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Hakazom MinicrepctBa ocBith i Hayku Ykpainu Ne 409 Big 17.03.2020 p.
«[Ipo 3arBepmkeHHs pimeHb ArectamiitHoi konerii MiHicTepcTBa 110710
JUSsUTBHOCTI CrieniatizoBaHuX BYeHHX paj Bix 06 Oepesus 2020 poky» :KypHAI
BKJIIOYEHHIi 10 nmepetiKy HayKoBHX (axoBHX BHIAHb YKpaiHH B KaTeroii
«A» (HaBHIIiK piBeHb), B SAKHX MOXYTh ITyONKyBaTHCSA pPE3yJIbTaTH
JIMcepTaliifHuX pobiT Ha 3100y TTs HAYKOBUX CTYTICHIB JOKTOpA HAyK i JOKTOpa
¢inocodii (kanaMIaTA HAYK).

Kypnan Brmouenuit 10 nonscekoro Ileperniky HayKOBHX >KypHAIiB Ta
PCLICH30BaHMX ~MaTepiaiB MDKHApOAHMX KOH(EpeHLiii 3 MPHUCBOECHOIO
KiIbKiCTIO GaniB (D0oAaToK 40 oromomeHHs MiHicTpa HayKd Ta BHIIOI OCBITH
Pecrry6miku ITonbma Bixg 31 ymmas 2019 p.: Ne 16981).

B sxypHami 6e3k0IITOBHO MyOIIKYIOTHCSI HAyKOBi CTATTi aHIIIHCHKOIO,
POcCiiichbKOI0 Ta yKpaTHCHKOIO MOBaMHU.

IIpaBuia o opmieHHsI crareit
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3K0OITOBHUIT BiAKPHTHII OH-TaiiH KocTynm 10
MMOBHOTEKCTOBHX ITyOJIiKaIlii.

JKypHan 1o3Boiisie aBTopaM MaTH aBTOPCHKI IpaBa i 30epiraTu mpasa Ha
BUJaHHA Oe3 oOMexenb. JKypHan J103Bojs€ KOPUCTYBauyaM UMTaTH,
3aBaHTa)KyBaTH, KOIIIOBATH, IOLIMPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHIATHCS Ha TOBHI TEKCTH CBOIX crareil. JKypHan H03BOJIsE€ MOBTOpHE
BUKOPHCTaHHA ioro BMmicty y Bimmosignocti Creative Commons JtineH3icio
CCBY-SA..

OmnyO6niKOBaHUM CTAaTTSM IIPUCBOIOETBCSA YHIKaNbHHIL ineHTH]IKaTOpP
mudpooro 06’exra DOL

7KypHaJ BXoauTh 10 HaykoMeTpuuHoi 6a3u Web of Science.

JKypnai pedepyerbest Ta iHAEKCYETBCS Y IPOBITHUX MDKHAPOJHUX Ta
Hal[iOHAJIBHUX pe)epPaTUBHHUX JKypHANax i HAyKOMETpUYHHUX 0a3ax HaHUX, a
TaKOX PO3MIILYeThCsl Y IN(pPOBUX apxiBax Ta 06i06gi0TEKaX 3 GE3KOIITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHI Hepenik SKMX MOJAHO HA CaifTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

KypHan posnoscioKyeTbest 3a Karajgorom mnepioJMuHuX BHIaHb
VYkpaiuu (nepearuiatHuii inaexc — 22914).

TemaTHka JKypHaJy: TeJICKOMYHIKalii Ta  pajaioeleKTPOHIKa,
nporpaMHa iHmkeHepis (BKIIOUaloud TEOPilo alrOPUTMIB i MPOrpaMyBaHHS),
KOMIT'IOTEpHI Haykd (MaTeMaTHYHE 1 KOMII'IOTEpHE MO/ICITIOBaHHS,
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iHTENEeKTyalbHII aHANi3 JaHHUX, PO3Mi3HABaHHS 00pa3iB, IITYYHi HEHPOHHI
i HeHpo-HeuiTKi ~ Mepexi, HEeUiTKy JIOTiKy, KOJICKTHBHHI  iHTEIEKT
i MyJIPTHAr€HTHI CHCTEMHM, TiOpHAHI CHCTEMH), KOMII'IOTEpHA IHXKEHEepis
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AJITOPUTMHU NOMIYKY NEPIOAUYHOCTEHN
Y IIU®POBUX MOCJIJIOBHOCTSIX 3 BJIOKOBUM KOJIYBAHHSIM
3A IX KOPEJISIIMHUMU BJIACTUBOCTSIMHU

PomanoB O. M. — KaH/I. TEXH. HayK, 3aCTyITHUK Ha4aJbHUKA 3 HAYKOBOi pOOOTH, HAYKOBO-IOCIIAHUI IHCTUTYT Mi-
HicTepcTBa 0boponn Ykpainu, Kuis, YkpaiHa.

Kotw6in B. FO. — HayKkoBHUi CIIBPOOITHUK, HAYKOBO-IOCTIIHUH iHCTHTYT MiHicTepcTBa 000poHn Ykpainu, Kuis,
Vkpaina.

AHOTANIA

AKTyanbHicTh 15 MiJBUIIEHHS 3aBaJOCTIHKOCTI CUCTEM 3B 53Ky i Iepenadi JaHWX LMIMPOKO 3aCTOCOBYETHCS 3aBaJOCTIilKe KO-
nyBaHHs. HaiGinbIn po3moBCIoKeHUMH Yepe3 CBOIO e(peKTHBHICTh € METOAN OJIOKOBOrO KOJyBaHHS. B yMoBax 4acTKoBOI anpiop-
HOT HEBM3HAYEHOCTI BHY i MapaMeTpiB KOAyBaHHS Hepel JeKOyBaHHsIM [H(POBOT MOCIITOBHOCTI IPOBOJUTHCS HOMEPEAHIH aHami3
Juist X BU3HaueHHs. [Ipu GJI0KOBOMY KOJyBaHHI 11 BU3HA4YEHHS Mepiogy HuppoBOI MOCIiIOBHOCTI, 00YMOBICHOTO 10JJaBaHHSM JI0
Hel CHHXPOMOCIIIOBHOCTI, 1 SIKMH MOXe BU3HAYaTH BHJ 1 MapaMeTPpH KOJYyBaHHS, PO3HOBCIODKCHUM ITiIXOZI0OM € BUKOPHCTAHHS iX
KOpEJALIHAX BIaCTHBOCTEH.

MeTo010 poOOTH € BUKJIAACHHS AITOPUTMIB MOIIYKY MEPIOANIHOCTEH Y HU(PPOBUX MOCTIJOBHOCTIX 3 OJOKOBUM 3aBaJIOCTIHKAM
KOJ[yBaHHSIM B YMOBAaX 9aCTKOBOI alpiopHOI HEBH3HAUCHOCTI BUJLY 1 TapaMeTpiB 3aBaJOCTIHKOTO KOy .

MeToa. Y craTTi HaBeJEHO JBa AITOPUTMH IOIIYKY IEePiOAMIHOCTEH Y MU(POBUX MOCIITOBHOCTIX 3 OJIOKOBHM KOJYBaHHIM Ta
OIMCAHO NMPUHIUI iX poboTu. B ocHOBI omHoro anroputmy jexutb obuucieHHs AK®, B ocHosi iHmoro — BK®. [Toka3zano, 1o
JIOBXHHA ITU(PPOBOT MOCIITOBHOCTI TOBUHHA OyTH IOHAMMEHINC B J[Ba pa3u OLIbIIE MAaKCHMAaIbHO MOXJIHMBOTO mepiomy. PoGoTy
000X aJrOPUTMIB IPOLTIOCTPOBAHO HA MIPUKIIALAX.

PesyabTaT. Ha ocHOBI 3amponoHoBaHuXx anroputmis po3pobieno CIT3. PesynbraT BusHaYeHHS nepioay HudpoBUX MOCIIITO0-
BHOCTEH 3 OJIOKOBMM 3aBaJOCTIHKAM KOTYBaHHAM IpPH Pi3HUX 3HAUCHHSAX MEPiONy MiATBEPIMIIN MPaLEe3AaTHICTh 3alpOIIOHOBAHUX
anroputMi. OOHIBa 3aIIPONIOHOBAHI aJTOPUTMH JAIOTh MPUOIU3HO OJHAKOBHHA pe3yibTaT. BCTaHOBIEHO eKCIIEpUMEHTANBHI 3aTIeK-
HocTi gacy obuncnensst AK® i BK® Bix nosxuan nugpoBoi NOCIiLOBHOCTI i MAKCHMAIIBHO MOXKIIMBOTO ITepioy. AJTOPUTM HOIIY-
Ky nepiogy mudpooi nociigoHocTi 32 BK® i1 ckimanoBux € 611bI1 e)eKTHBHIM Yepe3 MEHIITy KUTBKICTh OOYHCIICHb.

BucHoBkH. Y po0oTi BHepuie OTPUMAHO [Ba JITOPUTMH HOIIYKY NEPIOJMYHOCTEH y HU(PPOBUX IOCITIJOBHOCTIX 3 OJIOKOBUM
3aBa/IOCTIHKUM KOIyBaHHsM, SIKi 3aCHOBAaHI Ha BU3HAYCHHI 1X KOpenAUiiHuX (QYHKIIH. 3acTocyBaHHS pO3poOJICHNX aJrOpUTMIB Ha
MPaKTHLI Ja€ 3MOTy B YMOBaxX YacTKOBOi alpiopHOI HEBU3HAYEHOCTI BHIY i MapaMeTpiB 3aBaJOCTIHKOro KOAY BH3HAuYaTH MEpiof
u(pOBUX MOCHITOBHOCTEH y MacuITabi peaibHOTO Yacy HaBiTh IPH BEIMKUX 3HAYCHHSX TEPiofy, a Ha HOro OCHOBI — iAeHTU]IKY-
BaTH BHJ 1 HapaMeTpy OJTOKOBUX 3aBaJOCTIHKUX KOMIIB.

KJIFOYOBI CJIOBA: aBToKOpersmiitHa QyHKIisA, B3a€MHa KOpemsLiiiHa GpyHKIisA, HU(poBa MOCTIIOBHICTb, MEpiofl, OJOKOBHI
3aBaIOCTIHKUH KO, CHHXPOIIOCIIITOBHICTB, CHCTEMA 3B’SI3KY 1 epenadi JaHHuX.

ABPEBIATYPU CII — cHHXPOTIOCTI IOBHICTB;
LDPC — low-density parity-check; CII3 - crienianbpHe IporpaMHe 3a0e3redeHHs;
TPC — turbo product code; HIT — dpoBa mocIiIOBHICTS.
AK® — aBTokopemnsniiiHa GyHKIs;
BK® — B3aemHa kopensmiiHa GyHKIIS; HOMEHKJIATYPA
EOM - enexTpoHHO-00YHCITIOBaIbHA MAIIINHA, e — KimbKicTh moMmikoBuX OiT y CIT LT s1(n) Ta s2(n);
3K — 3aBafoCTIHKHUI KO, K — nosxwuna CII y 6mori;
C3I1J] — cuctema 3B’s3Ky 1 Iepeadi JaHUX; L — nowxuna npuitaaroi L{IT;
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[ — nosxxuHa mry4Ho yrBopeHux LIT;

L i — MiHIMaJIbHO HeoOXiqHa moxuHa LI1;

M — noBXHHA IEPEBIPOYHUX JaHUX y OJIOIII;

N — nomxuHa iHpopMarii y Oxo1;

¢ — KUTBKiCTh OJIOKIB;

R — KiTBKICTh OMHUIB Y T KOMIpII MacuBy R(T);

R(t) — AK® I1IT;
Ryx(/) — BK® LT
s(n) — 11,

s1(n) — mepmra LI, mryyHo yTBOpeHa 3 s(n);

s,(n) — gpyra LI, mry4Ho yTBOpeHa 3 s(n);

s5,(n) — pesynbryroua LII;

T — nepiox 1IT;

Tin — MiHIMATBHO MO>IHBHHN Tiepion 111,

Tnax — MAKCHMATBHO MOJHBHH Tiepion LIIT;

Acn — BennumnHa 3cyBy CII Bin mouatky LIT;

T —3arpumka L1 y yaci;

= — omepaTop JOTIYHOI OTepallii «CKBiBaJICHTHICTHY.

BCTYII

Y C3IA, sxi HaOyIu OIMPOKOTO PO3MOBCIOMKEHHS,
BHUKOPHCTOBYIOTBCSl PI3HOMAHITHI METOIH, IPOTOKOIIH,
CTaH/AApTH Iiepenadi faHuX. Js migBumenHs HMoBipHO-
CTl TPaBWIBHOIO MPUAOMY MAaHI MiATAIOTHCS IIOIEpe-
mapoMy 3K [1]. Haiibinem po3moBCIOMKEHUMH depes
cBoro eextuBHicTh [2] Bumamu 3K y cywgacaux C3II/] €
3ropTKOBE KOJyBaHHs, konyBaHHs Pina-ComoMoHa, ckia-
neni konu, TPC ta LDPC koau [3-5]. bunsmicts 3K, 1o
BUKOPHCTOBYIOThHCS IPAKTHYHO, € OJIOKOBUMHU.

Jnst nexonyBaHHS NPUHHSATHX JAHUX 33 ICHYFOUMMH
METO/IaMH, aJTOPUTMaMH, CTaHIapTaMu IOBHHHI OyTH
BijoMmi BUA 1 mapamerpu koxay [1]. B ymoBax dacTtkoBoi
anpiopHOi HEBU3HAYCHOCTI BUAY 1 MapaMeTpiB KOJTyBaHHS
HEOoOXiHO TorepeqHbo mpoBectr aHamiz LI misa ix Bu-
3HaueHHA [5]. PO3BHTKY METOAWYHOTO amapary aHalizy
I, sxuit mpoBOIUTHCA Tepen AeKOTyBaHHSAM, IPUILI-
€ThCSI 3HAYHO MEHIIa yBara [6].

s cuHXpoHi3amii Jgekoaepa OJOKOBUX KOJIB Mepes
KOJIOBaHMM OJIOKOM JaHuX BcraBiserses CII, sika 00ymo-
Bimoe niepioguunicts LIT [3, 7]. Ha upomy 3acHoBaHmit
MIPUHIUN i1 METOJIB BU3HAUCHHS BUAY 1 mapameTpiB 3K
[5]. Hemomixu, mpuramaHHi HpPaKTHYHAM peatizalism
ocranHix [8, 9], oOMexyrOTh iX 3acrocyBaHHA. OTXe,
aKTyaJIbHAM € JIOCHI/DKCHHS QJITOPUTMIB BHU3HAYCHHS
Buay i mapametpiB OmokxoBux 3K, 30kpema, anropuTMiB
TIONTYKY NEePiOANIHOCTEH.

0O0’ekTOM J0CTIIKEHHSsI € TIPOIeC BU3HAYCHHS Tepi-
oxy HIT nanmx 3 6mokoBuM 3K.

IIpenmeToM J0CJIiZKEHHSI € alTOPUTMH IIOUTYKY Iie-
pioay LIT nanux 3 6mokoum 3K.

MeTo10 po6oTH € BUKIAZCHHS AJITOPUTMIB IOIIYKY
nepiognunocreii y LII1 3 61oxoBum 3K B ymoBax yacTko-
BOi arpiopHOi HeBH3HaueHocTi nmapamerpiB 3K ta mocii-
JOKEHHS 1X ¢)eKTUBHOCTI.

1 IIOCTAHOBKA 3AJIAUI
Hexaii mepen nepenaBanasam LI s(n) po3OuBaeThbes
Ha ¢ OJOKiB OAHAKOBOI MOBXHHHU N 06iT. JI0 KOXXHOTO
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Omoka LII1 nonaroTeCcst TMEpeBipOYHI JaHi JOBXXKHUHOIO
M 6it [1]. Ans cuHXpoHI3aIil gekoaepa 3 TOYaTKoM 0I1o-
KiB 1iepes KoxkHUM OnokoM BerasisieTbesi CIT noBxkuHOIO
K o6it. Iepiox T takoi LII1 Bu3nagaetscs: T=N+M=+K 06ir,
a caMa MOCIHIZIOBHICTh MOXE OyTH MpEACTaBlIeHA CXeMa-
THUYHO, SIK TOKa3aHO Ha puc. 1.

VY coopmoaniit Takum guHOM LIT K 6it CII mocriiHi
JUISL KOXKHOTO 3 ¢ OyiokiB. Permra N+M 6iT € CTaTUCTHYHO
HE3aJICIKHUMH.

Heo0xinHo Bu3HaunTu nepion 7 npuiinsroi LI s(n).

2 OI'JiAd JJITEPATYPU

AmHaii3 oCTaHHIX IOCHi/DKeHb 1 MyOJiKaliil Mmokasye,
10 HaHOLTBII PO3MOBCIO/KEHUM METOJIOM BUSIBIICHHS
NepioguYHOCTel y CHUTHAJaX € aHaji3 iX KOpeIsUiiHuX
BiacTuBocTell. HalOinpImoro moOmmMpeHHs KOopelriiiiHa
¢yHKIis HaOynma B cucTeMmax pamnionmokamii [10—12], a
TaKOXX 3HaMWIIIa CBOE 3aCTOCYBaHHS Yy JojaTkax Ludpo-
Bo1 00po6Kku curramis [13, 14].

Amnaimizy LI marnx MeTogamu KopemsimiiHoi 00poOKku
npucesiueni podoru [8, 9]. Jlo HemoOINIKiB alropuUTMIB,
OTPUMaHUX aBTOPAaMHU, CIiJl BIIHECTH HEOOXIAHICTH MpO-
BEJICHHS BEJIMKOI KUTBKOCTI OOYMCIICHD IS PO3Ii3HABAH-
Hs OJIOKOBHX KOJIB JOBXHHOIO Oinmbmie 255 6it [8], a
TaKOX IIPOBE/IECHHS OOYMCIICHb 1 PO3Mi3HAaBaHHS OJIOKO-
BUX KOJIB TUTBKH B MacmTadl HepeaabHOro 4acy [9], mo
€ HeMPUITHATHUM JUIS IPAaKTHYHOTO 3aCTOCYBAHHS.

3 MATEPIAJIU I METOIHN
Js momryky mepiony LIT po3pobierHo aBa anropur-
MU. Po3risiHeMo mepummii 3 HUX, SKUH 0a3yeTbcs Ha OC-
HoBI1 o6urciiennss AK® I1I1.
Jns orpumanss iHdopmamii po niepion T mpUAHATOT
nerepminoBaHoi LT nosxuHOO L OiT SIK milicHOT QyHKIIIT
yacy Bukopucraemo ii AK® [7, 8]:

1 L-1

R(r):— ZS(n)s(n +r). (1)

n=0

[Tig omepariero MHOXeHHS Tt OiHapHOi LIIT Oymemo
PO3YMITH JIOTTYHY OIEPaLlil0 «EKBIBAICHTHICTBY, TAOIHIIS
ICTMHHOCTI /17151 SIKOT IpezicTaBieHa B taou. 1.

Tabmuus 1 — Tabnuus icTHHHOCTI TS onepartii

«EKBIBaJICHTHICTb)

51 S2 S1=82
“1” “1” “1”
“1” “0” “0”
“0” “1” “0”
“0” “0” “1”

Omepariiss 1a€ iCTHHHHNA pPe3yNbTaT TPH OJTHAKOBUX
3HAYCHHSAX CJIIEMEHTIB, HaJ SKUMH BUKOHYeThCs. Tomi (1)
HaOyBae BUIY:

1 L-1

R(t)=— Y s(n)=s(n+1). @)

L n=0
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Pucynok 1 — Lludgposa mocmigoBHICTE 3 epiofoM NOBTOpeHHS I’

[puknan obuncnenns AK® neox ¢parmentis LII1 3a
¢dopmyioro (2) npencrasieHuid Ha puc. 2.

$1(m) ({l 010110 I(
)lnllnlln)

s.(n)zsg(n}({) 1 10010 {)(

52017)

5

R=1 3 5= s5s(0)=

3
8 n=0 8

Pucynoxk 2 — [Ipuknan obuncinenns AKD

3a BiacytHOCTI 3cyBYy (t=0) aBi LI s(n) OymayTh mo-
BHICTIO iICHTUYHUMH, 0 0OYMOBUTH JOKAITBHUN MaKCH-
MyMm AK® R(0), 3Ha4eHHsS SKOTO IOPIBHIOE OJMHMIIL

1 L
R(O):— Zs(n)zs(n)=—=l .
L5 L
IMpu 10 AK® nHabyBaruMe MaKCUMyMy IpH CIIiB-
naninaax CII, mo Bignosimatume mepiomy 7 IIIT. s
HOro BiIIyKaHHA TepeadauuMO MOXKJIMBICTh BBEICHHS
MiHIMAIBHO Tpj, 1 MaKCHUMAadbHO MOXIIUBOTO TEPiOIy
Tmax 38JICKHO BiJ anpiopHO BiOMUX MaHWX. B GiuibmocTi
BUIIAJIKIB JOLUIBHO MOKIACTH Ty =0.
BmsHaunMo MiHIMaTBHO HEOOXITHY HOBXKHUHY Ly, LII1
s(n) I yCTIITHOTO BiMIIyKaHHS miepioay 7.
JIist bOTO CMOYATKY PO3TIISTHEMO BUIAI0K CUHXPOHI-
3anii LI1 va mouarok CIT (puc. 3). Sk nokazaHo Buie, 3a

BigcytHocTi 3cyBy LI (pme. 3a) cmocrepiraTuMeTsest
noxkanbHui MakcuMyM AK®.

[Tpn mocrynoBomy 3cyBanni L{I1 (1>0) uepe3 craruc-
TUYHY He3aJIeXHICTh ii enemeHTiB AK® Oyne maru Onu-
3bKe JI0 MOCTIHHOrO 3HAUYCHHS, MEHIIE 32 MaKCHMallbHe
(puc. 30), i nocsTHE JIOKAJIbHOTO MAakCHUMyMy IpH t=1
gepes ineHTHuHIcTH Apyroi CIT HIT s(n) i meprmoi CIT LITT
s(n+t) (puc. 3B). OTKe, B IOMY BUIAIIKY JJIS BiAITyKaH-
H1 mepiongy 7 LIl gocratHRO 1i  IOBXWHHU
Lin=T+K=2K+N+M.

B yMoBax anpiopHoi HEeBH3HAU€HOCTI BHIY 1 mapame-
tpiB 3K LIIT He cunxponizoBana Ha nodatok CII (puc. 4),
110 00YMOBITIOE HEOOXIHICTh 30UIbIIEHHS i MiHIMAITBHOT
JoBXHHU Ha BenuuuHy 3cyBy CII Acp Bim modwarky:
Luin=T+K+Acyi=2K+N+M+Acn.

Haii6inpi «kopctkum» Bapiantom 3cyBy CII e ii
po3puB i3 3ammmkoM Ha mouarky L[IT K-16ir CII
(puc. 5). YV TakoMy BUNAAKy JUIs 3a0e3IeUeHHs CIIiBMa-
ninasa K Git CIT LI, 3cynytux mix coboro Ha 1=T7, iX
JTOBXKWHA MTOBUHHA OyTH He MeHIIe Ly, =2T.

[3 mopiBHAHHS OTpUMaHMX 3HaYeHb MiHIMAIBHOI JIOB-
skuan LI1 mrs Bumankis cuaxponizamii LI, HaBenernx
Ha pHC. 3—5, BUIHO, IO B YMOBaxX ampiopHOi HEeBH3HAUe-
HOcTi BuAy i mapamerpiB 3K miHimMambHa momkwmHa LII1
NOBMHHA OyTH HE MEHIIE MOJABOEHOTO 3HAYCHHS MAaKCH-
MasibHO MOIUBOTO Tiepiony LIIT Ly =2 Tpax-

s(m) K MK
s(n+1) K M K
a
s(n) |]\] N l M !K!
s(nt1) IAI N I M |f\.|
0
s(n) K| N | M &
s(ntt) e =T » K N | M &

Pucynok 3 — Inroctpauist anroputmy nomyky 3a AK® nepioay L1, cuaxponizoBatoi na nodatox CIT:
a—1=0; 06— 0<t<T;B—1=T
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s01) MK N M O[K
S(+17) MK N M K
a
s(n) | | MK] N l A K
s(n+1) | | M K] N | i |ﬁ|
0
— Aoy —P————— [ ————P
s() | M [ N M |K
s(+1) e =] ——p] M N | M
B

Pucynok 4 — Imoctparist anmroputmy momyky 3a AK® nepiony L1, He cuaxpoHi3oBaHoi Ha moyatok CII:
a—1=0; 0 —0<t<T;B—1=T

s(n) 51 M LA M |
s(1+7) -1 N M K N M |
a
< Acn P T >
s(m) K-il N l M K N M ul
s(n+1) < =7 pic1 ' M Kl N [ M l;l
0

Pucynok 5 — Imroctpartis anroputmy nomnyky 3a AK® nepioay 111 i3 po3pusom CII: a — t=0; 6 — =T

CyTh airoputMmy MOLIYKYy TMEpiofy TOJISITaE y 3CyBi
apyroi HIT BimHOCHO mepInoi BOpaBo 3 KPOKOM OJUH OiT
Bill T=Tpmin 10 =T (puc. 30, 40). Ha xoxxHOMY KpoOIIi
3CYBY HaJl HUMH MOOITHO BUKOHYETHCS JIOTIUHA OTeparlis
«EKBIBAJNIGHTHICTB»: Sy(n)=s(n)=s(n+t). Y T KOMipIi pe-
3yJNBTYIOUOTO MacuBy R(T) KUIBKICTh OAWHUIG R BiATIO-
Biac KiBKOCTI OiT, 110 CIIiBITAJIN.

OueBuaHO, 1o npu 1=0 omeparlisi «eKBiBaJCHTHICTHY»
BuKoHyeTbest Haj L Oit LII1. I3 xoxHHUM KpOKOM 30ijb-
HICHHS T KiIbKICTh map enementiB L{I1 s(n) 1 s(n+7), Hax
SKAMH BHKOHYETHCS OTEpAallis «EKBIBAJCHTHICTh», 3MEH-
HIyeTbes Ha T. TOMy JUIsi KOperyBaHHsI KpailoBoro edek-
Ty, SKUH TpH IboMy BuHUKaE [13], Momudikyemo ¢op-
Mmyity obuncienns AK® (2):

1 L-1
A Zs(n)z s(n+‘t).

n=t

R(x)= 3)

Y dopmyi (3) omepallisi «eKBIBAJICHTHICTE» 1 HOPMY-
BaHHS 3JIMCHIOIOTECS O KiTbKOCTi map ememeHtiB LI,
T10 SIKUM peaibHO oOuuciroeTbess AKD.

B orpumaniii onmucanum crocobom AK® Bianryky-
FOThCSI MaKCHMaJIbHI 3HadeHHS max[R(t)]. Halimenmre T,
0<t<T\.x, ipH siKOMY QyHKIIA R(T) HAOyBae MakKCUMyMY,
BignoBinae nepiony 7 LII1. Perra 3HaueHs T, IpH SIKUX
R(t) HabyBae MakcMMyMy, BIAIOBIJalOTh KPaTHUM 3Ha-
yenHsm nepiogy LIT: 27, 3T ... .
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Aunroput™ momryky nepioanunocti LIT 3a AK®, mio
BiZIoOpakae OmMucaHy MOCHIIOBHICTD [Iiif, MpeCTaBICHUN
Ha puc. 6. Pesynbrar nomyky nepioay LI 3a nHaBeneHum
ANrOPUTMOM IIpECTaBICHUN Ha puc. 9.

Jliist peanizanii Apyroro ajJropuTMy MOUIYKY MEpiou-
ynocti y npuitaatii LI1 s(n) nosxuHoro L 3a BK® mry-
yHO yTBOpHMO 3 Hei 81 LI 51(n) 1 55(n), MIX SIKUMU TITy-
katuMemo kopessinito. [lepma LT sy(n), nOBXHHOIO
/=T in, — Bil TOYATKY s(77) IO 3HAYEHHS MiHIMAJIBHO MO-
JKIMBOTO Tiepiony Tmin. Apyra LI sy(n) — Bixg 3HaUeHHS
Twntl HIT  s(n), Takox moexkuHOlO [ (puc. 7):
sl(n)=s(0. .. Tminfl); SZ(n):s(Tmin- . -2Tmin71)-

OOuncnumo 3naueHHs BK® wix yrBopenumu III1
[13]:

1 -1

S )=o)

n=0

Ry (1) 4

Jliist 1boTO, SIK 1 B OTIEpETHHOMY JITOPUTMI, TOOITHO
BUKOHYBAaTHMEMO JIOTiYHY OIEPAIlii0 «EKBIBAJICHTHICTE:
sy(n)=s1(n)=sx(n). B pe3ynpTari ii BUKOHAHHS «OJMHHLIA»
OTPUMYETHCS 32 YMOBHU €KBiBaJIeHTHOCTI 0iTiB. OTprMaHa
KUJIBKICTh OAMHHIL TiPaXxOBYETHCS 13 3aCTOCYBaHHIM
orepaTopa Y, i HOpPMYEThCS JI0 3arajbHOl KUJIBKOCTI OiT /'y

LI
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HOYATOK

BBeIeHHS Bitn™~L i
e = =T
JIrllrr.ur- -'!!rru.\' L—H{m“'"
(popmyBaHHA
s(n)
LHET T \ s,ln=
Bi,’[ }h-rmr A0 ][Irrrr.'.\' sn)=Esintt)
L—1-
R= sp(n)
n=t
t=1+1
KT T R(x)= L—x R
IONIV K
T=max|[R(1)]
BHBI1
T

KIHEIIb

PucyHok 6 — AnropuT™ mouyKy nepioguaHoCTi
11 3a AK®D

I3 kpokoMm oxuH OiT 301TBIIYBaTEIMEMO / BiJl 3HAUCHHS
Tiin A0 MaKCHMAJBHO MOMJIMBOTO 3HA4YCHHS Mepioxy
Tmax> 3CYBalOUM TIPHU IIHOMY Ha BiOIOBITHY KiJIBKICTH OIT
novatok LT s,(n). Ha koxxHOMY Kpolli o0uucitoBaTuMe-
Mo BK® III1. Yepes craTucTHYHY HE3aJIEKHICTh €IeMEH-
tiB 11 3Hayenns BK® Oyne 3HaYHO MEHIITMM MOPiBHSHO
i3 BEJIMYMHAMH JIOKATbHUX MakcumymiB BK® (puc. 70—
k). IIpn nocsaruenni nopxuuu chopmoanux LI1 / 3Ha-
yeHHs1 icTHHHOTO Tiepioxy 7' LI, mo aHami3yeTbes, 3CyB
CIl y sy(n) Ta sy(n) Bim ix moyatky Oyae OJHAKOBHM
(puc. 73), mo 0OyMOBHTH pi3Ke 301TBLICHHS KITBKOCTI
0iT, IO CITIBITAIAIOTh MiX §1(7) Ta s5(1), 1 crieck ix BK®.
[onmanpme 30inpIIeHHES HOBXHHA cdopmoBaHux LII1
pu3Bee A0 MUKIIYHOT nosBu cruieckiB BK® npwu cmis-
naniHasax apyroi Ta mocmigyrounx CII. Otxke, icTuHHE
3HaveHHs nepioay LIIT 7 BiAmoinae mepuioMy MakCUMY-
My BK® i moxe OyTu miaTBEepIKEHE MOSIBOI0 MaKCHUMY-
miB BK® na kpatHux nepiogax 27, 37 ... . MakcumaibHe
3HaueHHsA nepiony T.x HE MOXE IMEPEeBUIYBaTH IJIOi
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YaCTWHU BiJ{ MOJIOBUHU NoBXuHH npuitasTtol L1, 1o
AHANMIBYETBCA: T <L/2. 1 HaBmaku: &I BiJUIyKaHHS
nepiogy LI 3a BK® nomxunna LII L mae 6ytn Takoro,
o6 B Hi#t Mictrinocs He MeHie ABox CII: L>2T,,...

Anroput™m momyky nepioxy LIT 3a BK® 1i ckmamo-
BHX, IO BimoOpakae OmHMCaHy MOCHTIJOBHICTh i, TIpen-
CTaBJIEHHI Ha puc. 8.

Pesynbrar momyky nepioxy LII1 3a HaBeneHuMm ajiro-
PUTMOM TIpefcTaBiIeHuH Ha puc. 10.

[IpUHIIMNIOBOIO BIAMIHHICTIO I[LOTO AJITOPUTMY BiX
MOMEPEIHHOT0 € TMOMIYK KOPESAMIHHUX BIACTHBOCTEH
pizaux L1, mo cmigyoTs o/iHa 32 OHOIO Y Yaci.

B 000X pO3MISTHYTHX aJrOpUTMax B 3araJlbHOMY BH-
NaJIKy KpOK 3CyBY MOXe OyTH BIIMIHHUM BiJ] OZTMHHIII.

MmoBipricTs mosiBu momunkoBoro 6ity B CIT oxiei 3
LIT oOymoBIIOE 3MEHIIECHHS OOYMCIEHOI KOPEISIiHHOL
¢yekmii mpu BipHOMY Tepioni Ha e/l, e e — KiJbKIiCTh
nomunkoBux 6it y CII.

HOYATOK

—

BBEICHHA | Toen<L/2
T T T i< max
.
ks / (popyyBanHHS
BIA T iy 8O T ppex si(m) 1 52(1)
Syn)=s(n)=s-(n)
/-1
R= Z.\'p(n]
n=0
I=1+1 R
Rl )=—
UK [ /« 12() /
MOMIVK
T=max[R-()]
BHBILL
7

KIHEI[b

Pucynok 8 — Anroput™ nouryky nepioguyanocti LIT
3a BK® ii ckmagoBux

11
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Pucynok 7 — Imoctpanis anroputmy momyky nepioxy L{I1 3a BK® i ckmagoBux:
a — Bxigna II1; 6-3 — mTy4yHo yTBOpeHi LII1

4 EKCIIEPUMEHTH

Jns BuzHaueHHS e(eKTHBHOCTI pPOOOTH 3ampoOIIOHO-
BaHMX anroputmiB y Visual Studio 2019 moBoro nporpa-
myBaHH C# pospobneno CII3 3 miaATpUMKOIO mapaseib-
HUX OOYHCIICHh Ha OaraTosIepHUX MEHTPAIBHUX IIPOIIe-
copax. Excmepumentn mpoBommimnce Ha EOM 3 64-
pO3psAnHOIO omepariifHoo cuctemoro Windows 10 i Ta-
KHMH [TapaMeTPaMHu:

— nBosiiepHuid HeHTpansHui npouecop Intel Core 2
Duo E6700 3 takroBoro 4yacrtororo 2,66 T iz 4 I'b
mam’siTi;

— yotupusiepHuid ieHTpanbHui nporecop Intel Core
15-4460 3 TakToBOIO YacToToro 3,2 I'TIr i3 8 I'b mam’siti;

— YOTUPHUSACPHUN BOCBMUIIOTOKOBUHN UEHTpPaJIbHUI
mporecop Intel Core i7-4790K 3 TakTOBOIO YacTOTOXO
41T 13 8 I'b mam’ari.

Y BCIX eKCIepHMEHTax 3alaBayioch: Tpn,=0, 1=1
(A=1), L = 2000, 4000, 8000, 16000, 32000, 48000,
64000, 80000, 96000, 112000, 128000 6it. 3Ha4eHHS T0x
3amaBaioch y Mexax Big 1000 6it mo L/2 (mns 11 3 Haii-
oinpmoro mosxuHo0 L=128000 0it 7, CTaHOBHIIO
64000 0it), ToOTO B CyTTEBO MEHIIOro 3a noBxuny LI1
JI0 MaKCUMaJIbHOTO.

[epion LI1 Bu3HauaBcs 3a 0OOMa ONMMCAHUMHU ajro-
pUTMaMH i BUMIpIOBaBCs 4ac HOro BH3HaueHHs Oe3 Bpa-
XYBaHHSI BBEJCHHS 1 BUBEJCHHS HaHUX Ta TOIIYKY Mak-
CHUMAJILHOTO 3HAUYEHHS y pe3yJbTyrouoMy MacuBi R(T)
(R(D).

[Tpn npoBeneHHI eKCIIEPUMEHTIB BUKOPHCTOBYBAJIHCS
peanbHi L1 3 TerekomyHiKaliitHUX Mepex, HMOBIpHICTb
NOMIJIKH Y SIKMX 3Haxommmachk y Mexax 10°-10° 3a
TaKoi HMOBIPHOCTI HMOMMJIKH KiJIbKICTh TTOMHJIOK Y BCIH
HIT mosxunHOMO Bixg 2000 no 128000 GiT He mMepeBHIITyBa-
Ja ONHY, IO Aa€ 3Mory BBxkaxkaTu L{I1 Ge3noMunkoBuMuI
(imeanbHUMH).

5 PE3YJIbTATHU
AK® i BK®, obuncneni 3a po3pobiieHUMH B poOOTi
anroput™amu, 1 LT i3 nepiogom 1504 6it npencras-
JieHi Ha puc. 9, 10 BiAMOBiAHO.
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Pucynok 9 — Pesynbratn nomyky AK®, 7=1504 6itu

Pucynok 10 — Pesynpratu nomyky BK®, 7=1504 6itu

Ha puc. 11, 12 npencraBneni pe3ynsTat 00YHCICHHS
AK® UIT nosxuuoro L=20000 6it, icTuHuit mepoion kol
cranoBuTh 7=424 6itu. Puc. 11 Bignoinae nomryky AK®
IIpY 33JaHOMY MaKCUMaJIbHOMY JJs AaHOi AoBkuHuU LI1
Tax=L/2=10000 6it. Puc. 12 Bigmosimae momyky AK®D
pH 7 ,=500, sikuit He3HAYHO TepeBULLYE 7.

12

0 2000 4000 6000 B000 10000

Pucynok 11 — Pesynprar nomyky AK®, 7,,,,=10000 6it
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Yac oOumciIeHHs 3a 3alpOIOHOBAHIMH aJITOPUTMaMHU
AK®, npexncrasnenuii y tabn. 2, a BK® — y tabn. 3, 4.
OTpuMaHi pe3yJabTaTH TaKOX IPEJCTABIEHI Yy BHTILI
rpadikis. ['padik 3amesxxnocti gacy obuncinenns AK® Big
nmoexuan LTI mpu pi3HUX 3HAYEHHSX 1. IPEACTABIIC-

02
0 o = HUH Ha puc. 13, a Bix T, IpH pI3HUX 3HAYEHHIX L — Ha
Prcynox 12 — Pesynsrari momyky AK®, T,y =500 6ir puc. 14. I'padik 3anexnocTi Hacy obuncienns BKO Bil
MAaKCHUMAJIbHO MOXJIMBOTO NEPIOAY 7. NPEACTABICHUN
Ha puc. 15.
Tabmuus 2 — Yac obuuncienns AK® 111, ¢
T oo, BT G
? 2000 4000 8000 16000 32000 48000 64000 80000 96000 112000 128000
Core 2 0,002 0,004 0,008 0,016 0,032 0,045 0,062 0,076 0,091 0,106 0,123
1000 Core i5 0,001 0,003 0,007 0,014 0,027 0,034 0,044 0,047 0,055 0,058 0,062
Core i7 0,000 0,000 0,001 0,003 0,006 0,010 0,013 0,017 0,020 0,023 0,027
Core 2 0,007 0,014 0,029 0,060 0,089 0,121 0,150 0,179 0,211 0,242
2000 Core i5 0,005 0,013 0,026 0,038 0,053 0,066 0,075 0,078 0,088 0,095
Core i7 0,001 0,003 0,006 0,013 0,020 0,027 0,035 0,039 0,046 0,053
Core 2 0,025 0,055 0,116 0,174 0,238 0,294 0,354 0,412 0,480
4000 Core i5 0,021 0,038 0,059 0,074 0,094 0,107 0,122 0,138 0,152
Core i7 0,005 0,012 0,025 0,038 0,052 0,064 0,077 0,091 0,102
Core 2 0,093 0,214 0,332 0,457 0,571 0,691 0,811 0,941
8000 Core i5 0,059 0,088 0,115 0,148 0,178 0,209 0,237 0,268
Core i7 0,020 0,047 0,072 0,096 0,123 0,148 0,175 0,199
Core 2 0,369 0,602 0,850 1,080 1,322 1,560 1,820
16000 Core i5 0,127 0,185 0,248 0,304 0,367 0,428 0,488
Core i7 0,078 0,130 0,182 0,223 0,282 0,335 0,384
Core 2 0,812 1,172 1,532 1,890 2,253 2,610
24000 Core i5 0,238 0,330 0,412 0,504 0,597 0,688
Core i7 0,174 0,250 0,331 0,404 0,485 0,560
Core 2 1,454 1,921 2,403 2,882 3,387
32000 Core i5 0,396 0,517 0,632 0,754 0,882
Core i7 0,309 0,410 0,510 0,615 0,716
Core 2 2,252 2,849 3,448 4,048
40000 Core i5 0,599 0,744 0,898 1,052
Core i7 0,481 0,612 0,738 0,875
Core 2 3,237 3,961 4,680
48000 Core i5 0,850 1,031 1,216
Core i7 0,687 0,851 0,994
Core 2 4,414 5,253
56000 Core i5 1,144 1,352
Core i7 0,944 1,125
Core 2 5,865
64000 Core i5 1,493
Core i7 1,233
Tabmuus 3 — Yac obuncnenns BK® IIIT (EOM 3 npornecopom Intel Core 2 Duo), ¢
Trnas, GIT L, it
e 2000 4000 8000 16000 32000 48000 64000 80000 96000 112000 128000
1000 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001
2000 0,002 0,002 0,002 0,002 0,002 0,002 0,002 0,002 0,002 0,002
4000 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,007
8000 0,026 0,026 0,026 0,026 0,026 0,026 0,026 0,026
16000 0,099 0,099 0,099 0,099 0,099 0,099 0,099
24000 0,222 0,222 0,222 0,222 0,222 0,222
32000 0,394 0,394 0,394 0,394 0,394
40000 0,613 0,613 0,613 0,613
48000 0,883 0,883 0,883
56000 1,195 1,195
64000 1,558
Tab6mui 4 — Yac obuncnenns BK® 11T L=128000 6itT
Yac Tnax, OIT
00YHCIICHHS, C 1000 2000 4000 8000 16000 24000 32000 40000 48000 56000 64000
Core i5 0,001 0,002 0,008 0,028 0,061 0,102 0,158 0,224 0,309 0,402 0,522
Core i7 0,000 0,000 0,001 0,006 0,027 0,058 0,102 0,162 0,237 0,316 0,411
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Pucynok 13 — I'pacdik 3anexnocrti yacy obuncnenns AK® i nopxunu HIT L

6 OBI'OBOPEHHSI

Hus 6imemocti HIT, mo mocmimxyBanmch, 3a oboMa
pO3pOOICHUMHU aNTrOPUTMaMHU B PE3YJIBTYIOUUX KOPEIsi-
niftanx macuBax R(t) (R(l)) oTpmmano MakcUMaibHE
3HAYCHHS, 110 IKOMY BipHO oOumcieno nepion LI1. Buns-
TkOoM € LIT 3 xoporkmmu CII, Kopemsmiss Ha TOBXKHHI
SKUX He 3a0e3ledye IMOsSIBY BHPAKEHOTO MAKCHMyMY Y
pe3ynsrytodomy Macusi R(t) (R(/)). Hanpuximaz, 8 C3I1/,
opraHizoBaHiif 3a craamaprom [15], nosxuna CII crano-
BUTh MeHIIe 1% Bin mepiomy, 4Oro HE AOCTATHBO IS
OTPHMAaHHS BHPAXEHOTO MAaKCHMyMy B KOpPEINAIiitHOMY
MacuBi. ToMy y momanpmioMy ITOUITFHO AOCHTITUTH BIUIHB
noexuan CI1y HIT (sizHomenns K/T) Ta ii cTpyKTypu Ha
BEIIMYUHY MaKCHUMyMiB Kopermsaminanx (yHkmii. Takox
JOULIBHO AOCHIAWTH BIUIMB ITyMiB Ta 3aBaj HA BEIINIUHY
MaKCUMYMIB KOPEJMIHHUX (QYHKIIH: 13 30UThIICHHSIM
“imoBipHocTi mommku y HIT kinbkicts 6iT CII, mo cmis-
MaJA, 3MEHIITYBaTUMEThCA, 110, Y CBOIO UEpry, IpHU3BEIC
1o 3MeHmIeHHs MakcuMyMiB AK® 1 BK®.

