-
rpo3u, sika HazuBaeThcda Iron Dome. L5 cucrema n03Bo-
Jisie BUSIBJSITH PAKETHI aTakd Ta BIANPABISATH MOBIJOM-
JICHHs1 Ha MOOLITBHI TeNe(OHH Ta iHIII IPUCTPOI PO MO-
JKIIMBY HeOe3MeKy Ta HeoOXiaHicTh 3axucTy. Kpim Toro,
B I3paini icHye cucTeMa OIOBIIIEHHS MPO HaJ3BHYAIHI
curyarii, sika HasuBaeThcsi Home Front Command, sika
JI03BOJISIE HAJACWIATHA ITOBIJOMIIEHHS Ha MOOUIBHI Tele-
(oHHU Ta iHII TPUCTPOI PO MONKIIUBI HEOC3MEKH Ta 1H-
CTPYKMI{ oA0 Ail y pa3i HaA3BHUYATHUX CHUTYyAIliil.

Od4eBUIHO IO 3aMPOBAHKEHHS MOMIOHUX 3aXOJiB
BPSITYBaJIM HE OJIHY COTHIO JIFOJICBKHX JKHUTTIB.

Memr mepesxi Ta ix nepeBaru. Mesh-mepexa € Tex-
HOJIOTI€R0, 110 Mepeadavyac mooyaoBy Mepexki 6e3 1eHTpa-
JBHOT TOYKHM JocTymy 110 [HTepHeTy abo He Maro4H “ToJIo-
BHOT0” By3i1a. Bona nepenbauae, 1110 Ko’keH By30J1 Mepexi
MoXe OyTH BUKOPHUCTaHHUI K MapIIpyTH3aToOp JUIs Hepe-
Jladi JaHUX MK 1HITMMH TOYKaMHU Mepesxi. Takum 9iHOM,
MepeXka CTBOPIOETHCS IIIIXOM CIIOJIYyYECHHs BY3IIB, SIKi
3a0e3MneuyroTh nepeaavy AaHUX BiJl OJHOTO By3Ja JIO iH-
moro, 3a0e3nevyodyn MaplIpyTH3allilo Ha PiBHI MPOTO-
KOJTy.

Haitmommpenimum npukiagom Mesh-mepex € Wi-
Fi mepexi, siki MOXKyTh OyTH BUKOPUCTAHI JIJIsI CTBOPEHHS
Mesh-mepexi. [Hmn mpukiIagyd BKIKOYAOTh MEPEXKI CEH-
COpiB Ta MepeXi 3B'I3KY IS BIHCHBKOBHX JIOJIATKIB.
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B ocHoBHOMY, Mesh-Mepexki BUKOPHCTOBYHOTHCS B
TUX BHUINAJAKAX, KOJH HASBHICTH IICHTPAJIBHOI TOYKH JOC-
TYIy 10 MEPEXi € HEMOXKIIMBOIO 200 He0OX1/1Ha OLIbIIT BH-
COKa CTIHKICTB 10 1Iepe0oiB.

OnHi€ero 3 TONOBHUX TiepeBar Mesh-mMepex € Te, 1mo
BOHM 320€311eTyIOTh O1IBIII BUCOKY CTIHKICTB J10 Iepe0oiB.
OCKiTbKH BY3JIH MEpeXi MOXKYTh OyTH BUKOPHUCTAHI ISt
repeqadi JaHuX MDK 1HIIAMH By3JIaMH, Mepeka MOXKe
MIPOJIOBXKYBATH TPAIIOBATH HABITh Y BHIAIKY BiIMOBH
oaHOTO ab0 KUTBKOX By3iiB. binbmie Toro, Mesh-mepesxki
MOXXYTh OYTH OUTBII JISTKUMH Ta MEHII JOPOTUMH IS
BCTAHOBJICHHS, OCKUIbKY BOHH HE MOTPEOYIOTh IICHTPAITb-
HOI1 TOYKHU TOCTYITY IO MEPEKi.

Mesh-mepexi Takok MOXyTh OyTH KOPHCHHMH B
TUX BHIIAJIKaX, KOJIU HeoOXiqHa MOOLUTBHICTE. Hanpuknam,
y BUINAJIKy BiiiHH a0 katactpodu, Mesh-mepexi MOXyTbh
OyTH BHKOPHCTaHI Juisi 3a0e3leueHHs 3B'SI3Ky MK pi3-
HUMH BIHCHKOBUMH IAPO3IiiaMu abo Ui OopraHizamii
3B'S3KY MiXK MOIIKOKCHUMH PAOHAMH Ta PATYBAILHIMHU
ciayx0amu. Y npx Bunaakax, Mesh-mepexi MOXKyTb OyTH
IIBUIKO BCTAaHOBIICHI, OCKUTEKY BOHH HE IOTPEOYIOTh Ha-
SIBHOCTI 1H(PACTPYKTYpH, 1 MOKYTh OyTH OLTBII eheKTH-
BHHMMHU B 3a0€3I€YCHHI 3B'SI3KY.

Ioennannsa texHoqorii Cell Broadcast ta Mesh
Mepex 3a I MakcuMizauii noindgopmMoBaHocTi Hace-
JIeHHsl Ta (PYHKIIOHYBAHHI CHCTEMH Y HAJI3BHYANHUX
ymoBax. ['0JIOBHUM HEIONIKOM CHCTEMH TreorpadiqHoro
nosiomiieHHs Cell Broadcast € if 6e3mopaaHicTs 3a yMOBU
BHXOJIY 3 JIaJTy OTHOT 200 JIEKITbKOX CITJPHUKOBHX BEX ITiJT
Yac HaJ3BUYAHHUX CUTYAIlil.

Came a7t IBOTO MOXYTh OyTH BHKOPHCTaHI yci
TenedoHu Joei y o0acTi Jmxa Uil BCTAHOBJICHHS METIT

MEpEKi, sIKa J0TIOMOKE IOCTPaXKIaJIMM KOMYHIKYBaTH MK
c0o000 Ta PATYBATLHAKAMU 200 MOJIIETO, TTif] 4aC HaJ3BH-
YyalHuX cUTyallii. KnukaTu Ha TONOMOTY Ta CUTHATI3yBaTh
PO CBOE MICIIE3HAXOKCHHS HABITh ITi]] 3aBAJIAMH.

Mo:x1uBHIH NOAAJILINNI PO3BHTOK TEXHOJIOTII y
O0araTomapoBy cucremy Oe3nexku. Hactymamii po3Bu-
TOK TEXHOJIOTii IOPATYHKY MOX¢e OyTH BUKOHAHHH depe3
CHIBITpaIo epkaBHOTO MiHicTepcTBa U(POBOI TpaHC-
(dbopmarii Ykpainu, OUTBIIOCTI OMEpaTopiB CTUTBHHUKO-
BHX Mepex (1o Bke OyJI0 MPOTECTOBAHO IEP)KaBHOIO
ciyx0010 YKpaiHu 3 HAI3BUIAMHUX CUTYaIliid) Ta MOE-
HAHO Y €TUHUIA MOOIUTHHUIA JOAATOK IO 3a3/aJIeTiIh MAE
BOYZIOBaHI IHCTPYKIIT HOBO/PKEHHS Y Pi3HUX Ha/I3BUYal-
HUX CHUTYAIliIX Ta Maro 0e3MocepeHbO HANOIIKINX
MICIb CXOBKY.

Ta He MEHIII BaXKJIMBE — Ma€ MIOACHHI Koedirie-

HTH MOJKJIMBOCTI THX UM IHIIMX NPUPOJHIX Ta TEXHOTEH-
HUX JIUX Ha 0231 CHHONTHYHOTO OOTpYHTYBaHHS Ta TIOKa-
3HUKIB 3 00 €KTIB M ABUIIIEHOT HEOE3IEKH.

BucHoBku

VY craTTi MpoaHali3oBaHo 0COOIMBOCTI (DYHKIIOHY-
BaHHS CHCTEM OIOBIILEHHS PO HaA3BUYAKHI CHTYaIlil Ta
CTOPOHHU MOKITUBOT'O X MOKPAIICHHS.

[IpoanamizoBaHO iCHYIOYi CHCTEMH 11032 MEKaMH
Ta ycepearHi KpaiHu.

[IpoananizoBaHO METOIH MiABUIICHHS €(PEKTHBHO-
CTi QYHKIIIOHYBaHHS IIUX CHCTEM.