Ha puc. 9, 10 BunHO MakcuMymu KOpersmiiHnx QyH-
kmiid, odymosieHi cmiBmagiaasm CIT HIT ma mepiomax
KOpeJAIii, KpaTHUX ICTHHHOMY. TakoX i3 IMOpiBHSHHS
puc. 9 i 10 BumHO, WO pe3ynbrat obuncieHHs AKD i
BK® oxnakoBi, 3a BHHATKOM II0YaTKOBOI IUISHKH, Ha
skiit BK® obuncnroetbes s myxke koporkux LI, B Toi
yac 1k AK® oGuncimroerbes as LI1 nocTiiHOT JOBKUHU.

I3 mopiBHsHHEA puc. 11, 12 BuaHO, MmO anroput™M 00-
yucieHHss AK® KOpekTHO mpalie SK 3a YMOBHU
T<Tmax<<L, Tax i 3a ymoBu 7<<T, =L/2. Ipyruit Bu-
MMagoK A03Boisie oTpuMartu Makcumymu AK®, ski Bigmo-
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BiJAIOTh KpaTHUM 3HadeHHsAM nepioxy LI Ta mo3Boms-
FOTh HiITBEPIUTH BU3HAUCHUH TIEPIOI.

I3 mopiBHstHHS Tabm. 2, 3 1 4 BUAHO, IO NTPU OJHAKO-
Bux goexwuHi [{I1 L i MakcuMansHOMY TIepiofi T, 9ac
obuncnenas BK® B nmekinpka pasziB (3anmexxHo Bim L i
Tmax) MeHIIe dacy oOuucneHas AK®, mo obymoBieHO
MEHIIOI0 KIJBKICTIO OIepamii «eKBIBaJICHTHICTB», SKi
BUKOHYIOTBCSI y KOSKHOMY IIMKJII.

I3 Tabmn. 2 i puc. 13 BugHO, 1m0 Yac odunciacHHss AKD
3HAXOJUTLCSA B JIHIMHIA 3a1eXHOCTI Bif moBxxuHu LI1.
KoedimieHT MTpOnmOpIiifHOCTI BH3HAYAETHCS 3HAYCHHIM
Tnax, Mapamerpamu EOM Ta edeKkTHBHICTIO MpOrpamMHOI
peaitizariii anropuTMiB.

Taxox 3 Tabm. 2 i puc. 14 BHIHO, IO 3aJISKHICT Yacy
obuncnensr AK® Bim makcumansHOro Tepioxy LIIT 7.
MOXe OyTH OIMCaHa MOJIHOMOM JAPYTrOro CTYIEHIO, Koe-
(inienTH sikoro BU3Ha4aroThes nopxkuHoo LI1, mapamer-
pamu EOM Ta edexTuBHICTIO TporpamHOi peaizaiii
NTOPUTMIB. 3MEHIICHHsI Yacy OOYMCIIEHHS i3 30UIbIIeH-
HAM 7o TIOPIBHSIHO 13 JIIHIHHOO 3aJICXKHICTIO 00YMOBJIC-
HE MIiJABUICHHAM €(DEKTUBHOCTI MapajeabHIX 00YHCICHD
13 30UIBIIEHHAM KUIBKOCTI IIUKIIIB.

I3 Tabm. 3 i puc. 15 BugHO, M0 Tipu L>2 T, YaC 00UH-
ciernss BK® Bin nosxuau L1 He 3a1€KHUTh, OCKUIBKA Y
KokHOMY Tk oOumcineHHs BK® BuKopuCcTOBYeTHCS
HIT mosxkunotO 2/. I3 Tabm. 3, 4 i puc. 15 BugHO, MO Yac
obuncnenas BK® 3HaxomuThes y mMoNiHOMIaNBHIN 3aie-
KHOCTI JIPYTOr0 CTYNEHIO Bif T, Koediuientu nomino-
Ma BH3Ha4aloThcsl napamerpamu EOM Ta eeKTHBHICTIO
MPOrpaMHOl peatizallii aJrOPUTMIB 1, HAa BIIMIHY Bij
AK®, ne 3anexats Big gosxuau [I1.
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Pucynok 14 — I'padik 3anexxHocti yacy oduncinentss AK® Bijg MakCUMaIbHO MOXKIIUBOTO MEPioay Tinax
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Pucynoxk 15 — I'padik 3anexxnocti yacy oduncinenas BK® Bix MakcumManbHO MOKIHBOTO NEPioAy 7 yax

UYac, Burpauenuii Ha nomyk AK® i BK®, 3a oboma
ANTOpUTMaMH BiJ icTHHHOTO 3HaueHHs mepiomy LIII me
3aNeKUTh. BiH Takok He 3aJeKUThH 1 BiI TOPSIIKY 3aIoB-
aeHHs LI, a BU3Ha9aeThCSA KUTBKICTIO OTIepamiid y 3ampo-
MIOHOBaHMX AJITOPUTMAaX sl 3aJaHuX L 1 Tppay.

Toit dakr, 1o it 0GUUCIeHb KOpessIinHuX QyHKIii
nocratipo I nmoexkwuuowo numie Ly, =27, 00yMOBIIO€
TIOPIBHAHO HEBETUKUil 00car obuuciens. I[lepiox IIIT
noexkuHo0 100000 6it (T — He OLabme 50000 6iT) 3a
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3aIPOIIOHOBaHMMHU aJTOPUTMAMH NPH NPOTpaMHiil peai-
3arii 3 MATPUMKOIO TTapalieI-HIX 00YMCIIeHb Ha Oararo-
SIEPHUX IEHTPaIbHUAX Tporecopax cydacHux EOM mo-
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BUCHOBKU

B poGoTi Bnepme oTpuMaHo 1Ba aNrOpUTMH MOIIY-
Ky nepioguynocreit y L{IT 3 6noxoBum 3K B ymoBax dac-
TKOBOI ampiopHOoi HEBM3HAUYCHOCTI BUAY 1 mapametpiB 3K
3a AK® i BK® Il ta mocmimkeHO e(EeKTHUBHICTH iX
3aCTOCYBaHHSI.

[TpoBeneHuit ekcriepuMeHT MIATBEPAMB Tpare3/a-
HICTh PO3pOOJICHUX ANTOPUTMIB IIOJIO BU3HAUYCHHS Mepi-
ony LIIT. Ilpu 3acrocyBaHHi 000X aIrOPUTMIB OTPUMAHO
NpUOJIM3HO OJHAKOBI PE3YNbTaTH KOPENSIIHHUX Xapak-
tepuctuk LTI

Ha BigmiHy Bix BioMuX paHimie, oOuIBa OTPHUMAaHUX
ITOPUTMHU JTO3BOJISIIOTH 3JIMICHIOBAaTH IIOIIYK Mepioay
HIT y macmrabi peaqbHOTO 4Yacy HaBiTh IPH BEIMKHX
3ravueHHsX nepioxy LIT. Yac obuucnenas BK® B mekins-
Ka pasiB MeHme gacy obuncnenas AK®, tomy anroputm
momyky nepiogy LIT 3a BK® ii ckmamoBux € edexTus-
HIIIUM 32 anropuT™ nomyky nepioay LIT 3a AKD.

[Tpu mnpoBeneHHI EKCIIEPUMEHTAIbHUX IOCIIIKEHb
OCHOBHA yBara 30cepe/DKeHa Ha IIBHIKOI] aJIrOPHTMIB.
Y nopajabmioMy JOIUIBHO JOCTITUTH BIUTUB JOBXKHHH i
ctpyktypu CII Ta fimoBipHOCTI momuiku y L1 Ha Bemu-
YHHY MaKCUMYMIB KOPEJIALIHHNX (QYHKITIH.

Jlo HemoJ1ikiB 000X aNTOPUTMIB CIIiJT BiTHECTH CITaOKy
3IaTHICTh momryKy mnepiomuanocteidt y LI 3 xopoTkumu
CII. PoboTta Hayt yCyHEHHSM IILOTO HEJONIKY 00YMOBIIIOE
HaIpsSMOK MOJAJbIIMX HAYKOBHX A0CJi/IZKEHb.

I[IpakTHyHe 3HAYEHHS OTPUMAHHUX PE3YJbTATiB IO-
JSTa€ y MOKITMBOCTI BU3HAYEHHS 3 JIOTIOMOTOIO PO3po0-
JICHUX AJITOPUTMIB y MacIITadl peajbHOro 4acy Inepioay
LIT s moganbmioro posmi3HaBaHHS Ha HOTO OCHOBI
Buy i mapamerpis 3K y LIT.
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AHHOTAIUSA

AKTYaJILHOCTB. [l NMOBBIIEHHS IOMEXOYCTOMYMBOCTU CHUCTEM CBSI3M U Iepefadyd JaHHBIX IIUPOKO MPUMEHIETCS MOMEXO-
ycToiunBoe koaupoBanue. Hanbosnee pacnpocTpaHeHHBIMH B CHITy CBOEil 3(peKTUBHOCTH SIBIAIOTCS METO/bl GJIOYHOrO KOJAMpPOBa-
HUA. B ycnoBusx yacTU4HOM anpHOpHON HEONpPEeIeHHOCTH BUA U TApAaMETPOB KOAUPOBAHUS Mepe]l IeKOAUPOBAHUEM HU(POBOIi
MIOCJIEI0BATENBHOCTH MPOBOJUTCS MPEABAPUTENBHBIN aHAIN3 IS UX onpeneneHus. [Ipu 6:109HOM KOAMPOBAHUM ISl OTIPEASIICHUS
neprojia TU(POBOH IMOCIETOBATEIPHOCTH, 00YCIOBICHHOTO J00aBICHNEM K HEH CHHXPOIIOCIEAOBATEIBHOCTH, H KOTOPBIH MOXET
omnpeleNaTh BUA U INApaMeTpbl KOIUPOBAHUS, PACIPOCTPAHECHHBIM IIOAXOAOM SBISETCA MCHOIb30BAHUE UX KOPPEILHOHHBIX
CBOJMCTB.

Ileabio paboTHI SBISETCS. U3JIOKEHHE AITOPUTMOB IOMCKA MEPHOAUYHOCTEH B IM(POBBIX IOCIEIOBATEIBHOCTIX C OJIOYHBIM
[IOMEXOYCTOMUUBBIM KOJMPOBAaHUEM B YCIOBUAX YaCTUYHOH allpUOPHOM HEoNpeAeIeHHOCTH BUia U [TapaMeTPOB IIOMEX0YCTOHYNBO-
ro Koja.

Mertoa. B crarbe npuBeaeHs! ABa aIropuTMa MOMCKA NEPUOAUYHOCTEH B IM(POBBIX MOCIEA0BATEIBHOCTIX ¢ OJIOYHBIM KOAUPO-
BaHHEM W OMICaH NPHHLIUN UX paboTel. B ocHOBe ogHOTO anroputMma nexuT Beraucieane AK®, B ocHoe apyroro — BK®. [Tokaza-
HO, YTO JUIMHA OU(POBOH MOCIEAOBATEIBHOCTH IODKHA OBITH B JBa pa3a OONbIle MaKCHMAalbHO BO3MOXKHOTO mepuona. Padora
000HX aNTOPUTMOB NIPOMJUIIOCTPHPOBAHA IPUMEPAMH.

Pe3yabsTaTsl. Ha ocHOBe npeioskeHHBIX aITOPUTMOB pa3paboTaHo clienualbHOE IporpaMMHOe obecnedeHne. PesynpraTsl on-
pelereHus neprosia H(GPOBBIX MOCIEA0BATEIBHOCTEH C OJIOYHBIM OMEXOYCTOHYMBBIM KOAUPOBAHHUEM IIPU PA3INYHBIX 3HAUCHUSX
Heproja MOATBEPIMIN PabOTOCIIOCOOHOCTD MPEIJIOKEHHBIX aaropuTMoB. O0a MpeUIoKEHHbBIX AITOPUTMA JAl0T MIPUMEPHO OJIUHA-
KOBBIH pe3ysbTaT. YCTAHOBJICHBI JKCIEPUMEHTAIbHBIE 3aBUCHMOCTH BpeMeHH BbruucieHnss AK® n BK® ot umHbl nudpoBoii
HOCJIE/I0BATEIBHOCTH 1 MAKCUMAJIBHO BO3MOXHOTO IEpHOJa. AJITOPHTM MOUCKA TepHoa LdPOBOI OCIEI0BATEIBHOCTH ¢ HOMO-
w0 BK® ee cocransomux spisiercs 6onee 3G HEKTHBHBIM M3-32 MEHBILET0 KOJINYECTBA BBIYMCIICHUH.

BriBoabl. B paGoTe BriepBbIe MONydYEHB! JBa alTOPUTMA MTOUCKA MEPHOANIHOCTEH B MU(POBBIX MMOCIEA0BATENBHOCTSAX C OI0U-
HBIM ITIOMEXO0YCTOHYMBEIM KOAMPOBAHIEM, OCHOBAaHHBIE Ha OMPEACICHIN UX KOPPEIAHOHHbIX (yHKuuil. [Ipumenenne paszpaboran-
HBIX @JIFOPUTMOB Ha IPAKTUKE MO3BOJIACT B yCIOBUSAX YAaCTUYHOM alpHOPHON HEONpPEIEeICHHOCTU BHJA U IapaMEeTPOB IOMEXO-
YCTOHUYMBOTO KOZA ONpPENeNiaTh Hepro] MU(POBHIX MOCISNOBATENFHOCTEH B MaciTabe peaJbHOr0 BPEMEHH AaXke NMPU OOJIBIINX
3HAUCHUSIX [IEPUO/Ia, @ HA €r0 OCHOBE — MACHTH(HUIMPOBATE B U ITapaMeTPbl OJIOYHBIX IIOMEXO0YCTOHYMBEIX KOJIOB.

KJIIOUEBBIE CJIOBA: aBroxoppensunoHHas (GyHKIHs, B3aUMHas KOppeisinMoHHAs (yHKIMs, HudpoBas I0CIenoBaTelb-
HOCTb, IEPHOJ, 6JI0UHBII MOMEX0YCTOHUUBBIH KOJ|, CHHXPOIIOC/IEI0BATENbHOCTh, CHCTEMA CBSI3H M Mepeiadyn JaHHbIX.

UDC 621.391

PERIODICITY SEARCH ALGORITHMS IN DIGITAL SEQUENCES WITH BLOCK CODING BY THEIR
CORRELATION PROPERTIES

Romanov O. M. — PhD, Deputy Head for Research, Research Institute of the Ministry of Defense of Ukraine, Kiev, Ukraine.
Kotiubin V. Yu. — Researcher, Research Institute of the Ministry of Defense of Ukraine, Kiev, Ukraine.

ABSTRACT

Context. To improve the noise immunity of communication and data transmission systems, error-correcting coding is widely
used. The most common because of their effectiveness are block coding methods. Under conditions of partial a priori uncertainty of
the type and parameters of encoding, before decoding the digital sequence, a preliminary analysis is carried out to determine them. In
block coding, to determine the period of a digital sequence caused by the addition of a sync sequence to it, and which can determine
the type and parameters of coding, a common approach is to use their correlation properties.

Objective. The object of the research is the presentation of periodicity search algorithms in digital sequences with block error-
correcting coding under conditions of partial a priori uncertainty of the type and parameters of the error-correcting code.

Method. The article presents two periodicity search algorithms in digital sequences with block coding and describes the principle
of their operation. The basis of one algorithm is the calculation of the autocorrelation function, the basis of the other is calculation of
the cross-correlation function. It is shown that the length of the digital sequence should be twice as long as the maximum possible
period. The operation of both algorithms is illustrated by examples.

Results. Based on the proposed algorithms, special software has been developed. The results of determining the period of digital
sequences with block error-correcting coding at different values of the period confirmed the efficiency of the proposed algorithms.
Both proposed algorithms give approximately the same result. Experimental dependences of the calculation time of auto- and cross-
correlation functions from the length of the digital sequence and the maximum possible period are established. The period search
algorithm in a digital sequence, that use the cross-correlation function of its components, is more efficient due to fewer calculations.

Conclusions. For the first time, two periodicity search algorithms in digital sequences with block error-correcting based on the
determination of their correlation functions are obtained. The application of the developed algorithms in practice allows, under partial
a priori uncertainty of the type and parameters of the error-correcting code, to determine the period of digital sequences in real time
even at large values of the period, and based on it, to identify the type and parameters of block error-correcting codes.

KEYWORDS: autocorrelation function, cross-correlation function, digital sequence, period, block error-correcting code, syn-
chronization sequence, communication and data transmission system.
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ABSTRACT

Context. Operation costs throughout the life cycle of radio electronic equipment are very significant, which value far exceeds the
initial cost of the equipment. Therefore, the up-to-date scientific and technical problem is to minimize operation costs. One of the
ways to solve this problem is the introduction of statistical data processing technologies in the operation systems of radio electronic
equipment.

Objective. The goal of the paper is to improve the efficiency of thecondition-based maintenance with the determining parameters
monitoring, which is widely used in civil aviation.

Method. The solution of this problem is based on finding the functional dependence of the efficiency indicator in the form of
specific operation costs on the basic parameters of radio electronic equipment and its operation system. To determine this
dependence, the probability-event model is used,as well as methods of probability theory and mathematical statistics, in particular
methods of statistical classification of sample sets and functional transformations of random variables. To determine the optimal level
of the preventive threshold by the criterion of minimizing operation costs, the method of statistical simulation of Monte-Carlo is
used.

Results. Maintenance strategy with the determining parameters monitoring based on additional statistical data processing and
technology of the optimal preventive threshold calculation are improved.

Conclusions. The obtained results can be used during the development and modernization of operation systems of radio
electronic equipment in terms of application of statistical data processing procedures. A comparative analysis of the two maintenance
strategies showed that the use of additional statistical data processing might reduce specific operation costs. The proposed technology
for determining the optimal preventive threshold can be extended to use during the operation of complex technical systems, in
particular for those whose technical condition is associated with the values of the determining parameters.

KEYWORDS: efficiency indicator, condition-based maintenance, statistical data processing, operation system, radioelectronic
equipment.

ABBREVIATIONS N is a number of elementary sections of At duration
CBM is a condition-based maintenance; during the observation interval;
OS is an operation system; P, and P are preventive thresholds;

RCM is a reliability-centered maintenance;

REE is a radio electronic equipment. P, and P; are statistical estimates of probabilities of

failure-free operation and failure of radio electronic

NOMENCLATURE equipment;
a, is an initial determining parameter value in the O, and O_ are operational thresholds;
[P_;P,] interval; S, is a first strategy;
a, is a tangent of the technical condition deterioration S, is a second strategy;
linear trend slope; t, is a moment the changepoint beginning;
Cy and C; are average costs of maintenance and T, is an observation interval;

repair;

X (t) is a monitoring parameter;
C, is a total operating cost;

x(t) is a fluctuation component due to the instability
C, and C,,, are the costs of data processing and  f the determining parameter;

preventive maintenance, as a result of which failure does y(t) is a determining parameter;
not occur;

. .. ) y,(t) is a component that characterizes the trend in a
h(t) is a Heaviside function;

) time interval where there is no changepoint;
m(P:) and m(F) are the mathematical Y,(t) is a component that characterizes the
expectations of the probability of radio electronic

) . . . changepoint;
equipment failure and the failure-free operation; &P
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a is a probability of the first kind error;
B is a probability of the second kind error;
y is a dimensionless coefficient;

At is a time interval,
6 is a standard deviation.

INTRODUCTION

Radioelectronic equipment in civil aviation plays a big
role in ensuring the safety and regularity of aircraft
flights. There are airborne and ground equipment.

The radioelectronic equipment operation efficiency is
related to its reliability [1]. Maintaining the required
reliability and efficiency level of equipment usage is the
main task of the OS.

The main operation system elements are
radioelectronic ~ equipment,  processes,  personnel,
documentation, expandable resources, equipment for
measurement and monitoring, etc. The main operation
processes are equipment intended use, maintenance,
repair, operational data collection and processing,
resource extension, flight inspections, storage and
disposal [2].

The operation system can be considered as an object
of design and improvement [3].

The operation system forms and implements control
and corrective actions. Decision making is based on
operational strategies, such as condition-based and
reliability-based [4]. The condition-based maintenance
(CBM) strategy includes control of the determining
parameters or reliability level. Another strategy is RCM.
CBM and RCM strategies include data processing
procedures, including statistical ones [5]. So in the
operation system it is advisable to use algorithms and
procedures of statistical data processing in order to make
correct and timely decisions during the radioelectronic
equipment intended use [6].

The object of study is the process of statistical data
processing in the operation system of radio electronic
equipment.

The subject of study is the method of determining the
optimal values of preventive threshold for condition-
based maintenance of radio electronic equipment.

The purpose of the work is to improve the efficiency
of the condition-based maintenance with the determining
parameters monitoring, which is widely used in civil
aviation.

1 PROBLEM STATEMENT
The generalized block diagram of the operation
system is shown in Fig. 1.

Requirements
for air
navigation
services

REE Processed and

performed
requirements

| |Personnel [ Processes N
tation

l;:fz“:'::i:;s Measuring and Generation and
P conformity —{ implementation of
system 5 p
" pr actions

Figure 1 — Generalized block diagram of the OS

The circuit in Fig. 1 is built on the basis of the
process approach (ISO 9001) and adaptability and
management principles. The main OS element is REE.
REEs use traffic control personnel during air traffic
control [7]. REE signals in automatic mode are fed to
the aircraft.

The task of the operation system elements and its
control units is to provide the necessary levels of risk
and safety [8]. At the same time, the OS operation costs
should be minimal [9].

According to the National transport strategy of
Ukraine [10], one of the main tasks is improvement of
data collecting and processing. Data processing absence
leads to additional costs and reduces efficiency [11].

In author’s opinion, an important scientific area is
the creation of a methodology for processing operational
data and making decisions based on it.

This article discusses two tasks: the task of
substantiating the need for statistical processing of
operational data for one particular efficiency indicator
type; the task of determining the preventive threshold
during processing data for the condition-based
maintenance strategy.

2 REVIEW OF THE LITERATURE

There are various concepts, approaches, regulatory
documents in the aviation industry on the basis of which
developers create equipment and its operation systems
[12]. The modern approach is based on the entire
equipment life cycle consideration: planning, design,
manufacturing and operation [13].

Promising areas of research in the operation field
are: remaining lifetime estimation, improvement of the
procedures for diagnosing the technical condition,
increasing the reliability of maintenance monitoring,
cost optimization, statistical processing of operational
data, processes analysis in deteriorating systems [14].

According to the second thermodynamics law, the
entropy of any system tends to infinity. That’s why, the
integrity of the system is violated and the system breaks
up into a large number of elements. It is the reason for
the occurrence of degradation processes that are
characteristic of physical, biological, and social systems
[15]. Thus, in technical systems there are technical
condition deterioration processes. The model of these
processes is an unsteady, random process with two or
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more quasistationary sections [16]. In the literature, such
processes are called processes with changepoint.

The changepointis time moment of transition from
one stationary condition to another stationary or non-
stationary condition. Mathematically the changepoint
problem is associated with case when a series of
observation contains values with one probability
distribution before changepoint occurrence and values
with another distribution after it.

Processing operational data of processes with
changepoints will allow solving the problems of
estimating the residual lifetime [17].

The literature analysis shows that sufficient attention
is paid to the theoretical study of processes with
changepoints. However, during the design and
improvement there are insufficient engineering results in
this area.

3 MATERIALS AND METHODS

The operation system is a system for managing the
condition of REE and other OS elements [16]. The
following content is needed for management: “when to
do”, “what to do”, “whom to do”, “with what to do”.
The main thing is the time to perform operational tasks,
which is associated with the residual lifetime.

The following indicators are used as an OS
efficiency indicator: availability factor, operational
availability factor, operating efficiency factor, average
risks [18].

In this article, we consider the efficiency indicator in
the form of specific operation costs during the one REE
operation. The REE technical condition will be
characterized by one determining parameter.

In the operational management system for REE, we
will consider two options for the maintenance and repair
strategy.

The first strategy S; is based on the performing the

periodic  technical condition monitoring. The
determining parameter value is compared with
operational tolerances during the monitoring process. If
tolerances are exceeded, failures occur and repairs are
carried out. In S;, the trend analysis of the change in the

determining parameter is not performed. Therefore,
failures appear suddenly.

During the second S, strategy the statistical

processing of operational data is made. This data is the
trends of changes in the determining parameters. This
strategy allows to evaluate the failure possibility and
perform preventive and corrective actions. Repairs are
performed in the event of a failure.

The analytical formula for the efficiency indicator
can be obtained while using an event-probability model.
The main components of this model are events, their
probabilities and average costs.

Let us consider the S; strategy. We assume that the
efficiency estimation is made on the observation interval
Ts. The observation interval is divided into N

elementary sections of At duration. During the At

interval, the REE may remain in an serviceable
condition or a failure of the REE may occur with
subsequent restoration. We assume that the events at
different elementary intervals At are independent.

A random number of failures N may occur in the
observation interval Ty . The number of events, when
there are no failures, is equal to N —n.

So, two events are possible in scheduled maintenance
S, strategy. Statistical estimates of these events

probabilities are the following:
Ps =n/N, Pe =(N -n)/N .

If the model of operating time between failures is
known, then it is possible to determine the numerical
characteristics of the estimates, at least the mathematical
expectation and variance. In this article, as in many
other works, we limited ourselves to considering only
mathematical expectation.

We assume that in the absence of failure the average

costs are equal to Cys. If on the At interval failure
occurs, then the costs are equal to Cg . Table 1 presents
the components of the event-probability model for S;

strategy.

Table 1 — Components of an event-probability model for S,

strategy
Statistical estimates Averace costs due o
Events of the probability of &
an event

an event

Serviceable
condition over time PS CM
At

Failure and
maintenance PF CR

Let us make an expression for the effectiveness
indicator of the S, strategy based on Table 1:

E=m(Cy/S))=m(Ps)Cpp + My (Pe)Cr

m(P) and my(R)

expectations of the probability of REE failure and the
failure-free  operation in  the At interval,

where are the mathematical

respectively; Cy, are the total operating costs.
Let us draw up a similar table of the event-
probability model for S, strategy. Since the S, strategy

involves making decisions based on data processing, the
table will be more complex. It will contain the following
components: event, event probability, possible decisions
based on processing the operational data and their
probabilities, as well as average costs.

Table 2 presents the components of the event-
probability model for S, strategy. For the second

strategy, an event of the possible failure occurrence is
introduced. In this case, data processing algorithms can
detect or skip it.

© Solomentsev O. V., Zaliskyi M. Yu., Shcherbyna O. A., Asanov M. M., 2021

DOI 10.15588/1607-3274-2021-2-2

21



e-ISSN 1607-3274 PagioenexTpoHika, inpopmaTuka, ynpasminas. 2021. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 2

Table 2 — Components of the event-probability model for S, strategy

Events Statistical estimates of the The decision on the technical | Probability of Average costs
probability of an event condition of the REE a decision &
REE operable 1-a CP
Serviceable condition over time At R
REE inoperable o CP + CM
REE operable B Cp +Cy

Failure and maintenance PF REE inoperable (preventive CoiC

maintenance) 1-p P+PM

In Table 2, the values of Cp and Cpy, are the costs

of data processing and preventive maintenance, as a
result of which failure does not occur; o is the
conditional probability of making a decision about an
inoperative condition in the absence of failure; B is the
conditional probability of making a decision about an
operable condition in the presence of failure.

Based on Table 2, let us make an expression for the

effectiveness indicator of S, strategy:
E =m;(Cy/Sy)=m;(Ps)((1-a)Cp +a(Cp +Cp))+
My (PE)(B(Cp +Cr)+(1-B)Cp +Cpy)).
Let us compare the effectiveness of S; and S,

strategies by calculating the dimensionless coefficient y
of the following form:

_mCs/S)
m(Cx/Sy)

After mathematical simplifications, we obtain the
following expression:

y= Cr +m(Ps)(Cym —Cr)
Cp +Cp +m;(Ps)(aCyy —Cg)

where Cp =Cpp +BCr —BCpp -
To analyze the coefficient y , we calculate its limit
ratios, on the assumption of o« = =0:

Cr +M(Ps)(Cm —Cr)
Cp +Cpym —m(Ps)Cpym

(a=p=0)=

If we assume that Cp <<Cpg , then after dividing the

numerator and denominator by Cg , we get:

My (Ps) M 4 (1-my (Ry))
Ha=p=0)~ R -
C
Dra-mr)

_Cu m®) | Cr
Cpm (1-my(Rs))  Cpy

From this ratio it follows that for more reliable
equipment (My(Ps) —>1), the value y>>1. Therefore,
the application of S, strategy is more appropriate.

Consider the option of calculating the limit ratio for
the case of highly reliable equipment (mM(Py) —1) and

the first and second kind errors presence. Then we write
the coefficient y in the following form:

Cm
mi(Pg) > 1) x—M .
v(my(Ps) > 1) CotoCry
Since Cp <<Cyy, we get:

V(M (Ps) > ) =+
(04

It follows that the application of S, strategy is more

preferable.
Nomograms of the coefficient y dependence on

conditional probabilities a, B and the probabilities of the
REE operational condition for the cost option Cp =5,

Cpm =50, Cyy =75, Cr =500 are shown in Fig. 2.

¥ =f(Ps, a. B)
14

(P, 0.01,0.01)
S(Ps, 001,005 12
f(Ps,0.01,0.1)
f(Ps, 0,05, 0.01)
[ (Ps, 0.05, 0.05)
[ (Ps, 0,05, 0.1)
S(P5 01,001 g

[(Ps, 0.1,0.05)

f(Ps,0.1,0.1)

6 /

4

] 0.2 0.4 0.6 0.8 P

Figure 2 — Nomograms of the coefficient y dependence

As can be seen from the graphs in Fig. 2, the
coefficient y > 1 for all initial data variants. This
indicates that the use of the operational data processing
by algorithm is reasonable and appropriate.

4 EXPERIMENTS
Preventive actions are possible in S, strategy. These
actions can be carried out in various ways. In this paper,
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we consider a variant connected with the preventive
threshold presence [19]. Having a preventive threshold
will eliminate potential failure [20].

Fig. 3 shows the trend of the monitoring parameter

X (1) . Preventive thresholds are marked as P, and P_,

operational thresholds —as O, and O_.

A

O Failure

Normal operation

Preventive maintenance

Monitoring parameter X(t)

Failure

\

Time ¢

Figure 3 — The monitoring parameter trend

In accordance with S, strategy, the monitoring

parameter values can be in one of three areas:
1) a normal operation area

P <X(t)<P,;

2) an area of planning and performing the preventive
maintenance

O_<X®M)<P_;P. <X ()<0O,;
3) an area of inoperative state
X(t)<O_; X(t)>O,..

In the normal operation area, periodic monitoring is
carried out using computer technology.

In the malfunctioning area, current repair is
performed. After performing it, the REE is operational
in the considered determining parameter.

In the case when P, =0, and P_=0_, the S,
strategy coincides by nature with the S; strategy.

Let us perform statistical simulation of S, strategy

based on the Monte-Carlo method. The main task of
simulation will be to determine the optimal decision
making  threshold for preventive maintenance
performing.

We will present the operational data in the statistical
model form of the determining parameter trend of this
kind:

yO =y, (1) +y2 (),

where Y;(t) is a component that characterizes the trend

in a time interval where there is no changepoint; Y, (1)

is a component that characterizes the changepoint.
In this study, we consider the following version of
the trend components models of determining parameter:

yi(t) =ag +x(1),

where 3 is the initial determining parameter value in

the [P_;P,] interval; x(t) is the fluctuation component
due to the instability of the determining parameter,
errors in the measuring equipment, etc. An automatic
monitoring system of the REE condition is used in S,
strategy. The measurement period is very short. The
initial measurement results  Y;(t)
performed to reduce fluctuation amplitudes.

During modeling, we assume that after maintenance
and repair:

averaging is

P_+P
ao =_T+.

The fluctuation component has a Gaussian model
with zero mathematical expectation and a given standard
deviation o.

The Y,(t) component will be represented by the
following model:

Ya(O)=a;(t-tyh(t-t4),

where @; is the tangent of the technical condition
deterioration linear trend slope; ty is the moment the
changepoint begins; h(t) is the Heaviside function.

In the general case @; and ty values may be

random. In this paper, we assume that they are described
by a uniform distribution.

Let us describe the initial group of parameters that
must be set to describe the OS:

1) the determined temporal characteristics of the

model: the observation interval Ty, the duration of the
scheduled maintenance preparation and performing, the
repair duration tg, the control operations frequency
(system time) t.;

2) the determined parameters that characterize the
average cost of processing Cp, preventive maintenance
Cpm and repair Cy ;

3) the random variables that are characterized by
probabilistic laws: x(t), a; and ;.

During simulation, we assume that the normal
distribution law describes the fluctuation component.
Therefore, as a result of averaging the Y;(t), we also
obtain a normal distribution with a standard deviation,
depending on the number of samples during averaging.

When modeling the Y,(t) component, assumptions
were made about the uniform probability density
function of ajand t; values.

As a result of simulation, we will estimate the
efficiency indicator in the form of total costs per unit:

* _ ml(CZ /Sz)
Ts '

E
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The efficiency indicator in general case is a function
of the preventive threshold value P, (or P_). The
simulation process solves the problem of finding the

minimum effectiveness estimation E  value and the
preventive threshold value that corresponds to it.

5 RESULTS

The initial data for simulation are such values:
Cp =0.01, Cpp =100, Cg =1000, t. =1, tpy =40,
tg =300, =10, ay =200, O, =300, O_=100.
The observation period is a random variable, but the
maximum number of possible failures is n=40. The
changepoint beginning moment is described by a
uniform probability density function in the [50; 100]
interval. The deterioration trend slope is also uniform in
the [-75; —30] interval.

An example of the determining parameter trend
implementation for the given initial data set is presented
in Fig. 4.

Figure 4 shows the determining parameter trend over
three possible events in the OS. The first event is a case
of prevented failure. At the same time, in OS managed
to perform preventative maintenance. The second and
third events correspond to the case when the failure
occurs. At the same time, in OS there is no time to
perform preventive maintenance.

‘K0+ T
a P

123
=3
=l

Determining parameter y(f)

Time ¢
Figure 4 — An example of the determining parameter trend
implementation

An example of a single procedure for evaluating the
efficiency indicator for different values of the preventive
threshold for the given initial data set is shown in Fig. 5.

dicator E*
N
]

The minimum value V*

y in

D
=

The efficienc

—
n

10 20 30 40 50
The preventive threshold value P.

Figure 5 — The efficiency indicator estimates dependence on
the preventive threshold value

The number of simulation procedures is 100. In each

simulation procedure, the minimum value estimation is a

random variable. Therefore, it is advisable to calculate
the mathematical expectation of the optimal value.

For a more accurate estimate of the V.~ minimum
value, the least-squares method approximation using a
polynomial of the third degree is used in each simulation
procedure. Such actions correspond to the proposed
simulation-analytical-calculation method.

As a result, the mathematical expectation of optimal
preventive  threshold  estimation is  obtained

m; (V") =30.845.

6 DISCUSSION

From the obtained results, the following conclusions
can be made.

Operation is the longest period of the life cycle of
REE and other technical systems. The analysis shows
that operation costs are a significant value that exceeds
the initial cost of the equipment. Therefore, the task of
reducing operation costs deserves the attention of
scientists.

The most common equipment maintenance strategy
is the condition-based maintenance with the determining
parameters monitoring. Authors proposed to improve
this strategy by using additional statistical processing of
determining parameters.

Analysis of scientific results has shown that not
enough attention is paid to optimizing the preventive
threshold, which is an integral part of the maintenance
strategy. Therefore, the article defines a new efficiency
indicator based on the use of probabilistic-event model.
This model reflects the application of the method of
statistical classification of radio electronic equipment
technical condition and is used to find the analytical
formula for the efficiency indicator. The efficiency
indicator also takes into account the model of the
determining parameter, which is the basis for solving the
problem of finding the preventive threshold optimal
value.

The

dependence E = f \% *) always has a minimum.

simulation results analysis shows that the

CONCLUSIONS

The article considers the task of substantiating the
appropriateness of using statistical data processing in the
REE operation system. An efficiency indicator in the
form of average total costs is proposed. For this
indicator, a comparative analysis of two strategies for
planning and performing maintenance and repair work
was carried out: S, strategy of performing periodic
maintenance without trend analysis of the change in the
determining parameter; S, strategy of performing
preventive maintenance based on the statistical data
analysis. For the performance indicator nomograms
were built, which showed that S, strategy is more

effective than S;.
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Performance indicator is a function of the possible
failures probability. Such failures can be eliminated
using  preventative  maintenance.  Therefore, a
maintenance strategy with a preventive threshold was
considered. This strategy helps to prevent possible
failures and therefore reduces operating costs. The
effectiveness analysis of the maintenance strategy with a
preventive threshold was carried out based on the
Monte-Carlo method. The problem of optimizing the
preventive threshold value is solved based on the
simulation results. This result was obtained using the
analytical-calculation-modeling method.

The obtained results can be used during the design of
new statistical data processing subsystem in the operation
systems of REE.

The scientific novelty. The article proposes the
method for determining the optimal preventive threshold
for the condition-based maintenance strategy, this method
is based on statistical processing of operational data
represented by trends of the determining parameters.

The practical significance. The application of the
method allows reducing the specific operation costs
during radioelectronic equipment intended use.

Prospects for further research. Further research
studies could be associated with determining analytical
formulas for the optimal values of the preventive
threshold, the use of different models of probability
density functions of determining parameters trends, the
use of more complex statistical processing, in particular
the application of procedures for technical condition
forecasting.
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peueit, Hanionansauii aBiamiiauit yHiBepcuret, Kuis, Ykpaina.

AcanoB M. M. — kauj. TexH. Hayk, Cimdepornosb, YkpaiHa.

AHOTAUIIA

AxTyanbHicTh. ExcrutyaTaniiiHi BUTpaTH OpPOTArOM BCHOTO KUTTEBOTO LHUKIY PaioeIeKTPOHHOTO OOJIaJHAHHS CKIIadaloTh
3HAaYHY BEJIMYMHY, 110 HAa0arato IEpeBUIYeE BlIACHE BapTicTh 00nasHaHHA. TOMY aKkTyalbHOIO HAayKOBO-TEXHIYHOIO HPOOIEMOIO €
MiHiMi3amig ekcruyatanidHux BUTpar. OIHHM i3 NUIAXIB BHUPIMIEHHS Ii€i MpoOJeMu € BIPOBAKCHHS TEXHOJIOTiH 0OpOOJIeHHS
CTaTUCTUYHUX JaHHX Y CHCTEMaX eKCIUTyaTalil palioeIeKTpOHHOTO 00IaqHaHHS.

Meta po6oTn — migBHIIEHHS €(eKTHBHOCTI CTpaTerii TEXHIYHOTO OOCIYroBYBaHHS 32 CTAHOM 3 KOHTPOJIEM BH3HAYaJIbHUX
rapaMeTpiB, sIKa ITHPOKO 3aCTOCOBYETHCS B IMBIIBHIN aBiarii.

Meton. BupimenHss nocrasieHoi mpobiieMn 06a3yeThesl Ha 3HAXOPKSHHI (yHKIIOHAJIBHOI 3aJIe)KHOCTI ITOKAa3HUKA e()eKTHBHOCTI
y BHUINII IHMTOMHX EKCIUTyaTalifHMX BHTPAT BiJl OCHOBHHX IIapaMeTpiB pajioeleKTPOHHOTO OONajHAaHHS Ta CHCTEMH HOTO
excrutyartanii. Jlns Bu3HaueHHsI wi€l 3aJeKHOCTI BHKOPHCTOBYETHCS IMOBIPHICHO-TIOJi€BAa MOJENIb, a TAKOXK METOAM TeOopii
WMOBIpHOCTI Ta MaTeMaTHYHOI CTATHCTHKH, 30KpeMa METOIM CTaTHCTHYHOI Kiacubikanii BHOIPKOBUX CyKYIHOCTEH Ta
(GYHKIIOHABHUX NEPETBOPCHb BUIAKOBUX BEMMYMH. J[Jsi BU3HAYEHHS ONTHUMAJBHOTO PiBHS NPEBEHTUBHOTO IOPOTa 33 KPUTEPieEM
MiHiMi3amii eKCIUTyaTaliifHIX BUTPAT BUKOPUCTOBYETHCS METO CTATUCTUYHOTO MozeroBaHHs MonTe-Kapio.

Pe3yabTaTH. Y0ocKkoHaNIeHA CTpATeris TEXHIYHOTO OOCIYroBYBAaHHS 3a CTAHOM 3 KOHTPOJIEM BU3HAYAIBHHX ITapaMeTpiB, IO
0a3yeTbcsi Ha JIOJATKOBIMl cTaTHCTHYHIN 00poOmi eKCIUTyaTamiffHMX JMJaHMX Ta TEXHOJOTii 3HAXO/KEHHS ONTHMAIBEHOTO
HPEBEHTHBHOTO TIOPOTY.

BucnoBkn. OTpuMaHi pe3ysibTaTH MOXYTb OyTH BHKOPUCTaHi Iii 4ac PO3pOOKHM Ta MOJEpHi3alii CHCTEeM eKCILIyaTtamii
PazioeNeKTPOHHOro 00JIaJHAHHS B YACTHHI 3aCTOCYBaHHS MPOLELyp 0OpOOIEHHS CTATUCTUYHUX JaHUX. [TopiBHSIBHMIT aHaNi3 1BOX
CTpaTeriii TeXHIYHOro 00CIyroBYBaHHS MOKa3aB, 110 BAKOPUCTAHHS JI0JJATKOBOI CTATUCTUYHOI OOPOOKY JaHHUX 103BOJISIE 3MEHIINTH
MUTOMI eKCIUTyaTaliiiHi BTpaTd. 3ampoIlOHOBAaHA TEXHOJIOTiS BHU3HAUCHHS ONTHUMAJIBHOTO IPEBEHTHBHOTO IOPOTY MOXE OyTH
MOIIMPEHa IS BUKOPHCTAHHS IMiJ Yac eKCIUTyaTamil CKJIaZHHX TEXHIYHMX CHCTEM, 30KpeMa Ul TaKHX, YMil TEeXHIYHWil CTaH
0B’ s13aHUH 31 3HAYCHHSIMH BU3HAYAJIbHUX [APAMETPIB.

KJIIOYOBI CJIOBA: noka3nuk e(peKTUBHOCTI, TEXHIYHE 0OCIyrOBYBaHHS 332 CTAHOM, CTATHCTHYHA 00poOKa JaHUX, CHCTEMa
eKCIUTyaTallii, paJioeIeKTPOHHE 00JIaTHAHHSI.

VK 621.396.6.004.15

ONTUMM3ALIMA NIPEBEHTUBHOI'O IIOPOTI'A BO BPEMS TEXHUYECKOI'O OBCJIY’KUBAHUA
IO COCTOAHHUIO PAJMOIJIEKTPOHHOI'O OBOPY1IOBAHUS

Conomennes A. B. — 1-p TexH. Hayk, mpodeccop Kadempbl TeIeKOMMYHHKAIMOHHBIX Ta PaAMOdIEKTPOHHBIX CHCTEM,
HauumonanbHblil aBualinoHHbIA yHUBEepcuTeT, Kues, Ykpauna.

Bamucknit M. FO. — kaHng. TexH. HayK, JOLEHT Kadeapbl TeJIeKOMMYHHMKAIlMOHHBIX Ta PaJHOdJIEKTPOHHBIX CHCTEM,
HanmonanbHelil aBHallMOHHbINA yHUBEpcUTET, Kues, Ykpauna.

Illep6una O. A. — KaH[. TeXH. HAyK, JOLEHT Kadeapbl 3J1€KTPOHUKHU, POOOTOTEXHUKU U TEXHOJIOTHI MOHUTOPHMHTA U HHTEPHETA
Belell, HannonanpHbIi aBUallnOHHBIN yHUBEpcUTeT, Kies, YkpanHa.

AcanoB M. M. — kaHa. TexH. Hayk, Cumdeponons, YkpanHa.

AHHOTADNUSA

AKTyaJIbHOCTb. OKCIUTyaTal[HOHHBIE PACXOIbl B TEUEHHE BCETO JKM3HCHHOTO IMKJIA PAJHUOAIEKTPOHHOTO 000pYIOBAHUS
COCTABJISIIOT 3HAYMTENBHYIO BEJIMYMHY, HAMHOTO IIPEBBILIAIONIYI0 COOCTBEHHO CTOMMOCTH 00opynoBaHus. IloaToMy akTyanbHOM
Hay4YHO-TEXHUYECKOH MPOOIEeMOil SBIsIeTCST MUHIMH3AIMs SKCILTyaTallnOHHbIX 3aTpar. OJHUM U3 MyTed perIeHus 3TOH mpobIieMbl
ABJIAETCS BHEJPEHHE TEXHOJNOTHH OOpabOTKM CTaTHCTHYECKMX JaHHBIX B CHCTEMaX OJKCIUTyaTallid pPaagnO3JIEKTPOHHOTO
o0opynoBaHusl.

Leans padorsl — moBbimeHHE 3()(EKTHBHOCTH CTPATETHH TEXHUYECKOTO OOCTY)KHBAaHHSA IO COCTOSHHIO C KOHTPOJEM
OTIPEAEISIONINX TapaMeTPOB, KOTOPast IIMPOKO MPUMEHSIETCS B TPaykAaHCKOH aBHAIIUH.

Metoa. Pemenne mnocraBieHHOH mnpoGieMbl 0a3upyeTcs Ha HaXOXIGHHH (YHKIMOHATHHON 3aBUCHMOCTH IIOKA3aTels
3¢ {eKTHBHOCTH B BUJIE yJEIBHBIX 3KCIUTYaTaI[MOHHBIX PAcXOJOB OT OCHOBHBIX MAapaMeTPOB PaANOdIEKTPOHHOTO 000pyIOBaHUS U
CHCTEMBI ero JKcIulyaTanuu. s ompeneieHus 3TOH 3aBHCHMOCTH HCIOJIB3YETCs BEPOSITHOCTHO-COOBITHIHAS MOJENb, a TaKKe
METO/IbI TEOPHHU BEPOSITHOCTH M MATEMAaTHYECKON CTaTUCTUKH, B YACTHOCTH METO/BI CTATHCTHYECKOH Ki1acCU(UKanuu BEIOOPOYHBIX
COBOKYIHOCTEH WM (YHKIMOHAIBHBIX IpeoOpa3oBaHMil ciy4ailHBIX BenM4uH. [ OIpenesieHHs ONTUMAJILHOTO YDPOBHS
MIPEBEHTUBHOTO IOpOTra MO KPUTEPHUI0 MHHHMHU3ALUM SKCIITyaTallMOHHBIX PACXOAOB MCIOIb3YETCS METOA CTaTHCTHYECKOTO
mozenupoBanus Monre-Kapio.
© Solomentsev O. V., Zaliskyi M. Yu., Shcherbyna O. A., Asanov M. M., 2021
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Pe3yabTaThl. YCOBEpPIICHCTBOBAHA CTPATETHS TEXHHUYECKOTO OOCITYKMBAHUS MO COCTOSIHUIO C KOHTPOJEM OINPEIEIIOMNX
IapaMeTpoB, OCHOBaHHAS Ha JIOIOJHHUTEIBHOIN CTaTUCTHYECKONH 00paboTKe AKCILTYyaTAl[HOHHBIX JAHHBIX U TEXHOJIOTHU HAXOXKICHUS
ONTUMAIBHOIO IPEBEHTUBHOI'O I10POra.
BriBoasl. [lonyueHHbIe pe3ynbTaThl MOTYT OBITH UCIIOJIB30BaHBI BO BPeMsl pa3pabOTKH M MOAEPHHU3ALMH CHCTEM DKCILTyaTalliH
PaIHodIEeKTPOHHOTO 000PYIOBAHUS B YaCTH NPUMEHEHUSI IIPOLeyp 0OpabOTKN CTaTHCTUYECKHUX JaHHBIX. CpaBHHUTEIBHBIN aHAIN3
JIBYX CTpaTeruii TEXHUIECKOTro 0OCITyKHMBaHUS MOKa3all, YTO UCIOIb30BAHHE JOMOIHUTENbHON CTATUCTHUECKONH 00pabOTKH JAaHHBIX
MO3BOJISIET YMEHBIIUTh YyJIENbHBIE JKCIUTyaTalHOHHBIE 3aTPATHI.
MIPEBEHTHBHOTO TIOPOTa MOXKET OBITH PACHPOCTPAHEHA AN HCIIOIb30BAHUS NPH IKCIUTyaTalldH CIOXKHBIX TEXHHYECKUX CHCTEM, B
YACTHOCTH JUIS TAKUX, b€ TEXHHIECKOE COCTOSIHIE CBA3aHO CO 3HAYCHHUAMH OIPEIESIISIONINX TapaMeTPOB.

K/IIOYEBBIE CJIOBA:

Hpe,I[JIO)KCHHaﬂ TEXHOJIOTUA OHNPEACIICHNUA OINTUMAJIBHOTO

IoKasaTejib Bq)(i)eKTI/IBHOCTI/I, TEXHUYCCKOC O6CJ'Iy)KI/IBaHI/Ie 0 COCTOSIHHIO, CTaTUCTHYCCKasA

06pa60TKa JAaHHBIX, CUCTEMA JKCIUTyaTallun, paluO03JIECKTPOHHOC 060pyI[OBaHI/Ie.
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YK 621.396

HOPSIIOK OLIHKHA HECYYOI YACTOTU CHUTHATY, IO
MPUMMACTLCS CYITYTHUKOBOIO CUCTEMOIO 3B’SI3KY
B BE3NEPEPBHOMY PEKHAMI

Typorcbkuii O. JI. — kaHI. TeXH. HAYK, ITOLEHT, podecop kadenpu 3acobiB 3axucty iHGopmarllii HarionansHOro
aBiauiitHoro yHiBepcurery Kuis, YkpaiHa.

Jpodux O. B. — xaun. TexH. HayK, npodecop, nupekrop HaykoBoro ueHtpy, JepxaBHuil yHIBEpCUTET TEJIEKOMYHI-
kanidd, Kuis, YkpaiHa.

AHOTAULIA

AkTyanabHicTb. OHIE0 3 0COOIMBOCTEH CHCTEM CYITyTHHKOBOTO 3B’SI3KY € IMEepeBaKHE BUKOPUCTAHHSA B HUX IIiJ] Yac MPHAOMY
curHaiy B Ge3nepepBHOMY pexkuMi (a30BOI MOIYIIALIl CUTHAIB, IO IPU3HAYEH] JUIs Iepenadi KoprcHoi indopmanii. Buxopucran-
HS BKa3aHOTO BUJy MOJIYJIALIT TOTpeOye BUPIMICHHS 3aBJaHHS IO 10 OLIHKM HECY4oi YacTOTH CHUTHATy. A cama OILIHKa 3BOAUTHCS
10 3aJ1a4i OL[IHKW YaCTOTH MaKCUMyMy B CHEKTpi (parMeHTy CHHYCOINaJbHOrO CHI'HAIy Ha ()OHI aANTHBHOIO TayCiBCBKOTO IIyMY.
B cTaTTi po3risiHyTO Mpomec OLiHKH HeCydoi YacTOTH CHUTHAJY, IO MPUIHMAEThCS CYITyTHUKOBOIO CHCTEMOIO 3B SI3Ky B Oe3nepeps-
HOMY PEKHMI 110 IPaBUITy MAKCUMAJbHOT ITPaBAONOAIOHOCTI.

Merta. Po3poOka mopsigKy OLIHKHM HECY4Ol 4aCTOTH CHUTHAJY, L0 NMPUHMAETHCS CYMYyTHUKOBOIO CHCTEMOIO 3B 513Ky B Oe3nepepB-
HOMY PE&XKXHMI 110 PABUITy MaKCUMAJIbHOT ITPaBIOMOAIOHOCTI.

MeTtopa. 3anpornoHoBaHUH B poOOTI MOPSAAOK Ta po3pOOIICHUI Ha HOr0 OCHOBI aITOPUTM Ja€ 3MOTY 3IIHCHUTH OLIHKY Hecydoi
YacTOTH 110 MPABIITY MAaKCUMAJbHOI MPaBIOMOAIOHOCTI 3 BpaXyBaHHSIM YMOB HEBH3HAUEHOCTI BCIX MapaMeTpiB CUTHAIY, IIO MPH-
HMAa€eTHCSI CYIyTHUKOBOIO CHCTEMOIO 3B’ 3Ky B 0€3IepepBHOMY PEKHM.

Pe3yabTaTH. 3 METOIO NPAKTUYHOTO BIPOBA/HKEHHS BKA3aHOTO aJITOPUTMY B JiI09i CXEMH CYITyTHHKOBOTO 3B’SI3KY, B pO0OOTI 3a-
MPOTOHOBAaHI CXeMHU HOro amapartHoi peanizamii. s inmrocTpanii CriBBiIHOIICHHS! KOPIOHIB MiHIMAJIBHO TPaHUYHOI JUCIIEPCiT OIliH-
KU HECy4oi 4acTOTH B poOOTi MO/aHi 3aJIeKHOCTI, SIKi JO3BOJISIOTH 3AIHCHUTH MOPIBHSIHHS MiHIMAJIBHO TPAaHUYHOI AUCIIepCii, BU3HA-
4yeHoi HIKHIM KopaoHoMm Kpamepa-Pao Ta MiHiManbHO rpaHudHOI qucHepcii, BU3HAYEHOT 3 ypaxyBaHHSIM BCiX IapaMeTpiB CUTHAIY.

BucHOBKH. AHaJli3 OlaHUX 3aJISKHOCTEH MOKa3aB, 110 B peajJbHUX YMOBAX MiHIMaJIbHa JUCIIEPCis MPOBEJICHHS HECY4O0l 4acTo-
TH CUTHATY IO MPaBUIIy MAaKCHMAJIbHOI MPaBAOMOAIOHOCTI, IO MPHUMAETHCS CYIyTHUKOBOI CHCTEMOIO 3B 53Ky B Oe3nepepBHOMY
PeXUMI IpH HEBU3HAYEHOCT] BCIX MapaMeTpiB CUTHATY MOXKE ICTOTHO BiApPi3HATHCA BiJ MiHIMabHOI TUCTIEpCii, OTpUMaHOi HAa OCHO-
Bi 3aCTOCYBaHHS HIKHBOTO KopoHy Kpamepa-Pao. IlepcriekTuBH momanbIInx JOCTIPKEHB CIILJ CIPIMYBaTl Ha PO3pPOOKY Ta CTBO-
PCHHS aITOPUTMIB Ta METO/HK, CIIpMOBaHUX Ha MII-OLiHKY IIPY YMOBI MaKCHMAaJbHOTO HAaOJIM)KCHHS MiHIMAJIBHO IPaHMYHOT JIHC-
nepcii OIiHKK Hecydol YacTOTH PeabHOTIO CHTHANTY 10 HIDKHBOTO KopoHy Kpamepa-Pao, BU3Ha4eHOro AJIst OLIHKH HECy4oi 4aCTOTH
B YMOBax BU3HAYCHOCTI iHIIMX MapaMeTpPiB CUTHATY.

KJIFOYOBI CJIOBA: curnai, mo npuilMaeThes, OliHKa HECYy4ol YacTOTH CUTHAJTY, MiHIMAJIbHO TPaHMYHA JHUCIEPCis OLIHKH
Hecydoi 4acToTH, HIKHINA koproH Kpamepa-Pao.

ABPIBEATYPU K — iHTepBan criocTepeXeHb, BUPAKECHNH B TAKTOBUX
MII-o1iHKa — OLIHKK HECY4O0i YaCTOTH CHTHAIY MO IHTepBaJax;
MPaBUIY MaKCHUMaJIbHOT MOAI0HOCTI. () — mpuBeJcHE 3HAYCHHS 3MILICHHS YaCTOTH BXIij-
HOT'O CUTHAJTY Bij il HOMiHAJILHOTO 3HAYEHHSI;
HOMEHKJIATYPA ~
V — 3MIIIEHHs YaCTOTH BXiJHOIO CHIHAIy Bif il HO- ¢ — BUIAJKOBA BEIMYHHA a3y CUTHAILY;

MIHAJBHOTO 3HAYEHHS;

¢ — I0YaTKOBa (1)3321 CUTHaINy; T — BUIIAAKOBa BEJIMYWHA YaCy 3aTPUMKH CUTHAITY,

T —4ac 3aTPUMKH CHTHAITY; Q) — BHMIAAKOBA BEJIMYMHA NPHMBEIEHOTO 3HAYEHHS
d — mepenana iHQpopmaliiiHa NOCTIIOBHICTh CUTHA-  3yimeHHS YACTOTH BXiAHOTO CHTHAIY;

Iy, z&‘n) — (YHKIIS KOTUBAHHA BXiIHOTO CHUTHAIY;
Ty — IHTEpBAI CIiAyBaHHA BLUIIKIB KOMIUIEKCHO{

In — niiicHa yactiHa (yHKLIT KOJMBaHHS BXiJHOTO
OTHMHAI0YOI CUTHAIlY, 1O IPUIMAEThCS;

) ) CHUTHAILY;
T — TaKTOBHMH IHTEpBaJl CHOCTEPEKEHHS 32 BXiJHUM h — iMmiysbcHa XapakTepuCTHKA DLTHTPA, O hopMye
CHTHAJIOM; BX1JTHM CHUTHAIT;
Es — CHEepris OAWHUYHOTO IMIYJIBbCY BXITHOTO CHT- ~

a — BEKTOP HE3AJIIC)KHUX BEIINYNH BXi,Z[HOFO CUTHAITY,

Hay; . - . .
’ J — KoedillieHT KOMIUIEKCHOI CKJIa[0BOi BEIMYMHH,

N — IHTEPBAJI CIIOCTEPEKEHD, BUPAKECHUH B KIIBKOC- , . )
OB’ 5I3aHO] 3 BXiJTHUM CHUTHAJIOM;

Ti IHTEpBaJIB T ; 0, — mocTiliHa CKIIaJoBa JIHCHOT YaCTMHH BXiJJHOTO
CHUTHAIIy TIO 3MiHHIH KOJNWBaHHS, IPU PO3PAXYHKY IIiJIb-

© Typoscskuii O. J1., [lpobuk O. B., 2021
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HOCTI WMOBIPHOCTI 0 KiJIBKOCTI BiZUTIKIB iHTEPBAIIB CIIO-

CTCPCIKCHH S NO 3a BXi,HHI/IM CHUT'HAJIOM;

i, — JiificHa yacTMHa (DYHKLIT KOJMBAaHHS BXiJHOTO

CUTHAJIy IO BUIIAJKOBiH 3MiHHIM KOMIUIEKCHOI OrMHa0-
Y01 OIIOPHOTO CUTHAILY;
q, — MOCTIMHA CKJIaJ0Ba AIMCHOI YaCTUHH BXI1JHOI'O

CHUTHAITy IO BHIIQAKOBIA 3MIHHI KOMIUIEKCHOI OTHHAFO-
401 OIIOPHOTr'O CUTHAILY;
¢, — Yac OLIHKH 71 -TO IMITyJIbCY BXiTHOTO CUTHAILY;

o’ — 3HAYEHHsS THUCIEPCii MOXUOKH OIIHKH YacTOTH

BXITHOTO CHTHAIY;

G% — 3HA4YEeHHS JUCTepCii MOXUOKU OIIHKH YacTOTH

BXI1JIHOTO CHUTHaJTy IIpH BiJICYTHOCTI JaHUX TIPO V ;
CRLB(\/) — HWKHIA kopnoH Kpamepa-Pao mis muc-
nepcii OLIHKY HEeCY40l 4aCTOTH CUTHAJY, IO IPHUIMA€ETh-

cs1, KOJIY € JIaHHI MPO BCI iHIII TapaMeTpH, KpiM V ;
A — QyHKILIS OIIHKM HECydoi 4aCTOTH BXIJHOTO CHI-
HaJly IO IMOBIPHHUM 3HAa4E€HHSIM HOTO XapaKTEepUCTHK.;

EZ,; — ycepeqHeHe 3HaueHHS (QYHKIIT OLIHKHA Hecy-

90i YaCTOTH BXIHOTO CHTHAIYy 0 WMOBIPHHUM yCEp.IHE-

HUM 3HaYeHHAM ¢ 1 d ;
Ds — TIO3UTHBHE 3HA4€HHS ycCepemHeHoi mo iHdop-

MaliiHIM MOCTIJOBHOCTSIM (DYHKIIT OLIHKK HEeCy4ol dac-
TOTH BXiTHOTO CHTHAIY;

Vad (tn) — (l)yHKHIH KOMILJIICKCHO1 OI'MHar401 BX1THOI'O

CHTHAJly, BIKOpEJIbOBaHAa INiMCHUMM BHUINAJKOBUMHU 3HA-
YEeHHSAMH KOMIUIEKCHUX CKJIaJJOBHX;

y — QyHKIIS BiOKIHKY y3rOIKEHOTO (DibTpa TPaKTy
MpUHOMY BXIJJHOTO CHTHAJy Ha BIUIMB BHIAQJIKOBOTO BXi-
JTHOTO CHTHAIY.

BCTYII

Pobora cy4acHMX CHCTEM CYIIyTHHKOBOTO 3B’S3KY
BHMAarae oOpOOKH BXiJHWX CHUTHANIB, IO MPUAMAIOTHCS
JEeMOAYIATOPAMH BXiTHUX MPHUCTPOIB SIK B Oe3nepepBHO-
My, TaK i B TaKeTHOMY peXuMi nepenadi ganux. lix gac
MPUHOMY CHTHAIy B Oe3lepepBHOMY PEXHMi y BKa3aHUX
JIEMOJIYJISITOpax MepeBaKHO 3aCTOCOBYETHCS (ha3oBa Mo-
JyJISIIIisE CUTHAJIIB, [0 MPHU3HAYCHI JJIs mepeaadi Kopuc-
HOi iH(opMmauii [1]. B cBoro uepry, nmpu BHKOpHCTaHHI
TaKOTO BHY MOAYJIAILII B CYITyTHUKOBHX KaHaJax 3B’ 3Ky
BUHHMKA€e mpoOiieMa iCTOTHOI HEBH3HAYEHOCTI CHTHAIY,
0 MPUHMAETHCS MO YacTOTi (YaCTOTHAa HEBU3HAYCHICTH
curHaiy). Jns ii BupimeHHS B ()a30KOTEPEHTHUX CHCTE-
Max CYMYyTHHKOBOTO 3B’SI3KY /IS BiJTHOBJICHHSI HECYYOi 1
TaKTOBOI YacTOT Ta Il KOT€PEHTHOI IeMOIYIIALIi aHao-
TOBUX 1 HU(POBUX CHTHATIB 3 KyTOBOIO MOIYJISIIEO
3IACHIOETHCS CHHXPOHI3AIIi 10 9acTOTi HECY4Oro KOJH-
BaHHS CUTHAY, 11O HpHﬁMaCTLCH.

O0’€KTOM JTOCTIIZKEHHSI € MTPOLIEC CUHXPOHI3aLil 110
YacTOTI HECY4Oro KOJHMBAaHHS CUTHAJY, IO MPUAMAETHCS
CYITyTHUKOBOIO CHCTEMOIO 3B SI3KY.
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KomIuiekcHa OrMHaruYa CHUTHAIY MICTUTh HEBIZOMI
BEIMYMHH, a caMe 4YacToTy (Vv), ¢azy (¢ ), 3aTpuMKy

curHainy (1) Ta mepemany iH(GOpMAaIliiiHy MOCTiTOBHICTH
(d). 3aBmaHHsA CcHHXpOHI3aLii (PaKTHIHO 3BOAUTHECS [0
OIIHKM ICTUHHHUX TapaMeTpiB CHUTHAY, IO HPUHMA€ETh-
ci— VvV .9 ,1T ,d, , 3HAHHA 3HAYEHb SKUX HEOOXITHO

JUISL NEMOAYJISILIT CUTHAITY z(t) .

TobOto BKkazaHa CHMHXpOHi3auis npu (azoBidi MOIyIs-
1ii cUrHay MOTpeOye BUPIMICHHS 3aBIAHHsI I[OJI0 OIIIHKH
HECY40l YaCTOTH CUTHAILY.

Jlist BUpILIEHHS 3aBJaHHS OLIHKM HECydoi 4acToTH
O®OM curHany B ymoBax HEBHU3HauyeHOCTI iHpopmarii

¢ >t ,d B psaai poOIT MPONOHYETHCSI 3aCTOCYBAaTH Ipa-

BIJIO MakCHMaJbHOI IpaBronoAioHocti. Bigomo, mo Bu-
KOPHCTaHHS TpaBWja MaKCHUMAaJbHOI MpPaBIOIOMIOHOCTI
JUIs OLiHKK Hecyd4oi yactoTu (MII-omiHku) 3abe3nedye
ACUMIOTOTUYHO €(EeKTHBHY 1 aCHMNTOTHYHO HE3MIIICHY
OmiHKY [2, 3,]. CyTHICTh SIKOi MOJIATa€ B BU3HAUCHI MaK-

cumyMy GYHKIT A| v,@,t1,d | IO BUNIAJAKOBUM 3HAYEHHAM

BEJINYMH BXiJHOro curHaiy. [Ipu HasBHOCTI iH(opMmarii

PO HapaMeTpH @,T,d TOIIYK A ;,;,,;,;1 o y MOXe

2

3a0e3neUnTH MiHIMaJIbHO TPAaHHYHY IUCIEPCII0 G~ , gKa

OyZe BU3HAYATHCS HIKHIM KOPJOHOM CRp(y) [3, 4].
IIpn Bequkmx iHTepBamax cHocTepexeHHs (K))1)
3HAUEHHS JUCTIepCii MOXMOKM OLIHKM YaCTOTH BXiIHOTO

(ha30MOyTHOBAHOTO CHTHATY (02) MOXe OyTH mojaHe
K (YHKIIOHaJIbHA 3aJIEKHICTh G2 = f(E T, No) [5, 6,

7]. 3anpomoHOBaHMIA IMiIXi/1 T03BOJISIE BU3HAYUTH HUKHIH
KOPZOH CRB(v) IPH YMOBI, L0 iHIII IAPAMETPH CUrHAITY
BijoMi. ToOTO OIiHKA IPOBOJUTHCS B 1ICATBHUX YMOBAX.
3a3BU4all B yMOBAax peajibHOTO CyIMyTHHUKOBOI'O KaHa-
Jqy dYacThHa iHQopMmauii Mpo mnapaMeTpH CHTHAIY, LI0
npuiiMaeTscsi, Moke OyTu BiacyTHs. Buxoxsum 3 mporo,

MiHiManbHa G2 OLiHKH HECYYOi YaCTOTH PEallbHOIrO Cy-
MTyTHUKOBOTO CUTHAIY MOJKE JIEIIO BiAPI3HATHUCS B TipIIy
CTOPOHY BiJl 3HAYCHHS HIDKHBOTO KOPIOHY CRLB(v),

OTPHMAHOTO MPHU IHX K€ YMOBax [6].

IIpenMeToM MOCTiMKEHHS € MPOIEC OI[IHKK HECYYOi
YaCTOTH CUTHAJLY, IO NPUIIMAETHCS CYITyTHUKOBOIO CHC-
TEMOI0 3B’5I3Ky B Oe3nepepBHOMY pexuMi. Bkazana omin-
Ka 3BOAMTBHCS JO 3a7adl OLIHKK YacTOTH MaKCUMyMy

Al v,0,1,d | B CIIEKTPi pparMeHTa CHHYCOIAaIbHOIO CHI-

HaITy, IO TIPUIMAaEThC B Oe3mepepBHOMY pexuMi Ha (o-
Hi aIUTHBHOTO TayCiBCHKOTO IIyMY.

[TigBuIIEHHS SIKOCTi OLIHKH HECY4YOI0 YacTOTH (a30-
MOJYJIbOBAaHOTO CHTHAILY, L0 NMPUIMA€EThCS CYITyTHUKO-
BOIO CHCTEMOIO 3B’SI3Ky B O€3IEepepBHOMY PEKHUMI ITOTpe-
Oye po3poOKH BIAMOBIAHOT HOBOI MaTEMAaTHYHOI MOJEII
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NpoLIeCy OLIIHKK Ta CTBOPEHHs Ha i OCHOBI BiJIIOBIIHOTO
HOPSJKY OLIHKH YaCTOTH.

Meta podoru. Po3poOka mopsiiKy OLIHKH Hecydoi
YaCTOTH CHUTHAJTY, 1[0 MPUHMAETHCS CYITyTHUKOBOIO CHC-
TEMOIO 3B’SI3Ky B O€3MEpPEpPBHOMY DPEXHMi IO TPaBHILY
MaKCHMAaJILHOT ITPaBaONOi0HOCTI.

1 IIOCTAHOBKA 3AJTAYI
HocroBipaa MII-ominka HeCcy4oi YacTOTH CHTHAIy,
10 TPUAMAETHCA CYIMYTHHKOBOIO CHCTEMOIO 3B’SI3Ky IO

(yHKUIT A| v,,T,d | TP NPUIHSTI yMOBH, IO v HEBi-

J0Ma, BHUMarae BI/IpiHICHHSI AKTYyaJIbHOI'O HAaYKOBOI'O 3a-
BJIaHHA 1IOA0 BU3HAYCHHSA MiHIMAJILEHO I‘paHI/I‘-IHO.I. JAUCIIC-

peii ouinkn curnany o = f(Eg,T,» N,) 10 HIKHBOMY
KOP/IOHY (RB(y) T& PO3POOKY airopuT™y MpOBEICHHS
BKA3aHOi OIIHKM 3 ypaxyBaHHsAM BHTIAIKOBHX 3HAYEHD

V,9,T,d CHUTHAIY, IO MPUAMAETCS CYITyTHUKOBOK CHC-

TEMOIO 3B’S3KY.

2 0TJIA 0 JIITEPATYPH

[MuraHHs BU3HAYEHHS ONTHMAIBHUX KPHTEpIiB JUIs
OLIIHKM HECY4Oi YacTOTH CUTHAJy, 10 MPUHMAETHCS CUC-
TEMOIO 3B’SI3KY Ta PO3pOoOKHU MOPSAAKY il MPOBEICHHS HPH-
CBSTYCHO PsifT POOIT.

ABtopu pobit [5, 8, 7] 3ampomoHyBanM 3BayKSHHIA
OaiteciBchkuit Kpamepcrkuii Pao-kopaoH aisi CiibHOTO
BHU3HAYCHHS 4acy CHHXPOHI3aIlil Ta 3CyBy HECy4Oi 4acTo-
TH, SKHH BPaxoOBYE IOMEPEIHIM PO3MOALT MmapaMeTpiB
OLIIHKH Ta € TOYHOI HMW)KHBOIO MEXEI0 JJIsl BCIX PO3IJIs-
HYTHX 3Ha4€Hb CIIiBBIAHOLICHHS cUTHA/IIyM. [luTaHHs
BU3HAYCHHS MIHIMQJBHO TPAHUYHOI JMCHEpCii OLIHKK
caMe HeCy4ol 4acTOTH B JaHiii poOOTi HE PO3IIISIAIIUCS.

B poborax [9, 10, 11] nomanuii kopaon Kpamepa-Pao
UL TUcTIepcii CyMiCHOI OIIHKH JOMNILIEPiBCHKOTO 3Mi-
LIEHHS. HECyJoi YacTOTH Ta 3aTPUMOK CHTHAIY 3 JOBUIb-
HOIO IIMPHHOIO ciekTpy. IlomaHi pe3yapTaTh 3arpornoHo-
BaHO 3aCTOCOBYBATH JJIsI BUIIAJKIB, KOJIH IIUPUHA CIIEKT-
Py CHUTHaly HE [03BOJISIE 3aCTOCOBYBATH 1HINI METOIH
OLIHKKA B paMKax BY3bKOMOJOCHOI Mozeni. besnocepen-
HBO OIlIHKA HECYYOi YaCTOTH Ta BU3HAYCHHS Ui HEl Mi-
HIMaJbHO IpaHMYHOI Aucrepcii B poboTax He po3risija-
I0ThCSI.

ABtopu pobotu [12] mpomoHyIOTH HMXHIH KOPIOH
Kpamepa-Pao 11 Ha OIIIHKM 4acTOTH KOTE€PEHTHOI I0-
CJIIZIOBHOCTI IMITYJIBCIB, IAaCHBHO IEPEXOIJICHUX Ha py-
xoMiit anTeHHi. Taky OLiHKY aBTOpa MPOIIOHYIOTH IIPOBO-
JUTH 3 METOI0 BH3HAUEHHS MICIE3HAXOKeHHS Iepesa-
1040ro paznapy. besnocepenHpo Hecyda qyacToTa BKa3aHUX
iMIyJbCiB Ta ii OIiHKa B pOOOTI HE PO3IISAAIHCH, X09a
poboTa € II0Ka30BO1 3 TOYKH 30pY 3aCTOCYBAHHS HUKHBO-
ro xoprory Kpamep-Pao g MII oninkn Hecy4oi gacto-
TH.

Pobota [13] mpucBsiueHa BHUPINICHHIO 3aBIAHHS I10
OLIIHIII 3aTPHUMKH CHTHAJIa B 4aci 3 ypaxyBaHHSM 3MiHH
(opMu iMITyJIbCa CUTHAITY I/l Yac HaBiramnii B IpUMILeH-
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HsX. JlJ1st OL[IHKM Yacy 3aTPUMKH BUKOPHCTOBYETHCS KPH-
Tepiil HIWKHBOTO KOopaoHy Kpamepa-Pao. Pobota nocrat-
HBO IMOKA30Ba 3 TOYKH 30pY OLIHKK CHTHAIy, ajie 0e3rno-
cepeHbO OLIHKA HECY4Oi YaCTOTH B Hil HE PO3IIILIa€Th-
cst

Aptopu pobotu [14] npomoHyOTs BUpa3u I JikC-
HOTO HIDKHBOTO KopaoHy Kpamepa-Pao mpu cywmicHii
OIIiHIII TOTITUIEPIBCHKOTO 3MIMIEHHS YaCTOTH Ta 3alli3HEH-
HS BXIJIHOTO CHWTHally, a TaKOX OIIIHKH CHHXpOHi3amii
CHUMBOJIB JHIHHO MOIYJIHOBAaHOTO CHTHamy. B craTTi
TaKoXXk OOIPYHTOBaHI BUCHOBKH PO aKTyaJbHICTH iHIHU-
BiTyaJbHOI OI[IHKK HECY4Oi YaCTOTH 3 BiJIOMOIO CHHXPO-
Hi3alier0 CUMBOIIB. [IUTaHHS OIIIHKM HECYd40oi 4acTOTH
Ta BU3HAYCHHS U1l Hel MiHIMAJIbHO TpaHMYHOI aucrepcii
B po0OTi HE PO3MIIAAAIOTHCA.

B po6Gori [15] aBTOpH MPONOHYIOTH AITOPUTM Ha OC-
HOBI YMOBHOI MakcHMi3amii OYiKyBaHHS Uil CyMiCHOI
OLIIHKY KaHaly Iepeqadi JaHUX B CHCTEMax MyJbTHIUIEK-
CYBaHHS 3 OPTOTOHAIBHUM YaCTOTHHM PO3MOAITIOM KaHa-
7B, (a30BOro0 MmIyMy TeHEpaTopiB Ta MOMILICPIBCHKOTO
3MiIeHHS Hecy4doi JacToTH. [[ms BKa3aHOi OIIHKH B PoO-
00Ti POTIOHYEThCA HIDKHIN TiOpuaanid kopaon Kpamep-
Pao. ITutanns po3paxyHKy HH>KHBOIO KopaoHy Kpamep-
Pao my1st Hecyuol 4acTOTH Ta BU3HAYCHHS JUIs HEl MiHIMa-
JILHO T'PaHUYHOI AxcHepcii B poOOTI He PO3IIIsIAtoThCS.

[TuraHHs BU3HAYEHHS MIHIMAJIBHO TPaHMYHOI AMCIIE-
pcii npu omiHIi SKOCTi poOOTH MpUHMAaNBbHOI pajiocuc-
TEMH po3IIIsaInch B podorti [16]. B poboti Ge3nocepen-
HBO 3alPONIOHOBAHI BUPA3H JJIS OI[IHKU MiHIMAIBHOI JTU-
crepcii mymMy Ta 0OTpYHTOBYIOTHCS BUCHOBKH IIPO T€, IO
TakKa OIIHKM MOXX€ BIUIMHYTH Ha TPOJIYKTHBHICTH CHCTE-
MU Ha PiBHI OIIIHKY 3MIIICHHS HECYYO0l YaCTOTH Ta OI[IHKHU
MPOIYKTUBHOCTI KaHaly. BU3HaueHHs 3HaYECHbS] HUKHBO-
ro kopaony Kpamepa-Pao mms 3ampononoBaHoi MiHiMa-
JBFHO TPAHWYHOI TUCTIepCii B pOOOTI HE IPOBOIIIIOCS.

B po6Gori [17] Po3risiHyTI NMUTaHHS OIIHKH YaCcTOTU
JUTst Oe3MepepBHUX MAKETIB JaHUX (HIKCOBAHOI JOBKHHH,
IO CYNPOBOKYETHCS IIIyMOM HHU3LKOTO piBHA. MiHiMa-
JbHA JWCHEPCis OLIHKM YacTOTH BUBOJHUTHCS 3 TOYKU
30py CHEKTPaJIbHOI IIIBHOCTI IIyMy Ha 4acTOTaX, OJIM3b-
KAX JI0 YaCTOTH CUTHaIy. Aye B poOOTi BiACYTHIH po3-
IS IMTaHHS BUBOAY HIDKHBOTO KopaoHy Kpamep-Pao B
SIKOCTI MiHIMaJXBHO TPAaHUYHOI TUCTIePCii I JaHOTO BH-
HaJKy.

3 MATEPUAJIU TA METOHN

3HavHe NMpaKTHYHE 3HAYEHHsI JJIsl OLIHKK Hecyd4ol 4ya-
CTOTH Ma€ BU3HAYCHHS MiHIMaJIbHOI IPaHUYHOI TUcTiepcil
B YMOBax pEaJbHOTO CYIyTHHKOBOTO KaHally, TOOTO B
npumnyeHi, mo [1]:

— BIZICYTHS TAaKTOBa CHHXPOHI3AIlis;

— BiZicyTHs iHpopManis mpo iHdopmaniifHy NocIizoB-
HICTB, 1[0 TIEPENAETHCS;

— BIJICYTHS iH(OpMAIIiS PO MOYaTKOBY (ha3zy HeCydo-
T'O KOJIMBAHHSI.

[Ipuitmemo, 1110 KOMIUIEKCHA OTMHAaK04Ya OIIOPHOIO CU-
THaJy Ma€ BUTIA [2]:
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r(t):exp Jjl 2nvt+ o Zc;kh t—kT—:
k

[TpuiiMemo, 110 BeNWYKMHA v JICKUTH B Jiana3oHi Bij

“Vmax A0 Vmax -
Inrepsan [—vmax,vmax] BU3HAYAETLCA IMTOYATKOBOIO

YaCTOTHOXO HEBU3HAYCHICTIO CUTHAITY, IO TIPUIMAETHCS.
B nopanemiomy npuiimemo, mo:

d= dod ,--dp-1,

— BCKTOP HE3aJIC)KHUX BHUIIAI-

KOBHMX BEJIMYUH 3 HYJbOBHUM CEPEIHIM 1 3 BiIMOBIAHUMHU
¢byHnkuisiMu kopessiii [18].

[puiiMeMo, 110 3HAUCHHS BEIMYMH ¢ Ta T 1 KOMIIO-
HEHTH BEKTOpa ¢ HE3aJeXHi OJUH BiJ OIHOTO i BCI iH-
(hopmartiifHi CHMBOJIH PiBHO HMOBIpHI.

TakuM 9HMHOM, 3aBJaHHS TOJISITAE B TOMY, 1100 OTpH-
MaTH OIiHKY HEeCy4J0i 4aCTOTH CHUTHAIY, IO MPUIMAETHCS
o TIPaBUITY MaKCHMAaJIbHO1 MPaBIOIIONIOHOCTI
(MII-ouinky) mpu BiacyTHOCTI iH(opMaIii mpo nepenany
iH(pOpMaIliiiHy TTOCIIIOBHICTb, MOYATKOBIH (a3l Hecydoi
YaCTOTH CUTHAITY, IO PHUHMAETHCS 1 TAKTOBIH CHHXPOHI-
3amii.

3anumeMo cymicHy (yHKIIiIO OIUTBHOCTI HMOBIPHOCTI
CUTHAITY, IO IPUIMAaEeThes B BUTILsAL [19]:

N
p [ZT;]={02127:] ex{fﬁo_z " (1”2+Q»2172(Inl'n+an”)+ii+q'2’j} (1)

:Oll

ne a= ;:; s 1= RZn)l 0, =1 (=(0):

:(tn)zexp j(SznﬂT) Z; Mt —kt—t
k k

KOMIUIEKCHA OTMHAI04Ya OMOPHOr0 CUTHAy MpU BUMAIKO-
BHX BEJIMYMHAX HOTO XapaKTEPHUCTHK;

in= Re[%)} q,-1 m[:(tn)}

N-1 N-1

th=nTs,n=— pees0,Le, 5

2
— TI0-

'l
n

IpuitHsaBImHK, 110 2 242, 2_
p LMo X[ YO gl
n

2

N
— JedKa I10-
o 2n

CTIHHI, SIKI HE 3aJeXaTh BiJ V, a (
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3UTUBHA MOCTIMHA BEJIMYMHA, JUIs PIIICHHS 3aBJaHHS MO
OLIHIII YaCTOTH HECY4YOro KOJHMBaHHS MO HPaBHIYy Mak-
CHUMaJIbHOI MOAIOHOCTI TOCTaTHHO HAaWTH MaKCUMyM Ha-
crynHoi ¢yHkuii [19]:

AR 1
A(V,(P,T,dJ:eXp _22([nin+ann) . (2)
O n
BigmituMo, 1110

zﬁfgﬂ;Rﬂthf@ﬁ%%R{%mﬁmﬂ

3 ypaxyBaHHSM BBEICHUX BHIIE TIO3HAYEHB, BUpa3 (2)
NpUiiMe HACTYTHUNA BUTJISIL:

{mw}w%szﬁm B
(e}

n

Posrsnemo cymy y» z(t )*r*(t )

) 2o ool b3 o) -

=3, ) exp[f J (T)j * exp[* j2n:[n]§ C;Zh(tn kT - :J.

n

3Bincu

zz(tn)*r*(fn):

=exp —j(]; *ZdZZz(tn)exp —j2n\~/zn zn—kT—; .
k n

[MpuiiMemo, 10 IMITyJIbCHA XapaKTEpUCTHKA (ilnbTpa
h(*) Ma€ KiHIEBY IOBXUHY, IO JOPIBHIOE IIJIOMY YHCITY
CUMBOJIFHHUX IHTEPBANIB CHTHANY, IO MPUAMAaEThcA. Ta-
KOX TMpHMEMO, IO IHTEpBal CIIOCTEpEeKeHHs Oararto
Oinbllie JOBXKHMHH IMITYJIbCHOT XapaKTEpPUCTUKU (LIbTpA.
[Tpu BBeneHUX BHIE OOMEKEHHSX CIIPaBEIIMBE HACTYII-
HE CITiBBITHOIICHHS:

DE! n)*;*( ) =exp[—j$]*zd;y[:,kﬁ:}

m k

ze y ;,t]=22(tn)*exp(—j2n;tn hen=1).
n
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DakTUYHO CUTHAI y(v,t] MOXKHa TPaKTyBaTH SIK BiJ-

KUK Y3TOIKEHOTO (Y®) =mHa curran

2(¢,)* exp(— j2m : tJ .

3BijcH, Bupa3 (3) nepenuiieMo B BUIIISIL

A[: czp,: ;] =exp 1Re{exp£ /@]dey(v kT+1:ﬂ .

B mopanemoMy My MOBHHHI YCEPEOHHTH OTPHUMAHY

¢inpTpa

¢byHKIiI0 A[v,(p, r,dj M0 TaK 3BaHUM HeOAKaHUM Tapa-

MeTpaMm ¢, T Ta d . [Ipomenypa ycepeqHEHHS B 3araib-

HOMY BHNAJIKy € JOCTaTHbO CKJIaJHOW. ToMy, 11 BHUpi-
IICHHS BKa3aHOI 3a/1adi ycepemHeHHs po3kianeMo (pyHK-

it A[v, o, r,dj B psax Teitnopa. Mu aHamizyemo Buma-

JIOK MajIorO BiJHOIIEHHS CHTHAJI/IIyM, IO J03BOJIIE 00-
MEKHUTHUCS JIMIIE TPhOMA MEPIIMMHU CKIAJIOBUMH PO3KJa-

nenss [18]. Tomy mnst A(v,(p, T,d J 3aMHUIIEMO:

XN XRR 1
A[v,(p,r,dj: 1+02Re[exp( ]%dky[v kT+rﬂ

i TP “4)
1 GlzRe[exp(— j(p)Zd}iy(v,kT+r]H ,

+7
2 k

YcepeaauMm apyry ckianoBy B (4) mo iHdopMariiiaii
TOCJIITOBHOCTI

Ed{;R{m{j;];;;y[:,m:ﬂ}
=;2R{exp[_,-$j§ E{ “;H:,m:ﬂ_

Bci indopmariiiHi CHMBOIX piBHOMMOBIpHI.

Tomy E; dz —01

wlnfel g for )
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Posrisinemo Tperio cknanoBy B (4). BimkunyBim

CHiBMHO)KHI/IKI/I, 110 HE 3aJICXKaTh Bi[[ vV, 3allMIIEMO

R
R T

3Bixcu

Re{exp[ fp} ;Z){:,kT+zﬂ "

—ZZd dk)’{v kT+r]* (; kT+;j+
+%eXp(— j[% ZZ (; kT+;J]2+
+%exr{j (T)J{%;Z y(i, kT + i}]z.

BimmiTiMo, o Bupas (5) Briroyae B cebe CKIIaIoBi 3

CIIBMHOYKHUKaMHU BUILY exp(i 2j (p] , YCEpEIHEHHS! SIKUX

mo ¢ mae 0.
Omxe, ycepenHuB BHpa3 (5) MO 3aBaXKarovuoMy Iapa-

MeTpy @ 1 d , OTpUMaEMO

2

A[;,;),;,;]: Re p( j@]zd;y[akmj _

k

=Egq sz dky[v kT+'cJ* (v kT+rJ.