3po0JieHO BUCHOBOK, IO BUHUKJIA HEOOXITHICTD Y
CTBOPEHHI METO/IIB yOe3reYeHHs HaceIeHHs 3a I0IIOMO-
roro OBl PO3BMHEHOT Ta JIOCKOHANIOI Bepcii cucreMu
pearyBaHHS Ha HaJA3BHYAiiHI CUTYyAIlil.
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Method of interaction of computer systems components during emergency notification
Bohdan Bondarenko, Heorhii Kuchuk

Abstract. The article discusses the emergency notification system, which can be used to anticipate and respond to various
emergency situations. Various types of emergencies, such as natural disasters, man-made accidents, cyber-attacks and acts of ter-
rorism, are considered and the importance of a quick and effective response to them is discussed. The existing message systems
and their functions, as well as the variability of the architecture and configuration of the elements of such systems are also consid-
ered. Based on the analysis, it can be concluded that effective emergency notification systems should have flexible architecture,
variability of functions and configuration of elements to ensure their adaptation to various application cases. As a conclusion, the
best and most fault-tolerant emergency notification system has been determined.

Keywords: emergency situation, message system, interaction of components, computer systems, prevention, cell broad-
cast, mesh- networking, architecture, configuration, security.
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KOMYTAIIMHAN ®A300BEPTAY HA YACTKOBO 3ATIOBHEHOMY
JIEJJEKTPUKOM IIPAMOKYTHOMY XBHJIEBOI

AHoTanisi. VY crarti po3po0ieHi KOHCTPYKIii KoMyTamiifHuX (a3oobepTadiB Ha YaCTKOBO 3aOBHEHUX [Ti€IEKTPUKOM IIPSIMO-
KyTHHX XBIJICBOZIAX BiZIOMBAFOYOTO Ta MPOXITHOTO TUIIB. Y poOOTI IPEACTaBICHO EKBIBAJICHTHY CXEMY PE30HAHCHOI miadparMu
3 BKJIIOUCHOIO BiIKPHTOIO HEMHIMHOIO CTPYKTYpOr0. JIOCTiHKEHO KOHCTPYKIII0 KOMYyTaliifHOro (azoodeprada BigOHBaO4Oro
THUITY 3 TPHOMa PE30HAHCHUMH JiaparMaMi 3 BiIKPUTOIO HENiHIIHOIO CTPYKTyporo. HaBeneHo criBBiTHOMIEHHS, IO 3B'SI3Y€ Ki-
JIBKICTh PE30HAHCHUX TiadparM i3 ctpuOkamu ¢aszu. PozpaxoBaHo cTymiHYacTe 34ICHYBaHHS IBOX YAaCTKOBO 3aIIOBHEHHX JIiene-
KTPHKOM TIPSIMOKYTHHX XBHJICBOIIB. BuOpaHi CHiBBiIHOIIEHHS PO3MIpiB YacTKOBO 3allOBHEHHX [iEIEKTPUKOM HPSIMOKYTHHX
XBIJICBOJIB JIO3BOJIIIOTH OZIEPXKAaTH OJHOMOJOBI PEKMMHU 000X XBHIJICBOAIB y IIMPOKOMY Aiana3oHi XBuib. HaBeneHO criBBiz-
HOIIICHHSI HOPMOBAHHX NPOBITHOCTEH pe30HAaHCHOI AiadparMu 3 1l reOMEeTpUYHIMH po3MipaMu. 3HaiiIeHO BUpa3 U1 HOPMOBAHOT
TIPOBITHOCTI AiadparMu OOIN3Y PE3OHAHCY, SIK YaCTOTHA (DYHKIIS pO3HATAIITYBAaHHS. B poboTi TOCHiIKEeHO KOHCTPYKIIIO KO-
MyTaniiiHoro jasoobepraya MpOXiTHOTO THIy HA IIJIMHHOMY MOCTI PEali30BaHOTO Ha YAaCTKOBO 3alIOBHEHUX JIENEKTPHKOM
MPSIMOKYTHUX XBUJICBOJIaX. 3a3HAYCHO, IO JOCIIPKYBAHHHN BiOMBArOUMii KOMyTaliiHui (hazoobeprad Moxe OyTH BUKOpUCTa-
HHH, SIK CAMOCTIIHIIA MPUCTpiif a00 5K By30J y KOMyTaIlitHOMY (ha3000epTadi IPOXiTHOTO THITY 3 PO3ALTBHUMU BXOJIOM 1 BHXO-
oM. Komyraniitauii ¢aszoobeprad IpoXiqHOTO TUITY CKIAAETHCS 3 IIUTMHHOTO MOCTY Ha YaCTKOBO 3allOBHEHHX ICTIEKTPUKOM
MPSIMOKYTHUX XBHJICBOJAX, KOKEH KaHAJ SIKOrO MpescTaBisie BigOnBarounii (azoodeprad. Y poOOTi AOCTILKEHHS MIUTHHHOTO
MOCTY TPOBOJHTHCS KOMOIHOBAaHUM METOJZIOM, IO TOEIHY€E TEOPII0 ENCKTPHYHHX JIAHIIOTIB 3 PONOAUICHIME HapaMeTpamMu 3
PO3B'S3aHHSIM €JIEKTPOMHAMIYHOI 3a/1avi. Teopis eNeKTPUYHHX JIAHIFOTIB 3 PO3MOALICHUMH MapaMeTpaMH Ja€ MOXKIIUBICTB
CIIPOCTHTH €JIeKTPOAMHAMIYHY 331ady PO3paxyHKy IIUIMHHOTO MOCTY Ha YacTKOBO 3allOBHEHHX [iCNIEKTPUKOM IPSIMOKYTHHX
XBIJIEBOJIAX 1 JI03BOJISIE MPOBECTH aHANI3 Ta CHHTE3 MPUCTPOI0. Po3paxoBaHi 4acTOTHI 3aIeKHOCTI IIUTMHHOTO MOCTY LIOJIO Pi3-
HUX 3Ha4YCHb CepeHbOi YacToTu. HaBeneHO MOpiBHUTBHIN aHaMi3 eNCKTPHIHIX MMapaMeTpiB KOMyTaIliiiHoro ¢asoodepraya Bij-
OMBAIOYOTO 1 MPOXIHOTO THITIB, SIK HAIPUKIIAJ, KoedirieHT Oirydoi xBuii i (asa koedirienra nepeaadi. 1i1s MIUTMHHOTO MOCTY
Ha YaCTKOBO 3aMlOBHEHUX JIEJIEKTPUKOM IMPSMOKYTHHX XBHJIEBO/IAX JTOCII/DKEHO Ta HABEACHO PO3PAXYHKOBI 3aIEKHOCTI TIepexi-
JTHOTO OCNaOJIeHHSI MK EJIEKTPHYHO 130JIbOBAHUMH TIEUMMA 1 KOS]illieHTH Tiepeiadi MiXK eNeKTPUYHO 3B'SI3aHAMH TUIednMa. 3a-
3HAYCHI MapaMeTpH HaBeICHi TS CEPeIHBOI YaCTOTH POOOYOTo Jiana3oHy 3aIeKHO Bill BITHOMICHHS a/A .

KnaouoBi caoBa: xoMyrarmiiiHuii azoobepray BinOMBaIO4Oro TUITY, KOMYTaIliHHUH (hazoobepTay MpOXiAHOTOo THITY, Yac-

TKOBO 3aTIOBHEHHH J[i€IIEKTPHKOM TPSIMOKYTHHI XBUJIEBI]I, BiIKpUTA HENliHIHA CTPYKTYypa, IITMHAAHN MicCT, giajparma.

Beryn

Komyrariiiti ¢a3zoodepradi 3aCTOCOBYIOTHCS B pi-
3HAX THMax (a3oBUX aHTeHHHX pemritok (PAP). Cka-
HyIOUi, aKkTHBHI Ta amantuBHI ®AP i ix pi3HOBUAN BU-
KOPHUCTOBYIOTBCS B PaliONOKAIIHIHM TeXHIIl HA3eMHOTO
Ta MOPCHKOTO 0a3yBaHHS Ta MOXYTh 3aCTOCOBYBATHUCS B
KOMOIHOBaHHX TeJeKOMYHIiKamiiHuX cucreMax HBY
niamazony [1,2]. Bumora BHCOKOi eneKTpHIHOT MiIfHOC-
Ti Takux QazoobepradiB Moxke OyTH 3abesnmedeHa ix
pearizariefo Ha YaCTKOBO 3allOBHEHHX IiEIEKTPUKOM
pAMOKYTHHX xBriteBomax (U3AI1X).