3BijcH, 3 BpaxyBaHHAM (yHKLIH Kopensuii mapamer-

PIiB BEKTOPY ;l = {5;0, a’~ ,...,d;:_l,} MAaeMO:

2
o~ .z N* ] ~
E¢a =1 Rejexp| —jo dey Vv, kT +1 =
k
2

y[;,m;j .

_Ds
=3

k
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VYcepenueHHst Bupasy (4) 1o 3Ha4€HHIO T, pIBHOMiIpHO

pe3ynbTaT:

|

. . . T T . .
po3moAiieHOMYy Ha iHTepBai {—33}, na€ KiHIEBHUI

y[;,m;]

ne Al v] (byHKIIsI TpaBAoNoAiOHOCTI

2

dt.

>
<

7
o]
(¢} k,%

I Ds MoXHa BUKIIOUATH i3 pO3-

26* 2T

CriBMHOXHHUK

IS/, TAaK SIK BiH HE 3aJICXKHUTh BiJ V .

Tobto, misg 3HaxokeHHs MII-OIIHKH 3HAYEeHHS V
JOCTaTHHO HAMTH MaKCUMYyM (YHKIIIT

% ~ ~ 2 ~
=X | Pl vkT+1| de. (6)

Sk migcymok, BiAMITHMO, 10 cyMa B (6) eKBiBaJEHT-
2

>
<2

Ha iHTerpaiy Bifg GyHKUii y| v,¢ | Ha iHTEepBaii crocTe-

pexenns Ty = kT .

Takum uuHOM, JUTs 3HaXx0 pKeHHsT MIT-omiHku Hecy4ol
YaCTOTH CUTHAJy HEOOXIHO MaKCUMI3yBaTH (YHKIIiIO

N D VP

Lv:z.fyv,t d? @)

ITo Bcim PO3IIIAHYTUM YaCTOTaM V , TAKUM, IO

V| < Vmax .

4 EKCHEPUMEHTH
Cxema, IO MOXKE peayizyBaTH O0OpaxyHOK (yHKIIT

L| v |, nogana Ha puc. 1 [20].

Peamizanis anroputmy MII-omiHku mondrae B HacTy-

nHOMY. /liana3oH MOMJIMBHX 3HAY€Hb — Viax < V < Viax
po3io’emo Ha M iHTEpBaliB 3 CEpPEJHIMH TOYKAMHU
Vi=Vo+kAv, VO=—Vmax, k=0,1,2,...M —1.

Hns koxHOT HacToTH 00paxoOBY€ETbCS 3HAYCHHS

iHTerpana (7) i HaXOAUTHCS MAKCUMYM I10 BCIM V.

Ha puc. 2 nmonana napanensHa cxema ominku [20].

3acTocyBaHHS MapajleNnbHOl CTPYKTYPH MPUBOAUTH JIO
CKOpPOUYEHHS Yacy 0OpaxyBaHHS, aje BUKJIUKAE PiCT CKIa-
JTHOCTI TIPUCTPOIO.

Cxemu oOpaxyBaHHs MII-omiHKE Hecy4doi 4acToOTH,
mojai Ha puc. 1 Ta 2, sIK MPaBHIIO, HA3HBAIOTh CXEMaMH
posiMkHyTOro THmy (open-loop frequency estimation
algorithm) [4, 5, 6].

AJbTEpHAaTUBHUH MIAXIJ MOJISTAa€E B 3aCTOCYBaHHI Me-
TONIB OIliHIOBaHHS 3aMkHyToro THmy (closed-loop
algorithm).

Sk Bimomo [4, 19], 3HAX0MKEHHSI MAaKCUMyMy (QyHKIii

L VJ JOCATAETHCS PIIECHHSIM PIBHSIHHS:

dLlv|/dv=0. ®)

B pobotax [4, 5, 6, 7] nokazaHo, 1110 Ha OCHOBI aHai-
3y BUpasy (8) Moxke OyTH OTpHMaHa METJIS YaCTOTHOL
aBTOMIACTPOHKH, ska peanizye MII-ominky Hecydoi dac-
TOTH CUTHAIy, 10 mpuiimaethes (closed-loop frequency
estimation algorithm) npu BincyTHocTi iHpOpMarii mpo
nepenany iHdopmaniiiHy MOCIiIOBHICTh, HAYAbHY (azy
HEeCy4ol YacTOTH CUTHATYy, IO NPUAMAETBCS 1 TAKTOBY
cuHxpoHi3aiiro. Ha ocHOBI aHamizy miHIHHOI MO mMeT-
7 OIIHIOETBCS MiHIManbHA TpaHW4Ha aucnepcis MII-
OLIIHKM YacTOTH HECY4Oro KOJWBAaHHS, OTPUMaHa Ha OC-
HOBi npasuia (8) [4, 21].

L(v)

v
=
|
=
%

_>Z

\ 4

—
*
~

——> | arg{Max|L(Vi )]

T

exp(—jvakt )

Pucynok 1 — CtpykTypHa cxema mociinoBHoro oopaxysanas MII-ominku
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y(Vo’t)
— sy S i SN[/ -
exp(— J2mvt )
Y1) BUBIP
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SN IS N A PR BN
T ' ' '
| | !
I 1 1
eXp(—JQTtvlt ) | I |
I I !
1 1 1
I 1 1
1 dvyt) l
G I N G S ST EN

exp(— J2TV it )

Pucynok 2 — CtpykTypHa cxema napajienbHoro oopaxysants MII-ominku

Ha ocHoBi pe3yJsbraTiB, mojanux B podotax [4, 5, 6 ],
BUpAa3 JUId TPaHUYHOI JUcIiepcii, HOpPMOBAHOI 10 KBajpa-
Ty TaKTOBOI YacTOTU CHUTHATY, L0 NPHUIMaeTbcd MOXKe
OyTH MO/IaHO B BUTJISII:

2.2 2a 1 1
= 1
GvT T[zKES/NO[ +ES/N0] (9)

5 PE3YJbTATH
Jis imrocTparii CIiBBiTHONICHHS KOPJOHIB, OTpHUMa-
HHUX Ha OCHOBI Bupasy (9), i sanexnocri CRLB(v)*T? [4,
5], oTpumaHoi 6e3 BpaxyBaHHs IHIINX MAapaMETPiB CHUTHa-
Jy Ha pHC. 3 TIONaHi 3aIeKHOCTI 62 T2 Ta CRLB(V)*T*?
BiJl CHIBBIJHOLIEHHS CUTHAJ/IuyM Ha Oir iHdopmarii
Es/No mst K =256 (Bun Moxysiii ©M-4).

6 OBI'OBOPEHH4
AHai3 3aJIe)KHOCTI, MOJaHOoi Ha pHC. 3, TOKa3ye, 10

TIPUPOIHO KOPIOH o272 3HAYHO Tipile, HiK HUKHIi

kopaoH Kpamepa-Pao. Ile mosicHIOeTbCcs TUM, 1O TpHU
orpuManHi MII-OLIHKM HECY4Ol 4aCTOTH IpU MPUHHATHX
BHUINlE HAaYaJIbHUX YMOBaxX HEe BHKOpHCTaHa iHQopmariio
PO 1HII MapaMeTpy CHUTHAITY, IO NMPUHMAETHCS, a came

((P’T’d)'
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10 1

10

CRLB(v)*T?

3 4 5 6
%17',}6‘
PucyHok 3 — 3anexHicTh HOpPMOBaHOTO KOPJIOHY
CRL B(V)* T2 Ta c%, 72 Bij CHiBBiHOIIEHHS CUTHAI/LIYM,

oTpuMaHi Ha Oit iHpopmauii s K = 256.
Bun monyssiii ®M-4, K =256

Bennuuny CRLB(V)*T ’B psai pobiT Ha3MBAIOTh MO-
mudikoBannm  koproHnoMm Kpamep-Pao — MCRB(V)
(Modified Cramer-Rao bound) [6, 22]. Benuuuny o2 B

JesikuX poboTax HaiiMeHyroTh KopaoHoMm Kpamepa-Pao
(Cramer-Rao bound) — CRB(v) [22]. Kopmon CRB(v) —
e kopnoH Kpamepa-Pao mis mucriepcii omiHky Hecydol
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YaCTOTU CUTHaAly, IO HpHﬁMaCTLCH, KOJIM MU MaeEMO

JIaHHi PO Bci iHII mapameTpH, KpiM V. A KOPIOH G2

kopnoH Kpamepa-Pao mns nucnepcii omiHky Hecydoi Jac-
TOTH, KOJIM MU HE MaeMO JIaHUX Mpo I mapamerpu. Ta-
KAM YUHOM, AWCIEPCis OyIp SKOi «I00poi» He3MIMeHOl
OLIIHKK YaCTOTU KOJUBaHHS (ha30MOJyJIbOBAHOTO CHTHA-
NIy TIOBMHHA JIS)KATH MDK IUMHU KOPJOHAMHU 1 SIKOMOTa

OIIKYE 110 CRLB(V)*T 2

Cnipg 3a3HauMTH, 110 TaKMM MiAXiJ 710 BU3HAYEHHS
HIDKHBOT MEXI JMCIIEpCii OIIHKHU 1, 3arajoM, 10 OIIHKU
HeCcy4oi 4acTOTH, EBHOIO MIpOIO JIOCUTh €(pEeKTUBHO BH-
KOPUCTOBYETBCS ISl OLIHKM HECY4oi YacTOTH CUTHAIY,
0 IepeslaeThes B MakeTHOMY peskumi. Lle oO0rpyHToBaHO
Ta IPEJICTaBICHO B poboTi [23].

YV BkazaHiif poOOTi BU3HAYCHO (YHKIIOHATBHI 3aIeX-
HOCTI, Ha X OCHOBi ()OPMYETHCS IPABUIIO Ta ITOJAHO aj-
TOPUTM OLIHKKA HECYy4oi YacTOTH CHTHANy, IO MpHiMa-
€TBCS CYIIyTHHKOBOIO CHCTEMOIO 3B’SI3Ky B ITaKETHOMY
PeKUMI, 32 MPABUIOM MaKCUMAaJIbHOI MPaBIOIIOMIOHOCTI
32 JIOIIOMOTOI0 KOB3HOTO IIBHAKOIO IEPETBOPEHHS
Oyp’e. Leit anroput™ 1a€ MOXKJIMBICTh OLIHUTH YaCTOTY
3a MpaBHJIOM MaKCHMaJbHOI MpPaBAOIOAiIOHOCTI, Bpaxo-
BYIOYM YMOBHU HEBH3HAUEHOCTI BCIX MapaMeTpiB CUTHAIY,
IO TPUHMAEThCs CYMYTHUKOBOIO CHCTEMOIO 3B’SI3KY B
MIAaKETHOMY PEXHMi, yepe3 KOPOTKi iHTepBaJM criocTepe-
HKEHHS.

BHUCHOBKHA

B poboti BU3HauUeHI (YHKIiIOHATBHI 3aJIEKHOCTI Ta,
Ha 1X OCHOBI, PO3POOJICHO AITOPUTM OLIIHKH HeCy4ol dac-
TOTH CHTHAILY, IO NPHHAMAEThCSA CYILyTHHKOBOIO CHCTe-
MOIO 3B’3Ky B Oe3MepepBHOMY PEKHMI MO MMPaBUIy Ma-
KCUMaJIBHOI IIPaB/IONO{IOHOCTI.

HaykoBa HOBH3Ha OTPUMAaHUX pe3yJIbTaTiB MOJISTAE Y
TOMYy, 110 B POOOTI BIIEpLIE 3anpONOHOBaHUI METO[, Ta
po3pobneHnii Ha OTO OCHOBI AITOPHUTM, SKUH HO3BOJISIE
3IIMCHUTH OILIIHKY HECy4YOi 4acTOTH CHTHAly, IO HpH-
HMaeThes CyIyTHUKOBOIO CHCTEMOIO 3B’S3Ky B Oe3mepep-
BHOMY pEXXHMI I10 TIPABIITy MaKCHMaJIbHOI IPaBIOIOAi0-
HOCTI 3 BpaXyBaHHAM YMOBH HEBH3HAYCHOCTI BCiX mMmapa-
METpIiB CHUTHAIY.

[TpakTH4Ha IHHICTIO OJIep)KaHUX PE3YJIbTATIB POOOTH
noJsrae y po3poOJieHOMY 1 MOIaHOMYy aJITOPUTMI Ta 3a-
MPOIIOHOBAHIN CXeMi HOro amapaTHOI peaisarlii, sika 10-
3BOJISIE 3JIMCHUTH BIIPOBA/PKEHHSI BKa3aHOTO aJTOPHUTMY
B JIif0Yi CHCTEMH CYITyTHUKOBOTO 3B’SI3KY.

st imrocTparii CIiiBBiAHOLIEHHST KOP/IOHIB MiHIMab-
HO T'PaHWYHOI J¥cIepcii OIIHKK Hecydoi 4acTOTH B po6o-
Ti TIOAaHI 3aJIEKHOCTI, SIKi TO3BOJISIOTH 3IHCHATH MOPIiB-
HSHHS MIHIMaTbHO TPAHUYHOI JHCTIepcii, BH3HAYCHOT
HIOKHIM KopaoHoM Kpamepa-Pao Ta miHiManbsHO rpaHmd-
HOI aucnepcii, BU3HAYEHOI 3 ypaXyBaHHAM BCiX IapaMeT-
piB curHaiy.

AHaii3 BKa3aHHX 3aJIeKHOCTEH M0Ka3aB, L0 B peallb-
HUX yMOBax MiHIMaJbHa aucrepcis mpoBenenHs MII-
OLIIHKM HECY4Oi YacTOTH CHTHAITY, IO NMPUHMAETHCS Cy-
IIYTHUKOBOI CHCTEMOIO 3B’S13Ky B O€3MEpEPBHOMY PEKHMI
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NIPY HEBHU3HAUEHOCTI BCiX MapaMeTpiB CHTHATY MOXeE ic-
TOTHO BIJPI3HATHCS Biji MiHIMAJILHOI JUCIIEPCii, OTpUMa-
HOi Ha OCHOBI 3aCTOCYBaHHS HW)XHBOT'O KODJOHY
Kpamepa-Pao.

[epcriekTiBY MOAANBIINX TOCITIPKEHD CIIJ CIIPAMY-
BaTH Ha PO3POOKY Ta CTBOPEHHS aJil'OPUTMIB T4 METOAMK,
cupssmMoBaHuX Ha MII-OIiHKY IpH yMOBI MaKCHMAJIBEHOTO
HaOMIDKEHHST MiHIMaIbHO TPaHWYHOI AWCHEpCii OMiHKH
Hecy4ol YacTOTH PEabHOTO CHIHAY 10 HWXKHBOTO KOp-
nony Kpamepa-Pao, Bu3HaueHOro jisi OLHKHM HeCy4oi
YaCTOTH B YMOBaX BH3HA4YEHOCTI IHIIHMX MapaMeTpPiB CHI-
Haly.
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MOPSOK OIIEHKHA HECYIIEA YACTOTHI CUTHAJIA CITYTHUKOBOM CUCTEMBI CBSI3U B
HEIIPEPBIBHOM PEKUME

TypoBckuii A. Jl. — kaHJ. TeXH. HayK, JOLEHT, mpodeccop kadeapsl cpencts 3ammtel nHGopmanun HarpoHambHOroO
aBUaLMOHHOTO yHUBepcutera Kues, Ykpausa.
Jpodux A. B. — kaHJ. TexH. Hayk, npodeccop, nupektop Hay4uHoro neHtpa, ['ocy1apCTBEHHBI YHUBEPCUTET TEIEKOM-
MyHuKanui, Kues, Yxpanna.

AHHOTALIUA

AkTyanbHocTb. OIHOI M3 OCOOCHHOCTEH CHCTEM CIIyTHHKOBOW CBSI3U SIBJISIETCSI MPEHMYILECTBEHHOE HCIIOJIb30BAHUE B
HUX BO BpeMs IIpUEMYy CHTHajla B HENPEPHIBHOM peXuMe (pa30BOM MOAYJISAIMHM CUTHAIIOB, NPEAHA3HAYEHHBIX IS Tepeladyn
nose3Hoi uHpopmanuy. Mcrnonap3oBanue yka3aHHOTO BUIa MOLYJISLIMK TpeOyeT pelIeH s 3a1auy 110 OLICHKe HecyIIeH JacTo-
ThI CHTHaJla. A cama OLIeHKa CBOJIUTCA K 3a/lau€ OLEHKHM 4aCTOThl MaKCUMyMa B CIIEKTpe ()parMeHTa CHHYCOHJIAIBHOTO CHT-
Hasa Ha (OHE aJTUTHBHOTO TayCCOBCKOro IIyMa. B cTaThe paccMOTpEH MpoIecc OLEHKH HeCcyIed 4acTOThl CHUI'HANA CITyTHH-
KOBOW CHCTEMOM CBSI3H B O€3MPEPHIBUCTOM PEKUME I10 MPABUIIY MAaKCUMAJILHOTO MPABIONION00uS.

Hesn. Pa3paboTka mopsika OIEHKH HECYIIEH YacTOThl CHUTHAJIA, MPUHUMAEMOTO CIIyTHHKOBOW CHCTEMOU CBS3H B
HETPEPHIBHOM PEXKHUME TI0 TIPABHITy MAKCUMAILHOTO TIPABIOO00HS.
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Meton. [IpeoxkeHHsblil B paboTe MOPSAAOK U pa3pabOTaHHBIA HA €r0 OCHOBE aJTOPHTM ITO3BOJISIET OCYIIECTBUTH OLICHKY
Hecyleld 4acTOThl IO MPaBHIy MaKCHMAaJbHOI'O IIPAaBAONONOOMS C YYETOM YCIOBUH HEOIPEAENEHHOCTH BCEX NapaMeTpoB
CHrHaja CIIyTHHUKOBOH CUCTEMOM CBSI3U B HEIPEPHIBHOM PEKUME.

Pe3yabTaThl. C Lenbio MPaKTUIECKOI0 BHEAPEHNS YKa3aHHOTO aJlf'OPUTMA B JICHCTBYIOIIME CXEMBI CITyTHUKOBOH CBSI3H, B
paboTe IpeIoKeHBI CXEMBI €T allllapaTHOH peanu3anuy. [ WILTIOCTpai COOTHOMICHNS TPAHUI] MHHUMAIBHO TIpeeNb-
HOI IUCIIEPCUM OLIEHKU HecyleH yacTOThl B pabOTe MpPEeACTaBIEHbI 3aBUCHMOCTHU, KOTOPbIE TO3BOJIAIOT OCYLIECTBUThH CPaB-
HEHUE MUHMMAJIbHO IIPEEIbHON AUCIEPCUHM, OIpenesieHHON HukHell rpanuueil Kpamepa-Pao 1 MUHUMaIbHO IpeAenbHOR
JHCIIEPCUH, ONIPENIENIEHHOM ¢ y4ETOM BCEX IIapaMETPOB CUIHAJA.

BrbiBoabl. AHanyu3 NPEACTaBICHHBIX 3aBUCUMOCTEH 1OKa3all, YTO PeallbHBIX YCJIOBUSAX MUHHMMAJIbHAS JUCIEPCHS IIPOBE-
JIeHUs Hecyllel 4acTOThl CUI'HaNa 110 MPaBUILy MaKCHMAaJIbHOIO IIPAaBAONONO0US, YTO IPHHUMACTCS CIlyTHUKOBOM CHCTEMOM
CBSI3H B HEIIPEPHIBHOM PEXUME IPH HEOIPEAEIEHHOCTH BCEX N1apaMETPOB CUTHANA MOXKET CYILECTBEHHO OTIMYAThCs OT MU-
HUMAJIbHOHM JUCIIEPCHH, TOJIy4YE€HHOI Ha OCHOBE IPUMEHEHUs HUKHel rpanuisl Kpamepa-Pao. IlepcriekTuBHbIE TaibHEHIINX
HCCIIeIOBAHUS CleyeT HapaBUTh Ha pa3pabOTKy M CO3NaHME alTOPUTMOB U METOJWK, HATIPAaBICHHBIX Ha MII-oreHKy Hecy-
IIeil 4acTOTHI IPU  YCIOBUAX MAKCUMAJIBHOTO MPHOIIKEHUS MUHUMAIBHO MPEeNIbHOM AUCTIEpCUN OLIEHKH HEeCYyILeH JacTo-
Thl PEANbHOIO CHIHaNa K HIHeH rpanune Kpamepa-Pao, onpeneneHHOro i OLEHKH HECYILEH 4acTOThl B YCJIOBUSX OIIpe-
JEJICHHOCTH IPYTHX [1apaMeTPOB CUTHaa.

KJIIOYEBBIE CJIOBA: npuHMMaeMsblil CUTHAJI, OLIEHKA HECYILEl 4acTOThl CUrHalla, MUHUMAIbHO Npe/ielibHast AUCIIEp-
cHsl OLIEHKH HEeCYIeH 4acToThl, HIbKHAA rpanuna Kpamepa-Pao.
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PROCEDURE FOR EVALUATION OF THE SUPPORTING FREQUENCY SIGNAL OF THE SATELLITE
COMMUNICATION SYSTEM IN CONTINUOUS MODE

Turovsky A. L. — PhD, Associate Professor, Professor of the Department of Information Protection at the National
Aviation University Kyiv, Ukraine.
Drobik O. V. - PhD, Professor, Director of the research center, State University of Telecommunications, Kyiv, Ukraine.

ABSTRACT

Context. One of the features of satellite communication systems is the advantageous use in them during the reception of
the signal in the continuous mode of phase modulation of signals intended for the transmission of useful information. The use
of this type of modulation requires solving the problem of estimating the carrier frequency of the signal. And the estimation
itself is reduced to the problem of estimating the frequency of the maximum in the spectrum of a fragment of a sinusoidal
signal against the background of additive Gaussian noise. The article considers the process of estimating the carrier frequency
of a signal by a satellite communication system in a continuous mode according to the rule of maximum likelihood.

Objective. Development of a procedure for estimating the carrier frequency of a signal received by a satellite com-
munication system in a continuous mode according to the maximum likelihood rule.

Method. The procedure proposed in the work and the algorithm developed on its basis allows to estimate the carrier fre-
quency according to the rule of maximum likelihood, taking into account the conditions of uncertainty of all signal parameters
by the satellite communication system in continuous mode.

The results. For the purpose of practical introduction of the specified algorithm in operating schemes of satellite commu-
nication, schemes of its hardware realization are offered in work. To illustrate the ratio of the limits of the minimum limiting
variance of the carrier frequency estimate, the paper presents dependencies that allow comparing the minimum limiting vari-
ance defined by the lower Cramer-Rao boundary and the minimum limiting variance determined taking into account all signal
parameters.

Conclusions. Analysis of these dependences showed that in real conditions the minimum dispersion of the carrier fre-
quency of the signal according to the rule of maximum likelihood received by the satellite communication system in continu-
ous mode with uncertainty of all signal parameters may differ significantly from the minimum dispersion obtained by apply-
ing the lower Kramer-Rao boundary. Prospective research, development and creation of algorithms and techniques aimed at
estimating the carrier frequency at the minimum limiting variance in the conditions of uncertainty of all parameters of the
received signal should be aimed at the maximum approximation of the minimum limiting variance of the estimated carrier
frequency to the lower Cramer-Rao boundary to estimate the carrier frequency under conditions of certainty of other signal
parameters.

KEYWORDS: the received signal, the signal carrier frequency estimate, the minimum limiting variance of the carrier fre-
quency estimate, the lower Kramer-Rao boundary.
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ABSTRACT

Context. We investigate the Kolmogorov-Wiener filter weight function for the prediction of a continuous stationary random
process with a power-law structure function.

Objective. The aim of the work is to develop an algorithm of obtaining an approximate solution for the weight function without
recourse to numerical calculation of integrals.

Method. The weight function under consideration obeys the Wiener-Hopf integral equation. A search for an exact analytical so-
lution for the corresponding integral equation meets difficulties, so an approximate solution for the weight function is sought in the
framework of the Galerkin method on the basis of a truncated Walsh function series expansion.

Results. An algorithm of the weight function obtaining is developed. All the integrals are calculated analytically rather than nu-
merically. Moreover, it is shown that the accuracy of the Walsh function approximations is significantly better than the accuracy of
polynomial approximations obtained in the authors’ previous papers. The Walsh function solutions are applicable in wider range of
parameters than the polynomial ones.

Conclusions. An algorithm of obtaining the Kolmogorov-Wiener filter weight function for the prediction of a stationary continu-
ous random process with a power-law structure function is developed. A truncated Walsh function expansion is the basis of the de-
veloped algorithm. In opposite to the polynomial solutions investigated in the previous papers, the developed algorithm has the fol-
lowing advantages. First of all, all the integrals are calculated analytically, and any numerical calculation of the integrals is not
needed. Secondly, the problem of the product of very small and very large numbers is absent in the framework of the developed algo-
rithm. In our opinion, this is the reason why the accuracy of the Walsh function solutions is better than that of the polynomial solu-
tions for many approximations and why the Walsh function solutions are applicable in a wider range of parameters than the polyno-
mial ones. The results of the paper may be applied, for example, to practical traffic prediction in telecommunication systems with
data packet transfer.

KEYWORDS: Kolmogorov-Wiener filter weight function, continuous random process, Walsh functions, Galerkin method,
power-law structure function.

NOMENCLATURE o’ is a process variance;

T is a time interval on which the input process data o is a proportionality constant between the process

are observed; ) structure function and the power-law term;
Z is a time interval for which the forecast should be o .
H are the Hadamard matrices;

made;
h(t) is a Kolmogorov-Wiener filter weight function; W are the Walsh matrices;
H is a Hurst exponent; W, are the components of the Walsh matrices;
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wal, (t) are the Walsh functions;

0,, are the coefficients multiplying the Walsh func-
tions;

g is a column vector of the coefficients g, ;

Left(t) is a left-hand side of the Wiener-Hopf integral
equation

Right(t) is a right-hand side of the Wiener-Hopf inte-

gral equation;
G, are the integral brackets;

G is a matrix of the integral brackets;
B, are the free terms in the linear set of algebraic

equations in g, ;
B is a column vector of the free terms B, ;
V,; are auxiliary integrals needed for the calculation

of the integral brackets;
V' is a matrix of the integrals V; ;

X, are auxiliary integrals needed for the calculation

of the function Left(t) ;
N is a number of points in the numerical integration.

INTRODUCTION

Random processes with a power-law structure func-
tion are widely used in different fields of knowledge. For
example, they are used in plasma physics, statistical phys-
ics, in the study of financial markets (see corresponding
references in [1]), in astrophysics [2, 3], in the description
of turbulent flows [4] and so on. In particular, random
processes with a power-law structure function may be
used for the telecommunication traffic description (see,
for example, [5—7]). The problem of telecommunication
traffic prediction is very important for telecommunica-
tions because of its applications to power saving, optimal
use of network resources, and detection of security attacks
(see, for example, 8, 9]). There are plenty of telecommu-
nication traffic models [10]. In the simplest models, tele-
communication traffic in systems with data packet trans-
fer is considered as a self-similar stationary random proc-
ess [10]. One of the known telecommunication traffic
models is the model where the traffic is considered to be a
stationary random process with a power-law structure
function [5]. In the case of a large amount of data, traffic
may be treated as continuous random process [5].

As is known [11], the Kolmogorov-Wiener filter
maybe applied to the prediction of stationary processes.
The Kolmogorov-Wiener filter is a linear stationary filter,
so this filter is rather simple and in our opinion it is quite
natural to apply it to the prediction of stationary random
process with a power-law structure function. There are
plenty of rather complicated approaches to the prediction
of random processes (see, for example, approaches to
traffic prediction [8, 9]). However, as far as we know, a
rather simple approach based on the use of the Kolmo-
gorov-Wiener filter has not been sufficiently developed in
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the literature, and so the results devoted to this approach
have scientific novelty.

Our previous papers [5-7] were devoted to obtaining
the Kolmogorov-Wiener filter weight function for the
prediction of a random process with the power-law struc-
ture function. Papers [5—7] were based on the truncated
polynomial expansion method, which has some draw-
backs. To overcome these drawbacks, in the framework of
this paper we propose to derive the unknown filter weight
function on the basis of a truncated Walsh function ex-
pansion.

The object of study is the Kolmogorov-Wiener filter
for the prediction of a random process with a power-law
structure function.

The subject of study is the weight function of the
corresponding filter.

The aim of the work is to obtain the weight function
on the basis of expansion into a truncated Walsh function
series.

1 PROBLEM STATEMENT
As is known [5], the Kolmogorov-Wiener weight
function for the prediction of a random process with a
power-law structure function is the solution of the follow-
ing Wiener-Hopf integral equation:

!drh(r)(cz —%|t—r|2Hj:02—%(t+ )™ (D)

The problem statement is as follows: to obtain the un-
known filter weight function as an approximate solution
of the integral equation (1) on the basis of a truncated
Walsh function expansion.

2 REVIEW OF THE LITERATURE

Our previous papers [5-7] were devoted to a search
for the unknown weight function on the basis of the inte-
gral equation (1) with the help of the truncated polyno-
mial expansion method. In paper [5] the polynomials or-
thogonal without weight were used, and papers [6, 7] are
based on the Chebyshev polynomials of the first and sec-
ond kind, respectively. The behavior of polynomial solu-
tions in [5—7] is almost identical.

It should be stressed that nowadays the truncated pol-
ynomial expansion method is rather popular for the solu-
tion of integral equation in different fields of knowledge
(see, for example, [12—14]). However, in the framework
of the problem under consideration polynomial solutions
have several drawbacks. Some polynomial approxima-
tions in [5—7] indeed give good results, but some ap-
proximations absolutely fail. In our opinion, the fact that
polynomial solutions lead to the product of very large and
very small numbers may cause such failures. Moreover,
the analytical calculation of the integral brackets in the
framework of the polynomial method meets difficulties.
Exact analytical expressions for the integral brackets may
be obtained, but they are too cumbersome and, in fact,
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they are not applicable in the framework of approxima-
tions of a rather large number of polynomials.

The truncated polynomial expansion method is a spe-
cial case of the Galerkin method [15], in the framework of
which the solution of an integral equation is sought in the
form of a truncated orthogonal function series. As men-
tioned above, the use of orthogonal polynomials has some
drawbacks. So, in order to avoid such drawbacks, we pro-
pose to use the orthogonal Walsh functions [16] instead of
polynomials. The Walsh functions are step ones [16], thus
allowing one to obtain analytical expressions for the inte-
gral brackets which are also applicable in the case of a
rather large number of Walsh functions. Moreover, the
use of the Walsh functions does not lead to the product of
very large and very small numbers, so Walsh function
solutions are applicable in a wider range of parameters
than polynomial ones.

3 MATERIALS AND METHODS
As is known, the Hadamard matrices are introduced
by the following recursive definition [16]:

() _| H AN 2) (1 1 j
SR R RO - . @)
L) ) -

The set of rows of the Walsh matrices coincides with
that of the Hadamard matrices, but the numeration of the
sets is not the same. The rows of the Walsh matrices are
numerated as follows [16]: the smaller the number of sign
changes in a row, the smaller the number of the row. The
Walsh functions in the Walsh numeration are defined on
the time interval t €[0,T] as follows:

Wk(lzm) ,t € |:0,l:|

m

Wk(zzm)vte(Lm’%}
wal, (t)=1 22

W) te{(2"‘—1)T ’T}

(€)

K2m ?

where m is the least natural number for which the ine-

quality 2™ >k holds. As can be seen, the Walsh func-
tions (3) are step ones, they may take only the values +1
or —1. The Walsh functions form a complete orthogonal
function system on the time interval t €[0,T].

The unknown weight function h(t) in the approxima-
tion of n=2" is sought in the form
h(7)= 2.9, wal, (). @
m=1

On substituting (4) into (1) one can obtain
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which after multiplying by wal, () and integrating over
t leads to the following system of linear equations:

n J—

Y Guln =B, k=1, (6)

m=1

TT
6. = [ Jageval, (vt (0 514" ] )
00

and
p o 2H
B, :Jdtwalk (t)(cz —E(t+z) j ()
0
The matrix form of the system (6) is as follows:
Gg=8B, )
where
Gll GIZ Gln Bl gl
G G.21 G‘22 . G:2n B- B.z ,g= 9, (10)
Gﬂl an Gnn Bn gn

The Walsh functions obey the property

wal, [IH),k:Z
T 2
wal, | ——t|=
2

—wal, [I+t),k12
2
which with account for the fact that the absolute value is
sign-independent leads to the following properties of the
integral brackets:

> an

Gks = Gsk )
G, =0 if k,s are of opposite parities,

(12)

see a similar derivation of (12) in [5]. So, a straightfor-
ward calculation is needed only for the integral brackets
G, where k>m and k,m are of the same parity. Ana-
Iytical expressions for the integral brackets may be ob-
tained on the basis of the fact that the Walsh functions are
step ones:

Gy = ZWQE)WJB” )VBS

B.,5=1

(13)
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where

BT/n 3T/n a o
Vs = j J d'[dr(cs2 —E|t—r| j

(B-1)T/n(8-1)T/n

(14)
The integrals Vy; obey the properties
V[35 :V[3+1,5+1 5 V[ss :VBB . (15)
This can be demonstrated as follows:
BT/n  &T/n
Vs = J I dtdr(cs2 —%|t—r|2Hj:

(B-1)T/n(8-1)T/n

e
={X=t+—,y=1+—¢=
n n

(B+1)T/n (8+1)T/n

= j I dXdy[G ——|X Y| ) BHLE+L "

BT/n 8T/n

(16)

and

3T
j‘ tdt(cz —g|t —t|2H j =
(61T 2

{<—>r|t 1:| |r t|}
8T BT

n

j dtdr(c ——|t r| j 5 -
(8-1)T (B-1)T
n n

L'—.J ‘m

>

(17)

’—.3‘

So the matrix V takes the form

V11 V12 oV

V = V21 sz eV _

Vm
V12 V13 Vln (18)
V1

V12 V11 Vl,n—2

<

<
<
<

w

Il
<

Vln Vl,n—l Vl,n—z V11
and a straightforward calculation is needed only for the
first row in (18). Let us obtain analytical results for the

quantities V. First of all, from (14) one can see that
LI 18
TY of t 2H
Vi =| o— ——Jdt j dift-1" =
n 29 oy

(19)

T (BT

T 2 n n
:{y:t—r}:(cﬁj —%Idt I dy|y|2H_
BT

0

n

For the quantity V|, the integrand is of alternating sign

and
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t
H J‘dyyZH
0

which after a straightforward calculation leads to

2
0 o(sT-
n (2H +1

It

a I 2H+2
2H+2)\n ’

1)

For B >1 the integrand in (19) does not change the sign:

which after a straightforward calculation leads to

o) s
" n) 2(2H+1)

idea:
BT
B, = ZWk(ﬁn) J'

p=1 (B-1)T
n

G

(e ]

The free terms B, may be calculated by a similar

dt[cs2 —%(H z)ZHJ

which after a straightforward calculation leads to

B, _ZW(”){

[0

ey -

S

So the algorithm of obtaining the coefficients multi-
plying the Walsh functions may be formulated as follows:
1. Calculate V|, by formula (21).

2. Calculate Vg,

B =2 by formula (23).

3. Form the matrix V by formula (18).
4. Calculate the integral brackets G,, by formula (13)

where K >m and k,m are of the same parity

(22)

(23)

24)

(25)
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5. Calculate all the other integral brackets on the basis
of the properties (12) and form the matrix G of the inte-
gral brackets (see (10)).

6. Calculate the free terms B, by formula (25) and

form the column vector B of the free terms
7. Calculate the column vector g of the unknown co-

efficients by the following formula (26):
g=G'B. (26)

In order to verify the obtained solutions, the left-hand
side and the right-hand side of (1) should be numerically
compared for the obtained solutions:

Leﬂ(t):idrh(r)(cz " j

Right (t) = o> —%(I+Z)ZH .

27)

The obtained weight function h(t) is a step one, so
the function Left(t) may be calculated as

Left(t) = > h, X, (t) (28)
=1

where

i),

2 n n 2n
and
[id
X, (t)= j dt[cz—%h—rrHJ:
(B-1)7
BT (30)
T o f 2H
=0 ——— j d‘t|t—‘t|
n Z(HT
which yields
, o t (B—I)T 2H+1
n 2(2H+1) n
2H+1
_(t_ﬂj :|,t BT
n n
21_# (ﬂ_ jZHH_
n 2(2H+1)[\n
Xy (t)= G1)

n n

+(t_(B_1)T JMH},(B‘I)T <t<PT
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The mean average error (MAE) may be calculated in or-
der to estimate the accuracy of the obtained solutions:

MAE = Tl ! |Left(t) - Right(t)] . (32)

The integral (32) may be numerically calculated, for
example, as follows:

2N

1N
MAE ~ —
T

Lef (M]_

2N N (33)

In this paper, the value N =107 is used.
So the algorithm of the MAE obtaining is as follows:
1. Calculate the quantities h, by formulas (29).

2. Introduce the functions X, (t) by formulas (30).
3. Introduce the function Left(t) by formula (28).
4. Introduce the function Right(t) by formula (27).

5. Calculate the MAE by formula (33).

It should be stressed that the only integral that should
be numerically calculated is the integral (33) for the MAE
calculation. For all the other integrals, applicable analyti-
cal expressions are obtained.

—Right (

4 EXPERIMENTS
The numerical calculations are made in the Wolfram
Mathematica package. The results for the following set of
parameters are investigated:
T=100,z=3,H=08,6=12, a=3-10". (34)
The results for the polynomial solutions for the parame-
ters (34) were investigated in [5—7]. It was shown that the
approximations of a number of polynomials from 9 to 15
absolutely fail (the corresponding MAE is greater than
10%, the graphs of Left(t) and Right(t) are totally differ-
ent). On the basis of the Walsh functions the following
MAE are obtained, see Table 1.
As can be seen, the approximations of n=2" Walsh
functions are rather accurate, and the accuracy increases
with m. For graphical visualization, the graphs of Left(t)

and Right(t) are given for the approximation of 256

Walsh functions, see Fig. 1.
As can be seen from Fig. 1, an almost ideal coinci-
dence of the curves takes place.
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Table 1 — MAE for the parameters (34) for the approximations
of N Walsh functions rounded off to two significant digits

n MAE
2 3.2-107
4 24107
8 9.2-107
16 7.4-107
32 1.1-10™
64 2.0-107
128 3.8:10°°
256 7.6-107
5L - ——-Leftz)
—Right(¢}

=]

=]
o
T

=]
n

The left-hand and the right-hand
sides of the integral equation (1)

=]

Figure 1 — Comparison of the left-hand and right-hand sides of
eq. (1) for parameters (34) for the approximation of 256 Walsh
functions.

The following set of parameters is also investigated:

T=1000, z=3, H=08, 6=12, a=8-10". (35)
As indicated in [5-7], in fact only the approximation of
two polynomials is valid for the parameters (35). As for
the Walsh solutions, we have the following, see Table 2:

Table 2 — MAE for the parameters (35) for the approximations
of N Walsh functions rounded off to two significant digits

n MAE
2 3.2:107
4 3.8:107
8 4.1-107
16 4.1-10*
32 6.0-10°
64 9.8-10°¢
128 1.7-10°

256 3.2-1077

So the solutions based on the Walsh functions give
good results for the parameters (35). For graphical visu-
alization, the graphs of Left(t) and Right(t) are given for

the approximation of 256 Walsh functions, see Fig. 2. As
can be seen from Fig. 2, an almost ideal coincidence of
the curves takes place.

It should also be stressed that even for the parameters
(34) the Wolfram Mathematica is not able to build a graph
for Left(t) for a number of polynomials greater than 18.
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The method based on the Walsh functions allows one to
treat several hundreds of functions.

o
T

----Lefi(1)
—Right(t)

[=]

0 0 £00
200 400 500

Time (0.}

The left-hand and the right-hand
sides of the integral equation (1)

Figure 2 — Comparison of the left-hand and right-hand sides of
eq. (1) for parameters (35) for the approximation of 256 Walsh
functions

So one can conclude that the method based on a trun-
cated Walsh function expansion works very well and the
accuracy of the approximations of rather high numbers of
Walsh functions are very accurate.

5 RESULTS

The Kolmogorov-Wiener filter weight function for the
prediction of a random process with a power-law structure
function is investigated. The investigation is based on the
Galerkin method, in the framework of which the unknown
weight function is sought in the form of a truncated Walsh
function series. An algorithm of the weight function deri-
vation is developed, this algorithm does not require a nu-
merical calculation of the integrals.

In order to verify he results, the mean average error
(MAE) of the residual (the difference of the left-hand side
and the right-hand side) of the integral equation (1) is
introduced. The sets of parameters (34) and (35) are in-
vestigated (the corresponding sets were also investigated
for polynomial solutions [5-7]). It is shown that the
Walsh function approximations give good results and the
approximations of a rather large number of the Walsh
functions are very accurate (they lead to a very small
MAE).

It is found that the Walsh function solutions are much
better than the polynomial ones in the framework of the
problem under consideration.

6 DISCUSSION

In this paper we propose to realize the Galerkin meth-
od for obtaining the weight function on the basis of a
truncated Walsh function expansion. The corresponding
algorithm of the weight function derivation is developed.
In contrast to the truncated polynomial expansion method,
the proposed algorithm have the following advantages:

1. The numerical calculation of the integrals is not
needed for the weight function obtaining (the only nu-
merical calculation of the integral is needed for MAE
obtaining, not for the weight function obtaining). In par-
ticular, applicable analytical expressions for the integral
brackets are obtained.
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2. The calculation of the left-hand side of the Wiener-
Hopf integral equation does not require numerical calcu-
lation of the integral, the corresponding analytical expres-
sion for the function Left(t) is obtained.

3. The use of the Walsh functions does not lead to the
products of very small and very large numbers, which can
hardly be calculated numerically.

It is shown that for the same parameters the solutions
based on the Walsh functions are much better than the
polynomial ones. They are applicable in a wider range of
parameters, and they lead to far smaller values of the
MAE (the MAE for the 18-polynonial approximation for
the parameters (34) is of the order 10, the MAE for the
256 Walsh function approximation is of the order 107).
The use of the Walsh functions allows one to numerically
treat the approximations of several hundreds of Walsh
functions (in contrast to only several tens of polynomials).
Moreover, there are no Walsh function approximations
that absolutely fail, in contrast to polynomial ones.

CONCLUSIONS

The Kolmogorov-Wiener filter weight function for the
prediction of a random process with a power-law structure
function is investigated on the basis of a truncated Walsh
function expansion. It is shown that in the framework of
the problem under consideration the Walsh function solu-
tion is much better than the polynomial solutions investi-
gated in the authors’ previous papers.

Random processes with a power-law structure func-
tion are widely used indifferent fields of knowledge (in
particular, for the telecommunication traffic description).
So the results of this paper may be useful for practical
prediction of stationary random processes with a power-
law structure function in various fields of knowledge (in
particular, for telecommunication traffic prediction in
systems with data packet transfer).

The scientific novelty of the paper is the fact that for
the first time the weight function under consideration is
found on the basis of a truncated Walsh function expan-
sion. The proposed algorithm of the weight function deri-
vation does not lead either to numerical calculation of
integrals or to the product of very large and very small
numbers. It is shown that for the problem under consid-
eration the Walsh function solutions are much better than
the polynomial ones.

The practical significance is that the obtained results
may be applied for the practical prediction of stationary
random processes with a power-law structure function in
various fields of knowledge.

Prospects for further research are to obtain a practi-
cal prediction on the basis of the obtained results.
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AHOTAIIA

AxTyanbHicTh. Po3risnyTo BaroBy ¢yHkuito ¢insrpa Konmoroposa-Binepa asist mporao3yBaHHs HEEPEpBHOrO CTAIliOHAPHOTO
BUIIa/IKOBOTO TIPOIIECY 31 CTENEHEBOIO CTPYKTYPHOIO DYHKIIi€FO.