AHaJi3 JitepatypHux mkepes. CydacHH po3BH-
ToK PAP pizHOTO 3aCTOCYBaHHS I IUIIXOM YIOCKOHA-
JIEHHS J[larpaMOyTBOPIOIOYNX CXEM, Y CKJIaJl SIKMX 3aCTO-
COBYIOTBCSL KOMyTalliiHi (aszoodepraui. B podoTi [3] mo-
Ka3aHo 3actocyBaHHs Takux DAP B aBiamiiiHiil TeXHili, a
B po0ori [4] - s ManorabapuTHUX JITaJbHHUX araparis.
VY pobori [5] nocimKeHo IMUPOKOKYTHE CKaHyBaHHS, 110
nocsraetees 3a gomomororo GAP y Ku-miamazoni s
CYIyTHUKOBOTO 3B'i3Ky. IIpH 11bOMy BHKOPHCTOBYETHCS
pi3HOBU KoMyTariiHux (azoobepradiB. Y poboTi [6]
posrisiayTo AP s miamazony 26 [T 3i 3MiHOIO KyTa
BHIPOMIHIOBaHHSI OCHOBHOI TIETFOCTKH JliarpamMu CIpsIMO-
BaHOCTI 3 BUKOPHUCTAHHSIM KOMYTAIIHOT cxeMu. Y poOoTi

[7] mokazano po3mmpeHHs niamna3oHy ckaHyBaHHI OAP 3a
TaKOIO CaMOIO CXEMOIO.

MeTtor po6oTH € po3poOKa KOHCTPYKIIA KOMYTa-
niiiHux Qaszoobeprauie Ha Y3/IIX BinOuBarouoro Ta
TPOXIHOTO THUIIIB.

OcCHOBHA YaCcTHHA

KepyrounM eneMeHTOM KOMYyTAaIliifHOTO (hazooodep-
Taya € p-i-N-Ai01 y BUIJISAI BiIKpUTOI HENMiHIHHOT CTPY-
ktypu (BHC), Birtouenoi B pe3oHaHcHy niapparmy. Ha
puc.l moxa3aHa pe3oHaHCHa Aiadparma 3 BKIFOUEHOIO
BHC. VY 3HecTpymiieHOMYy CTaHi HIiJIMHA PE30HAHCHOI
IiagparMu IpoITyCcKae eIeKTPOMAarHiTHy €Hepriio, TOO-
TO SIBISETHCA HE3aMKHYyTOlO. Ilpn mpoTikaHHI CTpymy
yepe3 BHC enexkrpomarHiTHi XBuii BigOWBAarOTHCS i
TaKa IIiJIMHA IBISEThCS 3aMKHYTOI0. CTpyM YIpaBIiHHS
CTaHOBUTD JIECATKH ... COTHI MA, pO3Mip ILIIJIMHHU pe30-
HaHCcHOi miadpparmu ~ a’/ X d. Ha puc.la mo3HadeHo:
a,b — mmpoka ta By3bka CTIHKM MPSIMOKYTHOTO XBHIIE-
Boay; C,d — monepeuni posmipu BHC, siki 36irarotbes 3
TIOTIEPEYHIMH PO3MipaMH AieNeKTPUIHOI IIACTHHH.

Ha puc. 1, 6 mokazaHo €KBiBaJ€HTHY CXEMY pe30-
HaHcHOI nmiadparmu 3 Brmodenoro BHC, ne:

¥, — HOpMOBaHa XBWJIbOBa HpoinHicTs Y3JIIIX;

¥ — HOpMOBaHa XBUJIbOBa MPOBiaHicTE 3 BHC.
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Va y Yz

Puc. 1. PezonancHa niapparma 3 BxiroueHoro BHC

Ha puc. 2, a mokazaHwmii 3arajJbHUI BATIIAA KOMYyTa-
uiiiHoro (asoobepraya BigOMBAIOUOro THUIy 3 TphOMa
pe3onancHuMu miadparmamu 3 BHC, Ha puc. 2, 6 moka-
3aHUI BUJT 3BEPXY I[LOT0 KOMYyTaliiHOTO (hazoobepTaya.

BHXIZ 10
BHIPOMiHIOBATa

CTYIiHYACTIL mepexin
(3'exnanns mBox I3/IIX

PIZHIIX TEOMETPIYHIX PO3MIpPIB)

c a)

2550055

R
ohitetoleteteletetottelstel

o

LT TiTaE |

BHC

PezonascHI miadparym

a

Puc. 2. KoHCTpyKIIist KOMyTaliitHOTO
(hazoobepraya BiIOMBAIOYOTO THITY
3 TpbOMa pe3oHaHCHUMH aiadpparmamu 3 BHC

Kinbkicte pe3oHaHCHHMX AiadparM M IOB'S3aHO 3
BEITMYMHOIO CTpHOKa (ha3u A CIiBBiTHOIICHHIM:

21 1 )
m=-—-—1.

Ap
Skmo HeoOXigHO Matd A@ = T/2, TO e MOXXHA
3a0e3NeunTH TPhOMAa PE30HAHCHUMHU aiadparMamu 3
BHC, posramoBanumu Ha BiacTai [,~A/4 onun Bix
OJIHOTO, JIe A — XBWJICBOZHA JIOB)KHWHA OCHOBHOT XBHIII
U3AIX [8]. KomyToBaHWI €JIEMEHT € pPEe30HAHCHOIO
niagparmoro 3 Brirouenoro BHC (puc. 1, a). [Tagaroua
ocHoBHa xBwmigs YU3JIIIX BigOuBaeThCcs Bin OMAHIET 3

niadparM, 3aMKHEHOI CTPyMOM, IO HpOTIKae dYepes
BHC. Inmi BHC B inmmx apiadparmax 3HECTpYMIICHI.
Sxuio npormyctutu cTpyM yepe3 HactynHy BHC, a inmi
BHC 3nectpymury, To (haza BinOMTOI XBMIII HA BiIKpH-
Tomy KiHIi Bimpizka U3AIIX 3MiHUTBCS, OCKUIBKU 3Mi-
HUTBCS JTOBXXKHMHA IIIAXY A ocHOBHOI xBmti U3AIIX.
SAxmo HeoOximauit (azoobeprau 3i cTpubkoMm (azu Ha
7, TO 3rigHo 3 (1) ue MoxkHa 3a0€3MEYUTH peaizalicro
OJTHOTO KOMYTOBAHOTO eJleMeHTa y (a3zoodepradi.
3a3HaunMoO, II0 /10 MMapaMeTPiB EIEKTPUIHO Kepo-
BaHOTO (ha3000epTaua BUCYBAIOTHCS TaKi BUMOTH:

1) mOTYXHICTh BHUXITHOTO CHUTHAJTy MOBHHHA 3Mi-
HIOBaTHUCs ITpH TiepeOya0Bi azoodepTaya;

2) 3MiHa (a3u BUXIZHOTO CHTHAIY TIpH IepeOy0Bi
(azoobepraya Mae OyTH sIKOMOTa OLIBIIONO;

3) BTpartu MOTYXHOCTI y (hasoobepraui MOBHHHI
OyTH, SIK MO)KHA MEHIITMH.

VY 3aranpHOMY BHUIAJIKy Takuil GpazoobepTad sBisie
coboro nacuHuit HBY mpucTpiit, mo MicTUTH HemiHiii-
HUH Omip 1 HaBaHTaXye IOBUIBHY JiHIIO Ieperadi 3
€IMHUM THUIIOM XBHJ, IO MOIIUPIOETHCS. [IpH mpomy
obmexxeHHs (pazoobeprada Moxke OyTH 300pa’keHO eK-
BIBaJICHTHOIO CXEMOI0, SIK Ha puc. 1, 0.

3a3Hauumo, o B aianaszoHi HBY 3acTocoByroThes
YOTHPHIIOIIOCHUKH 3 PO3MOJIUICHUMH IapamMeTpamH.
AHali3 JaHIIOTIB 3 PO3MOIICHUMH MapaMeTpaMu J0-
3BOJISIE OTPUMATH IS MAKCUMAJIBHOTO 32 a0COJFOTHOIO
BEJIMYMHOIO 3CYBY (pa3u BUpPA3:

1+ I ) Ap <d 2

ez =® (2)

ne || — momymb xoediumienra Binburrs, I =M;
ZoxtZo

Z, — XBWJIBOBHUH oOIIip JiHIi nepenadi; ® — GyHKMis, 1mo
xapakrepu3sye (a30yTBOPIOBalIbHY 34aTHICTh KEPOBAHO-
TO eJIeMEeHTA.

®opmyna (2) BU3HAYAE TPAHWYHO JOIYCTHMIi 3Ha-
yenns mapametpis || ta |A@| dpazoobepraua. 3 dopmy-
au (2) ciij 3a3HAYMTH, MO i MapaMeTpH MOB'A3aHi 3
3BOPOTHOIO 3aJIXKHICTIO, TOOTO OJIHE iX MOXke OyTH 30i-
JIBIICHO JIMIIE PaxXyHOK 3MEHIIeHHs iHuoro. BemuunHa
®, xapakrepusye (a3yTBOPIOIOUY 3/1aTHICTh KEPOBAHOTO
eJIEMEHTa Ta SIBIISETHCS BEJIMYUHOIO «SIKOCTI» JaHOTO
eneMeHTa. SIk BumimBae 3 (2), JOCSATHYTI HapaMeTpH
(hazoobepTaya 3anexaTh TUTBKU BiJl BIACTUBOCTEH Kepo-
BAHOTO €JIEMEHTa, aJle He 3aJIeXkKAaTh BiJ] XBHIHOBOTO OIIO-
py JiHIT nepenayi, HABAaHTAKEHHSAM SKOi € (azoobepTay.
Onnak, Bukopucrannsi BHC y pesonanchiii miadparmi,
mo BkmoueHa a0 Y3/IIX, no3Bossie po3LIMPUTH FpaHH-
4HO jnorycTuMi 3Hauenus || Ta |A@|. Tum Ginsie, o
Bukopuctanasa U3I1X s perymroBaHHA (TiAHANAIITY-
BaHHA) pI3HMX MapaMeTpiB Habarato THYYKIiIe, HiX
«Tpa» 3 TOBIIMHOIO 3arajibHOI CTIHKH HIUTHHHOTO MOCTY,
SIK TIPOTIOHY€EThCS Y poOoTi [9].