Meta podoTu. MeToro poboTu € po3poOUTH aNrOPUTM OTPUMaHHS HAOIIKEHOTO PO3B’SA3KY AJIs BaroBoi QYHKIII, IKU HE Mic-
TUTH YHCIOBOTO OOYHMCIICHHS 1HTETPAJIiB.

Metoa. BaroBa ¢yHKIis, 0 PO3MIISAAETCS, MIIIOPSIIKOBYETECS IHTETpaJbHOMY piBHSHHIO Binepa-Xonda. ITomryk TodHOTO
AQHAJIITHYHOTO PO3B’S3KY BiJMOBIZHOTO IHTErPAIBPHOIO PIBHAHHS CTHUKAETBCS 3 TPYIHOLIAMH, TOX IIYKA€ThCS HAOIMKCHHI
Po3B’s130K a1 BaroBoi QyHKIIT B pamkax Meroxy ['anepkiHa, sikuid 6a3yeThcsi Ha OCHOBI 00ipBaHOTO PO3BHHEHHS B Psi 32 (DyHKIis-
MH Yomma.

Pe3yabTaTn. Po3pobieHo BinnoBinHui aaropuT™ oTpuMaHHs BaroBoi QyHKIT. Yci iHTerpaiy 004YHCICHO aHATITHYHO, a HE Y-
cenbHO. Bijblie Toro, mokasaHo, 10 TOYHICTh OTPUMAHHUX HAOJIMKEeHb, 110 0a3yloThess Ha QYHKIiIX Youa, € 3Ha4HO KPaIloko 3a
TOYHICTB MOJIIHOMIaJIbHUX PO3B’S3KiB, OTPUMAHUX y TMOIEpeIHiX podoTax aBTopiB. Po3B’s13kH, 1m0 0a3yroTbes Ha QyHKIIAX Yooma,
€ 32CTOCOBHHMH y HIMPIIOMY Aiana3oHi MapaMeTpiB, HK MOTIHOMIaIbHI PO3B’A3KH.

BucnoBkn. Po3pobieno anropurm orpumanHs BaroBoi ¢yHkuii ¢ineTpa Konmoroposa-Binepa mias mporHosyBaHHS Hemepe-
PBHOTO CTaIliOHAPHOTO BUITAAKOBOTO HMPOIECY 31 CTEHEHEBOIO CTPYKTYpHOIO (yHKITi€t0. OCHOBOIO alrOPUTMY € PO3BHHEHHS 32 (yH-
KuisiMu Yoomra. Ha BinMiHy Bix moniHOMIanbHUX PO3B’S3KiB, HOCTIIPKEHUX Y MUHYJIMX CTaTTIX, PO3POOJICHUH QJITOPUTM Ma€ HAacTy-
mHi nepeBaru. [lo-mepiire, yci iHTErpaau 00YHUCICHO aHATITUYHO, i HEeMae MOTPeOH B YHCIOBOMY PO3paxyHKy iHTerpaitis. [lo-apyre,
npobiema JoOyTKy Ay’e MajMX Ta JyXe BEJMKHX YMCeN BiACYTHSA B paMKax 3allpONOHOBAHOro anropurMmy. Ha Ham nmormsz, ue €
HOPUYMHOIO TOTO, IO TOYHICTH PO3B’SI3KiB, 110 0a3yIOThes Ha PyHKIisIX Youia, € Kpalok 3a TOYHICTh MOJIIHOMIaJIbHAX PO3B’SI3KiB
Ui 6araTh0X HAOMIKEHb, 1 1€ € MPHYMHOIO TOTO, IO PO3B’S3KH HA OCHOBI (PYHKIIH Y0JIIa € 3aCTOCOBHIMH Y MIUPLIIOMY Aiana3oHi
rmapaMeTpiB, HK TOJTIHOMIiabHiI po3B’3KH. Pe3ynpraTit po60TH MOXKYTh OYTH 3aCTOCOBaHi /10, HAPHUKIIA/, TPOrHO3YBAaHHS Ha MPAaK-
THIi TpadiKy B TEIEKOMYHIKalifHUX CHCTEMaX 3 IIAKETHOIO Iepeladeio JaHHX.

KJIIOYOBI CJIOBA: BaroBa ¢ynkuis ¢instpa Konmoroposa-Binepa, HenepepBHU BHIagkoBUi mpormec, GpyHKnii Youma,
meTox ["anepkina, creneHeBa CTPYKTypHa QYHKIIS.
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AHHOTALNUA

AKTyanbHOCTB. PaccmoTpena BecoBast ¢yHkius ¢uibtpa KomMoroposa-BuHepa [uis mporHO3UpOBaHUS HENPEPHIBHOTO CTa-
[HOHAPHOT'O CITyYaifHOTO MpoIlecca CO CTENCHHOW CTPYKTYPHOH QYHKIUCH.
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Leab padorsl. Llenbro paboTs! sBIseTCS pa3paboTaTh aNTOPUTM MOTYUCHUS TPHOIIIKEHHOTO PEeLIeHHs Ul BeCOBOH (DyHKIMY,
KOTOPBIH HE COJCPIKHUT YUCICHHOTO BHIYMCIICHHSI HHTEIPAJIOB.

Metoa. PaccmatpuBaeMas BecoBasi (pyHKIMSI, TOJUUHSCTCSI HHTErpaIbHOMY ypaBHeHHI0 Bunepa-Xonda. ITouck TouHoro ana-
JUTHYECKOTO PELIEHHUs COOTBETCTBYIOLIEr0 MHTETPANbHOTO yPABHEHUsI 3aTPyHEH, TaK YTO HILETCS MPUOIMIKEHHOE PEICHUE IS
BECOBOH (yHKIMH B paMKax MeToja ['anepkuHa, OCHOBBIBAEMOT0 Ha 0O0PBAHHOM PA3JI0KEHUH B sl 0 GYHKIUSAM Y OJIIIIA.

PesyabTaThl. Pa3zpaboTan cOOTBETCTBYIOMINI aarOpUTM IONyYeHHST BECOBOW (YHKIMH. Bce WHTErpasibl BEIYMCICHBI aHATHTH-
9YeCKH, a He YHCICHHO. boiee Toro, moka3aHo, YTO TOYHOCTh HMOJyYESHHBIX NPUONIDKEHUH, 60a3upyeMbIX Ha (GYHKOUSIX Youma, 3Ha-
YUTEJBHO JIy4Ille, 9eM TOYHOCTh ITOJMHOMHANBHBIX PELISHHH, MOIYyYeHHBIX B MPEABITYIINX padoTax aBTOPOB. Pemienus, xoTopsie
6azupyrorcs Ha GyHKIUSIX Y oIa, IPUMEHUMBI B 00JIee IIMPOKOM JMala30He MapaMeTpoB, YeM ITOJIMHOMHUAIBHBIE PEIICHNS.

BriBoasl. Pazpaboran anroputm nosydeHus BecoBoil pyHkimn ¢punsrpa Konmoroposa-Bunepa aiist mporHo3upoBaHus CTaIHO-
HApPHOT'O HEMPEPBHIBHOTO CIIyYaiiHOTO MPOIIECCca CO CTENCHHOW CTPYKTypHOU (yHKIHeH. OCHOBHON alrOpUTMa €CTh PA3JIOKCHUE TI0
¢bynknusaM Younma. B otnuune oT MOTHHOMHANBHBIX PEIIEHUH, HCCIEIOBAHHBIX B MPEbIIYIINX CTAaThsAX, pa3pabOTaHHbIH alrOPHUMT
HMeeT CleAyIolue MPeuMyIiecTBa. Bo-nepBbIX, Bce HHTErpajbl BHIUMCIEHBI aHATMTHYECKH, U HET HEOOXOAUMOCTH B YHMCIEHHOM
BBIYHCIICHUN HHTETpPanoB. Bo-BTOpHIX, MpobiiemMa NMpOW3BEAEHHSI OUCHb MANBIX M OYECHb OONBIINX YHCEN OTCYTCTBYET B paMKax
MIPEUTOKEHHOTo anroputMa. Ha Hamm B3Tmsam, 3To SBISETCS IPUYHUHON TOTO, YTO TOYHOCTH PEIICHUH, OCHOBBIBAIOIIUXCS Ha (DYHKIIH-
sIx Yo, JIydIle, 9eM TOYHOCTb ITOJMHOMHAIBHBIX PEIICHUH, W 9TO SBIISETCS IPUIMHOI TOTO, YTO pEelIeHHs] Ha OCHOBE (DyHKIHI
VYomnma npuMeHHMBI B 60Jiee MIMPOKOM JUaIa3oHe IapaMeTpoB, YeM NMOJIMHOMHANIBHEIE pelIeHus. Pe3ybraTsl paboTsl MOTYT OBITH
INPUMEHUMBI K, HallpuMep, IPOrHO3UPOBAHMIO Ha IPaKTUKe Tpadduka B TeIEKOMMYHHUKAIMOHHBIX CHCTEMax C MaKeTHOW Iepenayeit
JTaHHBIX.

KJIFOYEBBIE CJIOBA: BecoBas ¢ynkuus ¢uiastpa Kommoroposa-Bunepa, HenmpepbIBHbIN CilydaiHBIA mpouecc, GyHKIUH
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ABSTRACT
Contex. The article deals with the actual problem of numerical optimization of slowly computed unimodal functions of one
variable. The analysis of existing methods of minimization of the first and second orders of convergence, which showed that these
methods can be used to quickly solve these problems for functions, the values of which can be obtained without difficulty. For slowly
computed functions, these methods give slow algorithms; therefore, the problem of developing fast methods for minimizing such

functions is urgent.

Objective. Development of a combined third-order Newtonian method of convergence to minimize predominantly slowly
computed unimodal functions, as well as the development of a database, including smooth, monotonic and partially constant
functions, to test the method and compare its effectiveness with other known methods.

Method. A technique and an algorithm for solving the problem of fast minimization of a unimodal function of one variable by a
combined numerical Newtonian method of the third order of convergence presented. The method is capable of recognizing strictly
unimodal, monotonic and constant functions, as well as functions with partial or complete sections of a flat minimum.

Results. The results of comparison of the proposed method with other methods, including the fast Brent method, presented. 6954
problems were solved using the combined Newtonian method, while the method turned out to be faster than other methods in 95.5%
of problems, Brent’s method worked faster in only 4.5% of problems. In general, the analysis of the calculation results showed that
the combined method worked 1.64 times faster than the Brent method.

Conclusions. A combined third-order Newtonian method of convergence proposed for minimizing predominantly slowly
computed unimodal functions of one variable. A database of problems developed, including smooth, monotone and partially constant
functions, to test the method and compare its effectiveness with other known methods. It is shown that the proposed method, in
comparison with other methods, including the fast Brent method, has a higher performance.

KEYWORDS: unimodal function, Brent method, combined Newton minimization method, method speed.

ABBREVIATIONS

BM is a Brent method;

DS is a dichotomous search;

GSS is a golden section search;

EDS is an economical dichotomous search;

MF is a minimizing function;

N30 is a Newton’s method of the third order of
convergence.

NOMENCLATURE

f(x) is an unimodal function;

G =[a, b] is an uncertainty segment;

€ is a calculation accuracy;

E =p'“ is an efficiency index;

p is an order of convergence of the method;

o 1s a number of calculations;

4 is a number close to machine zero;

Xi is a current point of the iterative process, a;, b; are
the current boundaries of the uncertainty segment at
iteration with number i, § is a number close to machine
Zero;

h =a —a)
excessive convergence between a new point and the
boundaries of the uncertainty segment to hamper the
slowdown of the computational process;

o < 0.5 is a coefficient;

is a minimum gap restricting the
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ky is a number of calls of the GSS to the MF necessary
to solve the problem.

INTRODUCTION

Numerical optimization of one-variable functions is
one of the most common computational problems [1-4].
In practice, minimization of unimodal functions [5—8] that
may have an extremum in a point or segment of the
uncertainty segment where the function is constant is one
of the most frequently used procedures. Most often, it is
for unimodal functions that numerical minimization
methods are developed.

First- and second-order convergence methods applied
to solve these problems quickly and without difficulties
[9-11]. The difference in their use becomes only visible
when the computation time required to calculate the
minimizing function becomes many times greater than the
execution time of computational operations that
implement the optimization method. Although the method
itself operates fast, it is the slow MF computations that
eventually slow down the solution algorithm.

1 PROBLEM STATEMENT
The class of slow-computed MF’s is very broad.
Typical examples are functions obtained by solving
computational problems for theoretical models of various
technical objects, where mathematical modeling involves
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one or more multidimensional differential equations,
often nonlinear. The numerical methods used to solve
these problems usually require a large amount and high
accuracy of calculations, thus consuming a significant
amount of computer time to calculate a single MF value.

The proposed method is designed to find the abscissa
x of the minimum of the unimodal one-variable function
f(x) on the segment G = [a, b] up to &.

During the search for a solution, at each iteration, a
part of the current uncertainty segment G is cut off until
the condition

o, —a|<e[x|+3. (1)

The value of the parameter & was chosen from the
following considerations. If the arithmetic type of
machine variables equals to 2m significant decimal digits,
then we can put § = 107", which allows you to confidently
operate with small numbers, without risking to affect the
result of rounding errors when performing arithmetic
calculations [16].

2 REVIEW OF THE LITERATURE

Even for fast-computed functions, when a large
number of calls to the algorithm is required to achieve the
result, it also becomes slow. Such problems include, for
example, multi-parameter optimization of dynamic
systems by performance criteria, where one-dimensional
optimization is used [12, 13].

For algorithms with slow-computed functions and
intrinsically slow algorithms, a significant efficiency
factor is the number of k calls to the MF, which
determines the speed of the algorithm and the
corresponding method. Obviously, the less calls are
required to the MF, the higher the speed of the algorithm
and method.

For local minimization of one-variable functions,
numerical first-order convergence methods are usually
used. The preferred ones are the dichotomy search [2, 5],
the golden section search [14] and the economical
dichotomy search, the latter being superior in speed [15].
More often, second-order convergence methods are used,
among which the leadership belongs to the Brent
combined parabolic method [16]. The first-order methods
are offer guaranteed reliability, however, in comparison
with BM, with the same accuracy, they require a
significantly larger number of k calls to the MF.

Along with BM, the Newton’s analytic method [2, 9,
10], which has a second order of convergence, is used,
which is highly efficient, especially when minimizing
smooth functions. However, in terms of speed, when
applied to slow-computed functions, a similar method
based on numerical determination of the first derivative is
noticeably inferior not only to BM, but even to first-order
convergence methods. On this basis, it believed that for
MEF’s requiring numerical differentiation, the Newton
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method does not have any competitive advantage over the
above-mentioned methods.

For optimization, we can try to apply new
interpolation methods of third-order convergence, which
give a quick solution to nonlinear equations [17]. When
applied to smooth functions for the first derivative of the
MEF, these methods can yield a quick solution to the
problem under consideration. The study of this
opportunity is one of the objectives of this article.

In mass computing processes, monotonous, constant,
or partially constant functions are often minimized. The
Brent method applied to such functions does not give a
gain in speed as compared to first-order methods, while
monotonicity or constancy of the MF can be determined
several times faster than the BM solution or one of the
first-order methods. To study the opportunity to accelerate
the minimization procedure for this class of functions is
one of the goals of this study.

The following sections of the article discuss the
method to attain the two above-mentioned objectives.

3 MATERIALS AND METHODS

The method includes two procedures to find the
minimum MF

— Newton’s method of third order convergence,

— method to identify its monotony and constancy
segment.

The method is based on the provisions of [17], which
outlines the idea of solving a nonlinear equation for

smooth functions using the two-point iterative
Weerakoon-Fernando method
2f(x
n + n
. f(x,) 2)
Xy = Xy ————.
£'(x,)

In relation to the considered problem, one should
search for the zero of the first derivative of the MF in
which its minimum is achieved, therefore, to use the
method (2), it is necessary to replace the MF in it with its
first derivative, and the latter with the second derivative
of the MF.

Method (2) has a third order of convergence with the

efficiency index Y3 ~144 [17]. It works faster than the

Newton method since its efficiency index V22141 is
less (by the efficiency index we mean the quantity
E= pl/cr).

In accordance with the proposed method, at each
iteration, the MF is calculated only once; therefore, for
6 = 1, the efficiency index (3) for polynomial
approximation will be E = 3 against the Newton method
for which E = 2.

In the process of calculations, a sequence of points
P(@i) = (Xo, Yo), (X1, Y1), ---,(X;, Vi) is formed. The necessary
derivatives of the MF will be found by polynomial
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approximation of the MF with respect to the last n + 1
points of the sequence P. Discarding the previous points,
we obtain the sequence P(n).

Imagine the MF polynomial

y(x) = Ze L0 =T,(0.L, (x) = ;

(3)
L., 00=L(x)(x=x);i=0,1..,n-1
and find the unknown coefficients
y1 - yo yn _Tn—l(xn)
e, =V,e = yerns € = )
‘ yo 1 Xl - XO I-n (Xn) (4)
The formulas to calculate the derivatives of the

function y(x) are obtained using recurrence formulas
similar to the Aitken scheme [18-20]

Y = Ze L3, L1(x) = 0,

L, (X) = L'(xX)(x=x)+ L (x), )
i=0,1,..,n-1,

y'(x) = Ze L (0.1, (x) =0,

" . ' (6)
L (0 =L (00— %)+ 2L (x),
i=0,1,.,n-1.
Now method (6) takes the form
_2y(x,)
n+l — n CINES
Y )+ Y (%)
Vx) (7
X, =X, ————.
y'(%,)

The above considerations regarding the effectiveness
of the methods correspond to the exact MF and its
derivatives, however, in our case, the application of

formulas (2)—(7) gives approximate dependences,
therefore, the effectiveness of such a process requires a
further study.

The solution finding process begins with

determination of the initial segment of uncertainty with
the boundaries a, = a, by = b and two initial points

1 b,(1-
X0 :W’yo — f(XO)’
Xl = a()(l_g);rb()(l—‘rs)’yl = f(Xl)‘

If yy = y;, then the solution is found in kK = 2 MF
calculations.

Otherwise, in accordance with the dichotomy method,
a new segment of uncertainty [a;, b;] is built by removing
from segment [a,, by] segment [a,, Xo] or segment [X;, by]
and the third point is determined
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k=2 = 1) ®)
Next, a parabola built at three points
Y(X) =C, +C,(X—X,) +Cy (X=X, )(X—=X,), ©)
where
C, = V.G, = Yi— Y c, = Vs — Yo —Ci (% —Xo)_
X — %, (X = X)X —X%y)

For ¢, > 0, the parabola has a minimum at the point

1 c]
X =7 x0+x1—g :

If a; < x; <b;, then the point is considered
conditionally suitable, since verification of x3 is required
to meet the condition

a +h <x<b -h. (10)

If and (5) is satisfied, then the abscissa of the new
point is obtained and now we can calculate its ordinate
¥s = f(xs).

In cases when parabolic approximation does not yield
a new point, it is determined by the half division method
similarly to (8).

Then, the left or right segment of the uncertainty
segment is again discarded, thereby giving its reduced
analogue [a,, bs].

Subsequent points are determined similarly, that is,
using a parabolic approximation. The only difference is: if
the point is suitable, then it is only the initial
approximation for the Newtonian process, which is
represented by formulas (4)—(7). In cases where parabolic
approximation does not yield a result, the last point of the
sequence P is taken for the initial approximation for
method (4)—(7).

If in this case the found abscissa x falls into the
current segment of uncertainty G; = [a;, b;], but does not
satisfy condition (10), then it is corrected by the formula

an

a, +h,x<a +h,
X =
b, —h,x>b -h.

If for k > 3 at the current iteration neither the parabolic
method nor the method (4)—(7) gives a result, then the
new point is determined by the half division method. The
process is repeated until the convergence condition (1) is
satisfied.

While searching for the abscissa of the minimum, we
also monitor the monotonicity and presence of constancy
segment of the MF.

To monitor monotonicity, upon completion of the
current iteration, sequence P is sorted by argument. If,
after such sorting, the corresponding sequence of MF
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values turns out to be monotonic, then starting from a
certain iteration, the monotonicity of the MF is monitored.

It is known that the monotonicity of a unimodal
function is detected in 4 MF calculations [8]. However,
with a small number of points of the sequence P,
monotonicity monitoring can slow down the optimization
process, in cases where the MF is not monotonic.

Therefore, this monitoring is only advisable when a
true monotonicity of the function under minimization is
highly probable.

Monotonicity monitoring is based on the number of k
calculations of the MF necessary to achieve the result.

If the sorted sequence P gives a monotonic sequence
of ordinates, then two additional calculations of the MF at
one of the ends of the segment can quickly give a solution
to the problem.

So if the sequence turns out to be increasing, then it
suffices to calculate at the points X =a and x =a + ¢. If,
by adding the ordinates of these points to the above
mentioned sequence, the monotonic sequence is obtained
again, then the solution is X =a.

A descending sequence is identified similarly, point
X = b being the solution to the problem.

The procedure to identify constant functions and
presence of individual sections of constant MF allows to
accelerate the MF optimization. The procedure is very
simple and obvious: if the sorted sequence P contains
three points with the same ordinates, then the abscissa of
any of them is a solution to the problem. This procedure
does not require calculation of new MF values, however,
for a number of functions it can significantly reduce the
number and time of calculations.

4 EXPERIMENTS

To verify the method and other research goals, a
problem base was built, its scope is determined by the
product of the number of MEF’s used and the
corresponding variants of uncertainty segments.

In numerical experiments, were used 26 extreme (the
minimum of which is inside the uncertainty segments),
two monotonic (increasing and decreasing), one constant
and one partially constant functions.

Variants of the uncertainty segments for these MF’s
were found based on the following considerations. Each
function was associated with a sufficiently wide segment
G = [a, b] and using the GSS, which was used as the
control method, the abscissa X, was determined by
solving the problem accurate to machine zero. Then we
randomly found two points ¢, d on the segment [a, b], so
that d — ¢ > t(b — a). This allowed us to obtain the
uncertainty segments [c, d] to solve the set of problems
for a single function.

In the calculations, parameter t was set from the range
0.25 <t < 1, which made it possible to vary the length of
the experimental segments for a certain function from a
quarter to the full length of the segment G. The functions
on the segments [, d] could be either monotonic, partially
constant, or extreme.
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When conducting a computational experiment, the
solution of X problems was found accurate to € = 10°° for
arithmetic quantities supporting 19-20 significant digits.
In the calculations, o = 0.12499 was assumed.

The calculation results were compared with the
indicators DS, EDS, GSS and BM.

The Brent method is programmed according to the
original procedure [16], EDS is encoded based on the
algorithm described in [15], DS and GSS are not difficult
to encode.

5 RESULTS

To study the efficiency of the Newtonian third-order
convergence procedure, only those segments [c, d] and
those functions that gave extremal problems for which the
abscissa of the minimum of the MF fell inside these
segments were selected.

A complete set of mass calculations was performed
for all 30 functions for T = 0.33. In total, this amounted to
7.530 problems. Of these, 2.566 were identified as
problems with monotonous functions. Using the
combined Newtonian method, 7.215 were solved faster
(95.8%), the Brent method was superior for only 4.2% of
the problems. By the Brent method, the problems were
solved within 127.461 calls to the MF; the combined
method required 76.665 calculation of the MF. That is,
the latter worked 1.66 faster than the first.

6 DISCUSSION

A typical optimization example is shown in Figure 1.
Given: the MF and the boundaries of the segment of
uncertainty [c, d]. To solve the problem, 5 methods were
used: DS (Bisec), GSS (Gold), EDS (Eds), BM (Brent),
N3o (N3o).

The lowest performance was shown by the DS, when
used to solve the problem, it was required to calculate the
minimized function 44 times. The GSS gave 31
calculations, the EDS required 26 calculations, the Brent
method —10, and the proposed Newtonian method gave
the best result — 8 calculations.

Vo

18 |
16 f(x)=e" —cos(x+1) l
c=0.1,d=26 |
14 kBisec = 44
kGold = 31
12 1 KEds = 26
10 - kBrent = 10
kN3o = 8
8

6 1y

TN
N,

0.0 0.5 1.0 15 2.0 2.5 X

Figure 1 — Extreme function minimization results
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When performing mass calculations on extreme
problems for 26 functions, the minimum of which is
inside the uncertainty segments, it was found that the
Newtonian method is 13% faster than the Brent method.
When solving problems, the Brent method required
63.092 calls to the MF, the Newtonian method — 55.873
times. In 4.830 problems out of 5.131, the Newton
method worked faster (94.1%) and only in 301 cases the
Brent method worked faster (5.6%). Thus, the Newtonian
method showed the best result in mass calculations.

It was established that the Brent method had
advantages over the Newton method only for slowly
varying functions on the uncertainty segment. That was
the function f(x) = 1000 (x-2.8)* — 1.6. For example, on
segment G = [2.2, 3.2] was obtained kBrent = 25,
kN3o = 31.

For any function in the minimization process, the
monotonicity identification procedure described in
Section 2.2 was applied.

As mentioned, monotonicity identification requires 2
additional function calculations. Therefore, in order not to
lose speed, on the one hand, the procedure should be
applied only at a high probability that the function is
monotonic, and, on the other hand, the speed of the
procedure should not be inferior to the Brent method for
extreme functions, an example of which is shown in
Figure 1.

Conducted above analysis showed that for the used
extremal problems BM works approximately three times
faster than the GSS. Therefore, the identification of the
monotonicity of the function should be included if two
conditions are satisfied: the ordinates k, — 2 of the
calculated points must form a monotonic sequence and
the condition ky, > K¢/3 must be satisfied.

So for the one shown in Figure 1 example of k; = 31.
Therefore, monotonicity identification should be carried
out when k, = 31/3-2 = 8 ordinates of the calculated
points give a monotonic sequence. Having computed the
MF at two more points, we obtain the speed k, =8 +2 =
10, which corresponds to the speed of Brent method for
extreme MF.

Figure 2 shows an example of a function monotonic
on a segment of the uncertainty of a function. Obviously,
the Brent method’s speed approximately corresponds to
that of the GSS. At the same time, the monotonicity
identification procedure made it possible to increase the
speed by approximately a factor of three, which
corresponds to the speed of the Brent method for extreme
problems, the analysis of which presented above.

In order to verify the efficiency of the combined
method combining Newtonian search with the
monotonicity identification procedure, mass calculations
were carried out for 26 extremal and two montonic
functions for the segments [C, d] with the parameter
T = 0.33. In total, this yielded 7.028 problems, of which
2.075 turned out to be problems with monotone functions,
the rest of 4.953 were extremal.
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Figure 2 — Monotonic function minimization results

The combined method under consideration turned out
to be the best, which solved all the problems having made
74.727 calls to the MF. The Brent method required
113.603 MF calculations. Thus, the combined method
completed the problem 1.52 times faster.

Finally, the third kind of optimization problems are
problems with fully and partially-constant functions. An
example of such a function shown in Figure 3. The
function has a flat bottom, any point of which is a
solution to the problem.

¥ T

c=0.5,d=06.0

1.0 1 kBisec = 46

0.8 A kGold 31
kEds = 6

0.6 kBrent = 29
kN3o = 4

0.4

0.2 1

0.0

| [
-0.4 /
N/

| f(x)=Max(cos x, —0.6)|

0 2 4 X
Figure 3 — Partial constant function minimization results

Identifying the minimum point of such a function is
quite simple. In this case, no additional calculations are
required. As mentioned above, if, during the calculation,
sequence P gets three points with the same abscissas, then
any of them will be a solution to the problem. For a
problem with a function shown in Figure 3, the algorithm
finds such a solution in just 4 calls to the function.

It is noteworthy that the EDS for monotonic and
partially constant shows the same or close to the Newton
method speed of solving problems. This is due to the fact
that the described improvements are implemented in this
method.
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CONCLUSIONS

The paper considers and solves the problem of fast
minimization of unimodal functions of one variable. A
combined third-order Newtonian method of convergence
is proposed for minimizing predominantly slowly
computed unimodal functions of one variable. A database
of problems has been developed, including smooth,
monotonic and partially constant functions to test the
method and compare its effectiveness with other known
methods. The performance of the proposed method is
compared with other methods, including the fast Brent
method. Analysis of numerous data obtained using
computational experiments showed that the proposed
method has the highest performance. For smooth extremal
functions, the method works 13% faster than Brent's
method, for monotone functions its speed is 3 times
higher, for partially constant functions the speed of the
method is even higher.

The scientific novelty of the results obtained lies in
the fact that for the first time a method for minimizing the
minimization of unimodal functions of one variable was
proposed, which in general works faster than the well-
known fast methods. The most effective method for
minimizing monotonic, constant and partially constant
functions. The efficiency of the method is achieved
through the use of a computational scheme that
guarantees the third order of convergence to the minimum
point of the optimized function. The practical value of the
results obtained lies in the fact that the proposed method
generally works faster than the known methods, which
makes it possible to reduce the optimization time for
unimodal functions. Prospects for further research are that
the developed method can be extended to other functions,
for example, to periodic, bimodal and other types of
functions.
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®YHKIIA OJHIET SMIHHOIO
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AHOTAIIS

AKTyaJIbHICTB. Y CTaTTi pO3MIIAAAETHCS aKTyalIbHA MPOOJIeMa YUCEIBbHOT ONTHMI3alil HOBUIBHO OOYHCIIIOBAHUX YHIMOJAIBHUX
¢byHkuii ouiel 3minHOI. [IpoBeeHo aHaii3 iCHYI0YMX METOMIB MiHIMi3aLil HepLIoro i Apyroro mopsaky 30DKHOCTI, SIKHii MOKa3aB,
IO Wi METOAM MOXYTh OyTH BMKOPUCTAHI Ul LIBHAKOTO BUPILIEHHS IMX 3aBAaHb I (QYHKLIH, 3HAYEHHS SKMX MOXYTb OyTH
oTpuMaHi 0e3 TpyaHomIiB. [y MOBUTPHO OOYHCIIOBaHMX (YHKIIM LI METOAM HAIOThH MOBUIBHI alTOPUTMH, TOMY aKTyaJbHOIO €
3aa4a po3pOOKH MIBHIAKUX METOIIB [UIS MiHIMI3aIlii TaKUX QYHKIIIH.

Meta. Po3poOka KoMOIHOBAaHOTO HBIOTOHOBCKOTO METOIY TPETHOTO IOPSIKY 301KHOCTI Ul MiHIMi3allii mepeBakHO ITOBUIBHO
00YHCITIOBaHNX YHIMOJANbHUX (DYHKIIH, a TaKOX po3poOKa 0a3w JaHWX, IO BKIFOYAE TIAJKi, MOHOTOHHI 1 YaCTKOBO MOCTIiiHI
GbyHKUIi, IUIs IepeBipKH METOAY 1 MOPIBHSHHS HOro e()eKTUBHOCTI 3 IHIIMMH BiJIOMUMHU METOJIAMHU.

Meton. BukinagaeTscs MeToMKa 1 arOpUTM BHPIIICHHS 3aBAaHHS MIBUAKOI MiHiMizarii yHIMoqanbpHOT GyHKIIT oxHiel 3MiHHOT
KOMOIHOBaHMM YHCEJIbHHUM HBIOTOHOBCKMM METO/IOM TpPEThOro MOPsAKY 30DKHOCTI. Meron 3maTHHil pO3Mi3HABAaTH CTPOTrO
yHIMOZaJIbHe, MOHOTOHHI 1 MOCTiiHI (yHKLIT, a TaKoX (YHKILIT 3 YACTKOBUMH a00 HOBHUMH JAUISTHKAMH IUIOCKOTO MiHIMyMY.

PesyabraTu. HaBoasThest pe3ynbTaTH IOPIBHAHHS 3alPONIOHOBAHOTO METOAY 3 IHIIMMH METOJAaMH, B TOMY YHCIi LIBHUIKHM
MeTonoM bpeHra. 3a momoMoror KoMOiHOBAaHOTO HBIOTOHOBCKOTO METOIY BHUpIMIEHO 6954 3aBmaHHS, IPH EOMY METOJ BUSIBHBCS
MIBHIIIIE 32 iHIIUX MeToNiB B 95,5% 3aBnanb, MeTox bpenTa npairoBap mBuie aumie B 4,5% 3aBaanb. B minomy anaii3 pe3ynbTariB
PO3paxyHKy IOKa3aB, 10 KOMOIHOBaHHI METO/I MPaIioBas B 1,64 pa3u mBuIIe, HiX MeTOx bpeHTa.

BucHoBKH. 3anponoHOBaHO KOMOIHOBaHMH HBIOTOHOBCKHH METOJ TPETHOro MOPSAKY 30DKHOCTI Julsl MiHIMi3amlii mepeBa)kHO
MOBIJIBHO OOYHCITFOBAHUX YHIMOAANBHUX (YHKIIIHM oHieT 3MiHHOI. Po3pobiieHo 6a3y naHuX 3aBlaHb, BKIFOYAKOUH IJIaJKi, MOHOTOHHI
1 YaCTKOBO MOCTiiHI QYHKIT, 1JIsl IepeBipKU METOAY i HOPIBHAHHS HOro epeKTHBHOCTI 3 iHIIMMH BigoMUMH MeToxaMu. [lokasaHo,
10 3alpOMOHOBAaHUII METOA B MOPIBHSHHI 3 IHIIMMH METOJAMH, BKJIOYAOYM MIBUAKUII MeTon bpeHra, Mae Oimbll BHCOKY
IIBUAIAKOIIFO.

KJIFOYOBI CJIOBA: yHimonansHa ¢ynkmis, metoq bpenra, meron HeroToHa, IIBUAKICTH METOLY.
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[onurexauaeckuii ”HCTUTYT CHOHUpCKOTO (penepanbHOro yHuBepcurera, KpacHospek, Poceust.
I'puropseBa O. A. — KaHA. TeXH. HayK, MOLEHT Kadelpsl CTAaHJApPTU3aNUH, METPOJOTMH M YINPABICHHS KauecTBOM,
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AHHOTALIUA

AKTyalbHOCTh. B cTaThe paccmaTpuBaeTcs akTyallbHas INpoOieMa 4YHCIEHHOH ONTHMHU3ALUH MEUIEHHO BBIYHUCIISEMBIX
YHUMOJAJIbHBIX (QYHKIMIT OIHOW nepeMeHHOH. IIpoBeseH aHanM3 CyIIECTBYIOIMX METOAOB MHHMMM3ALUM HEPBOrO M BTOPOTO
TOPAAKA CXOAMMOCTH, KOTOPBIA ITOKa3al, YTO 3TH METOABI MOTYT OBITh HCIIONB30BAaHBI IJISI OBICTPOTO PEINCHUs 3THX 3a4ad Uit
(GyHKIMi, 3HaYCHNS KOTOPBIX MOTYT OBITh MOMy4eHbI 0e3 3aTpyAHeHUH. I MeIIeHHO BBIYUCIAEMbIX (GYHKINI 3TH METOIBI JAI0T
MEJUICHHBIE aITOPUTMBI, IOATOMY aKTyaJIbHOH SIBIISIETCS 3a/1ada pa3pabOTKU OBICTPEIX METOJIOB JUISI MUHUMHU3AIUH TaKUX (QYHKIUI.

Heab. PaspaboTka KOMOMHHPOBAaHHOTO HBIOTOHOBCKOTO MeETOJa TPETHEro MOpSJKa CXOJUMOCTH JUIS MHHHMH3ALUH
MIPEUMMYIIECTBEHHO MEJUICHHO BBIYHMCIISIEMBIX YHUMOAAIBHBIX (DYHKIMIA, a Takxke pa3padoTka 6as3bl JaHHBIX, BKIIIOYAIONIAs IIaJKHE,
MOHOTOHHBIE ¥ YaCTHYHO IIOCTOSTHHBIE (DYHKIMH, JUIS IPOBEPKU METOZA U CPaBHEHUS ero d(Q(QEeKTHBHOCTH C IPYTUMHU W3BECTHBIMHU
METOJIAMH.

Meton. M3maraercs MeTOAMKAa M aNrOpUTM pELICHUs 3a1add ObICTPOM MUHMMH3AIMU YHUMOAAIBHOW (YHKUUH OIHOU
MEPEeMEHHON KOMOWHHPOBAHHBIM YHCICHHBIM HBIOTOHOBCKHM METOJOM TPEThErO MOpAAKa CXOAMMOCTH. Mertox crmocobeH
pacmo3HaBaTh CTPOTO YHHMOJANbHBIE, MOHOTOHHBIE M MOCTOSHHBIE (YHKIUH, a TaKXKe (YHKIUH C YaCTHIHBIMH VIIM HOJHBIMH
ydJacTKaMH INIOCKOT0 MUHAMYMa.

PesyabTatel. [IpuBOASTCS pe3ynbTaThl CpaBHEHHE IIPEIaracMoro MeToja C APYTUMU METOJaMH, B TOM dHciIe OBICTpHIM
metogoM bBpenrta. C nomomnipio KOMOMHHPOBAHHOTO HBIOTOHOBCKOTO MeTOZa pemeHo 6954 3amadu, MpU 3TOM METOJ OKa3aycs
ObicTpee Ipyrux mMetonoB B 95,5% 3amau, meton bpenrta pabotan Owictpee nuib B 4,5% 3agad. B 1enom aHamu3 pe3ynbTaToB
pacueTta nokasai, YTo KOMOMHUPOBAaHHBIN MeToA paboTain B 1,64 pasa OvicTpee, ueM Meton bpenra.

BruiBoabl. IlpemnoskeH KOMOMHUPOBAHHBIH HBIOTOHOBCKMI METOXI TPEThETO MOPSAAKA CXOOMMOCTH [UIi MUHHMMH3AILMU
MIPENMYIIECTBEHHO MEUIEHHO BBIYMCIIEMBIX YHHMOJANBHBIX (YHKIUH OXHOI mepemMeHHOH. Pa3zpaborana 6aza maHHBIX 3a7ad,
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BKJIIOYasl IJIQJKHE, MOHOTOHHBIC M YAaCTUYHO IIOCTOSIHHBIC (DYHKLUH, IJISI IPOBEPKH METOAA M CpaBHEHHS ero 3(pQexTHBHOCTH C
JPYTMMH U3BECTHBIMH MeTonamu. [lokazaHo, 4TO IpeiaraeMblii METOJ 1O CPABHEHUIO C JPYTHMMH METOIAaMH, BKJIIOYasi OBICTPBII
Mmeron bpenra, umeer Oonee Bricokoe ObICTpOCHCTBHE.
KJIFIOUYEBBIE CJIOBA: yuumonanbHast ¢pyHkuus, meron bpenra, merox HploToHa, CKOPOCTh MeTOA.
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ABSTRACT

Context. In the queueing theory, the study of systems with arbitrary laws of the input flow distribution and service time is
relevant because it is impossible to obtain solutions for the waiting time in the final form for the general case. Therefore, the study of
such systems for particular cases of input distributions is important.

Objective. Getting a solution for the average delay in the queue in a closed form for queuing systems with ordinary and with
shifted to the right from the zero point hyperexponential and hypererlangian distributions in stationary mode.

Method. To solve this problem, we used the classical method of spectral decomposition of the solution of the Lindley integral
equation. This method allows to obtaining a solution for the average delay for two systems under consideration in a closed form. The
method of spectral decomposition of the solution of the Lindley integral equation plays an important role in the theory of systems
G/G/1. For the practical application of the results obtained, the well-known method of moments of probability theory is used.

Results. For the first time, a spectral decomposition of the solution of the Lindley integral equation for systems with ordinary and
with shifted hyperexponential and hyperelangian distributions is obtained, which is used to derive a formula for the average delay in
a queue in closed form.

Conclusions. It is proved that the spectral expansions of the solution of the Lindley integral equation for the systems under
consideration coincide; therefore, the formulas for the mean delay will also coincide. It is shown that in systems with a delay, the
average delay is less than in conventional systems. The obtained expression for the waiting time expands and complements the well-
known incomplete formula of queuing theory for the average delay for systems with arbitrary laws of the input flow distribution and
service time. This approach allows us to calculate the average delay for these systems in mathematical packages for a wide range of
traffic parameters. In addition to the average waiting time, such an approach makes it possible to determine also moments of higher
orders of waiting time. Given the fact that the packet delay variation (jitter) in telecommunications is defined as the spread of the
waiting time from its average value, the jitter can be determined through the variance of the waiting time.

KEYWORDS: delayed system, shifted distributions, Laplace transform, Lindley integral equation, spectral decomposition
method.

ABBREVIATIONS
LIE is a Lindley integral equation;
QS is a queuing system;
PDF is a probability distribution function.

HE, is a shifted hypererlangian distribution of the

second order;
W is an average delay in the queue;

W*(S) is a Laplace transform of delay density
' .NOMENCLATURE. o . function;
a(t) is a density function of the distribution of time b

s is a parameters of the hyperexponential
between arrivals;

. ) ] distribution law of the input flow;
A"(s) is a Laplace transform of the function a(t); U, 1, is a parameters of the hyperelangian distribution
b(t) is a density function of the distribution of service

. law of service time;
time;

p is a system load factor;

B™(s) is a Laplace transform of the function b(t); T, is a average time between arrivals;

C, 1is a coefficient of variation of time between . L .
T, 1s a second initial moment of time between

arrivals; val
; . . .. arrivals;
C, isa coefficient of variation of service time; M .
] ) o T, is an average service time;
G is a arbitrary distribution law; —
H, is a hyperexponential distribution of the second Tﬁ is a second initial moment of service time;
order;

. ) T @_ (s) is a Laplace transform of the PDF of waiting
H, is a shifted hyperexponential distribution of the time:

second order; L (5) is a first component of spectral

HE, is a hypererlangian distribution of the second .
order; decomposition;
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second component of spectral

y_(s) is a
decomposition.

INTRODUCTION

In the study of G/G/1 systems, an important role is
played by the method of spectral decomposition of the
solution of the Lindley integral equation (LIE). The most
accessible this method with specific examples is
described in the classic queueing theory [1].

This article is devoted to the analysis of the QS
H,/HE,/1 formed by two flows described by the usual and
shifted to the right from the zero point by the density
functions of the hyperexponential and hypererlangian
distribution laws of the second order. In the previous
works of the authors, it is clearly shown that in systems
formed by shifted distribution laws, with the same load
factor as compared with conventional systems, the
average delay becomes less.

This is achieved because the coefficients of variation
of the arrival ¢, and service times ¢, for shifted

distribution laws become smaller when entering the shift
parameter t; >0. Thus, the operation of shifting the

distribution law transforms ordinary Markov queuing
systems into a non-Markov system.

The results of works [2—7] in the domain of QS with
shifted distributions together with [1] made it possible to
develop the method of spectral expansion of the solution
(LIE) into the considered systems Hy/HE,/1.

Here the superscript “—” will mean the operation of
the shift of the distribution law.

In the queueing theory, the studies of G/G/1 systems
are relevant because they are actively used in modern
teletraffic theory; moreover, it is impossible to obtain
solutions for such systems in the final form for the general
case.

The object of study is the main characteristic — the
average waiting time of requirements in the queue of the
queueing systems type G/G/1.

The subject of study is the average waiting time of
requirements in the queue of the QS H,/HE,/1 and

[T L

H, /HE, /1. Here the superscript will mean the

operation of the shift of the distribution law.

The purpose of the work is obtaining a solution for
the average delay of requirements in the queue in closed
form for these systems.

1 PROBLEM STATEMENT
The paper poses the problem of finding a solution for
the average delay of requirements in a queue for QS

H,/HE,/1 and H; /HE; /1.