Po3paxyHOK CTymiHYacTOTO 3WICHYBaHHS JBOX
U3 AIIX mpencrapieHuit Ha puc. 3, ae X — peakTHBHUN
OIp IUIOCKO-TIONIEPEYHOro CTHKY aBox YU3/IIX;
Zy — xBumboBuit omip Y3JIIX po3mipamu a X b ;

Zé, A{) — XBHWJIBOBUH omip Ta noexkuHa xBwm Y3IIX
posmipamu a, X by. Ha puc. 3 kpuBa 1 moOynoBana

IUIA X =1,2,akpuBa 2 — X =1,4.
Qo ao
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X A

Zo2ag Aop2t=14

0,6 N )

0,5 ; If ] / o s

0.4 } o

0,3 /

0,2

0,1 =

0 01 02 0304 05 0607 08 09 a/a,
Puc. 3. Po3paxyHOK CTymiHYaCTOTrO 3WICHYBaHHS

nsox U3JIITX

Bubpani cniBBigHomenHs: po3Mipis U3/IIX mo-
3BOJISIIOTH OTPUMATH OJTHOMOZOBI PEXXUMH POOOTH 000X
XBHJIEBOJIIB Y IIUPOKOMY Jliaria3oHi XBib. JloknagHime
poO3paxyHOK crymiHdactux nepexoniB Ha U3JIIX Bu-
KJaieHo y po6orTi [8].

l'eomeTpuuHi Ta YacTOTHI CIIBBiTHOIICHHS IS
pO3paxyHKy oOpaHi Tak, IO B ITUPOKOMY XBIJICBOIL
a X b MOXe NOIIMPIOBATHCS OCHOBHA XBIWJISI KBasi-Hy 1
y BY3bKOMY XBHJIEBOII a, X by omHa xBuWis KBasi-Hjg,
110 PO3IOBCIOKYETHCSL.

HopmoBaHa peakTHBHa NPOBIAHICTH MOOJH3Y pe-
30HAaHCY BU3HAYAETHCS 32 OPMYJIOLO:

b= Bco (ﬁ - A)' 3)

ne beo - €eMHICHA TIPOBINHICTD, KA OOYHCIIOETHCS TakK,
Ha4yeOTO a' = a JUIsl Pe30HAHCHOT TOBXKHUHY XBUI /.

a
W22
b ﬁ % b’
ﬁ /,5 v
%W////////A‘ 77
- a’ >
Puc. 4. Pe3onancHi po3mipu miagparmu

PeszonancHi po3mipu miapparmu (puc. 4) BH3Ha-
YaroTHC 13 CITIBBITHOIIIEHH:

@y A_o)z_a_’ _(A_o)z

b\/1 (Za T 1 2a') “)
3HaiiieMo mpoBiAHICTE AiadparMu 1mobmm3y peso-

HaHCY, SIK QyHKIII0 YaCTOTHOTO PO3HAIAIITYBaHHS:

~ db db dA
A = .=

b=2 o -4 T aaly “axl,
3 (3) maemo: Z—i = beo (—% - Aio)o = —b¢o Aio Haii
3HAXOJUMO:
Otxe, 3 popmymnu (5) Maemo:
()

a

»

i
_
7

a

‘\\ll

bf

DN

v

Puc. 5. Cxema 3'eqHaHHs JBOX OJHAKOBUX XBUJICBOIIB

ExBiBasieHTHI cxemu, OAiI0HI 10 miadparM, MaroTh
3'eIHAHHSI a0COJIIOTHO OJTHAKOBUX XBHJIEBOJIB, B SIKHX
OJIHa YacTHHa 3MillleHa o0 iHmoi (puc.5). 3cyBu, 5K i
niadparMu, MOXYTh MaTH €MHICHHMH, 1HIYKTUBHUH Ta
PE30HAHCHHMH XapakTep 1 BHKOPUCTOBYIOTHCSI 3aMiCTh
niadparM, 0co0JIMBO 'y MUTIMETPOBOMY Jiana3oHi
XBWIb. Alle BOHM MOXXYTh BUHHKATH i MHMOBOJI IpH
MOETHAHHI OKPEMHUX CEKLiH XBUIICBOIIB [0 3arajbHOTO
aHTeHo-(imepHOTO TpakTy. Taki 3MilleHi 3'€THAHHSI Ha
U3 AITX mocmimkeHo y poboTi [8].

JocmimkyBaHuii BinOuBato4nii KOMyTamiiHui da-
3000epTad Moke OyTH BHKOPHCTAHHM, SK CAMOCTIHHUI
OpUCTPii a00, K By30JI B KOMyTaIliiiHOMy (azoobepra-
Yi IPOXiJHOTO TUILY 3 PO3IUIBHUMH BXOJOM 1 BUXOJIOM.
Komyraniitnuii ¢a3zoobepray IpoxigHOTO THITY CKiiazia-
€Tbecsl 3 wimMHHOrO Mocty Ha U3JIIIX, koxeH kaHan
SKOTO  MpPEIACTaBisie  BigOuWBaroumii  (pazoodeprau
(puc. 2). 3arajpHuil BUTIISL KOHCTPYKLIT TAaKOTO KOMY-
TatiiftHoro (asoobeprada mpeacTaBiIeHU Ha puc. 6, a, a
BHJI 3BepXY — Ha puc.6, 6. Ha puc. 6 moka3aHi po3aiiabHi
BXiJ Ta BHXix Takoro (azoobepraya. Y pasi posramry-
BaHHS pe3oHaHcHuX niapparm 3 BHC nHa piBHUX Bimc-
TaHsIX l, OJMH Bi OJHOrO HAMIMEHIIIA BEJITHYHHA CTPHO-
Ka (ha3u BU3HAYAETHCS 32 (POPMYJIIOH0:

Ap = 2KpB1,,

ne l, — Bigcranp Mix miagpparmamu; f — ¢dazoBa moc-
titina Y3AIIX [8]; K — mapametp «skocti» BHC. Benu-
yrHa K BM3HAYa€ThCSI HACTYITHUM YHHOM:
/
y .
K — 1/nm'

ymax

e y/ — aKTHMBHA YaCTHHA MPOBIAHOCTI ¥, sKa MiJ BILIH-
BOM KEPYIOUOTO HAMpPYKEHHS 3MIHIOETHCS Bij yy/m.n i

y,{lax. 3a3Ha4nMoO, MO J0 OCOOJMBOCTEH pO3paxyHKY
KoMyTariifHoro (a3oobepraya MpOXiAHOrO THITY, Ha
BiJIMiHY BiJ KoMyTauiiiHoro ¢azoobepraua BinOHBaro-
YOro THITY, BITHOCUTHECS 00JIiK 0COOIMBOCTEH po3paxy-
HKY miinnaHOTO0 MocTy Ha Y3ITX.

Bimomo, mo XBHJICBOAHWI IMUTMHHUN MIiCT HaOyB
y texnini HBY mmpoxoro nommpenss. Ilpore Ha cho-
TOJHI BIFCYTHI iH)KEHEpHI METOIM aHaji3y Ta CHHTE3y
rimmHEOTO MocTy Ha U3JIITX.