When using the method of spectral decomposition of
an LIE solution to determine the average waiting time, we
will follow the approach and symbolism of the author of
the classical queuing theory [1]. To solve the problem, it
is necessary to find the law of waiting time distribution in
the system through the spectral decomposition of the
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form: A*(—=s)-B*(s)-1=wy, (s)/y_(s), where wy,(s)
and y_(s) are some fractional rational functions of s that

can be factorized. Functions y, (s) and y_(s) must
satisfy the following conditions according to [1]:
1) for Re(s)>0 function y, (s) is analytic
without zeros in this half-plane;
2) for Re(s) < D function y_(s) is analytic
without zeros in this half-plane, where D is some (1)
positive constant defined by the condition:
lim a(t)/e " <.
t—o

In addition, functions y, (s) and y_(s) must have
the following properties:

im )

lim _(S)z—l. 2)
|s[->o0,Re(s)>0 S

|s|>o,Re(s)<D S

To solve the problem, it is necessary first to construct
for these systems spectral decompositions of the form

A*(=s)-B*(s)-1=wy, (s)/y_(s), taking into account
conditions (1), (2).

2 REVIEW OF THE LITERATURE

The method of spectral decomposition of the solution
of the Lindley integral equation was first presented in
detail in the classic queueing theory [1], and was
subsequently used in many papers, including [8, 9]. A
different approach to solving Lindley’s equation has been
used in Russian language literature. That work used
factorization instead of the term “spectral decomposition”

and instead of the functions _ (s) and y_(s) it used

factorization components ®, (z,t) and o_(z,t) of the

function 1-z-yx(t), where x(t) is the characteristic

function of a random variable & with an arbitrary
distribution function C(t), and z is any number from the
interval (—1, 1). This approach for obtaining results for
systems under consideration is less convenient than the
approach described and illustrated with numerous
examples in [1].

Practical application of the method of spectral
decomposition of the LIE solution for studying systems
with shifted distribution laws, i.e. systems with time
delay, shown in the works of the authors [2—7], as well as
in other works.

In the scientific literature, the term “system with
delay” does not occur, there is only one term “queues
with a delay in time” [10, 11]. In [10, 11] presents the
results of the approach of queues to the Internet and
mobile services as queues with a delay in time. It is
shown that if information is delayed long enough, a Hopf
bifurcation can occur, which can cause unwanted
fluctuations in the queues. However, it is not known how
large the fluctuations are when the Hopf bifurcation
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occurs. This is the first publication in the English-
language journals about queues with a delay.

Approximation methods with respect to distribution
laws are described in detail in [9, 13, 14, 23, 24], and new
research in queuing theory has recently been carried out
in [15-24].

3 MATERIALS AND METHODS
Let us first consider the system Hy/HE,/1, formed by
distribution laws with density functions

a(t)=pre " +(1-p)hpe ™, ()
b(t) = 4quite M +4(1-q)udte . (@)

The distribution laws (3) and (4) are the most common
distributions of non-negative continuous random
variables, since they have a wide range of variation of the
coefficient of variation.

Then we get

Ay
5+7\,2 ’

* A
A _ 1
(S) p5+7\,1

2p : 2n 2
° (S):q[5+2lu1] +(l_q)[5+2zuzj '

Then the spectral decomposition of the solution of the
LIE for the system H,/HE,/1 takes the form

+(1-p)

The first factor in the right part in square brackets is
equal to

0 ey Mhg = Py + (1= p)Ay |5
[p%1—5+(1_p)7~2—5}= (A —5)(ra—s) )
8 — &S
(2 =s)(2y=s)’

where are the intermediate parameters
ag =My, 8 = pAy+(1-p)A,. Similarly, we represent

the second factor

© Tarasov V. N., Bakhareva N. F., 2021
DOI 10.15588/1607-3274-2021-2-6

58

2 2
Lo R el
q(160713 +16171ys + 4uifs” )
(2m +5)” (205 +5)”
(1-0)(161713 + 160135+ 4p3s”
T GmesPmrs)
_ by+bs+bys?

(2 +5) (2 +5)

where are the intermediate parameters by :16u12u%,

by =165y +(1-0)ua ], by = 4[auf +(1-q)u3].
Then the desired expression for the spectral
decomposition will be

Y, (S) _
(

(a9 —als)(bo +bls+b252)
v (o)

) (hy—s) (Mg —5)(2um +5)* (2us +5)

) (6))
2 =8) (A =5)(21 +5)" (215 +5)

M =3) (2 =) (2w +5)” (21 +5)

7

(
(

The polynomial in the numerator in the right part of
the decomposition (5) as a rule always has one zero [1]. In
this case, the free term of the decomposition is also 0:

aghy —16X1X2u12 u% =0. In the numerator of the fraction

in the right part of the decomposition a polynomial of the
sixth degree was obtained, the coefficients of which are
equal to:

Co = a9y — a4y +by (Ay +23) —16agH s (g +12) 5
C1 = 8ghy —ayby by —43g (1 +p3)+
+16(Aq + 212 )(Hy +1p )HyHy — 16891 H 7,
2

Cy =4(hy + 1) (kg +12)" +21yHn ] - ©)
—4(uy +12)(8g +4uyHp) — by,

€3 = 40y +h)(by +12) =4[y +12)” + 2]~ g,

Cq =Ry +hp =4y +1) -

The coefficients (6) are obtained using the Mathcad
symbolic operations, since the numerator of the
decomposition (5) even after the introduction of
intermediate parameters contains 42 terms. Apparently,
the lack of results for the system under consideration is
explained by the large laboriousness of the calculations.

We select the polynomial in the numerator of the
decomposition (5)

s° —0454 —c3s3 —0252 —C;S—Cp, @)
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because determining its roots is the main part of the
spectral decomposition method.

The study of polynomial (7) with coefficients (6)
using the Vietet formulas confirms the presence of four
negative real roots and one positive root, or instead of the
first — two negative real roots and two complex conjugate
roots with negative real parts.

The coefficient of the polynomial (7) ¢y >0 is always

in the case of a stable system, when 0 < p < 1. Taking into

account the minus sign in the polynomial before the
coefficient, Vietet formulas do not contradict the fact that
there are four negative roots of the polynomial (7).
Denoting the negative roots of the polynomial (7) or
their negative real parts for convenience through
—S1, — Sy, —S3, —S4, and the positive root through s;, the
relation , (s)/y_(s) can be finally decomposed into

the following factors:

W (S) _ —S(5+81)(S+5))(S+83)(S+54)(S—Ss)
v_(s) (A —8)(hy—35) 2w +5)* (20, +5)°

.(8)

Now we build the functions y_(s) and y_(s) taking
into account the conditions (1) and (2):

S(S+S)(S+Sp)(S+S3)(S+5S4)

v (8) =

i (2uy +9)° (2u, +5)°
because the zeros of the polynomial (7): s=0,
—S,,—S5,—%,—S4 and double poles s=-2p;,

S = —2u, lie in the half-plane Re(s)<0,

v_ (S) _ _(7‘1 _5)(}“2 _S) ,
(s—55)
because its zeros and the pole lie in the region Re(s)> D
defined by condition (1).
The fulfillment of conditions (1) and (2) for functions
v, (S) and y_(S) is obvious, which is also confirmed by

figure 1.

=214 =215 -8 -S; -S3 -S4 ss A A Re(s)
Figure 1 — Zeros and poles of the function v (s)/v_(s) for the
system Hy/HE,/1
When constructing these functions, it is more
convenient to mark the zeros and poles of the relation

v, (s)/w_(s) on the complex s — plane to eliminate
errors in the construction of the functions w,(S) and
y_(S) . In Figure 1, the poles are marked with crosses,

and zeros are indicated by circles.
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According to the method of spectral decomposition,
the constant K is determined from the condition:

K - lim Y+ (s) _ 5152235; '
s—0 S 16u1 ns

The constant K determines the probability that the
demand entering the system finds it free. Through v (S)

and the constant K we define

K _ 51523354 (S+2Ml )2 (S+2M2 )2 .
V() T (5+5)(5+52)(5+5)(5+54)

(I)+(S)=

From here we get

(s)= 51575354 (S +21y )2(s+2u2 )2 9

R S ST [y

The desired average waiting time in the queue is equal
to the value of the derivative of the Laplace transform (9)
of the density function with a minus sign at the point
$s=0:

dw *(s) 1 1 1 1 1 1
- et —t—
ds |_p S 2 S35 0S4 W M
Finally for QS H,/HE,/1
wol ot 1t (10)

StoS2 S35 M M

From expression (9) if necessary, we can also
determine higher order moments for the waiting time. The
second derivative of the transformation (9) at the point
s =0 gives the second initial moment of the waiting time,
which allows us to determine the variance of the waiting
time. Taking into account the definition of jitter in
telecommunications as the spread of waiting time around
its average value [10], we thereby obtain the possibility of
determining jitter through variance. This is an important
result for analyzing latency sensitive traffic.

We now turn to the study of the H,/HE,/1 system with
shifted input distributions, i.e. to the system with a delay
in time. Such a system, unlike the usual system, we

denote H, /HE; /1. This system will be described by
distribution laws:

a(t)= pre ™) 1 (1- p)ne 20 (1)

b(t) = 4qui (t—to)e 210 4 4(1-q)udt—ty)e ) (12)

Density functions (11) and (12) are shifted to the right
from the zero point by the value ty >0 of second-order
hyperexponential and hyper-Erlang distributions. To find
the average waiting time in the queue for this system, we
prove the following statement.

Statement. The spectral decompositions

A" (=s)*B"(s)~1=w, (s)/w_(s) of the LIE solution
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and H,/HE,/1 completely
the spectral

for systems H,/HE; /1
coincide and have the form (8), i.e.
decomposition of A" (—S)*B*(S)—l is invariant to the

operation of the time shift of the density function.

Proof. For a H,/HE,; /1 system, the spectral
decomposition will be:
S
v ( ) ( _ p) ]etos
v_(s) Ay —S

Here, exponents with opposite signs of exponential
functions are reset to zero, and thus the shift operation in
the spectral decomposition is leveled. Thus, the spectral
decompositions of the solution of the LIE for the two
systems under consideration coincide.

Assertion is proved.

Corollary. The formula for the average waiting time
for a system with shifted distributions will have exactly
the same form as for system with ordinary distributions,
but with changed parameters due to a time shift operation
[2—7]. Consequently, the average waiting time for systems
with lag actually depends on the magnitude of the shift
parameter t, > 0.

Now we define the numerical characteristics, and
through them the unknown parameters of the distributions
(11) and (12) by the method of moments. To do this, we
write their Laplace transforms:

* A
A(9)=Ip !

(- p) 2 ks,
1

Ay +S

21,

2 2
B*(S):[Q(%J +(1—q)[mJ ]e*tos.

The first derivative of the function with a minus sign
at the point s =0 gives the values of the T;

(13)

and the second derivative at the same point gives the r% :

To= pAL (- pAg!
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(a-p) P
=12 42ty [+ ]+ 2+
% =4 O[XI ” —1 [12

2

Then the value C;%

2o [(1- pPAT =205 p(1- Q)+ P(2— PIA3] L(15)
r
[toh g + (1= P)Ay + Phy 2

By doing the same with distribution (12), we
determine the corresponding characteristics for the service
time

T, =qu (- Qs+, (16)
-9,

NENETNE

—t0+2t[
BoM2 2 g

. (17)

_ B 200Gy —ip) 00200 ) (o
2touyy + (1= Dy + I

R=l\S]

The mechanism for determining the parameters of
distributions (3), (4), (11) and (12) using both the first
two initial moments and the three initial moments is
described in detail in [2] and [3], respectively. Here we
give ready-made expressions for these parameters. For
distribution (11) unknown parameters are found by
expressions

_1o 1 (% 1)
2°\4 2@ty +¢iT]
Ay =2(1-p)/ (T, ~ty), and for distribution (12)

=2p/ (% ~1t)

3(T, —ty)?
e T )
27 \4 g3, 1) +c2T]
Hy =2(1-0)/ (7, — 1) -

From these expressions it follows that the shift
parameter is limited by the condition t) <7, <7, . In

addition, the range of applicability of the system is
determined by the non-negativity of two expressions
under the square root for p and g.

The algorithm for calculating the average waiting time
for given input parameters is reduced to the sequential
determination of the unknown parameters of distributions
(11) and (12). Next, we determine the coefficients of
polynomial (7) using the above expressions (6) and find
the necessary roots with negative real parts
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—S1, =Sy, —S3, —S4. Substituting the absolute values of
these roots in expression (10), we determine the average
waiting time.

The presence of such roots is due to the existence and
uniqueness of the spectral decomposition. Conducted
numerous experiments only confirm this fact.

4 EXPERIMENTS
Tables 1 and 2 below show the calculation data in the
Mathcad package for the usual Hy/HE,/1 system and for

the system H, /HE, /1 with a delay for cases of low,
medium and high load p=0,1;0,5;0,9 for a wide range
of variation coefficients of variation ¢, , ¢, and for the

shift parameter t,. Results for a usual system are
compared with data for a close Hy/H,/1 system. Dashes in
table. 1 means that at such values of the parameters the
H,/HE,/1 system is not applicable.

The results for the H, /HE, /1 system with a delay
are compared with the results for the conventional system
H,/HE,/1. The load factor p in both tables is determined

by the ratio of average intervals p=7, /7T, . The

calculations used the normalized service time Tu =1.

The results for the Hy/HE,/1 and H,/H,/1 systems
coincide to whole parts, but the range of service
parameters for the first system is wider than that of the
second.

The H, /HE; /1ls ystem is applicable for small
values of the coefficients of variation, in particular, when
p=0,9 ¢; =0,2 and t,=0,99, the average delay is only a
W =0,187 few units of time.

Table 1 — Results of experiments for QS H,/HE,/1 and

H,/HE,/1
Input parameters Average delay
For QS For QS
P ©.¢.) H,/HE,/1 H,/H/1
(1;0.71) 0.086 —
[(RH)) 0.111 0.111
0,1 (2;2) 0.446 0.445
(4;4) 1.791 1.779
(8;8) 7.173 7.112
(1,0.71) 0.755 —
[(RH)) 1.000 1.000
0,5 (2;2) 4.043 4.044
(4:4) 16.235 16.129
(8;8) 64.844 64.178
(1;0.71) 6.771 -
[(RH)) 9.075 9.000
0,9 (2;2) 36.169 36.200
44 144.773 144.833
(8;8) 577.875 577.861
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Table 2— Results of experiments for QS H, /HE; /1 and

H,/HE,/1
Input parameters Average delay
. For QS H, /HE; /1 For OS
P (@36 Hz/ng/l
t%=0.99 | t=0.5 t=0.01

(1;0.71) 0.03 0.04 0.09 0.09

(1;1) 0.06 0.07 0.11 0.11

0.1 (2;2) 0.23 0.36 0.44 0.45

44 0.93 1.56 1.79 1.79

(8;8) 3.74 6.38 7.16 7.17

(1;0.71) 0.26 0.48 0.75 0.76

(L1 0.51 0.75 0.99 1.00

0.5 (2;2) 2.04 3.15 4.03 4.04
(4:4) 8.15 12.73 16.17 16.24

(8;8) 32.62 51.07 64.58 64.84

(1;0.71) 2.49 6.00 6.77 6.77

(LD 4.73 8.29 9.06 9.08

0.9 (2;2) 18.92 33.20 36.14 36.17
4:4) 75.69 123.39 144.63 144.77

(8;8) 302.78 | 528.43 577.29 577.88

S RESULTS

The paper presents the spectral expansions of the
solution of the Lindley integral equation for the ordinary
system H,/HE,/1 and the system with a delay, which are
used to derive the formula for the average waiting time in
the queue for these systems in closed form.

The operation of the shift in time on the one hand,
leads to an increase in system load with a delay. The time
shift operation, on the other hand, reduces the variation
coefficients of the interval between receipts and the
service time of requirements.

Because the average waiting time in the G/G/1 system
is related to the coefficients of variation of the arrival and
service time intervals with the quadratic dependence, the
average waiting time in the delay system will be less than
in the conventional system with the same load factor.

6 DISCUSSION
Thus, the range of change of parameters for the

H, /HE, /1 system is much wider than that of the

conventional system H,/HE,/1.
It is obvious that the average delay in a system with a
delay depends on the shift parameter t, .

As one would expect, a decrease in the coefficients of
variation and due to the introduction of the shift
parameter into the laws of the distributions of the input
flow and service time, entails a decrease in the average
waiting time in systems with a delay several times. Thus,
we expand the range of applicability of the H,/HE,/1
system in the teletraffic theory.

The full adequacy of the presented results is
confirmed by the fact that when the shift parameter t,

tends to zero, the average waiting time in a system with a
delay tends to its value in a conventional system. In
general, the adequacy of the presented mathematical
models of systems is achieved by correctly using the
classical method of spectral decomposition of LIE for the
considered systems.
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The results obtained extend the theory of systems
G/G/1 and complement the well-known incomplete
formula of queuing theory for the average waiting time.

CONCLUSIONS

In this work, the problem of deriving a formula for the
average delay of requests in the queue for the considered
systems is solved.

The scientific novelty of the results is that for the first
time the spectral decomposition of the solution of the
Lindley integral equation for the considered systems was
obtained which are used to derive expression for the
average waiting time in the queue for this system in
closed form.

These expressions complements and expands the well-
known incomplete formula for the average waiting time in
the G/G/1 systems with arbitrary laws of input flow
distribution and service time.

The practical significance of the work lies in the fact
that the obtained results can be successfully applied in the
modern theory of teletraffic, where the delays of
incoming traffic packets play a primary role. For this, it is
necessary to know the numerical characteristics of the
incoming traffic intervals and the service time at the level
of the first two moments, which does not cause
difficulties when using modern traffic analyzers [10].

Prospects for further research are seen in the
continuation of the study of systems of type G/G/1 with
other common input distributions and in expanding and
supplementing the formulas for average waiting time.
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YK 621.391.1:621.395

MOJEJII BATPUMKU HA BA3I CACTEM 3 3BUMAMHUAMM TA 3 3CYHYTHUMU NITEPEKCHOHEHTHUM TA
TI'IMEPEPJIAHT'IBCBKUM BXITHUMH PO3IIOAIJIAMU

Tapacos B. H. — 1-p TexH. Hayk, mpocdecop, 3aBimyBad kadeapu mporpamMHOro 3abe3ledeHHs Ta YNPaBIiHHA B TEXHIUYHHX
cucremax [ToBOI3BKOTO IEpKABHOTO YHIBEPCUTETY TEJICKOMYHIKaIlii Ta indpopmaruku, PO.

BaxapeBa H. ®. — n-p TexH. Hayk, npodecop, 3aBiayBad kadeapu iHGopMaTUKU Ta 0OUUCIIOBAIBLHOI TeXHIKH [10BOI3BKOTO
JIep’KaBHOTO YHIBEPCHUTETY TEIEeKOMyHiKalii Ta ingopmaTtuku, PO.

AHOTAULIA

AKTYyaJbHicTb. Y Teopil MacoBOro 00CIyroBYBaHHS JOCIIIKEHHS CHCTEM JOBUIBHIMH 3aKOHAMH PO3MOALIIB BXiHOTO OTOKY i
yacy OOCIYrOBYBaHHsS aKTyallbHI B 3B’S3Ky 3 THM, IIO HE MOXHA OTPHMATH PIMICHHS AJS 3aTPUMKH B KIiHIICBOMY BHIJIAALI B
3araJlbHOMY BHIIQJIKy IIPH JOBUIBHUX 3aKOHAaX PO3MOAUIB BXIZHOTO IOTOKY i 4acy oOciayroByBaHHs. ToMy B cydacHii Teopil
TeseTpadika BaxIIMBI JOCTIPKCHHS TAKHX CUCTEM JUTSI OKPEMHUX BUITAJIKIB BXITHUX PO3MOILIIB.

Meta po6orn. OTpuMaHHs pilIeHHS U1 CEpeHBOI 3aTPUMKH B 4ep3l B 3aMKHYTIH (opmi Ui CHCTEM MacoBOTO
00CITyroByBaHHs 31 3BUYAlHUMU 1 3 3CYHYyTUMH BIIPABO BiJl HYJIbOBOT TOYKH PO3IOJIIAMH B CTAJIOMY PEKHMI.

Mertopn. [Ins1 BUpIlICHHS] IOCTaBJICHOTO 3aBAaHHsI OYB BUKOPUCTAHHMI KJIACHYHUII METOJ CIIEKTPAJIbHOrO PO3KIIAJAHHS PillICHHS
inTerpaipHoro piBHsHHS Jlinmm. eit Metox mo3Boiisie OTpUMATH PIllICHHS Uil CEPEIHBOTO Yacy OYiKyBaHHS Ul PO3TIISIHYTHX
CHCTEM B 3aMKHYTill (opMi. MeTOA CHEKTPaIbHOTO PO3KJIANaHHS PIlICHHS 1HTETpalbHOTO PiBHAHHA JIIHIUTI Tpae BayKIUBY PONb B
teopii cuctem G/G/1. [y mpakTHYHOTO 3aCTOCYBaHHS OTPUMAHUX PE3YJIBTATiB OyJIO BUKOPUCTAHO BiJOMHI METOJ MOMEHTIB TEOPii
HMOBIpHOCTEH.

PesyabTaTu. Briepuie OTpUMaHO CIEKTpalibHI PO3KIAJaHHS PILICHHS IHTErpajbHOro piBHSAHHS JIMHMIM Ui cucTeM 3i
3BHYAHUMU Ta 3 3CYHYTHMH THIICPEKCIIOHHMILIOHAJBHE 1 THUIEPEpIIAHriBChKE PO3MOJAUIAMH, 32 JOIOMOIOI SKOTO BHBEICHO
PO3paxyHKOBE BHPAa3 I CEPEAHBOT 3aTPUMKH B 4ep3i B 3aMKHYTiH (opmi.

BucHoBku. J[0BeIeHO, 10 CHEKTpanbHI PO3KIAJAHHS PIlICHHS IHTErPajlbHOrO piBHAHHSA JIMHAIM A PO3IIISTHYTHX CHCTEM
36iraroTecst, ToMy GopmysH ISl cepenHbol 3aTPUMKH Takoxk OyayTh 30irartucs. [lokasaHo, 110 B cHCTeMax 3 3ami3HEHHSM Y Yaci
cepeHill yac OYiKyBaHHS MEHIIE, HiXK B 3BUYaiHHX cucTeMax. OTprMaHe pO3paxyHKOBE BHpa3 Ul Yacy OYiKyBaHHS PO3LIMPIOE i
JIOTIOBHIOE BiIOMY He3aBepLIeHY (GopMyiy Teopii MacoBOro 0OCIyTrOBYBaHHS ISl CEPEOHBOI 3aTPHUMKH JISi CHCTEM 3 JOBITBHUMH
3aKOHaMHU PO3MOALIIB BXIJHOTO IOTOKY i 4acy oOciyroByBaHHS. Takui IiAXiJ DO3BOJIIE pPO3paxyBaTH CEPEIHBOI 3aTPUMKH IS
3a3HaYCHUX CHUCTEM B MaTEMaTHYHMX MaKeTaxX ISl IIHPOKOro Aiarna3oHy 3MiHM IapameTpiB Tpadiky. KpiM cepeqHBOI 3aTpHUMKH,
TaKU{ MiIXiZ 1a€ MOXIIMBICT TaKOXX BH3HAYMTH MOMEHTH BHIIMX IOPSIKIB 4acy O4iKyBaHHs. 3 OISy Ha TOH QakT, mo Bapiamis
3aTPUMKH TAKeTiB (JUKUTTEP) B TEJICKOMYHIKaIlil BU3HAYAETCA SIK JMCIEPCisl Yacy O4iKyBaHHS BiJ] HOro CepeJHHOr0 3HAUCHHS, TO
IDKUTTEP MOXKHA Oy/ie BUSHAUMTH Yepe3 IUCIEPCilo 3aTPUMKH.

KJIFOYOBI CJIOBA: cucrema 3 3ami3HeHHSIM, 3CYHYTi po3mnoainy, neperBopenns Jlamnaca, interpansae piBHsHHs JIMHILH,
METOJI CHEKTPaJIbHOTO PO3KJIaJaHHS.

YK 621.391.1:621.395
MOJEJIN 3AJEP)KKHN HA BA3E CUCTEM C OBbIYHBIMHU U CIBUHYTBIMU
T'HNEPOKCIIOHEHIIMAJIBHBIM U THTIEPOPJIAHI'OBCKHUM BXOJHBIMH PACIHIPEJEJIEHUAMNA

Tapacos B. H. — n-p TexH. Hayk, mpodeccop, 3aBeAyrOIHid Kaeapoil MporpaMMHOr0 OOCCICUCHHS M YNPABICHUS B
TEXHUUYECKHX cucTeMax [10BOMKCKOro rocy 1apCTBEHHOTO YHUBEPCUTETA TEIEKOMMYHHUKALUK 1 nH(popMaTuku, PO.

BaxapeBa H. ®. — 1-p TexH. HayK, podeccop, 3aBeayromas kapeapoil nHPOPMATHKN U BHIYUCIUTEIBHON TEXHUKU
[ToBOMKCKOro rocyJapCTBEHHOTO YHHBEPCUTETA TEIIEKOMMYHHUKAIMK 1 HHPopMaTuku, PO.

AHHOTADIUA

AKTyanbHOCTB. B Teopum MaccoBoro oOCIyKMBaHUSI HCCIECJOBaHUS CHCTEM IIPOM3BOJIHBIMH 3aKOHAMH pacHpe/eleHUH
BXOJIHOT'O TIOTOKA M BPEMEHHU OOCIY)KUBAHHS aKTYaJIbHBI B CBSI3M C TEM, YTO HEJNb3s MOIYYUTh PEIICHUS IJIsl BpEMEHH OXKHIaHUs B
KOHEYHOM BHJE B OOIIEM Cilydyae IIPU HPOW3BOJIBHBIX 3aKOHAX PACIpPEeIeHHH BXOIHOTO IOTOKAa W BPEMEHH OO0CITY>KHBaHMSI.
ITosToMy B COBpEeMEHHOH Teopuu TesieTpauKa Ba)KHBI HCCICNOBAHMS TAaKMX CHCTEM JUI YacTHBIX CIIy4aeB BXOJHBIX
pacnpeneneHui.

Heas pa6otbl. [lomydeHne pemieHus Ui CpemHEW 3alepKKH B OYepeId B 3aMKHYTOH (OpMe Ui CHCTEM MacCOBOTO
OOCTyXUBaHHA C OOBMMHBIMH M C CABHHYTHIMH BIIPaBO OT HYJIEBOH TOUYKH THIIEPIKCHOHEHIHMAIBHBIM H THIIEP3PIAHTOBCKUM
pacnpeencHUsIMH B yCTAHOBUBILIEMCS PEXKUME.

Meron. [lns pelieHus MOCTaBJICHHOM 3afayd HUCIOJB30BAH KJIACCHYECKMH METOJ| CIEKTPAIbHOIO Pa3JIOKEHHS PEILICHUS
UHTErpajbHOro ypasHeHus JIunuin. JlaHHBIM MeTOJ II03BOJISCT MOJyYUTh PELIeHUE AJs CPeHEH 3aepKKU AJIs pPacCMaTpUBAEMBbIX
CHCTEM B 3aMKHyTOH (opme. MeTol CHEeKTPaIbHOTO Pa3IoKeHUs! PEIeHUs] UHTETPAbHOIO ypaBHEeHUs JIMHIIM MrpaeT BaXKHYIO
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pons B Teopun cucreM G/G/1. [ns MpakTHYECKOTO NPHMEHEHUs IOTyYCHHBIX PE3yJbTaTOB HCIIOIb30BAH HM3BECTHBIH METOJ
MOMEHTOB TEOPHHU BEPOSITHOCTEH.

Pe3yabTaTsl. BriepBele MOMy4eHO CHIEKTPalbHOE Pa3lIoKCHUE PELICHUS HHTErpajbHOro ypaBHeHMs JIMHUIM Ui cucteM ¢
OOBIYHBIMU U C CIBUHYTBIMH T'MIEPIKCIIOHEHIINANBHBIM U TUIIEPIPIAHTOBCKUM PacIpeieICHUsIMU, C TIOMOLIbIO KOTOPOTO BBIBEIEHO
pacuetHas hopMyJia Ul CpeiHei 3aJepKKU B OUepelId B 3aMKHYTOI1 (opMme.

BoiBoabl. Jloka3aHO, YTO CIIEKTPAIbHBIC PAa3lOKEHMS DPEIICHUS] WHTETPANbHOTO ypaBHEHWS JIMHAIM AT paccMaTpPHBACMBIX
CHCTEM COBMNAJAIOT, MOITOMYy (OPMyIBI AT CpeAHeHW 3afepKKHM Takke OymyT coBmamarh. I[lokaszaHo, 4To B CHCTEMax C
3ama3/bIBAHIEM BO BPEMEHM CpEIHSS 3aJlepiKka MEHbBIIe, YeM B OOBIYHBIX cHcTeMax. [loimydeHHOe pacdeTHOE BBIPAKCHUE IUIS
BPEMEHHU OXUJIAHUS pacHIApseT W JONOJHSAET W3BECTHYIO HE3aBEpPIICHHYI0 (DOPMYIy TEOPHH MAacCOBOTO OOCIY)KMUBAHUS [UIS
CpPEJHEIO BPEMEHM OXKUAAHHUS JUId CUCTEM C IIPOU3BOJIBHBIMM 3aKOHAMU DPACHpEAEICHUH BXOJHOIO IIOTOKA U BPEMEHU
obcimyxuBaHus. Takoil MOAXOJ IMO3BOJSIET PAacCUMTATh CPEAHEE BPEMsl OXKUIAHUS I YKa3aHHBIX CHCTEM B MaTEMaTHYECKHX
HaKeTax JUlsl IIMPOKOro JUana3oHa N3MEHEHUs napameTpoB Tpaduka. Kpome cpejHero BpeMeHH 0XKMAAHUS, UMEETCS BO3MOXHOCTh
ONpefeNeHuss U MOMEHTOB BBICIIMX IIOPSIIKOB BPEMEHH OXKHIAHUS. YUHTbIBass TOT (haKkT, YTO BapHalMs 3aJepKKU IaKEeTOB
(JuKUTTEp) B TETEKOMMYHHKAIMAX ONPENENIeTCs Kak pa3dpoc BPEMEHH OXHIAHHSA BOKPYT €r0 CPEIHETO 3HA4EHHMS, TO DKHTTEp
MOXHO OyJIeT OIPEETUTh Yepe3 JUCIEPCUIO BPEMEHHU OXKHIAHUS.

KJ/JIIOUEBBIE CJIOBA: cuctema c 3ama3gblBaHHEM, CABHHYTHIE paclpelienieHus, npeodpa3oBanue Jlamraca, nHTErpansHOe
ypaBHeHue JIMHAIN, METO CIIEKTPAIbHOIO Pa3I0KEHUS.
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HEUPOIH®OPMATHUKA
TA IHTEJEKTYAJIBHI CUCTEMHA

NEUROINFORMATICS
AND INTELLIGENT SYSTEMS

HEUPOUH®OPMATHKA
U UHTEJJIEKTYAJIBHBIE CUCTEMBI

YK 004.8:004.032.26

OHJIATH METO/] MOKJIUBICHOT KJIACTEPUBALIIT JAHUX HA
OCHOBI EBOJIIOLIHOT ONMTUMIBALIT KOTSUMX 3IPAI

Bonsincskmii €. B. — n-p TexH. Hayk, nmpodecop, npodecop KapeapH MTYIHOTO IHTENEKTY, XapKiBChbKHHA HaIllOHA-
JIHUH yHIBEPCUTET palioeNIeKTPOHIKH, XapKiB, YKpaiHa.

Ila¢ponenko A. FO. — kaHA. TeXH. HayK, JOLEHT, JNOICHT Kadeapu iHGopmaThuky, XapKiBCbKHI HalllOHAJIBHUHA
YHIBEPCUTET paJlioeNeKTPOHIKH, XapKiB, YKpaiHa.

Kaimoga 1. M. — acuctenT xadeapu cucTeMHOI iHXeHepii XapKiBChbKOTO HaIllOHAIBHOTO YHIBEPCUTETY paslioeiek-
TPOHiKH, XapKiB, YKpaiHa.

AHOTALIA

AkTyaabHicTb. [Ipobnema kmactepu3alii BETMKIX JaHUX CHOTOIHI € QXK€ LiKaBOr cdeporo MTyyHoro iHTenekty. Lle 3aBman-
HSl 4YacTO 3yCTpidaeThCcs y 0araThbOX IOAATKaX, MOB’S3aHUX 3 IHTEJCKTYaJbHUM aHA30M HaHUX, TNTHOOKMM HaBYaHHSIM, BeO-
MaiHIHrOM Tommo. JJIs BUpImIeHHS UX poOJeM TpaJulliifHi MiJX0AN Ta METOAN BUMAraroTh, 100 ycs BUOIpKa JTaHUX I10/aBajacs y
MaKeTHiH Gopmi.

Meta. MeToro po6oTH 6yJI0 3alpONOHYBATH METO HEUiTKOT MOKIJIMBICHOT KJIACTEPU3AIlil JaHUX 3 BUKOPUCTAHHSIM €BOJIOIIHOT
ONTUMI3allii KOTAYMX 3rpaii, sKuit OyB OW M030aBICHUI HEMTOMIKIB TPATUIIIMHIX MMiXO/IIB 10 KJIacTepu3allii JaHuX.

Merton. IIporieaypa HediTKOT MOXKIIMBICHOT KJIacTepH3aLlil JaHUX i3 BUKOPHCTAHHSAM CBOJIIOLIHUX aITOPUTMIB, ISl OLITBII IIBH-
KOT'0 BH3HAYEHHS EKCTPEeMyMiB BHOIpKH, LIEHTPOILIB KiIacTepiB Ta aJanTUBHUX (YHKIUIH, 110 A03BOJIAIOTH HE BUTPAYaTH PECYPCH
MAaIIuHA 11 30epiraHHs MPOMDKHHUX PO3PaxyHKIB Ta He MOTPeOYIOTh TOJATKOBOTO Yacy JAJs BUPIIICHHS ITOCTABIEHOI 3a1adi Kiac-
Tepu3alii TaHUX HE3aJISKHO BiJ pO3MipHOCTI Ta croco0y moaadi Ha 0OpoOKy.

Pe3yabsTaTn. 3anpornoHoBaHMil adropuTM KiIacTepu3amii JaHUX Ha OCHOBI €BOJIOLIIHOI onTHMI3amlii € JOCTaTHHO NPOCTHM Yy
YHCeNbHII peanmizanii, H030aBIeHNI HEOMIKIB, BIACTUBHX TPaJHLIHAM METOJaM HEUiTKOi KiacTepu3amii Ta MOXKe IpamioBaTH 3
BEJIMKHMM PO3MipoM BUXiaHOI iH(popMaii, o 00pobisieThesl, B peXKUMi OHJIANH y peaJbHOMY daci.

BucHoBkH. Pe3ynbraTé eKCIEpUMEHTY [O3BOJSIOTH PEKOMEHIyBaTH pO3poOJeHHMiI MeTox JUlsl BUpIMIEHHS HpoOieM
ABTOMATHYHOI KiacTtepu3auii Ta kiacudikamii BETUKUX JaHUX, MAKCHMAJIBHO LIBHIKO 3HAXOMUTH SKCTPEMyMH LIJIbOBOI (QyHKIII,
HE3aJIeKHO BiJI crtoco0y mojadi JaHUX Ha 0OpOOKY. 3anpONOHOBAHHUI METO OHJIAHH MOMIIMBICHOT HEUITKOI KilacTepu3allii JaHUX Ha
OCHOBI €BOJIOLIHHOT ONTUMI3amii KOTSYNX 3rpail MpU3HAYCHUH A1 BUKOPUCTAHHS Y TiIOpUIHMUX CHCTEMaX OOYMCIIOBAILHOTO iHTE-
JIEKTY, Helipo-(a33i cucTeMax,B HABYaHHI IITYYHUX HEHPOHHUX MEPEXK, y 3aBJaHHAX KIacTepu3alii Ta KiIacudikarii.

KJIIOYOBI CJIOBA: HeuiTKa KJIacTepH3allisl, IPaBUJIO HaBYAHH, ONTHMI3allis KOTSYO0I 3pai, peKUM TpacyBaHHs, PEXKHUM IO-
LIyKY.

ABPEBIATYPU x,(k) — 3HadeHHs monepeIHbO 0OPOOIEHOro BHUXiI-
FCM — MeTon HeUiTKUX C-CepelHiX;

S S HOTO k -TO BEKTOPa-CIIOCTEPEKECHHS IS i -T0 aTpuodyTa;
CSO — anroput™m ontumisariii 3rpai KOTiB.

!/, g — HOMEp KJIacTepy;

HOMEHKJIATYPA M — KUIBKICTD HETIEPETHHHHX KJIaciB;
X — Marpunsg HaGopy JaHHX; U (k) — piBeHb HAJIGXKHOCTI j -I0 KIIacTepy;
k — HOMeEp BEKTOPY-CIIOCTEPEIKEHHST; Cl — xnacrep;
i _— HOMep aTpuOyTy BEKTOPa-CIOCTEPEKEHHS; D — EBKIIijoBA Bi/ICTaHb;
j — HOMeEp HeNepeTHHHOTO Kiacy; E — ninbosa QyHKLis;
x(k) — BEKTOpP-CIIOCTEPEIKECHHS, | — CKaJSApHHUU MapaMeTp, sKUi BH3HAYa€ BiJICTaHb,

Ha SIKi piBeHb HAJIGKHOCTI JopiBHIOE (,5;
¢ — LIEHTPOI[ KJ1acTepa;
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¢, — PEeXKNM p-0i KiLIKH;

T— iTepalis MouyKy;

B — dazzidikarop;

o — TapamMeTp, SKUil BH3HAaYa€ BIACTHBOCTI IHEPIIii
PEeXKHUMY TpacyBaHHS;

N — ImapameTp Kpoka MOLIyKY;

Z(T) — BUNAIKOBa CKJIAM0OBA, SKa BHOCUTH JIOJIATKOBI

CTOXaCTHYHI PyXH Yy MPOIEC TPacyBaHHS;
N — Hapamerp, AKUi BU3HAYAE aMILTITY 1y PyXiB.

BCTYII

B 1ieii yac MeTou 0OYMCIIOBANIBEHOTO 1HTENEKTY LIH-
POKO BHKOPUCTOBYIOTBCS MJIsl BHpIIIEHHS 0arathbox
CKJIQIHUX 3aJiau aHai3zy aaHux. OJHi€I0 3 OCHOBHUX 00-
JacTeld OOYHCITIOBAIHOTO IHTENCKTY €, TaK 3BaHi,
CBOJIIOLIHI aNrOPUTMH, SIKi 32 CYTTIO HPEICTABIAIOTH
MEeBHI MaTeMaTW4yHi MOJeNi PO3BUTKY OiOMOTIYHUX
OpTraHi3MiB.

[Ipobnema anamizy JaHuX, IO MOB’sI3aHA 3 KIACTEPH-
3aIi€r0 BEKTOPHUX 00pasiB, 4acTo 3ycTpivaerscst y Oara-
TBOX JOJATKax I IHTEJCKTYaJbHOIO aHamizy, aje
OCTaHHIM YacOM OCHOBHA yBara MpPHUIUIIETbCS HEUITKIH
knmactepm3amnii [1-3] mpu oOpoOrii BeKTOpHHUX 00pasziB 3
pi3HUM piBHEM HMOBIPHOCTI, MOXKIIMBOCTI 200 HaJIeXHOC-
Ti MOXKYTh HaJIeKaTH OiNIbIIEe HK OTHOMY KITacy.

CamoopranizoBHi Mamu KoxoneHa [4] € myxe edek-
TUBHUM 3acO00M Y3rO/DKCHOI OHJIAHH-KIacTepH3allii,
BUKOPHCTaHHS SIKOi JI03BOJISIE BUPILIyBaTH 3aBJAaHHSA B
pexxumi onnmaitH. EBomoniiiHi anroputMu y 1isoMy BHIIa-
JKY JO3BOJISIIOTH TOKPAIIUTH PE3yiIbTaTH KIacTepH3ailil
JAHUX KOJIM Ii JiaHi HaJXOIATh MOCHTIJOBHO y OHJIaWH-
PEXHMI.

O0’eKkT AOCHITKEHHSI MOMIIMBICHA KJIacTepH3aLlis
JIAHUX B PEKUMI OHJIAMH.

IIpeamer gocaimzkeHHsI TpoLeAypa OHJIAMH MOXIIU-
BICHOI KJIacTepu3allis JaHUX Ha OCHOBI €BOJIIOLIHHOI Om-
TUMI3AIi1 KOTSYHX 3Tpai.

Meta po6oTH TOJISIrae y 3alpOBaKEHHI MOXIIHBIC-
HOI MpoLeIypH HEUiTKOI KJIacTepu3allii JaHuX, sSKa MOXe
MIPAIfOBaTH OHJIAMH, Ta IIBUAKO 3HAXOIWTH E€KCTEMyMH
(meHTpH) KIacTepiB, HE3AJIESIKHO BiJ KUTBKOCTI JaHUX, IO
Ha/IXO/ATh.

1 IOCTAHOBKA 3ABJIAHHSA
IIpobmema HediTKOI KiacTepu3alii MacWBIB JaHUX
PO3IIISIOAETECS B YMOBaX, KOJM C(OPMOBaHI KilacTepH
JOBUTFHO TIEPETHHAIOTHCS B MPOCTOPi O3HAK. BHXimHOIO
iHpOpMaIi€l0 IS BHUPIMIEHHS MPOOIeMH € MacuB
0araTOBUMIpHUX BEKTOpiB [aHUX, c(opMOBaHWI Ha

BuOipui crocrepexens X = {x(l),...,x(k),...,x(N)} cR",
ne k —y 3arallbHOMY BHITAJKy HOMEP CIIOCTEPEKEHHS Y
BUXiTHOMY MacuBi, x(k)= (x1 k), x,(k),...,x, (k))T eR".
PesynpraToM Kiactepmsamii € po3aiT IIBOTO MacHWBY Ha
m  HemepeTmHHUX Kiacie CI j 3 TpPOTOTHIIAMH-
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HEHTPOigaMu Clj eR", j=12,..,m Ta OOYHCICHHS
piBHiB HanexxHocti 0<U,(k)<1 koxHOro crocrepe-

xeHHst x(k) no xoxnoro kiacrepa Cl -

2 OIJiAd JITEPATYPU

OCHOBHHUH HEIOJNIK KJIACHIHAX IMOBIPHICHHX alTOPH-
T™MiB Kiactepuzamii [1-3] moB’s3anHuil 3 0OMEXEHHAMHI
PIBHIB HaJIEKHOCTi, CyMa SKHX IOBHHHA JIOPIBHIOBATH
onuHMMi. Taka cUTyamis mpu3Bena 10 CTBOPEHHS MOYKITH-
BICHHX HEUITKUX QJITOPUTMIB KjacTepu3altii [5, 6].

LlinboBa (yHKIIS MOMXIHUBICHOI KiacTepHu3alii Mae
BUTJTISIT

EU,(k)c;,1,) :ifo(k)Dz(fk,ch

k=1 j=I

S YU, ®Y.

j=l k=l

(1

Minimizauis gynxuii (1) 3a U, (k) , ¢, Ta p; Bexe 1o

CHUCTEMH PIBHSIHB

1

2~ Yy 1 °
DA o
T

U;“H-]) (k) —
1+(

N i
D (U (k) F(k)

C;w—]) _ k:lN , (2)
DU (k)

N

U (k) D (F(h).c)
(t+1) — k=1

Hj

>

ﬁ:(Uﬁ””(k))B

y BUNAJKY, KOIU 3 =2 MM IPUXOJMMO JIO PIillIeHHS, SKe
Mae BuTIIA (aHanor kracuaHoro FCM [1]):

T+l 1
Uy (k) = EETINTR
|0 -}
I+
H;
N
D U (k) 7(k)
T+l =
O (€)
2 U k)
k=1
ul 2
RO ORI
(t+1) _ k=1 i
J N
2 U k)
k=1

B pexumi onnaite gopmymnu (2), (3) MoxHa 3anmcati
y BUDIISLI [6, 7]
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1
D (%(k +1),c, (k) )ﬁ ’

(k)
¢, (k+1) = ¢; (k) +n(k + DU} (ke + D(E(k +1) = ¢; (k). (4)

U,(k+1)=

1+¢(

S UM (p)D*E(p)oc, (k +1)
(k4 1) =27

k+l

ZU? (p)

abo

1
5k e, (k)||2 ’
I+
u, (k)
¢, (ke +1) = ¢, (k) +n(k + DU (k + D)(E(k +1) ~ ¢, (k)), (5)

U,(k+1)=

U2 () [fp) e, e+ 1
w,(k+1) ==

ZUf(p)

0 J03BOJISIE BUPINIYBAaTH HEUITKY 3a[ady KIIACTEPH3AIii
B PEXUMI OHJIAlH.

Jns momryky riobanbHoro exkcrpemymy (1) nominsHo
BUKOPHCTOBYBATH, TaK 3BaHi, allOPUTMU ONTUMI3awii
POXO YaCTHHOK, a caMe CBOJIOIIMHUX YacTUHOK [8], 1o
PO3pOOJISIFOTECS Ta OCTIKYIOTECS B IIEH Yac B paMKax
3arajgbpHOI Teopil Ta NPaKTHUKH OOYHCIIOBAJIBHOIO 1HTENe-
kty. Cepes anropuTMIiB POiHHS OJHHM 3 HAWIIBUIIIUX €
TaK 3BaHi AJTOPUTMH 3rpail KoTiB [9-12], sKi BUABUIHCA
e(QEKTHBHIMH Yy BHUPIIICHHI IIMPOKOr0 KOJa 3aBAaHb 3
00pOoOKH TaHUX.

3 MATEPIAJIX I METOIHN

Onrtumizaniss KOTs40i 3rpai mepenbauae, Mo KOXKHA
KilllKa 3rpai MoXke repedyBaTd B OJHOMY 3 JIBOX CTaHIB:
PEXUMI TIOIIYKY Ta PEeXHMi TpacyBaHHS (BiJCTEXEHHS).
VY UpOMy BHIIQJIKYy PEXKHM IOLIYKY OB’ SI3aHUH 3 MMOBUIb-
HUMHU PyXaMH 3 HEBEJMKOIO aMILIITy 100 HAaBKOJIO 110YaT-
KOBOI 1MO3MLIT (CKaHyBaHHS MPOCTOPY B paioHi MOTOYHOI
MO3HMIT) Ta PEKUMOM TpPACyBaHHS, KU BU3HAYAETHCS
IIBUJKHUMH CTPHOKaMH 3 BEIUKOIO aMIUTITY/IOI0 1 J03BO-
JIsi€ KOXKHIM KOHKPETHIN Killllli BUCKOYHUTHU 3 JIOKATHHOTO
eKCTPEMyMY, SKIIO BOHA TaM €.

[loennaHHA JOKAIBHOTO CKAaHYyBaHHS Ta IIBHIKHX
3MiH MOTOYHOTO CTaHy J03BOJISIE 30UIBIIUTHA WMOBIPHICTD
3HAXOJDKEHHS TJI00aJbHOIO EKCTPEeMyMYy IOpIBHSHO 3
TPAmUIITHIMU METOAaMH 0araTOCKCTPEMAILHOI ONTHMI-
3arii.

V 3aragpbHOMY BUMAJKy OOMIBA Il PEXHUMH JUIST KOX-
HOTO i3 3rpai KOTiB MOXYTb OyTH ONKCaHI PEKyPEHTHOIO
TIPOIEAYPOFO ONTHMI3aIlii
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c,(t+)=c,(1)-alc,(t)—c,(t—1))-

. — (6)
—nVE,, (¢, (1) +1.E(1).

Taxk, ko o =0, IPUXOONMO A0 CTAHAAPTHOTO Tpai-
€HTHOTO TIOIIYKY, TOOTO PEXMMY HOILIYKYy y 3rpai, mpu
0 < a <1 mpouec ontumizanii HaOyBae iHepUiIHHUX BIIac-
THUBOCTEH THITYy «BaXKKOT KyIi», ajie BIH MOXe He 3yIHH-
THUCS TOOTN3Y TTUOOKOTO EKCTPEMYMY .

TakuM 4MHOM, KOXKHa KillIka MOYKE OJHOYACHO 3HAXO-
JUTUCHh Y PEXKHMI IOLIYKY Ta BiJCTEXKEHHS Ta, Mal4u
JIOCTaTHIO KUJIBKICTh KOTIB y 3rpai, MOXKHa 3a0e3leunuTH
MOIITYK IJI00ANBHOTO EKCTPEMYMY.

4 EKCHEPUMEHTH

OHJIaliH aJTOPUTM MOXKITUBICHOT HEUITKOI KJIaCTEepH-
3alii Ha OCHOBI €BOJIFOLIIMHOI ONTUMI3AIIil KOTSYOTO POIO
OyB peayi3oBaHMi Ha JBOX MacuBax HaHux: Tabdi. 1. Ilo-
PIBHAUIBHUI aHai3 KiIacTepw3amii BUXITHUX TaHUX OyB
MPOBEACHUH 3a IomoMororo Heditkux C-cepenHix, amam-
TUBHOTO MO>JIMBICHOTO HEYITKOTO MeToxy, Metona ['yc-
tadcona-Keccenst Ta MOXKIMBICHOT HEUITKOI Ki1acTepuza-
il Ha OCHOBI €BOJIOLIMHOI onTHMIi3allii KOTsA4oi 3rpai.
[TapameTpu MoieNTIOBaHHS MPEJCTaBIIeHI y Ta0I. 2.

Tabnuis 1 — 3pas3ku gaHux

Data Data Attributes | Cluster Data Source
set Number | Number | Number u
Gas 296 2 6 Box and Jenkins (1970)
Mackey and Glass
Glass 214 9 6 (1977)
Tabnuis 2 — [Tapamerpu anroputmy CSO
Parameters Value
SRD Random [0,1]
Seeking memory Pool (SMP) 5
Population size Number of clusters
rl Random in [0,1]
cl Const
SPC Random in [0,1]
Number of iteration Manually
5 PE3YJBTATH

Byno npoBeneHO MOPIBHAIBHUN aHAMI3 SKOCTI JaHUX
KJlacTepu3allii 32 OCHOBHUMH XapaKTEPUCTUKAMH PEHTH-
HTiB SIKOCTI TaKUX, K MIBUJKICTH KJIACTEPHU3AIlii JaHUX Ta
CepelHsI MOXUOKa.

B tabx. 3 ta Tabin. 4 HaBeneHI pe3yabTaTH pOOOTH an-
TOPHUTMIB, 3alPONOHOBAHWUX [UIA TIOPIBHAHHS 3 PI3HOIO
KUTBKICTIO CTIOCTEPEKEHbD.

Ta6muws 3 — [TopiBHSUIBHI XapaKTEPUCTHKU CePeHbOT MOXNOKN
Jutst BuOipku Gas 3 pi3HOO KIIBKICTIO CIIOCTEPEKHb B BiICOTKAX

Merton 50 Yac 100 | Yac 150 | Yac
FCM 1,62 | 1,19 | 1,35 | 2,55 | 0,98 | 3,03
GK 1,66 | 1,62 | 1,32 | 2,72 | 0,99 | 3,12
AJlanTUBHUIA

MO>KIIUBICHUAN METO/T 1,22 | 1,15 | 1,02 | 2,02 | 0,75 | 2,10
HEUiTKO1 KJacTepu3alii

OHJ1aiiH anroput™
MOJKJTUBICHOI KIlacTe-
pu3anii JaHUX Ha oc-
HOBI €BOJIIOLIIHOT
OIITUMi3aLii KOTTYUX
3rpait

0,69 | 1,02 | 0,49 | 1,33 | 0,14 | 1,41
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Tabmus 4 — [NopiBHSIBHI XapaKTEePHCTHKU CePeIHBOT HOXUOKH
Juis BUOipku Glass 3 pi3HOIO KITBKICTIO CIIOCTEPEIKHD
Y BiJICOTKax

Meton 50 Yac 100 | Yac 150 | Yac
FCM 1,74 | 1,21 | 1,44 | 2,40 | 0,86 | 3,10
GK 1,85 | 1,74 | 1,53 | 2,82 | 0,99 | 3,27
AJanTuBHUHA
MOMUIHBICHHI METOZL |y 43 | 136 | 1,22 | 2.5 | 0,65 | 2,60
HEYiTKOi
Kiactepusanii
OHJ1aliH anropuTM
MOXITHBICHOI KJ1acTe-
pHsaWL AQHIX Ha =)y 4y | 117 | 1,00 | 1,23 | 0,54 | 1,11
OCHOBI €BOJIIONIAHOT
OIITUMI3aLil KOTIYNX
3rpait

AHani3yloun OTpHMaHi pe3yJbTaTH, MOXHa 3pOoOUTH
BHCHOBOK, IO HE3aJISKHO Bifl pO3Mipy BHXimHOI iH(Op-
Mariii, o MoJaeThcs Ha OOPOOKY 3aIpOIIOHOBAHUM Me-
TOJIOM JUTS IOPIBHSAHHS MPaIe3qaTHOCTI Ta e(heKTHBHOCTI,
3aMpOIOHOBAHMK IIAXiA D0 MOXKIHBICHOI KJIacTepu3arlil
JIAHUX Ha OCHOBI €BOJIIOI[IITHOIO METO/AY KOTSYMX 3rpan
HE TIOCTYMAEThCS NIBUIKOIIEIO Ta SKICTIO KIIACTePyBaHHS
y MOPIiBHSAHHI 3 BIIOMHMH aJITOPUTMAMHU.

[TopiBHANBHUIA aHAaJi3 MPOAEMOHCTPOBAHO HA Jiarpa-
Max 3aJIS)KHOCTI TOXMOKH Ta 4acy BiJ KUTBKOCTI cITocTe-
PEXEeHb ATl PI3HUX BUOIPOK JTaHUX.

W50 1100 W150

ABSTTUEHHI MORAMSICHHI
METoAHeNITHOT KABCTE PU3aLT

Ownalik anropuT
MOMAMBICHOT KnacTe pusaLi
83K Ha DCHOB! EBONOLIAHOT
onTUMisaWTT koTRuMK 3rpalt

Pucynok 1 — Jliarpama 3a1eHOCTI HOXHUOKH Bifl KIIBKOCTI CIIO-
crepexenp (50, 100, 150) ms Bubipku Gas

H50 W100 m1s0

FCM GK ABBTHBHUEA MOKNMBICHUG OHAaliH aAropHTM

METOA HEHITHOT KIGCTEPHIELT  MOAMIHBICHGT KIGETEPHZaWT
ABHK Ha OCHOBI 2BORLFiHOT
onTHMizaLi KoTAuMX 3rRalt

Pucynok 2 — Jliarpama 3a51e)XHOCTI IOXUOKHU BiJI KUTBKOCTI CIIO-
crepexensb (50, 100, 150) mis Bubipku Glass

- 1CM

—h— AArTHERIA MORAHEICHMA METOA
wesimual naseTepIAL

B OriAbsin BNTODHTM MONAHBICHD!
wnne T AR HA G weR
EBONIOLIRD| CNTHMIISWI KOTAUMX 3rDBR

50 100 10
Pucynok 3 — Jliarpama 3a5eXHOCTI Yacy KJlacTepu3allii Bix
KinmpKocTi crioctepeskess (50, 100, 150) s Bubipku Gas
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Yac

—h— AT mumansicd ses
HestTRIT WABCTE DI BT

B DHNain BAFODITA MOMAMBICHO!
RABCTERMISUT darns na GEMOE
BONIOWARD! ONTHMIBLA KOTANMN 3TDBIH

]
s0 100 150

Pucynok 4 — Jliarpama 3aJ1e)KHOCTI Yacy KJlacTepu3alii Bif Ki-
nbKocTi criocrepeskers (50, 100, 150) s Bubipku Glass

Sk BUAHO i3 AiarpaM, HABEJCHUX HA PUCYHKAX, IIBH/I-
KiCTh Ta TIOXHOKa B 3alPOITOHOBAHOMY METOJII MOXKITUBIC-
HOI KJIacTepu3alii JaHMX Ha OCHOBI E€BOJIIOLIMHOIO ITif-
XOJy IEMOHCTPY€E JOCTATHHO BHCOKI IIOKA3HUKH.

6 OBI'OBOPEHHSI

PesynbraTn knmactepusanii HaOOpiB JaHUX, HABEIECHIX
B TaOJUILISX, IEMOHCTPYIOTh IIBUIKOJIIO Ta SKiCTh PO0O-
TH METOJIB KiacTepu3ailii. 3arponoHOBaHUN OHJIAH ajl-
TOPUTM MOXKJIHBICHOT KJIaCTepH3allil JaHWX Ha OCHOBI
CBOJIIOIITHOT ONTUMI3aIlil KOTSAYMX 3rpail JIEMOHCTpYE
rapHi pe3yJbTaTH poOoTH.

[MopiBHSNBHUM aHAJI3 3aMPONOHOBAHOTO AITOPUTMA
MPOBOJIUBCS 3 BIIOMUMH Ha ChOTOJHI aIrOPUTMAMHU KJia-
crepmsanii Takmmu, sk FCM, Tycrapcon-Keccens-
ANTOPUTM 1 aZaNTUBHUA MOXITUBICHHHA METOJA HEUYITKOL
KIIaCTepH3aLlii.

Ha pucyHkax, 110 HaBeIeHI BHIIIE, TPOAEMOHCTPOBAHA
poboTa anrOpUTMIB Yy TOPIBHSAHHI i3 3aIPONOHOBAHUM
OHJIAMH aJITOPUTMOM MOXKJIMBICHOT KiIacTepH3alii JaHuX
Ha OCHOBI CBOJIFOIIIHOT ONTHMI3aIlli KOTSYHX 3rpaii.

3aBIsIKM CBOTH aIanTHBHOCTI Ta (DYyHKLISIM €BOJIIOLIIH-
HOI ONTUMI3aIli KOTSIYUX 3rpail, alrOpUTM HE MOTpeOye
OaraTo yacy i1 0OpOOKHM JaHUX, IO HAIXOIATH y pea-
JHHOMY Yaci, Ta He 3aBaHTAXye cebe MPOMDKHUMH PO3-
paxyHKaMHM 3a paxyHOK (QYHKIiH amantuBHOCTi. Lle mo-
CHUTbD SICKPaBO JIEMOHCTPYIOTh JliarpaMu 3aJIeXKHOCTI 4acy
KJIaCTEepH3allii Bil KUTBKOCTI CIIOCTEPEKEHb Ta 3aJIeKHOC-
Ti TOXUOKH Bifl KITBKOCTI CLIOCTEPEIKEHb.

BUCHOBKH

3apornoHOBaHMi MiXiJ € JOCUTh MPOCTUM B YHCENb-
Hiil peanizaii, Mae BUCOKY MPOAYKTUBHICTS 1 3abe3neuye
BUCOKY SIKICTh HEYITKOI KijlacTepu3allii BETMKHX MAacHBIB.
[MTokazaHo, 110 3a/1a4y MOKHA BUPIIIUTH HA OCHOBI Camo-
OpraHi3oBHOI Helipo-HewiTkoi Mepexi Koxonena «Ilepe-
MOJKEIb OTPUMYE OUTBIIIe) IS HEIiTKOI KiacTepu3allii Ta
ITOPUTMIB ONITHMI3alil KOTSYOI 3rpai.

HaykoBa HoBHM3HA: BreplIe 3alpONIOHOBAaHA MOXKJIH-
BICHA HEUiTKa KJIACTEpU3allisl JaHNX, Ka MOXE IPaIfoBa-
TH OHJIAHH, Ta IIBUJAKO 3HAXOAWTH €KCTEMyMH (LICHTpH)
KJIacTepiB, HE 3aJICKHO BiJ KUTBKOCTI NaHWX, IO HAIXO-
ISITh.
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OHJIAITH METO/JI BO3MOKHOCTHOM KJIACTEPU3ALIMU JAHHBIX HA OCHOBE 3BOJIIOLIMOHHOMN
ONTUMM3AIIAU KOIITAYBHAX CTAM

Boasincknii E. B. — 1-p TexH. Hayk, npodeccop, npodeccop kadeapsl HCKyCCTBEHHOTO HHTEIUIEKTa XapbKOBCKOI'O HAI[OHAIIb-
HOT'O YHUBEPCUTETA PAIMOEIEKTPOHUKH, XapbKOB, YKpauHa.

lapponenko A. FO. — kaHxA. TeXH. HayK, JOLEHT, JOUCHT Kadeapsl nHGOPMATUKH XapbKOBCKOTO HAIIMOHAJIBHOTO YHUBEPCH-
TeTa PaguoeeKTPOHUKH, XapbKOB, YKpauHa.

Kaumosa M. H. — accuctenT xadeapsl CHCTEMHOW WH)XEHEPHH XapbKOBCKOTO HAIIMOHAIBHOTO YHUBEPCUTETA PaTUOCICKTPOHHU-
k#, XapbKOB, YKpauHa.

AHHOTALUA

AKTyanbHOCTD. [Ipo6rembl kacTepu3anyy OONBIINX TaHHBIX HAa CErOJHSIIHUN EHb SBIISIOTCS aKTyaJbHOM cdepoi HCKycCT-
BEHHOTO MHTeJUIeKTa. JlaHHas 3a7ada 4acTo BCTPEYASTCs] BO MHOTUX IMPUIIOKEHMSX, CBSI3AHHBIX C MHTEIUIEKTYalbHBIM AHAIH30M
JAHHBIX, TITYOOKUM oOyueHHeM M TOMy nozoOHoe. J[na pelneHus JaHHBIX Mpo0IeM TpaaULMOHHBIE TOAXOABI U METOIBI TpeOyIoT,
4TOOBI BCS BRIOOPKA TAaHHBIX [T0JIaBajiach B MMaKETHOH (hopme.

Heub. Lempro paboTs! OBIIO TPEIUIOKHUTH METO HEUETKONH BEPOSTHOCTHOM KIIACTEPHU3AINH AAHHBIX C HCIIOIb30BAaHUEM HBOIIIO-
IMOHHOHN ONTHMHU3AINH KOMIAYbMX CTal, KOTOPBIH OBLI OBI JINIIEH HEAOCTATKOB TPAUIIHOHHBIX ITOIX0/I0B KJIAaCTePHU3aINH JAHHEIX.

Merton. IIponenypa HedeTKOH BEpOSTHOCTHOM KJIACTEPH3AIMU JAHHBIX C HCIOJIB30BAaHUEM SBOJIONMOHHBIX aITOPUTMOB IS
OBICTPOTO OIPEAENICHUs] SKCTPEMYMOB LIENIEBOI (QYHKIMH, HEHTPOHJOB KJIACTEPOB M aJJATHBHBIX (YHKIUHA IPHHAUIEKHOCTH, HO-
3BOJISIFOLIMX HE TPATUTh PECYypPChl MAIIMHBI JUIsl XpAaHEHHs] IPOMEXKYTOUHBIX PACYETOB U HE TPEOYIOIUX JOMOIHUTEIEHOTO BPEMEHU
JUIS pellIeHHs] TIOCTaBIEHHOM 3a/1aull KIacTepU3aliy JaHHBIX, HE3aBUCHMO OT Pa3MEPHOCTH U CIocoba Mojadu Ha 00paboTKy.

PesyabTartel. [IpeioKeHHbIH alropuT™ KIacTEPU3aLUU JAHHBIX HA OCHOBE 3BOJIIOLIMOHHON ONTUMM3ALMK JOCTaTOYHO IPOCT B
YHCJICHHOHN pean3alyiy, JUIIEH HEAOCTaTKOB, NPUCYIINX TPAAUIMOHHBEIM METOJaM HEYEeTKOH KIaCTepH3aIliH, 1 MOXeT paboTaTh ¢
OospImM 00beMOM BXOIHOM HH(OpMannu, 00padaTeiBaeMOil B peXKMME OHJIAH B pealbHOM BPEMEHH.

BriBoasbl. Pe3ynbraTsl SKCIIepIMeHTa MO3BOJLIIOT PEKOMEHI0BATh pa3pabOTaHHBIM METOA JUIsl pelIeHHs IIpo0diIeM aBTOMaTHYe-
CKOH KJTacTepU3aliy U KJIacCU(PUKanUy OONBIINX JaHHBIX, MAKCUMAJIBHO OBICTPO HAXOJUTh 3KCTPEMYMBI BEIOOPKH, HE3aBUCHMO OT
crioco0a Mojauy JaHHEIX Ha 00paboTKy. IIpemtoxeHHBI METOJ OHIAHH BO3MOKHOCTHON HEYETKOH KIIAaCTepH3alMy IAaHHBIX Ha
OCHOBE JBOJIIOLMOHHOM ONTUMHU3AlUH KOIIAYbHUX CTall MpeJHa3Ha4YeH Ul UCIIONb30BaHMs B THOPUAHBIX CHCTEMaX BBIYUCIUTEIBHO-
IO WHTEIJUIEKTa, HelHpo-(a33u cucreMax, B 00y4eHHN UCKYCCTBEHHBIX HEHPOHHBIX CEeTeH, B 3a[ayax KJIaCTepH3alu U KiaccH(pHKa-
L.
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KJ/JIIOUEBBIE CJIOBA: HeueTkasl KIacTepH3alis, IPaBmIO OOyUeHHMs, ONTHMU3ALHS KOIIAYbel CTau, pexknM TPacCHPOBKHU,
PEKHUM TTOHCKA.
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ONLINE PROBABILISTIC FUZZY CLUSTERING METHOD BASED ON EVOLUTIONARY OPTIMIZATION
OF CAT SWARM

Bodyanskiy Ye. V. — Dr. Sc., Professor at the Department of Artificial Intelligence, Kharkiv National University of Radio Elec-
tronics, Kharkiv, Ukraine.
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ABSTRACT

Context. The problems of big data clustering today is a very relevant area of artificial intelligence. This task is often found in
many applications related to data mining, deep learning, etc. To solve these problems, traditional approaches and methods require
that the entire data sample be submitted in batch form.

Objective. The aim of the work is to propose a method of fuzzy probabilistic data clustering using evolutionary optimization of
cat swarm, that would be devoid of the drawbacks of traditional data clustering approaches.

Method. The procedure of fuzzy probabilistic data clustering using evolutionary algorithms, for faster determination of sample
extrema, cluster centroids and adaptive functions, allowing not to spend machine resources for storing intermediate calculations and
do not require additional time to solve the problem of data clustering, regardless of the dimension and the method of presentation for
processing.

Results. The proposed data clustering algorithm based on evolutionary optimization is simple in numerical implementation, is
devoid of the drawbacks inherent in traditional fuzzy clustering methods and can work with a large size of input information proc-
essed online in real time.

Conclusions. The results of the experiment allow to recommend the developed method for solving the problems of automatic
clustering and classification of big data, as quickly as possible to find the extrema of the sample, regardless of the method of submit-
ting the data for processing. The proposed method of online probabilistic fuzzy data clustering based on evolutionary optimization of
cat swarm is intended for use in hybrid computational intelligence systems, neuro-fuzzy systems, in training artificial neural net-
works, in clustering and classification problems.

KEYWORDS: fuzzy clustering, learning rule, cat swarm optimization, tracing mode, seeking mode.
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ABSTRACT

Context. Niching genetic algorithms are one of the most popular approaches to solve multimodal optimization problems. When
classifying niching genetic algorithms it is possible to select algorithms explicitly analyzing topography of fitness function
landscape; multinational genetic algorithm is one of the earliest examples of these algorithms.

Objective. Development and analysis of the multinational genetic algorithm and its modifications to find all maxima of a multi-
modal function.

Method. Experimental analysis of algorithms is carried out. Numerous runs of algorithms on well-known test problems are con-
ducted and performance criteria are computed, namely, the percentage of convergence, real (global, local) and fake peak ratios; note
that peak rations are computed only in case of algorithm convergence.

Results. Software implementation of a multinational genetic algorithm has been developed and experimental tuning of its pa-
rameters has been carried out. Two modifications of hill-valley function used for determining the relative position of individuals have
been proposed. Experimental analysis of the multinational genetic algorithm with classic hill-valley function and with its modifica-
tions has been carried out.

Conclusions. The scientific novelty of the study is that hill-valley function modifications producing less number of wrong identi-
fications of basins of attraction in comparison with classic hill-valley function are proposed. Using these modifications yields to per-
formance improvements of the multinational genetic algorithm for a number of test functions; for other test functions improvement of
the quality criteria is accompanied by the decrease of the convergence percentage. In general, the convergence percentage and the
quality criterion values demonstrated by the algorithm studied are insufficient for practical use in comparison with other known algo-
rithms. At the same time using modified hill-valley functions as a post-processing step for other niching algorithms seems to be a

promising improvement of performance of these algorithms.

KEYWORDS: multimodal optimization problem, niching genetic algorithms, multinational genetic algorithm, hill-valley
function, genetic algorithm convergence, real peak ratio, fake peak ratio.

ABBREVIATIONS

ASD is an adaptive species discovery;

GA is a genetic algorithm;

HillVallEA is a hill-valley evolutionary algorithm;

HTS is a history-based topological speciation;

HVcMO is a hill-valley-clustering-based variable
mesh optimization;

HVF is a hill-valley function;

MMOP is a multimodal optimization problem;

MNGA is a multinational genetic algorithm;

MNGA, j v is a MNGA with F¢ j, ;

MNGA,, ; v is a MNGA with Fy

MNGAm_h_v_rand is a MNGA with Fm_h v_rands

MNGA" is a MNGA with national selection to the
mating pool;

MNGA" is a MNGA with weighted selection to the
mating pool;

MNGA"™ is a MNGA with mixed selection to the mat-
ing pool;

NBC is a nearest-better clustering;

RS-CMSA is a covariance matrix self-adaptation evo-
lution strategy with repelling subpopulations;

SCGA is a species conserving GA;

TCGM_S2 is a GA of tournament crowding based on
Gaussian mutation, with S2 parameter set;

TS is a topographical selection;

TSC is a topological species conservation.

© Gulayeva N. M., Yaremko S. A., 2021
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NOMENCLATURE

d(x,y) is an Euclidean distance between individuals X
and y;

f is a fitness function;

f(s) is a fitness value of an individual s;

Fc nvis aclassic HVF;

Fm_n v is a modified HVF;

Fm_h v rand 18 @ modified HVF with randomized inter-
mediate points;

FPR is a ratio of the number of fake peaks found by
the algorithm to the total number of species formed by the
final population;

g(k, t) is a number of politicians of the k-th nation at
the t-th algorithm step;

GP is a number of real global peaks found in one run
of the algorithm;

GPR is a ratio of the number of real global peaks
found by the algorithm to the total number of global
peaks to be localized;

gr=[gr;, gr, ...,
0<gr;<gr,<...<grg<l;

ij is a j-th politician;

K is a size of gr and a number of intermediate points
used by HVF;

LP is a number of real local peaks found in one run of
the algorithm;

gr] is a sample array,
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LPR is a ratio of the number of real local peaks found
by the algorithm to the total number of local peaks to be
localized;

n is a search space dimension;

NP is a number of real peaks found in one run of the
algorithm;

NSeeds is a power of Seeds, i.e. a number of species
or, equivalently, a number of peaks (real and fake) found
in one run of the algorithm;

O,(x") is an e-neighborhood of the point x;

<po, P1, P2s ---» P> Px+1> 1S an ordered list of points
used by HVF, pe XS R,

Do 1s a first test point;

P, is a probability of crossover;

p; 1s an i-th intermediate point, 0<i<K+1;

pi is a j-th coordinate of the i-th point;

Pk+1 1s a second test point;

pl(?) is a policy of the k-th nation at the #-th algorithm
step;

P, is a probability of mutation;

PR is a ratio of the number of real peaks found by the
algorithm to the total number of peaks to be localized;

S is a set of individuals encoding XS R";

s;1s an individual encoding point p;, 0<i<K+1;

Seeds is a set of the best individuals of each species;

SucRuns is a percentage of successful runs of the algo-
rithm;

d is a function accuracy parameter;

& is a random value from (0, 1);

o is an argument accuracy parameter.

INTRODUCTION

Niching GAs, based on the phenomenon of speciation
and specialization in natural ecosystems, are one of the
most popular approaches to solve MMOPs. These prob-
lems aim to find multiple extremums (global, local) of a
given function and arise in many areas of science and
technology, see [1-5] for examples.

It can be shown that solving an arbitrary, including
multimodal, optimization problem in the form

F(x) > max,x¢ XS R" €]

reduces to solving by a GA an optimization problem in
the form

f(s) — max, se S. 2)

Here with, an arbitrary feasible solution of problem (2) is
called an individual of the population, and it is said about
genotype and phenotype of the individual. The objective
function of (2) is used to estimate the quality of solution
of (1); crossover (the exchange of segments between dif-
ferent solutions) and mutation (disturbance) operators
ensure transition from one solution to another.

© Gulayeva N. M., Yaremko S. A., 2021
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A niche in GA is a subdomain of the search space (a
region around a certain optimum of the fitness function),
and species is a subpopulation of individuals located in a
given niche. Niching GAs tend to structure population
into stable subpopulations (species) in the search space in
a way that each subpopulation is formed around one of
the sought optimums. To date, several dozen niching GAs
of different performance reflecting various approaches to
solve MMOPs have been developed. Surveys of niching
GAs and their classifications are available at [1, 6, 7].

In recent years topological niching GAs are of grow-
ing interest. To capture the landscape topography and
identify basins of attraction for given individuals the
topological niching GAs analyze relationships between
locations and fitness values of individuals. Based on the
basin identification method these algorithms can be
roughly classified at the algorithms based on TS [8, 9],
algorithms based on NBC [10-13], and algorithms using
HVF. Last class includes but not limited to MNGA [14,
15], TSC and TSC2 [16, 17], ASD [18], HTS [19], Hill-
VallEA [20, 21], HVcMO [22, 23], RS-CMSA [24, 25].

The object of study is a niching GA as a method to
solve MMOPs.

The subjects of study are the HVF, MNGA and how
MNGA parameters affect algorithm performance.

The purpose of the work is the development and per-
formance analysis of MNGA and its modifications. Recall
that the experimental analysis of heuristic algorithm per-
formance is to evaluate statistical data collected as a result
of conducting a series of independent runs of the algo-
rithm for each problem from the benchmark suite.

1 PROBLEM STATEMENT
In this paper the MMOP (1) is considered in the fol-
lowing formulation. Let F: X — R be a function defined

on some set XS R". A point x'e X is called a point of lo-
cal maximum of F over X if there exists a number £>0
such that ¥ xe XNO,(x"): F(x)>F(x). A point x'e X is

called a point of global maximum of F over X if V xe X:

F(x"y>F(x). The problem is to find all points of local and
global maxima and the values of function F' at these
points.

The MNGA analysis is to compute well-known crite-
ria characterizing the number and accuracy of problem
solutions found by the MNGA and to compare the crite-
rion values obtained for various values of the MNGA
parameters.

2 REVIEW OF THE LITERATURE

A significant drawback of many niching algorithms is
so-called niche radius problem. The performance of radii-
based niching algorithms heavily depends on the niche
radius value while estimation of this value is a complex
task requiring prior knowledge of the search space land-
scape [1, 6]. As opposed to radii-based niching algo-
rithms, the MNGA presented in [14, 15] divides popula-
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tion into subpopulations without using the niche radius
concept. To determine whether two individuals occupy
the same niche (whether the points encoded by these indi-
viduals are in the neighborhood of the same extremum)
the fitness-topology function HVF is used. This function
analyzes the search space landscape between two points
based on the fitness values of individuals encoding points
located on the straight line that connects two test points.

In MNGA the following metaphor is used. The popu-
lation of individuals represents the world (the entire popu-
lation of the planet), each subpopulation represents the
nation, and the fittest individuals in the subpopulation
represent the government of the nation; these individuals
are referred to as the politicians. The government deter-
mines the policy of the nation, which is a single point
representing the peak the nation is formed around; this
point is the centroid of the subpopulation fittest individu-
als. Policy calculation is needed to determine possible
migrations of individuals between nations as well as to
distinguish nations from each other. The evolution of the
world obeys the following rules.

1. Migration. This rule regulates movement of indi-
viduals between nations and creation of new nations in
“uninhibited” areas of the search space.

2. Merge. Nations are merged when they are formed
around the same extremum.

3. Selection to the mating pool. The following modifi-
cations of binary tournament selection are considered.

1) Weighted selection. In this case fitness value of an
individual is divided by the total number of individuals in
its nation. This approach reduces the probability for a
nation to die out because of small subpopulation size.

2) National selection is conducted within each nation,
therefore, the number of individuals in a nation after se-
lection remains unchanged. This implies that migration is
the only way to change the nation size.

3) Mixed selection is a combination of weighted and
national selections.

4. Election. This rule describes how the government of
a nation is elected and how its policy is calculated. Note

glk,0)
—— D'i; is computed coordi-
gk) S
natewise. If the number of individuals in a nation is less
than predefined value g, then the number of politicians is
equal to the number of individuals in the subpopulation.

5. Mating. Only individuals belonging to the same na-
tion may produce offspring. This limitation is because the
crossover of two individuals located in the neighborhoods
of two different optima may produce an offspring much
worse than each of the parents. The mutation operator that
adds noise generated by normal distribution to an individ-
ual is called in [15] the mutation based on the distance
policy; this name looks reasonable as the operator pro-
vides minor changes to individuals that are close to the
nation policy and significant changes to individuals lo-
cated far from it. In literature, this operator is also known
as Gaussian mutation. In [14] it is proposed to perform
mutations within nations, i.e. an offspring is accepted

© Gulayeva N. M., Yaremko S. A., 2021
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that formula pl; (¢) =

only if it occupies the same niche as its parent. To reduce
the algorithm execution time, this restriction was not ap-
plied in our research.

6. Initialization of the start nation. At the start of the
algorithm, all individuals belong to the same initial na-
tion.

MNGA works as follows. In every generation, each
individual is compared to the policy of its nation. If the
individual and the policy are located around different op-
tima, the individual migrates to the nation with policy in
the individual’s peak neighborhood. If such a nation does
not exist, the individual founds a new one; this nation
corresponds to a potentially new peak the individual is
approaching. If a nation with a very small number of in-
dividuals is formed at the end of the migration process,
this nation is strengthened by new individuals generated
from the nation policy with the use of Gaussian mutation.
Instead, the worst fitness individuals of other nations are
removed from the population. After completion of all
necessary migrations, the pairwise comparisons of poli-
cies of all nations are carried out to ensure there are no
nations following the same peak; if two nations around
the same peak are found, the corresponding subpopula-
tions are merged. Thereafter, standard actions are per-
formed to move to the next generation, i.e. selection to the
mating pool and applying genetic operators. The MNGA
scheme is provided below.

0. Encoding of solutions.

1. Initialization. The initial population is generated
randomly.

2. Fitness calculation for all individuals in the popula-
tion.

3. Initialization of the start nation. Determining politi-
cians and calculation of the policy.

4. Migrations of individuals.

5. Recalculation of all nation policies.

6. Strengthening small nations.

7. Merging nations.

8. Selection to the mating pool.

9. Applying genetic operators (crossover, mutation).

10. Fitness calculation for all obtained offspring.

11. If the stop condition is fulfilled, then goto step 12,
otherwise goto step 4.

12. Stop the algorithm.

To implement processes of migration of individuals
and merging of nations the HVF is used. This function
determines the positional relationship of two selected in-
dividuals, in fact of points encoded by these individuals.
HVF returns TRUE if these points are located in the
neighborhoods of different maxima (there is a "valley" in
the fitness function landscape between the points). HVF
returns FALSE if these points are located in the neighbor-
hood of the same maximum (there is a "hill" in the fitness
function landscape between the points).

The idea of the HVF is as follows. A set of points dis-
posed on the line connecting two test points is generated,
to calculate these intermediate points a predefined array
gr is used. If fitness of all intermediate individuals is not
less than fitness of the worst of the test individuals, these
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test individuals are considered to be located around the
same maximum (the HVF returns FALSE); otherwise
they are considered to be located around different maxima
(the HVF returns TRUE).

The F. , , computation scheme proposed in [14, 15] is
given below.

1. Puti=1; found = FALSE.

2. If i < K and found == FALSE, then goto step 3 (in-
termediate point calculation); otherwise goto step 6.

3. For each j from 1 to n do: p{ = pi+(px.-1/— pd)*gr:.

4. If f(s;) < min(f{so), f{sx+1)), then put found = TRUE.

5.Puti=i+1.

6. Return found.

For example, let n=2 and gr=[0.25, 0.5, 0.75]. Then,
to determine the relative position of points (0, 1) and (1,
2), the intermediate points (0.25, 1.25), (0.5, 1.5) and
(0.75, 1.75) will be analyzed by the algorithm above.

In [15] the array [0.25, 0.5, 0.75] is used to ensure the
migration process, and the array [0.02, 0.25, 0.5, 0.75,
0.98] is used to ensure the merging process. The exten-
sion of the sample array by two extra points is explained
by the fact that merging subpopulations is more drastic
operation than migration of an individual from one nation
to another.

3 MATERIALS AND METHODS
In some cases the F. j , return values are wrong. Let
us consider functions F; and F, of dimension 1, see Sec-
tion 4, and determine the positional relationship of the
points 0.13 and 0.97 by the F,, ,, gr=[0.02, 0.25, 0.5,
0.75, 0.98]. Notice that each of the functions has five
peaks and test points are located on the first and the fifth
peaks with respect to the left-to-right peak numeration
alongside the X-axis. But F, ;, ,(0.13, 0.97)=FALSE. This
means that points 0.13 and 0.97 are in the neighborhood
of the same peak according to F, ; ,. Table 1 provides F
and F), values at the test and intermediate points.

Table 1 — Values of F and F, at the points analyzed by HVF

i Pi Fl F2
0 0.13 0.50036 | 0.49939
1 0.1468 | 0.16654 | 0.16575
2 0.34 0.28038 | 0.24749
3 0.55 0.125 0.08061
4 0.76 0.04124 | 0.01605
5 0.9532 | 0.09102 | 0.01881
6 0.97 0.00876 | 0.00170

The first proposed HVF modification F),, j , is the fol-
lowing. Test points are considered to be located in the
neighborhood of the same maximum if, moving along the
list <py, p1, P2,---» Px> Px+1> from p; to p;iq, 0<i<K+1, fit-
ness changes of individuals encoding these points con-
form to one of the rules below:

— from a smaller value to a bigger one;

— from a bigger value to a smaller one;

— from a smaller value to a bigger one and again to a
smaller value.
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Test points are considered to be located in the neighbor-
hoods of different maxima in all other cases.

As an example, let test points pg, pg+1 such that f{sy)=2
and f{sg+1)=1 be given. The above modification considers
these points as points located around the same maximum
if the list of fitness values <2, 3, 4, 5, 7, 3, 1> is analyzed,
and as points located around different maxima if the list
of fitness values <2, 3, 5, 3, 7, 4, 1> is analyzed.

It is readily seen that F,, , , returns correct value for
the above example defined for F; and F), test functions:
Fo 5 (0.13,0.97)=TRUE.

Assume that all the points (test as well as intermedi-
ate) are related to individuals of equal fitness. Notice that
in this case the F. , , treats test points as being located
around the same maximum (assuming a plateau), and the
F, » treats them as being located around different
maxima (assuming existence of neighbor peaks). In gen-
eral, the presence of plateaus in the fitness function land-
scape should be avoided since in this case GA can not
compare individuals properly.

There exist cases when both F,, , and F), ; , return
wrong values. For instance, points 0.09 and 0.91 lie on
different peaks of functions F| and F, of dimension 1, but
they are in the neighborhood of the same peak according
to both F, ; , and F), , , when gr=[0.02, 0.25, 0.5, 0.75,
0.98] is used: F. , ,(0.09, 0.91)=FALSE and F,, ; ,(0.09,
0.91)=FALSE. Table 2 provides F| and F, values at the
test and intermediate points. The F; graph with circles
designating all target points is given in Fig. 1.

Table 2 — Values of F; and F} at the points analyzed by HVF

I Di Fl Fz
0 0.09 0.92837 | 0.92817
1 0.1064 | 0.97009 | 0.97000
2 0.2950 | 0.98165 | 0.90403
3 0.5 1.0 0.70711
4 0.705 0.98165 | 0.44425
5 0.8936 | 0.97009 | 0.24794
6 0.91 0.92837 | 0.22414
10
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Figure 1 — Graph of F; with points from Table 2

The second proposed HVF modification F), 4 y rana 1S
to add random values §,, &, to the sample array gr=[0.25,
0.5, 0.75]; these random values should be generated at

each iteration of the algorithm. Such a dynamic array re-
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duces the probability of wrong values returned by the
F, 1 v as far as different sets of intermediate points may
be used for two test points. In particular, in the example
above there could be generated the sample array gr=[0.25,
0.35, 0.5, 0.6, 0.75] ensuring the F, , , correct return
value. Table 3 provides F and F, values at the test and
intermediate points. The F| graph with circles designating
all target points is given in Fig. 2.

Table 3 — Values of F and F} at the points analyzed by HVF

i Di F F,
0 0.09 0.92837 0.92817
1 0.295 0.98165 0.90403
2 0.377 0.00195 0.00165
3 0.5 1 0.70711
4 0.582 0.00047 0.00029
5 0.705 0.98165 0.44425
6 0.91 0.92837 0.22414
10
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Figure 2 — Graph of F; with points from Table 3

Preliminary tests revealed significant differences in
the F; j, v, Fiu p v and F, 5, , ranq Tesponses. The statistics of
these function calls for one MNGA run on the F) test
function is shown in Table 4. Following sections provide
the benchmarking of the MNGA with F_ , ,, F, , , and

F, m_h_v_rand-

Table 4 — Differences in responses of F.. j, v, Fou i vs Fon i v rand

for one MNGA run on F
Number of different responses for: n=1 n=3
F.,,and F, ; , 2616 1020 942
Fepvand Fu by rand 1900 1114164
Funvand Fy v rand 872 253978
Total number of HVF calls: 23265 5209 793
4 EXPERIMENTS

Recall that in this paper the experimental analysis of
performance of the MNGA and its modifications is used.
Thus, test problems and performance criteria should be
defined.

Test suite of benchmark functions used in this re-
search is given below.

1) Equal Maxima function (Deb’s 1):
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1
y:FI(xl,xz,...,xn) ;z in (STUC)
i=1
0<x;<1,i= I,_n

The function has 5" equally spaced global maxima.
2) Decreasing Maxima function (Deb’s 2):

x,—0.1)

n —2(1n2)[ s ) .
y:Fz(xl,xz,...,xn):Ze : sin” (5nx;),

i=1

0<x;<1,i=1n.

The function has 5" equally spaced maxima of different
heights.
3) Uneven Maxima Function (Deb’s 3):

n
lzsin"’(Sn(x?-75 ~0.05)),
niz

Ole-Sl,

y=F(x,x0,..,X,) =

i=ln.

The function has 5" global maxima that are at different
distances from each other, and the distance between the
points of maximum increases with increasing value of the
argument.

4) Uneven Decreasing Maxima function (Deb’s 4):

y= F4(x1, XD 5eees xn) =
2
n =2(In 2)(7”_0'08} )
= Ze 0854/ sin (57r(x0 75 —0.05))
i=l1

The function has 5" maxima of different heights that are at
different distances from each other, and the distance be-
tween the points of maximum increases with increasing
value of the argument.