VY miif poOOTI AOCTIDKEHHS MOCTY HPOBOIUTHCS
KOMOIHOBaHMM METOJIOM, IO IO€AHYE TEOPIIO EJIEKT-
PUYHHX JIAHLIOTIB 13 PO3B'A3aHHSIM €JIEKTPOAMHAMIYHOT
3amadi. Teopis eNeKTPUYHIX JAHIIOTIB TA€ MOYKITUBICTD
CIIPOCTHUTH  €JIEKTPOAMHAMIYHY 3aJauyy pO3paxyHKY
miimmaEOT0 MOoCcTy Ha U3JIIIX Ta m03BOJISIE MPOBECTH
aHaJIi3 Ta CHHTE3 TIPHUCTPOIO.
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Puc. 6. Korcrpyxmii komyTaniiiHoro ¢azoodeprada mpoxiTHOTO THITY

-
™

HlimmaaNE Mict Ha Y3AIIX sBise coO60r0 TpUCT-
piif, yrBopenuii nBoma U3JIIX y 3aranpHiii By3bKiil
CTIHII SKUX 3HAXOMUTHCS BIKHO 3B's3Ky. BHXimHI XBU-
JICBOJIH, 1[0 MAIOTh IIMPHHY 1 JOMYCKAIOThH MOMTUPEHHSI
TUTBKM OCHOBHOI XBWJI KBazi-Hig, XapakTepu3yroTbcst
XBUJIBOBUM OMOPOM Zi, a TaKOX JIOBXHHOIO XBWJII B
xBwiIeBoli ;. BikHO 3B'A3Ky YTBOpPIO€ 3arajlbHUi XBH-
JICBOJ| INAPHUHOKI 2d, B SIKOMY TOPS i3 XBHJICK KBa-
3i-H10 MOXe MOIINPIOBATUCS XBUIIS KBa3i-H20. XBHIIBO-
BHI OMip IIbOTO XBUWJICBOAY UIS XBHII KBa3i-Hig TOpiB-

wioe Z/ , a XBUI KBa3i-Ho — Z2=71/2.
JIOBXKWHM XBHJIb Y XBHJICBOII BIJTIOBIIHO PiBHI:

A =2/ 1= (M Agn, )’

Ay =2/ 1= (M Apityy )
1€ Awphygr Axph,, — KPUTHUHI JIOBXKMHHU XBUJIb KBa3i-H1o
Ta KBa3i-H>o BIAIOBIAHO.

3ajexHO BiJl crOCOOY Y3TO/DKEHHS Yy 3arajJbHOMY
XBHJIEBOJII PO3MILIYIOTBCS Pi3HI PEAKTHBHI Y3rOKyBa-
JbHI EJIEMEHTH y BUTJISAAI €MHICHUX a00 1HIYKTHBHUX
IITHPIB, POBITHICTH AKHUX AOpiBHIOE jB. Ilpn 30ymKeH-
Hi TIUIMHHOTO MoOcTa 3 OOKy Iuieda | y 3aralibHOMY
XBUJICBO/Ii, TTOPSIIT 3 XBUJIEIO KBa3i-H19 BUHUKAE XBHIIS
KBa3i-Hzo. 3BaXalo4W Ha HASBHICTh Yy3TO/KYBaJIbHUX
€JIEMEHTIB, BiIOMBaHHA y Tutedi | He BUHUKAIOTh, i TOMY
MOTYXHOCTI, 110 MEPEHOCITHCS KOXKHOIO XBHJICIO, BUSIB-
JSIIOTBCSI OJIHAKOBUMHM. Y Tepepisi 3arajibHOro XBHUIIE-
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BOJly, 1110 IPUMHUKAE IO XBUIICBOY IIjIeya 1, eNeKTpHYHi
oji1 XBWJIb KBasi-Hio Ta KBasi-fH>p MarmTh OIHAKOBI
¢a3y, a B mepepisi, 0 NPUMHUKAE 10 XBWICBOAY ILIeYa
2 - 3Haxoz;aThes y mpotudasi. Tomy miede 2 He 30y-
JDKYETBCSI 1 BUSIBIISIETHCSI €JIEKTPUYHO PO3B'A3aHUM Bij
mwreya 1. AHanoridgo, miedi 3 1 4 TaKOK BUSABIISIOTHCS
SIIEKTPUYIHO PO3B'I3aHIMH.

XBuii kBazi-H1o Ta KBa3i-H>o MOMUPIOIOTECS y 3a-
TabHOMY XBHJIEBOI 3 Pi3HUMHU (Da30BUMH IIBHIKOCTSI-
MH 1 30yIKYIOTh y XBHJICBOAAX IUIedel 3 1 4 eneKkTpmd-
Hi TOJs, OJHAKOBI 3a aMIDNTYHOI0, (a30BHH KYT Mixk
SIKUMH BH3HAYa€ThCSl 3CYBOM (ha3 MK XBHWISIMH KBasi-
Hio ta kBazi-Hoo Ha BHUXOJl 3arajbHOrO XBHJIEBOIY,
TOOTO JTOBKMHOIO 3arajbHOTO0 XBHJIEBOLY. SIKIIO IfO
JOBXHHY BHMOpaTW TakuM YHHOM (3 YpaxyBaHHIM
BIUIMBY y3T0JDKYBaJbHUX €JIEMEHTIB), 11100 pisHUIA (a3
MIiX TOJIAMH CcKtana £90°, To pe3ynbTyoUi Mo XBUIIC-
BOIB 1uieyer 3 i 4 BUABIAIOTHCA OJHAKOBMMH. BuOu-
parovn HaJIe)KHAM YHHOM BEJHMYMHY pi3HHII (a3 Mix
MTOJISIMH, MOXKEMO OTPHMATH MICT i3 OyIb-SKAM 3a Be-
JUYUHOIO KOe]ilieHTOM pO3MOIiTy.

KoedimienT posmoniny Mocty ko Ha cepeHiii ya-
CTOTI f, BU3HAUaeThCS hopmyoro (7):

ko = Py/P3 = tg?[(p1 — ¢;)/2], )

ne Pz ta P4 - moTyxHOCTI, 1[0 BUHUKJIHM B TUIe4ax 3 i 4
npu 30yMKeHHI IIIJIMHHOTO MocTa 3 OoKy Iuieda 1;
@i - Ga3oBHIA KyT i-TO CBOTO 3HAYCHHS MATPHIIl PO3CifO-
BaHHS MOCTY.

Bananc Mocra 3IiiiCHIOETECS 3a JOIIOMOTOIO OIHO-
rO PEaKkTHBHOIO €JIEMEHTa, PO3TallOBAHOIO B IEHTPI
3araJIbHOr0 IIHPOKOTO XBUJICBOJY.

Habmmwkena ¢opmyna BU3HAYCHHS Ha cepenHiit
YacTOTi HOPMOBAHOT BEIMYMHHU PEAKTUBHOI POBITHOCTI
y3TOMXKYBaJbHOTO €JIEMEeHTa, 1o 3ade3rnedye OanaHc
MOCTa, 3aIUCYETHCS B HACTYITHOMY BHTJISI:

2k (ic? — 4)tg T
b= ——T[ll. (8)
2 2 It
k? + 4tg 7,
neb=B/Y,, Y, =1/Z,, k=Z,/Z;, | — noBxuHa OTBOPY
3B'SI3KY.
JIoBHMHA OTBOPY 3B'SI3KY 3HAXOIUTHCS SIK
BEE RS N
4°A A,

3a I0IIOMOTOI0 Y3rO/DKyBAIFHOTO €IeMEHTa MOXK-
Ha OTpUMAaTH OaNaHC IIIIMHHOTO MOCTY JJs Oyab-sSKOi
JOBXKKHY | 3arajgpHOrO XBHIEBOAY. [IPOBiAHICTE y3ro-
JDKyBaJIFHOTO €JIeMEHTa Ma€ IHAYKTUBHHUI Xapaktep
nmpu 0 < 6, <gi€MHiCHI/Iﬁ pu g< 6, < m. Posz-
Mip 0; BH3HAYa€THCA TaK:

21l

61 =A—1.

3okpema, kom0, = /2, T0 b = 0.

Enexrpuuni napameTpu KomyTauiiiHux ¢azoobep-
TaviB, 1 30KpeMa IUIMHHOTO MOCTY, 3HAXOIUMO 3a (o-
pMyJIaMu:

a) koediIieHT Oiry4oi XBUIIi Ha BXiTHOMY IIJIeYi:

KBX = (1 — [T/ + |T]),

0) mepeximHe OCNAOJICHHS MK ENEeKTPUYHO 130-
JIbOBAaHUMH IUICYNMa:

1
Cl? = 10lg—,

B) KoedimieHTH Tepenadi MK eIeKTPHIHO 3B'sI3a-
HUMH IUIeYnMa:

D|? = 10lg —.
I IR

r) ¢aza koedirieHTa nepenayi:
@ =argD.

[Tpu po3paxyHKy 4acTOTHA 3aJICKHICTh EMHICHOTO
efleMeHTa IpuiiMaeThes piBHOIO b = by(A?/A?). Benu-
gypHOI0 D mo3HaueHwWit Takok KoedimieHT mepemadi
KOMyTaIliifHoro ¢asoobeprada BiZOMBAIOYOTO THILY.

YacToTHI 3aJIeKHOCTI IIUTHHHOTO MOCTY pPO3paxo-
BaHi JI0 Pi3HUX 3HAYCHb CEPEeHBOI YacTOTH. Bu3Hauana-
cst BitHOCcHa cMmyra 2Af / f,, B sikili koedilieHTH nepenayvi
|D|? BIAPI3HSITHCS Bil HOMiHAJIFHOTO 3HAYCHHS HE Oib-
mre, Hix Ha +0,5 1B. Jlani Oymm 3HaueHHS da3u koedii-
€HTA TIepeadyi, MepexiHe OCIAOICHHS MiX EJICKTPUIHO
isonmboBanuMu wieunMa |C|? Ta koediuienta 6irydoi
xeuii (KBX). 3a3HadeHi mapameTpu Ha cepeHiil 4acToTi
3aJexHo Bin a/Ay, HaBeneHi Ha puc.7, nme kpusi 1 Bix-
HOCSTBCA 10 (ha3oobepTaya BiIOMBAIOYOTO THITY, a KPUBI
2 — ¢a3oobepTavya MPOXiTHOTO THITY.

KBX
10 i
o __ TR T
08 ==
0,50 0,55 0,60 0,65 0,70 0,75
a
! /2
al °
28f/fo,%| @, rpaa
20 180
15| 120
80
10
5 0
0,50 0,55 0,60 0,65 0,70 0,75
a
/1
6)
ICI?, 26
40
1N
20 e T
0,50 0,55 0,60 0,65 0,70 0,75
a
J4q
6)
Puc. 7. YactoTHi Ta $a30Bi XapaKTEPUCTHKH
(hazoobeprauis

175



Control, Navigation and Communication Systems. 2023. No. 1

ISSN 2073-7394

[NopiBHIOIOYM BiIMOBIAHI KPUBi, MOXHA BiJ3HAYH-
TH, WO (azoo0epTay MPOXiTHOTO TUIY HA IIUIMHHOMY
MOCTY 3 Y3TOJUKYIOUMM pPEaKTUBHHUM €JIEMEHTOM B
OTBOpI 3B'13Ky Ma€ OLIBII BUCOKI YaCTOTHI XapaKTepuc-
TUKH, HIK pazoobepTad BiIOMBAIOYOTO THITY.

MIPUCTPOEM, HIDK (azoobeprad BiAOMBAIOYOTO THILY.
Bubip xoHKpeTHOrO THIYy KOMYyTaliiHoro ¢aszoobepra-
ya Ha Y3/II1X 3nilicHIOETBCS Y Tpolieci MTPOEKTyBaHHS
KOHKpETHOI KOHCTPYKIIT PAP.

VY (dazoobepTava mpoxXiAHOTO THIY HA CEpEaHIM

YacTOTi MIBUAIIE 3MIHIOIOTHCS YACTOTHI XapaKTepHC-

BucnoBkn TUKHU 31 3MIHOIO a/A; B TOPIBHSIHHI 3 aHAJOTIYHUMHU
Ha 3akiH4eHHs BiJ3HAYMMO, II0 KOHCTPYKTHBHO  XapakTepucTukamu (aszoobepraua BinbHBaroyoro
¢da3zo000epTay MPOXIMHOTO THIY € OUIbII CKIAJHUM  THUILY.
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A switching phase shifter
on a rectangular waveguide partially filled by dielectric

V. Pochernyaev, M. Mahomedova, N. Syvkova

Annotation. In the article, designs of switching phase shifters of reflective and pass-through types based on rectan-
gular waveguides partially filled by dielectric are developed. The paper presents an equivalent circuit of a resonant diaphragm
with an open nonlinear structure included. The design of a reflective type switching phase shifter with three resonant dia-
phragms with an open nonlinear structure has been studied. A relation is given that connects the number of resonant dia-
phragms with phase jumps. A stepped junction of two rectangular waveguides partially filled by dielectric is calculated. The
selected ratios of the dimensions of rectangular waveguides partially filled by dielectric make it possible to obtain single-
mode operation of both waveguides in a wide range of waves. The ratios of the normalized conductivities of the resonant
diaphragm with its geometric dimensions are given. An expression is found for the normalized conductivity of the diaphragm
near the resonance as a function of the frequency detuning. In this article, the design of a switching phase shifter of the pass-
through type on a slot bridge implemented on rectangular waveguides partially filled by dielectric is studied. It is noted that
the studied reflective switching phase shifter can be used as an independent device or as a node in a switching phase shifter of
the pass-through type with separate input and output. The switching phase shifter of the pass-through type consists of a slot-
ted bridge on rectangular waveguides partially filled by dielectric, each channel of which is a reflective phase shifter. In this
paper, the study of the slotted bridge is carried out by a combined method that combines the theory of electrical circuits with
distributed parameters with the solution of an electrodynamic problem. The theory of electrical circuits with distributed pa-
rameters makes it possible to simplify the electrodynamic problem of calculating a slotted bridge on rectangular waveguides
partially filled by dielectric and allows analysis and synthesis of the device. The frequency dependences of the slotted bridge
are calculated for different values of the average frequency. A comparative analysis of the electrical parameters of the switch-
ing phase shifter of the reflective and through-type types, such as the coefficient of the traveling wave and the phase of the
transmission coefficient is given. For a slotted bridge on rectangular waveguides partially filled with a dielectric, the cal culat-
ed dependences of the transient attenuation between electrically isolated arms and the transfer coefficients between electrical-
ly connected arms are investigated and presented. The specified parameters are given for the average frequency of the operat-
ing range, depending on the ratio a/A,.

Keywords: switching phase shifter of reflective type, switching phase shifter pass-through type, rectangular waveguide
partially filled by dielectric, open nonlinear structure, slotted bridge, resonant diaphragm.
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INFLUENCE OF ELECTROMAGNETIC RADIATION
ON RESISTANCE OF SEMICONDUCTOR DEVICES

Abstract. The subject matter is the processes of analysis and mechanisms of appearance of instabilities of natural
vibrations of semiconductor structures., due to their interaction with flows of charged particles under the influence of external
electromagnetic radiation. It is shown that the influence of pulsed electromagnetic radiation is accompanied by the appearance
of currents in the conductive elements of products that are capable of exciting natural oscillations of semiconductor
components and are the cause of failures of radio products. The aim is to develop the theory of collisionless damping of
surface polaritons in the classical approximation, as well as to study the mechanisms of collisionless damping of surface
plasmons at the boundaries of semiconductor components of radio products under conditions when the temperature of carriers
of conducting solids is much lower than the plasmon energy (quantum approximation). The objectives are: a kinetic equation
describing the change in the number of surface plasmons as a result of their interaction with conduction electrons; obtaining
its solution, which determine the decrement of oscillations and the power of spontaneous emission of particles. The methods
used are: a method of successive approximations for solving the kinetic equations of the charged particle flux - semiconductor
structure system within the framework of the quantum approach, when the interaction of waves and particles is in the nature
of random collisions and is described by the method of secondary quantization of the system (representation of occupation
numbers). The following results are obtained: Expressions are obtained for the decrements of surface plasmons in the
presence of an infinitely high and infinitely small potential barrier at the interface between media. A kinetic equation is
obtained that describes the change in the number surface plasmons as a result of their interaction with conduction electrons;
his decisions are given, which determine oscillation decrement. Expressions are obtained for the decrements of surface
plasmons at presence of infinitely high and infinitely small potential barrier at the interface between A physical model of the
occurrence of reversible failures (effects induced by electromagnetic radiation currents per volt - ampere characteristics of
semiconductor devices). The ranges of parameters of the external electromagnetic radiation at which this physical model is
realized. Conclusion. Calculated relations are obtained that relate the parameters of semi-conductor structures: the
concentration of free carriers, permittivity, carrier temperature with the value oscillation decrement in the classical and
quantum approximations. The comparative analysis of quantitative estimates of the increments of oscillation instabilities
carried out in the work makes it possible to solve the problems of optimizing the operating characteristics of active devices
in the microwave range. The results of the work can be used in the development of microwave devices designed to amplify,
generate and convert electromagnetic oscillations in the millimeter and submillimeter ranges.

Keywords: flux of charged particles, electromagnetic radiation, semiconductor structures, surface vibrations, increment
oscillation instability.

The processes of generation of oscillations in the
submillimeter and short-wavelength parts of the
millimeter range under the influence of external

Introduction
The need to master the submillimeter and shortwave

part of the millimeter range of electromagnetic oscillations
is one of the main problems of modern radiophysics. These
ranges are important when conducting research in various
areas of theoretical physics, but also in medicine, biology,
many technical applications: communication technology,
radar, radio navigation, computer technology, etc.

When solving the problem of creating
electromagnetic radiation sources of this range, it is
necessary to study plasma-wave effects, resonances and
unstable states in solids. Interest in them is determined by
the search for new possibilities for generating oscillations
in this range, as well as by the problems of
radiospectroscopy of solids. Obviously, a necessary
condition for the successful solution of the tasks set is the
availability of an appropriate element base, created on the
basis of materials with predictable parameters.

Modern technology makes it possible to create
conductive solid-state structures: films, metal-dielectric-
semiconductor (MIS) structures, semiconductors with
two-dimensional (2D) electron gas and superlattice, etc.
When studying the electronic properties of ultrathin
layers and determining the mechanisms of their
formation, it becomes necessary to study plasma
oscillations due to the collective behavior of charges.

electromagnetic fields have a significant impact on the
performance of semiconductor devices, since the
generation mode  distorts the  current-voltage
characteristics of radio products.

This work belongs to this area of reversible failure
research. It considers the processes of collisionless
damping of surface oscillations, when the interaction of
waves and charged particles induced by external
radiation is described by the method of secondary
quantization of the system and has the character of
random collisions. Such interaction of waves and induced
currents leads to the appearance of reversible failures of
radio products (temporary changes in their performance)
and affects their electromagnetic compatibility.

Task solution

The object of the study is the surface oscillations of
semiconductor structures included in the composition of
electrical and radio products and the mechanisms of their
interaction with conduction electrons, leading to
damping of oscillations under the influence of an external
electromagnetic field.

To determine the spectrum of natural (surface)
oscillations and decrements of their collisionless

© Serkov A., Breslavets V., Breslavets Ju., Yakovenko ., 2023
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damping at the boundary of two semi-infinite media
under conditions of neglecting the effect of delay of the
electromagnetic field, we use the following system of
equations:

rot E(x, y,t) =0;
E(x,,t) = E(o, ay, y)e' @Y (1)
E(@,dy. Y) = (Ex. Ey,0);

divD(aw,x,y) =0;
- B i 2
D(w,x,y)=80(y)E(w,X,y)+%J'(w-X-y)? @

g1, ¥Y>0, - [E, y>O0;

g02, Y<0; EZ: y <0,
J: rd
J2, y<O

with boundary conditions at y = 0: the continuity of the
tangential components of the electric field Ex and the
normal components of the electric induction Dy.

Let us consider the attenuation of surface plasmons
at the boundary of two media, which, at a temperature
T =0, are characterized by dielectric permittivity.

2

@oi

& =&0j 5 -
1 1 wz

If the media are separated by an infinitely high

potential barrier @y # @yy,, then the electromagnetic

properties of such a semi-limited medium are identical to
the properties of an infinite one, and the particles
experience elastic (mirror) reflection from the barrier on
both sides. The results obtained in [3] in the classical
approximation for a plasma—dielectric interface
(nonabsorbing medium) can be extended to the case of
two plasma-like media separated by a dielectric layer
whose thickness is small compared to the wavelength.
Based on the model of a homogeneous medium, we
will assume, as in the case of a cold plasma, that both
media are unlimited, and the fields and currents in each
of them satisfy the boundary conditions on the plane
y=0 and decrease at y — + . Obviously, such a

model is quite justified if the boundary is transparent for
particles, those. the height of the potential barrier is small
compared to the particle energy. Then the equation for
the conduction current can be written as:

EZH

j(@,1)=——2 A(o,r)+]'(o,r) . (3)
mcC

Here, A(w,F)=—E(a,F) is the vector potential,
i

Ny = Zp&y:(f)l//k (F) is the equilibrium concentration
of electrons pE , their equilibrium distribution function,
wy (F) =vY2 exp(ikr) is the wave function of an

electron with the dispersion law, E, = hzkz/(Zm), \Y%
is the volume of the medium,

1'(@,7) = pcr (@) jix (F)
is the conduction current due to transitions of electrons
between states k and k' (k, =k;) due to their inelastic
scattering on the potential
A(,7) = A(@,0y, y)e' =)
(hereinafter, for definiteness, we assume that is the
perturbed off g, >0, @>0), pﬁ’k/(a)) - diagonal

correction to the equilibrium distribution function of
particles, determined from the equation of motion for the
density matrix [2]:

0_ 0
Pkk'(w)=—pk P + Hik (@);
oy —o )
’ :—, 4
Dk om (4)

* .
o =w+iv, v—>0,

where Hy =£e—h j vy (F)(AV + VA (F)dF  is  the
mc

matrix element of the Hamiltonian of the interaction of
electrons with an electromagnetic field;

oe = o (VU OO - OV ) - 6

is the matrix element of the particle current density
operator. The result j'(w,f) is converted to the
following form:
(7)) =
0_ 0
. o (1) L=,

=—=> O — @ ,

x| Hie @)+ [ Jue (D Ao, Pyar |

(6)

here s, et Xz (60,2 (x.0,2)%
Kk 2mec ><|:Ay (a), X,+O)_ Ay (wl XV_O):| .

In expression (3) for the total current, the first term
determines the frequency of surface plasmons, and the
second determines their damping.

Substituting further j(w,r) into equation (2) and
taking into account equation (3), we obtain:

%A (o, X,
#_qip‘x(w: X! y) =

4rig,C . -, .
= o) div j'(o, %, y); (7)

(o) = {51(60),

& (w),

The solution of equation (7) must be sought by the
method of successive approximations, since the
oscillation damping decrement is small compared to their
frequency. We find for &(w)=0 the following

expressions for the potential in each of the media,

y >0;
y<0’
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assuming, in the first approximation, the right side equal
to zero:

y>0, Ax(y)=Ae ¥, Ay =iA(Y); @

y<0, A (y)=Ae ™, Ay =—ify (y).
Taking into account the fact that the normal
component A(y) experiences a discontinuity in the plane

y =0, we continue the potentials, respectively, to the
half-spaces

y<Ou y>0:4y(-y) = 4 (»);
Ay (=y)= _Ay (y).
Substituting the values A(w, F) in formula (3), after
replacing the summation,  with integration

v 3 .[dIZ. and, integrating over the entire space r , we
(27)
obtain
L elhAeli
Mo =% 3
2(27)"m“c
dkdk! L
—— (o — )R +K) ©)
Wy — @
d!

Xll_ : 2 _k’z, Z}i(ky_k'y)y
Qx + (ky - ky)
At this point ky, =k, —qy, k; =Kk,.
The current resulting from the transition of an
electron from a state k to astate k' with the emission of
a quantum A of an electromagnetic field is determined

by a term proportional to pl(() ,. In this case, one can

perform integration ky. over taking
ky >>0y, @>>qyv, into account the contributions of
the poles
2 2 2m(a)+ il))
ky” =ky O

The term pEr determines the current associated

with the transitions of electrons from state k' to state k
upon absorption of energy #w . This current is

2m(w +iv)

determined by the poles k§ = kg,z + when

integrated over ki .
As a result of integration, we get:

L —iefoAe! i
] (a), r) = —3X
(27)° he
. -2
dk (K +k )i |, Alky —ky) (10)
y f ky (ky —k;)? 2mo

explifky ~k; +i_ ]|

&&+@»£P_Mw—wf]
2
-] Ky ky k) 2me

expli[ k", ~ky +id, |y}

<0,k¥ = k2 + >0,
Y<BXy =y *7
Here mo
ke = (ky, Ky K ), 6 = —.
y

It can be seen that the current j'(w,¥), arising as a
result of electronic transitions between states ky and k;,

is an infinite set of spatial harmonics with a period

2—”, depending on the frequency of the field and

oy -]
the momentum of the particle, with an amplitude
decreasing from the boundary as exp(—d. |y|.

Such  harmonics (in the classical limit
k)z,, kg,z >> 2me/h ) are known as "Van Kampen waves",
whose phase velocity is equal to the velocity of the
particle. The potential excited by the current j'(w,X,y)

is found by substituting (6) into equation (7).
ia(w,dy, Y)

A>,( (@,05,Yy) = (@) A
A O«
A (@,05,Y) = — (0,0, Y);
T gee(@) oy
equm

a(o,dy,y) = x
X 7%h?

- 2
prdk {1_h(ky+ky)

AJ| Ky ey Fky) 2me ]X - (1)

«expliCk, Tk £i6)y|
pirdk
' g 760

xexp{i(ik; K, ii5+)y}

—_,+\2
1_h(ky+ky) 5

2mw

The upper signs before k;r and o refer to the half-
space, the lower ones y >0, respectively, to the half-
space y<O0.

Uncertain constants A; and A, can be eliminated by
means of boundary conditions and obtain a dispersion
equation:

81((0)|:1+ j 2289030 r) (@, qX,O)}F

&2() 12)
(@, qx,oqzo_

+&5 (@) {1+i o)
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Hence, when |(@.9.0) <<1 we get:
()

1/2

2 2
+
g = @p1 + @p2 ;
go1t €02
oy 15 [0(9.6,0)+25(0,0,0 ]
S 2 01 T €02
Analysis

Let us now find the damping decrements in various
physical situations. In the case of a Maxwellian
distribution of electrons

2.2
3 'k
o_ (277N “onr
(272mT)%/?

expression for «(w,qy,0) can be converted to the
following form:
a(a) qX,O) =
1
= 2
quXUTT w)zxze—x dX.
T hot

1)j(x+

At this point, we get:

2
L Ly L
w3 2haos T
) (13)
L R
T g

At the boundary of two plasma media separated by
an infinitely high potential barrier, the expressions for the
decrement take the form:

T1/2

Ao i Y agivr,

P J2hes Y

(14)

i=12...

In the case of an infinitely small barrier:

2
Wp1 = @2, €01 F €021 ws=a’o1/— -
€011 €02

the oscillation decrements are respectively equal to:

Awg =—iqyuur _2}:-60 v haog >>T,
S

f2.
Awg =—,|—10y0r;
T

A comparative analysis of the experimental [11]
and calculated data obtained using the damping
decrement values (14) — (15) shows that the radiation
energy for most semiconductor devices [2] (diodes) in the
presence of external electromagnetic radiation (electric

(15)

haog <<T.

field strength amplitude E<100§, pulse duration
M

Atimp ~10% -10%uc) is determined by one order of

magnitude and has general trends of change depending
on the values

of the physical parameters of the component materials
and the acting voltage pulse.

Conclusions

The mechanism of interaction of conduction
electrons of a semiconducting medium with surface
vibrations is considered, when the interaction of waves
and charged particles induced by external radiation is in
the nature of random collisions and is described by the
second quantization method.

Based on it, a physical model of the occurrence of
reversible failures is implemented as a consequence of
the influence of currents induced by electromagnetic
radiation per volt - ampere characteristics of
semiconductor devices.

A Kkinetic equation is obtained that describes the
change in the number of surface plasmons as a result of
their interaction with conduction electrons; its solutions
are given, which determine the decrement of oscillations
and the power of spontaneous emission of particles.

Expressions are given for the decrements of surface
plasmons in the presence of an infinitely high and
infinitely small potential barrier at the interface between
the media.

Calculation relations are obtained that relate the
parameters ~ of  semiconductor  structures:  the
concentration of free carriers, dielectric permittivity,
carrier temperature with the magnitude of the oscillation
decrement in the classical and quantum approximations.
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BniinB ej1eKTPOMArHiTHOro BUNPOMiHIOBAHHS
Ha cTiliKicTh HANIBNPOBITHMKOBUX NPUJIATIB

A. A. Cepxkos, B. C. bpecnasenp, 1O. B. bpecnasenp, 1. B. SIkoBerko

AnoTtanis. IlpetMeToM mocCHiTKeHHsI € TPOIEC aHAN3y Ta MEXaHI3MH IOSBH HECTIHKOCTEil BIAaCHHX KOJHMBaHb
HaIiBIPOBITHUKOBHUX CTPYKTYP, OOyMOBJICHHX iX B3a€MOJIEI0 3 TOTOKAMH 3apsPKEHUX YaCTHHOK B YMOBAX BIUTHBY 30BHIITHBOTO
€JIEKTPOMArHITHOTO  BHIIPOMIiHIOBaHHs. [loKa3aHO, 1[I0 BIUIMB IMITyJbCHOTO  €IEKTPOMArHITHOTO  BHIIPOMIHIOBAaHHS
CYNPOBODKY€EThCS BHHUKHEHHSM CTPYyMiB y TPOBIIHUX €JleMEeHTaxX BHUpPOOiB, 3MaTHHX 30y[KyBaTH BIIACHI KOJMBAHHS
HAIIBIPOBITHUKOBHX KOMIUICKTYIOUHX Ta OyTH NPUYMHOIO BiMOB panioBupobiB. MeToio cTaTTi € po3poOka Teopii
0e33ITKYBaIbHOTO 3TacaHHS ITOBEPXHEBHX IMOJISIPUTOHIB B KIACHYHOMY HAONIDKEHHI, a TaKOX JMJOCIHIKCHHS MEXaHi3MiB
0e33ITKYyBaIbHOTO 3racaHHs MOBEPXHEBHX IUIA3MOHIB Ha MEXax HaIliBIPOBITHUKOBUX KOMIUICKTYIOUHX PalioBUPOOiB B YMOBaX,
KOJIN TeMIlepaTrypa HOCIiB TBEpJMX Tij HabaraTo MEHIIE CHEprii mia3MoHy (kBaHTOBe HaOmwkeHHs). L{iti Taki: kiHeTHuHE
PIBHSIHHS, L0 ONHUCYE 3MiHY YHCIIa TOBEPXHEBUX IUIA3MOHIB BHACIIJOK IX B3a€MOJIi 3 €IEKTPOHAMH MPOBIJHOCTI; OTPUMAaHHS
Horo pilleHHs, 0 BU3HAYAIOTh JEKPEMEHT KOJIMBAaHb Ta MOTY)KHICTh CIIOHTAHHOTO BHIIPOMIHIOBAaHHS YacTMHOK. MeToam, 1o
3aCTOCOBYBAJIMCH TNPH TOCTIUKEHHI: METOJ IOCIIOBHHX HaOJIMDKEHb PO3B'I3aHHS KIHETHMYHUX PIBHSIHb CHUCTEMH IIOTIK
3apAPKEHNX YaCTHHOK — HAIliBIIPOBITHUKOBA CTPYKTypa B paMKaxX KBaHTOBOTO IIIXOJY, KOJM B3a€MOJisS XBHJIb Ta YaCTHHOK
HOCHTh XapaKkTep BHUIIQJKOBHX 3iTKHEHb Ta OIUCYETHCS METOIOM BTOPHHHOTO KBAaHTYBaHHS CHCTEMH (IIOJAHHS YHCEIN
3armoBHeHHs). OTpuMaHo Taki pe3yabraTH. OTpUMaHO BHPa3HW IS JEKPEMEHTIB MOBEPXHEBUX IUIA3MOHIB 3a HAasBHOCTL
HECKIHYEHHO BHCOKOTO Ta HECKiHUEHHO MaJOT0 IMOTEHHiHHOTO Oap'epy Ha Mexi po3finy cepemoBuml. OTpHUMaHO KiHETHYHE
PIBHSHHS, 110 OMICY€E 3MiHY YMCIIa TOBEPXHEBUX UIA3MOHIB Y pe3yJIbTaTi B3a€MOJII 3 eleKTPOHAMH MPOBITHOCTI; HaBeIeHO HOoTo
pillIeHHs, [0 BH3HAYAIOTh JIEKPEMEHT KouuBaHb. OTpUMaHO BHpa3H Ul AEKPEMEHTIB NMOBEPXHEBUX IUIA3MOHIB 3a HAsBHOCTI
HECKIHUEHHO BHCOKOT'O Ta HECKIHUYEHHO Majoro MOTEHIHHOro Oap'epy Ha Mexi po3ainy cepemoBuil. OOrpyHTOBaHO (i3UUHY
MO/IeJTb BAHUKHEHHS! 0OOPOTHUX BiIMOB (BIUTHB HaBE/ICHHUX €JIEKTPOMAarHiTHUM BUIIPOMIHIOBAaHHSIM CTPYMIB Ha BOJIBT — aMIIepHi
XapaKTepUCTHKN HAIiBIPOBIAHUKOBUX MpWUIaaiB). BusHaueHo oOnacti mapamMeTpiB 30BHINIHBOTO  €JIEKTPOMArHiTHOTO
BUTNIPOMIHIOBaHHSA, 32 SKHX peali3yeTbcd JaHa (i3ugHa Mojenb. BucHoBku. OTprMaHO pO3paxyHKOBi CIIBBIIHOIICHHS, IO
3B'S3YIOTh MapaMeTPH HaIliBIPOBITHIKOBUX CTPYKTYpP: KOHIIEHTPALIO BUIHIX HOCIIB, Ji€NEKTPUYHY IPOHUKHICTD, TEMIIEPATYPY
HOCIiB 3 BEJIMYMHOIO IEKPEMEHTY KOJIMBaHb y KIIACHYHOMY Ta KBaHTOBOMY HaOmmkeHHsX. [IpoBeneHnit y poOOTI MOPiBHSIEHUHA
aHal3 KUTbKICHUX OINIHOK IHKPEMEHTIB HECTIHKOCTeH KONWBaHb [O3BOJISE€ BHUPILIYBaTH 3aBJaHHS ONTHMi3alii pobodux
XapakTepucTuK akTuBHUX npuianis HBU —nianasony. Pesyneratt po60T MOXYTh OyTH BHKOpPHCTaHI MPU po3poOlli MpHiIaaiB
HBY - niana3oHy npu3Ha4YeHUX JUls NOCHJICHHS, TeHepallii Ta MepeTBOPEHHS eIeKTPOMArHiTHUX KOJIMBaHb MiNIMETPOBOTO Ta
CyOMIIMETPOBOTO Jliana3oHiB.

Keywords: moTik 3aps/pKeHHX YaCTHHOK, eNeKTPOMATHITHE BHIIPOMIHIOBAHHS, HAIIBIIPOBIMHUKOBI CTPYKTYpH,
MOBEPXHEBI KOJMBAHHS, IHKPEMEHT HECTIHKOCTI KOJHBAHb.
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