5) Six-Hump Camel Back function:

y=Fs5(x;,x) =
2 x4 2 2 2
=] 4-2.1x +?1 X+ X%y +4(x5 —1)x3

3<x <3, 2<x,<2.

The function has 2 global and 4 local maxima.
6) Griewangk’s function is considered in the follow-

ing form:
[f j ’
—600 < x; <600,

The function has 1 global and many local maxima, and
the height of the local maxima decreases with increasing
distance from the global maximum.

n 2

=Fe(X1,X,...,X,)=n—
y=Fg(x1,x2,...,%,) 4000 L

izl,n.

75
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7) Rastrigin’s function is considered in the following
form:

n
Y= Fy (X)X X)) = Z(lOcos(27txl-)—xl-2)—lOn ,
i=1
~5.12<x;<5.12, i=1n.
The function has 1 global and 10" local maxima, and the
height of the local maxima decreases with increasing dis-
tance from the global maximum.
8) Modified Rastrigin’s function:

y=Fg(x;,xy)=-10-9cos(6mx;) —10-9cos(8nx,),
0<xp,xy <1.

The function has 12 global maxima.
9) Xin-She Yang’s function:

n n
y=Fy(x1,%9,...,%,) = {Z|xi|Jexp(—2x?] s
i=1 i=1

-10<x; <10, i=Ln.
The function has several global maxima located at a small
distance from each other. In particular, for n=1 the func-
tion has 2 global maxima, and for n=2 the function has 4
global maxima.

Detailed description and plots of the functions above
can be found in [26, 27].

To specify the performance criteria we begin with two
definitions: the algorithm stop conditions and whether the
extremum is found when the algorithm stops.

GA stops if either population convergence is detected,
i.e. the changes in the average population fitness value do
not exceed 0.0001 over the last 10 generations, or 40000
algorithm iterations are carried out. This means that if
convergence was not detected the algorithm has been ter-
minated after the specified number of iterations. The algo-
rithm run stopped under the convergence condition is
called successful.

The maximum is found if the algorithm convergence is
detected and there is at least one individual of the final
population such that the individual fitness value differs
from the sought maximum value at most 6 and the point
encoded by this individual is located within the maxi-
mum’s neighborhood of radius o. Let us set 6=0.01 and
0=0.01 for all test functions.

As stated in [28], when algorithm stops under any
condition including convergence, individuals of the final
population may be located not only in the small radius
neighborhoods of function peaks but individuals may also
form clusters on the peak slopes and even in the valleys.
Thus, to analyze the algorithms, standard performance
criteria are used as well as proposed in [28] F/PR criterion
that in fact estimates number of clusters formed by indi-
viduals located far from the sought maxima. Note that big
value of FPR criterion is a significant drawback of a
niching algorithm as far as it makes use of such algo-
rithms impractical for problems of finding all (local,
global) maxima.
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To determine species (and, consequently, niches)
formed by the final population the algorithm of [28] pre-
sented below is used; £=0.03.

1. Put Seeds = @.

2. Choose the best unprocessed individual s from the
population; mark it as the processed one: 5.

3. Put found = FALSE.

4. If there exists an individual s€ Seeds such that

d(s" ,5)<e, then put found = TRUE; otherwise, create a new
species with the best individual s: put Seeds =

SeedsU {s'}.

5. If unprocessed individuals are remained in the
population, then goto step 2.

To separate real species from the fake ones the ele-
ments from Seeds should be compared with real peaks of
the fitness function using parameters 6 and .

The criteria calculated for each run of the algorithm
are the following ones: NSeeds, NP, GP, LP, PR, GPR,
LPR, FPR. Note that NP=GP+LP, 0<PR<l, 0<GPR<],
0<LPR<1, O<FPR<1. The FPR criterion is calculated as
NSeeds — NP

NSeeds

For algorithm analysis average values of the PR, GPR,
LPR, FPR criteria are computed over all runs as well as
the SucRuns criterion; the SucRuns is computed as the
ratio of the number of successful runs to the total number
of runs, in percent. Criterion values of unsuccessful runs
are not used to calculate averages; recall that the unsuc-
cessful runs are the runs stopped under the condition of
reaching maximum iteration number.

The software implementation of the MNGA with the
classic HVF and its both modifications was developed.
The criteria above were computed with the following pur-
poses. First, to tune the parameters of the MNGA with
F. s . Secondly, to conduct comparative analysis of the
MNGA with F, ; y, Fy 5 vand Fy, j, » rana-

To calculate averages of the criteria above there were
conducted 10 runs of the algorithm for each set of pa-
rameter values and for each benchmark problem. Note
that the initial population is the same for all sets of pa-
rameter values at the i-th run; this guarantees the same
start point for corresponding runs of the algorithms using
different sets of parameter values.

The authors of this research tried to follow the [14,
15] recommendations on setting the algorithm parameter
values. If such recommendations were not provided in
[14, 15], the algorithm parameter values have been set
based on the authors’ experience or by conducting ex-
periments. The predefined MNGA parameter values used
in this research are listed below.

— Number of individuals in the population: 500.

— Number of individuals in the government: 8.

— Array to implement migration of individuals and
merging of nations:

- [0.02, 0.25, 0.5, 0.75, 0.98] for functions F, , ,
and F; m_h_vs

FPR =
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~ [0.25,

F m_h_v_rand-

“In [15], small nations are strengthened by the nation
policy mutants, i.e. by addition of a small noise to the
policy of the nation. To reduce the algorithm computation
complexity the zero noise is used in our research, i.e.
small nations are supported by copies of their policies.
Since there is no information in [14, 15] about nations to
be small or large, we define the small nation as a nation
with population size less than 30% of the average number
of individuals per nation at the current algorithm iteration,
and the large nation as a nation with population size ex-
ceeding 50% of the average number of individuals per
nation at the current algorithm iteration. This implies that
the number of policy copies strengthening a small nation
ensures population size of this nation to be not less than
30% of the average number of individuals per nation at
the current algorithm iteration.

Let us remark that step 5 of the MNGA (the recalcula-
tion of all nation policies) is not specified in [14, 15]. We
have added this step to ensure the use of actual nation
policies while strengthening small nations and merging
nations.

Further on, the following MNGA parameter values are
analyzed experimentally.

— Encoding methods: real numbers and Gray codes
encoding sample points to three decimal places. Notice
that binary codes are used in [14] and real numbers are
used in [15].

— Selection to the mating pool: the weighted selection,
the national selection and the mixed selection. For mixed
selection 50% of individuals are selected using weighted
selection and 50% of individuals are selected using na-
tional selection [15].

— Genetic operators used for binary encoding are one—
point crossover and density mutation. The analyzed val-
ues of P.are 0.6, 0.8, 0.9 and 1. The analyzed values of
P, are 0.001, 0.01 and 0.025. In [14] values P.=0.9 and
P,=0.025 are recommended. Gaussian density mutation is
the only genetic operator used for encoding in real num-
bers, P,=1 [15]. In this case noise determined by standard
normal distribution is added to each gene encoded vari-
able.

Generally, 39 parameter sets are analyzed in this re-
search.

For MNGA parameter tuning the F—F, functions are
used. These functions have different properties, e.g. exis-
tence of only global maxima (F, F3) or global and local
maxima (F,, Fy), location of the maxima at equal (F}, F)
or at different (F3, F,) distances from each other. There-
fore, Deb’s benchmark functions are widely used for ex-
perimental analysis of algorithms solving MMOPs. Hav-
ing regard to the function properties two test suites for
parameter tuning are composed:

— T1 includes functions F, and F, having one global
and many local maxima;

— T2 includes functions F; and F; having many global
and no local maxima.

0.5, 0.75]u {&, &} for function
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5 RESULTS

The convergence of the MNGA with F, , , was not
observed for any parameter set using binary codes; ex-
periments were conducted for both T1 and T2 test suites.
Therefore, parameter sets with binary codes were ex-
cluded from further analysis.

Results obtained for real number encoding and Gaus-
sian density mutation, P,=1, are given in Table 5. It is
easy to see from the table that the percentage of success-
ful runs is poor in most cases. Moreover, it is worthwhile
to consider only national selection method as far as
MNGA", ; v converges only when n=1 while for
MNGA", ,, , the SucRuns criterion value is close to 0%.

We assume that proposed HVF modifications return
wrong values more rarely in comparison with F j ,; thus,
using F, j, , or F, 4 v rana instead of F ; , should improve
the overall performance of the MNGA. With regard to
above, the MNGA runs for classic HVF and its modifica-
tions were conducted using national selection method;
results obtained for test suites T1 and T2 are given in Ta-
ble 6. It is easy to see from the table that using HVF
modifications gives higher percentage of successful runs
for test suite T1, but decreases this percentage for test
suite T2. Anyway, the SucRuns criterion value is still poor
in most cases.

Assuming that another selection method tuned for ap-
propriate HVF modification could improve the MNGA
performance, the MNGA runs for different HVFs and
different selection methods were conducted; both T1 and
T2 test suites were used. Experiments have shown the
thorough improvements of algorithm convergence. In
particular, best results of SucRuns criterion were achieved
by the MNGA%, ;. (98.33%) and MNGA™, 1 y rand
(91.67%) on T1 test suite (functions having one global
and many local maxima), and by the MNGA" ;.
(100%) and MNGA";, b v rana (100%) on T2 test suite
(functions having many global and no local maxima). On
the other hand, the quality criteria become worse with
increasing the convergence criterion value, in particular,
the PR criterion value decreased 1.7-8.6 times. Support-
ing data (averages computed over all runs for functions
F\—F}) are provided in Table 7. Note that computation of
averages over all benchmark functions makes sense as far
as the function surfaces are not known in advance for
most practical problems.

We have also developed the software implementation
of the SCGA [29] intending to analyze this algorithm and
to develop its hybridization with the MNGA; this seems
to be a promising area [16, 17]. Parameter tuning con-
ducted for this algorithm led to the following parameter
values: SUS selection, one-point mutation, P,=0.01, no
crossover, Euclidean distance, o©,=0.2. Experimental
analysis of the SCGA with mentioned parameter values
was conducted for functions F—F}; results are given in
Table 7. It is obvious from the table that though the
SCGA provides satisfactory percentage of the algorithm
convergence the quality parameter values of this algo-
rithm are poor.
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Table 5 — Results of experiments: MNGA with classic HVF

Parameters Test suite T1 Test suite T2
Selection Criteria: average values over 10 runs Criteria: average values
method Comment over 10 runs Comment
SucRuns PR GPR LPR FPR SucRuns | PR=GPR FPR
Weighted | 31.67% | 0.2 0 0.25 0 Convergence | ¢ cro0 | 0 Convergence
only if n=1 only if n=1
National 45% 0.0898 | 0.4444 | 0.0749 0.7567 93.33% | 0.5051 0.4287
Convergence
Mixed 0% 2% 0.9667 0.0040 only for F,
if n=1 or n=2
Table 6 — Results of experiments: MNGA with classic HVF and its modifications
Test suite T1 Test suite T2
Algorithm Criteria: average values over 10 runs Criteria: average values over 10 runs
SucRuns PR GPR LPR FPR SucRuns PR=GPR FPR
MNGA" 4 v 45% 0.0898 0.4444 0.0749 0.7567 93.33% 0.5051 0.4287
MNGA"; 1 v 63.33 % 0.6158 0.5790 0.6173 0.4173 68.33% 0.6092 0.4361
MNGA"; b v rand 63.33 % 0.5737 0.6053 0.5680 0.3542 53.33% 0.79 0.1919

Table 7 — Results of experiments: MNGA with classic HVF and its modifications, SCGA, TCGM _S2; functions F'|—F,

Algorithm Criteria: average values over all runs Comment

SucRuns PR GPR LPR FPR
MNGA". 4 v 69.17% 0.3700 0.4854 0.0749 0.5354
MNGA"; 1 v 65.83% 0.6124 0.5946 0.6173 0.4270
MNGA" 1 v rand 58.33 % 0.6726 0.6897 0.5680 0.280
MNGA" 1 v 99.17% 0.1904 0.1799 0.0863 0.4622
MNGA" 1 1 v rand 95.83 % 0.1908 0.2023 0.0735 0.2783
SCGA 90.83% 0.2680 0.4481 0.025 0.6773
TCGM_S2 100% 0.9563 0.8908 0.4744 0.1538 see [28]

6 DISCUSSION of  the algorithm: MNGA".,,, MNGA",,,,

From the Table 6 it follows that using HVF modifica-
tions improves the performance of the MNGA solving
optimization problems for functions having global and
local maxima. Indeed, the SucRuns increased by nearly
41%, the PR increased nearly 6.86 times for F), , , and
6.39 times for F), 4  yana (Mainly due to the greater num-
ber of local peaks found), the FPR decreased signifi-
cantly, to be exact by 55% for F,, , , and by 47% for
Fo b v rana- Let us remark that F), j , ,ae gives better re-
sults in comparison with F,, , , in terms of GPR and FPR,
but worse results in terms of LPR. Fig. 3 illustrates the
forgoing via a histogram.

Now let us analyze the influence of F,, , , and F, 5 ,.
_rana ON performance of the MNGA solving optimization
problems for functions having only global maxima. From
the Table 6 we see that SucRuns decreased considerably,
namely by 27% for F,, ; , and by 43% for F), j , yana. At
the same time, the PR increased by 21% for F,, ; , and by
56% for F, j v rana. Note that F,, 4, yana gives better re-
sults in comparison with F,, ; , in terms of GPR and FPR,
but provides worse algorithm convergence. Fig. 4 illus-
trates the forgoing via a histogram.

Consequently, the performance improvement of the
MNGA using HVF modifications can be observed when
the objective function has global and local maxima. If the
objective function has only global maxima, the quality
criteria improvement is accompanied by the decrease of
the convergence criterion value.

Let us consider other test functions. Functions Fg and
Fy have only global maxima. Experiments conducted for
these functions of dimensions 1 and 2 showed 100% of

convergence and GPR value close to 1 for all three kinds
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MNGAnmihivirand .

Functions Fs, Fg and F; have global and local maxima.
Experiments conducted for functions Fs5 of dimension 2
and F; of dimensions 1, 2 and 3 revealed the advantage of
modified HVFs over classic HVF in terms of PR (mainly
due to the greater number of local peaks found). How-
ever, modified HVFs provide worse algorithm conver-
gence. Function Fy is defined on the wide range of argu-
ment values; therefore, to find maxima of Fy the popula-
tion size parameter of the MNGA was increased to 1000
individuals. Experiments were conducted for function Fj
of dimensions 1, 2 and 3. The MNGA",, ; , algorithm
demonstrated significantly better results both in terms of
convergence and quality of found solutions: Su-
cRuns=90% for MNGA",  , and SucRuns=50% for
MNGA"; ,,, GPR=0.4074 for MNGA",,, and
GPR=0.2667 for MNGA" }, ..

Fm_h_v_rand

Fm_h_v

Fc_h_v

Figure 3 — Histogram with criteria values obtained for MNGA
using different HVFs, test suite T1
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+HHGPR
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Fc_h_v

Fm_h_v Fc_h_v_rand

Figure 4 — Histogram with criteria values obtained for MNGA
using different HVFs, test suite T2

From the stated above it can be concluded that
MNGA",, 1 y performance is either close to the perform-
ance of MNGA"_ ; , or is better in terms of PR; at the
same time improvements in PR are accompanied by the
decrease of SucRuns for some functions. This is also the
case for the MNGA", 1 v rand» though MNGA", 1, y rand
often gives worse results than the MNGA",, 1, ,, especially
in terms of convergence.

By analyzing data from Table 7 providing benchmark-
ing results for functions F;—F, we can state that generally
all kinds of MNGA studied in this research are unaccept-
able for practical use as far as they are characterized ei-
ther by low value of convergence criterion (that is less
than 90%) or by low ratio of real peaks and high ratio of
fake peaks found by the algorithm. This is also true for
other test functions. As for Fy, there are observed Su-
cRuns=100% and GPR value close to 1 for all kinds of
MNGA. This can be explained by the specific surface of
Fy: the function curve is a plateau with four peaks close to
each other. Such a surface is a challenge for most optimi-
zation algorithms but turned to be solvable for MNGA.

Note that all experiments in our study are conducted
for test functions of small dimensions (1<n<3). The rea-
son is the long algorithm execution time caused by a
number of factors including the low convergence percent-
age. For example, the MNGA", ., MNGA", .,
MNGA™, 1, y running time to find optimums of Fs—Fj
took about 48 hours. The computer configuration used to
run these algorithms was the following: processor Intel(R)
Core(TM) i5-7200U CPU @ 2.50GHz 2.71 GHz; 8.00
GB RAM (7.88 GB available); 64-bit Windows 10 oper-
ating system, x64 processor, 2 cores, 4 logic processors.

CONCLUSIONS

In this paper, the MNGA parameter tuning was carried
out and experimental analysis of the MNGA performance
was conducted. Two modifications of the HVF used to
determine the relative position of individuals were pro-
posed. Benchmarking of MNGA with classic HVF and
with its modifications was carried out. Experiments
showed that proposed modifications had increased the
number of real extrema found by the algorithm for most
test functions. Stated above determines the scientific nov-
elty of the obtained results.

The practical significance of the obtained results lies
in the following statements.
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— First, as HVF modifications produce less number of
wrong basin identifications in comparison with classic
HVF, it is recommended to use F,, ; v, Fou 4 v rana In Other
GAs using HVF [16-25].

— Secondly, as the overall performance of MNGA is
poor in comparison with other known GAs, the MNGA is
not recommended for practical use.

Indeed, GAs solving multimodal optimization prob-
lems, i.e. the problems of finding several optimums, con-
tribute to grouping individuals of final population into
species so that the best individual of each species repre-
sents one of the sought optimums. Obviously, it is worth-
while to analyze groups of individuals only in case of GA
convergence. Generally, the number and location of func-
tion optimums are not known a priory for practical prob-
lems. It is known, that individuals of the GA final popula-
tion may be located in the neighborhoods of function
peaks as well as far from them, clustering on peak slopes
or even in the valleys. Therefore, to choose an algorithm
to solve practical MMOPs, in particular problems of find-
ing global and local peaks, it is important to analyze crite-
ria representing number of real peaks found by the algo-
rithm as well as number of fake species formed by the
algorithm. These are the PR, GPR, LPR and FPR criteria.

Experimental analysis of the MNGA with both classic
HVF and its modifications has revealed the unacceptably
low value of the convergence criterion (SucRuns<90%)
and unacceptable for practical use values of the quality
criteria, i.e. small values of PR, GPR, LPR accompanied
by the high value of the FPR. Generally, depending on
algorithm parameter values there is observed either im-
provement of quality criteria values accompanied by the
worse algorithm convergence or higher convergence per-
centage accompanied by deterioration of quality criteria
values. Note that quality parameter values of the SCGA
algorithm developed for farther hybridization [16, 17]
with MNGA are also poor. Let us remark that in [28]
there was proposed TCGM_S2 algorithm; criterion values
computed in [28] for this algorithm are given in Table 7.
It is readily seen that this algorithm provides better crite-
rion values in terms of convergence percentage as well as
in terms of quality of the solutions found. Thus it is rea-
sonable to say that it is impractical to use MNGA to find
global and local optima of a multimodal function. On the
other hand, hybridizations of MNGA with other algo-
rithms could be an option.

Let us remark that there still exist situations when
Fy h v Fu v rana return wrong values. Let us consider
function F; and sample array gr=[0.02, 0.25, 0.5, 0.75,
0.98] from [15]. Points 0.0 and 1.0 are wrongly attributed
to the same basin of attraction by both F. , , and F,, , ,;
return value of F, ; , r4na 1S Wrong with a certain probabil-
ity. To overcome this, modifications of F, , , can be pro-
posed. Modifications regarding a method to construct
sequences of sample points are an option. Several of these
were proposed in [18-20, 24, 30], e.g. replacement of
equidistant test points by a golden section search or
changing quantity of test points dependent on the distance
between individuals.
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In [14] it is stated that MNGA forms only one sub-
population in the neighborhood of every peak. Prelimi-
nary experiments have shown that using HVF to deter-
mine species (niches) formed by the final population in-
stead of the algorithm used in this research (the algorithm
from [28]) gives better results in terms of FPR. At the
same time SucRuns, PR, GPR and LPR criteria values
obviously stay the same. We believe it is worth to conduct
benchmarking of different niching GAs using HVF or its
modifications as the algorithm to determine species (or,
equivalently, as a post-processing step for every algorithm
after its convergence).

Thus, we see two main directions for further re-
search: improvements of the HVF and using HVF as a
post-processing step for other niching GAs. This will be
the object of another paper.
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EKCIIEPUMEHTAJBHUN AHAJII3 BAIATOHAIIOHAJIBHOI'O
TFEHETHUYHOI'O AJITOPUTMY TA HOI'O MOAUPIKAIIIN

I'ynaeBa H. M. — kaHza. ¢i3.-mMar. HayK, AOIEHT, AOIEHT Kadeapu iHpopmatmkm HamionanpHoro yHiBepcureTy «Kuepo-
MorwunsHcbKka akanemis», Kuis, Ykpaina.

Spemko C. A. — maricTp, acucteHT Kadenpu iHpopmatukn HarioHansHoro yHiBepcurery «KueBo-MormmsHcbka akageMis,
KuiB, Ykpaina.

AHOTAIIA

AKTyalbHicTh. ['©HETHYHI adrOPUTMH YTBOPEHHs HIll € OJHAM 3 HAMIOMIMPEHINIMX MiIXOAIB OO pO3B’s3aHHS 3a1adu
GaraToekcTpeManbHol ontumizaiii. [Ipu npoBeaeHHi kiacudikalii HUX aNrOpPUTMIB MOKHA BHIUIMTH aJArOPUTMH, IO IPYHTYIOTHCS
Ha sIBHOMY aHaii3i Ttomorpadii maummadry ¢yukuii npucrocoBanocti. OZHHUM 3 paHHIX MNPHKIALIB TaKHX alrOPUTMIB €
OaraToHaIIOHAJILHUI TeHETUYHUH alTOPUTM.

MeTta. Po3poOka Ta aHami3 0araToHAIiOHAJBHOTO TEHETUYHOTO AITOPUTMY Ta HOro Moam@ikamiif. AJITOPHTM 3aCTOCOBYETHCS
IUTSL pO3B’A3aHHS 3aa4i MOIITYKY BCiX MAKCUMYyMiB OaraToeKcTpeMalbHOT (pyHKIIIi.

MeTtoa. BukoHaHO ekcrieprMeHTaNbHHUI aHaji3 anropuTMiB. [IpoBeieHO YNCICHH] MPOTOHM aJITOPUTMIB HA BIJOMHX TECTOBHX
3amadyax Ta OOYMCIICHO KpHUTepii epeKTHBHOCTI poOOTH aIropUTMIB, a came, BiICOTOK 30DKHOCTI, YacTKa peasbHuX (TII00aIbHUX,
JIOKJIBHUX) Ta XHOHUX ITiKiB; 3ayBa)KUMO, 1[0 YaCTKH MIKiB 00UHCITIOIOTHCS TUTBKH B pa3i 301KHOCTI aJITOPHTMY .

Pe3yasTaTn. Bukonano mporpamny peaiizamnilo 6araTOHaliOHAJBHOIO T€HETHYHOI'O AITOPHTMY Ta NPOBEIECHO EKCHEePHMEH-
TalbHE HAJALITYBaHHS HOro mapamerpiB. 3amporoHoBaHo JBi Moxudikarii GpyHKUT DoMuH 1 maropOiB, sika BUKOPUCTOBYETHCS B
QITOPUTMI ISl BU3HAYEHHS B3aEMHOTO PO3TalllyBaHHs ocoOuH. [IpoBeneHo ekcriepruMeHTaIbHIN aHalli3 0araToHaliOHAILHOTO TeHe-
THUYHOTO aJITOPUTMY 3 KJIACHYHOTO (DYHKIIi€0 1oNuH i maropOiB Ta 3 il Moaudikanisamu.

BucnoBku. HaykoBa HOBU3HA po0OTH mojsirae B TOMY, 1o Oyiu 3ampornoHoBani Moaudikanil GyHkuii qonuH i maropOis, ski
MPOAYKYIOTh MEHIIY KiIBKICTh MOMHJIKOBHX igeHTH(IKaLiil 30H NPUTAraHHs MOPIBHIHO 3 KJIACHYHUM BapiaHTOM wi€l QyHKIii. Sk
HACII0K, BUKOPUCTAHHA IUX MOAM(DIKAii MPU3BOANTH N0 MOKPALICHHS MPOAYKTHBHOCTI 0araTOHAIiOHAJBHOTO T€HETHYHOTO all-
TOPUTMY IS HU3KH TECTOBHUX 3aad. BTiM, Ui IESKUX TECTOBHX 3a/ad MOJIMIICHHS KPUTEPIiIB SKOCTI CYIPOBOKY€ETHCS 3MEHILICH-
HSIM BIJICOTKa 301KHOCTI. 3araioM, BiICOTOK 301)KHOCTI Ta 3HaYEHHS KPUTEPiiB AKOCTi, MPOAEMOHCTPOBAHI TOCITIHKEHHM allTOPUT-
MOM, € HEJOCTAaTHIMU JUIsl TPAaKTUYHOTO BUKOPHCTAHHS 0araTOHaIiOHAJbHOTO MCHETHYHOIO aJTOPHTMY Y IMOPIBHSHHI 3 iHIIMMH
BIJIOMAMH QJITOPHTMaMH. Y TOIf XxKe 9ac, BUKOPUCTaHHS MOAU(IKOBaHUX (YHKIIIH TOIHH i maropOiB SK eTamy IocToOpoOKH B iHIINX
ITOPUTMAaX YTBOPEHHS HIlll BUIAETHCS NEPCHEKTUBHUM MiJIX0JJOM 0 ITOKPAIIEHHS pOOOTH LIUX alrOPUTMIB.

KJIFOYOBI CJIOBA: 3ana4ya GararoeKCTpeMaibHOI ONTHMI3aNii, TeHeTHYHI aJITOPUTMH YTBOPEHHS Hilll, OaraToHaNiOHAIbHUMA
TeHETUYHHI aNrOpUTM, (yHKIsI JOJIHMH i maropOiB, 30DKHICT TEHETHYHOTO aNTOPUTMY, 4acTKa PEAbHUX MIiKiB, 4aCTKAa XHOHHX
IKiB.
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3KCHEPUMEHTAJBHBIN AHAJIN3 MHOTOHAIIMOHAJBHOI'O
TEHETHYECKOTI'O AJITOPUTMA 1 ETO MOJUP®HUKAIIAN

I'ynaeBa H. M. — kaun. ¢wu3.-MaT. HayK, JOLEHT, IOUCHT Kadeapsl nHpopmarnku HarmonambHoro ynmepcutera «Kuepo-
MorunsHackas akagemus», Kues, Ykpanna.

SIpemko C. A. — marucTp, accucTeHT Kadeapsl nHpopMmaTrkn HanmonamsHoro yHumBepcurera «KueBo-MormmsHckas akaje-
mus», Kues, Ykpauna.

AHHOTAIUSA

AKTyaabHOCTB. ['eHeTHUeCKHe anropuTMBI 00pa30BaHUS HHUII SBISTIOTCS OJJHUM M3 CaMbIX PacIpOCTPaHEHHBIX MOJXOMO0B K pe-
IIEHWIO 33/1ad MHOTO3KCTpeManbHOW onTtmMmsanmu. [Ipm mpoBemeHHMn xiraccuuKaniy TeHETHYECKHX alTOPHTMOB 00pa3oOBaHUS
HHII MOXXHO BBIJICIIMTH aJITOPUTMBI, OCHOBAaHHBIE Ha SIBHOM aHajM3e Tornorpaduu jaHamadTa GyHKIMY IPUCIOCO0IEHHOCTH. MHO-
TOHAI[MOHAIBHBIA TeHETHYECKHH alNTrOPUTM SIBJISIETCS. OTHMM M3 PAaHHHUX IIPUMEPOB TAKHUX aJlTOPHTMOB.

Heas. Pa3paboTka W aHaIM3 MHOTOHAMOHAJIBHOTO T€HETHYECKOTO AITOPHTMA U ero Moaudukanuii. AITOpUTM MpPUMEHSETCs
JUIsL peLLICHUS 3a/lauM IOUCKA BCEX MAaKCHUMYMOB MHOTO3KCTPEMAJIbHOM (DYHKIIMH.

Mertopa. BrinoiaHeH 3KCIepUMEHTANbHbINA aHATN3 alropuTMOoB. IIpoBeaeHsI MHOTOUHCIIEHHBIE TIPOTOHBI AITOPUTMOB Ha U3BECT-
HBIX TECTOBBIX 33/1a4aX ¥ BBIYMCICHBI KpUTEPHU 3P(HEKTHBHOCTH pabOTHl aITOPUTMOB, @ UMEHHO, MPOLEHT CXOJIMMOCTH, 10JIs pe-
QIIBHBIX (TT00aNBHBIX, JIOKAIBHBIX) U JOKHBIX ITMKOB; OTMETUM, YTO JOJIS MTHKOB BBIYUCISIETCS TONBKO B CIy4ae CXOAUMOCTH ajro-
puTM™Ma.

Pe3yabTaTsl. BrimonHena nporpaMMHasi peasin3aliiss MHOTOHAIIMOHAILHOTO TEHETHYECKOTO aJITOPUTMA M IIPOBEICHA SKCIIEPH-
MEHTaJIbHAsI HACTPOHKa ero rmapaMeTpoB. [Ipemnokens! e MoauuKayn GYHKIMH XOJIMOB U JOJIMH, UCHIONB3yEMOH B alropuT™Me
JUISL OIIpeJIeNIeHNsT B3aUMHOTO PACIIONOXKEeHUsI 0coOeil. BrImosHeH sKkcrieprMeHTaIbHBIH aHaIi3 MHOTOHAIIMOHAIBHOTO TeHETHIECKO-
T'0 aJIropuTMa ¢ KJIACCHYEeCKON (yHKIHEil XOJIMOB U JIOJUH U € €¢ MOJU(DUKALMSIMH.

BriBoabl. Hayunast HOBH3HA pabOTHI COCTOUT B TOM, YTO OBUTH MPEIOKEHBI MOAN(GUKAIMN (QYHKIUH XOJIMOB M JJOJIUH, IIPHBO-
JIUe K MEHbLIEMY KOJIMYECTBY HENPABUIIBHBIX ONpPEAETICHUN 30H MPUTSHKEHHS IO CPAaBHEHUIO ¢ KIaCCMYECKMM BapHaHTOM 3TOH
¢ynknun. Kak crnencTsue, HCMONB30BaHUE 3TUX MOAU(UKALNHA TPHBOIUT K MOBBIMIEHHUIO TPOM3BOIUTENLHOCTH MHOTOHAI[HOHAIIb-
HOTO TEHETHYECKOr0 aJrOpUTMa JUIsl Psifia TECTOBBIX 3aaa4. OHAKO I HEKOTOPBIX TECTOBBIX 33/1a4 YIyUlleHUEe KPUTEPHUEB KadecT-
Ba COMPOBOX/AETCS YMEHBIIEHUEM ITPOLIEHTa CXOAUMOCTH. B 11e/10M, MPOIEHT CXOAUMOCTH M 3HAUSHUsS] KPUTEPUEB KayecTBa, Mpo-
JEMOHCTPUPOBAHHBIE UCCIEAYEMBIM AJITOPUTMOM, HEIAOCTATOUHBI ISl MPAKTHIECKOTO MCHOJIB30BAaHNS MHOTOHAIIMOHATBHOTO TeHe-
THYECKOTO AJITOPUTMA MO CPABHEHHUIO C JPYTHMH M3BECTHBIMHU aJTOPUTMAaMH. B To ke Bpems, NCHONb30BaHNEe MOIU(PUIIIPOBAHHBIX
(yHKIUI XOJIMOB M JIONHMH B Ka4eCTBE IIara mocToOpadOTKH B APYTUX alrOpUTMax 00pa30BaHUs HUII MPEACTABIAECTCS MHOT000e-
IIAIOIIUM IT0JIXOJIOM K YITy4IICHUIO IPOU3BOAUTEIEHOCTH STHX aJlTOPHTMOB.

KJIIOUEBBIE CJIOBA: 3agaua MHOTOAKCTPEMAIBHOH ONTHMH3AIMH, TCHETHIECKHE aJlTOPUTMBI 00pa30BaHMs HUII, MHOTOHA-
IMOHAIBHBIA TeHEeTHYECKUIl aNropuT™, (QYHKIHSI XOJIMOB H JIOJNUH, CXOJHUMOCTb TeHETHUECKOTO alTOpUTMAa, JIOJIST PEabHBIX ITHKOB,
JI0JIs1 JTOXKHBIX ITUKOB.
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518-538. DOI: 10.1109/TEVC.2016.2638437. 7. Preuss M. Multimodal Optimization by Means of Evolution-
2. Shen Z.-H. Niche Pseudo-Parallel Genetic Algorithms for ary Algorithms / M. Preuss. — Berlin : Springer, 2015. —
Path Optimization of Autonomous Mobile Robot / 175 p. DOI: 10.1007/978-3-319-07407-8.
Z.-H. Shen, Y.-K. Zhao, W.-W. Wu // Journal of Shanghai 8. To6rn A. Topographical Global Optimization / A. Torn, S.
University (English Edition). — 2006. — Vol. 10, Ne 5. — Viitanen ; C. A. Floudas, P. M. Pardalos (eds.) // Recent
P. 449-453. DOI: 10.1007/s11741-006-0089-3. Advances in Global Optimization. — Princeton University
3. Preuss M. Searching for Good and Diverse Game Levels / Press, 1992. - P. 384-398. DOI:
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Computational Intelligence and Games, Dortmund, 26-29 9. Wessing S. The True Destination of EGO is Multi-Local
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ABSTRACT
Context. The important task was solved during the scientific research related to the development of the methods for automatic
synthesis of Petri nets while tuning up of the coordinating automatic control systems. The importance of development of these meth-
ods is due to the evolution of intelligent systems. These systems provide the automation of labor intensive processes in the particular
case this is the tuning of the certain type of complex control systems.
Objective. The purpose of the scientific work is to minimize the time and automation of process in tuning of the multilevel coor-

dinating automatic control systems.

Method. The principle of automatic synthesis of Petri nets and the implementation of certain algorithms for tuning complex con-
trol systems based on the functioning of an artificial neural network are proposed. The mathematical description of the method for
changing the coefficients in neural connections of network in the synthesis of Petri nets is presented.

Results. The experiments were conducted in the Matlab\Simulink 2012a environment. These experiments were bound to the joint
functioning of an artificial neural network and Petri nets. The functioning of Petri nets was presented in the Matlab \ Simulink envi-

ronment using Statflow diagrams.

As a result of the experiments we have obtained the temporal characteristics of the functioning of artificial neural network pro-
viding the composition of Petri nets. The fundamental suitability of using artificial neural network to provide the automatic composi-
tion of Petri nets was determined on the basis of analysis of temporal characteristics.

Conclusion. The problem linked to the development of system for the joint functioning of neural network and Petri nets for the
formation of algorithms and sequential calculations was solved in this work. Thus the method of automatic synthesis of Petri nets and
the method of developing of the certain algorithms based on the functioning of a neural network were further developed.

KEYWORDS: Petri net, artificial neural networks, coordinating automatic control system, algorithms of tuning, automatic syn-

thesis.

ABBREVIATIONS
PID is a proportional-integral-derivative control;
ANN is an artificial neural network;
ACS is an automatic control system.

NOMENCLATURE

M is an m x 1 vector, the marking after the -th fir-
ing;

‘ A‘ 1S an n X m matrix, the incidence matrix of Petri
net;

U is ann X 1 vector, the control vector indicating the
transition fired at the k-th firing;

p(p;) is a value of place p; marking;

Wi () is the synaptic weight, which determines the

corresponding connection in the formed Petri net at step
Ts

¢(¢) is a deviation from ratio of the parameters at
time #;

X, 1s an actual value of the controlled variable;

X3z 1s a set point of the controlled variable;

e(t) is a deviation of the controlled variable within
time from set point;

A" is a coefficient matrix;

J is an integral criterion of system;
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uy, 1s a control action;
u, is a control action to change the ratio;

|W| is an incidence matrix of the discrete-event part of
the system;
chi (t;,) 1is a control vector which is formed depending

on the fulfillment of conditions for triggering of Petri net
transitions;

ug (t;) 1s an input action.

INTRODUCTION

The algorithms or sequences of certain implementing
computer instructions are usually presented in the form of
block diagrams. Such graphical describing of the algo-
rithm is most widespread.

Petri nets are also known as forms of the graphical
representation of parallel algorithms and computations.
Nevertheless in general, Petri nets are mathematical mod-
els of the discrete dynamical systems.

Automatic synthesis of Petri nets is the field of algo-
rithms formation. These algorithms can represent the
functioning of discrete or hybrid systems [1, 2].

In a particular case the automatic synthesis of Petri
nets is expedient in the formation of algorithms for the
step-by-step tuning of the certain kind of multi-level au-
tomatic control systems. In this case the formation of al-
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gorithms and Petri nets is a necessary component for the
automation of the process of tuning in multi-level coordi-
nating control systems [3].

Automation of the tuning process for multi-level au-
tomatic control systems is an urgent task as the tuning
process is quite difficult. The complexity of the tuning is
due to the fact that as a result it is necessary to obtain the
temporal subordination of the control processes in the
system. If there is no temporal subordination of control
processes then the automatic control system will cease to
be coordinating.

The object of study is the processes of automatic syn-
thesis of Petri nets while tuning up of the coordinating
automatic control systems.

The subject of study is the methods of automatic syn-
thesis of Petri nets while tuning up of the coordinating
automatic control systems.

The purpose of the scientific work is to minimize
the time and automate of process in tuning of the multi-
level coordinating automatic control systems.

1 PROBLEM STATEMENT

In order to achieve this purpose we need to develop
methods for automatic synthesis of Petri nets which will
represent the processes of tuning in the control systems.
Considering that the formation of an algorithm is an intel-
ligent process, then it is expedient to synthesize Petri nets
based on the functioning of an artificial neural network. In
this case the artificial neural network represents an intelli-
gent technology for forming the specific algorithm. Obvi-
ously, the training of the neural network should carry out
on the basis of the incident matrix of the generated Petri
net and on the basis of the values of the performance indi-
cators of the tuning system.

The positive result of automatic synthesis of the Petri
net and the corresponding algorithm is the minimization
of the values of integral indicators J;, J,, J; of functioning
at various stages of the tuning.

e8]
In this case, J; = I |(p(t)|dt is an integral indicator of
0
functioning for the coordinating level of the control sys-

tem; J, = I(|e(t)| +oc~|(p(t)|)dt is an integral indicator of
0
functioning for the stabilizing level in the control system;

o0
J3 = f(|e(t)|+[3-|(p(t)|)dt is an integral indicator repre-
0
senting the quality of the functioning of the system for
tuning to the temporal subordination of the control proc-
esses; a, P is coefficients determining the temporal sub-
ordination of the control processes (a0 < §); ¢(¢) is devia-
tion from the ratio of the values of regulated variables;
e(?) is the deviation of some variable during time from the
given value.
As a result we have to determine all values of the tun-
ing parameters K € kij of various levels in the control
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system according to the formed algorithm. In this case we
obtain the minimum values of the Jj, J,, J; integral indica-
tors of the multilevel system.

2 REVIEW OF THE LITERATURE

The relevance of developing methods for automatic
synthesis of Petri nets was presented in the scientific work
of J. Peterson 1981 [4]. After J. Peterson’s work it has
appeared a number of scientific works linked to the auto-
matic generation of Petri nets [5—7]. The certain synthesis
methods based on the composition of individual Petri nets
are presented in these works. The are not many scientific
publications in this field, however, we can see the certain
trend in the development of the corresponding scientific
direction.

Taking into account the peculiarities of the synthesis
of Petri nets, we have determined to form them on the
basis of the functioning of an artificial neural network [8].
Thus, the artificial neural network is an intelligent system
for the automatic synthesis of Petri nets and certain algo-
rithms.

Currently there are lots of scientific publications
linked to the integration of mathematical apparatus of
Petri nets and artificial neural networks [9—11]. However,
this integration is not linked to the automatic synthesis of
Petri nets. Thereby, the organization of the joint function-
ing of the artificial neural network and Petri nets for the
automatic synthesis of algorithms is presented in this arti-
cle [8]. The first attempt in the development of methods
for training of the artificial neural network linked to the
synthesis of Petri nets is also presented in the scientific
work [8].

The mathematical description of the process for train-
ing of the artificial neural network for the synthesis of
Petri nets is considered in this paper. This synthesized
Petri net represents the step-by-step algorithm for tuning
the special class of coordinating automatic control sys-
tems shown in papers [12, 13].

3 MATERIALS AND METHODS

The features of automatic synthesis of Petri nets based
on the functioning of the artificial neural network can be
determined from Figure 1. The simplified block diagram
of the coordinating control system with automatic tuning
of its parameters is shown in Figure 1. This tuning of pa-
rameters in the regulators is occured on the basis of the
joint functioning of the artificial neural network with the
set of Petri nets. Petri nets marking determines the incre-
ment of the values for the corresponding parameters in the
regulators to achieve the minimum value of the integral
criteria of the control system. As shown in Figure 1 the
artificial neural network interacts on the principles of
feedback with synchronously functioning Petri nets. We
can form the composition from these acting simultane-
ously nets. This composition will represent the certain
algorithm of actions implemented by the artificial neural
network. Figure 2a shows Petri net composition. This
composition presents the algorithm for tuning the coordi-
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nating automatic control system. The functioning of such
Petri net we can describe by the following equation:

My =My +|4-Uy, (1)

Where M = |u(p0),....u(pn)|T ; M ,_, is the marking of
Petri net at k-1 step.
In this case, if p(p;)=1 (where i = 1...n), then the

value of the corresponding parameter changes during tun-
ing up of the system.

If we consider that the simplified structural diagram
shown in Figure 1 represents logical-dynamic model, then
the discrete-event part of the model can be described by
the following equation:

X{ @)= X1 @)+ v o+l @), @)

where X (1) =MDt 1 XL,
X% (,_y) is discrete states in times #, #; ;.

If the place p, is marked — p(p;) =1 then x, parameter
should be increased i.e., u(p)=1=Tk in this way

wp)=1=4Vk, wp)=1=Tk, wpy=1=tk,

ups)=1=Tk,  ppe)=1=V ks, uipp)=1="Tk,

w(pg) =1=4 ky.

According to Figure 1, k; is the tuning parameter of
the Controller 1 in the coordinating control level, k; is the
tuning parameter of the Controller 2, &; is the tuning pa-
rameter of the Controller 3 in the stabilizing control level.

The equations (2) describe the joint functioning of
Petri nets and the artificial neural network.

The incidence matrix of Petri net |A| has the certain
analogy with the matrix of the weights of the output layer
in the neural network. So the artificial neural network
generates the output signals ¥ = |A| U}, corresponding to
the values of the incidence matrix of the formed Petri net.

When tuning up of the system if the certain algorithm
of actions is wrong then we must indicate the element of
the Petri net which is erroneous. This is necessary for the
reconfiguring of artificial neural network. For example, as
shown in Figure 2, if the value of the integral indicators of
the system increases, then it is necessary to eliminate the
connection between the transition ¢ and the place p; re-
spectively.

r— - — S~ — 7 ‘ Automatic optimizer ‘
I The lower level control |
! Y
| Pad ' 1. a
| (t) ¥
I (P(_’f) PID controller 1 —Lf@—pi Int ot ‘X}m'- T (p(f)
| | B
L X 2 | Plant LM A
| L
| L] PID COI]'IIOHCT 2 ) InZ process Xj (t)h
| &

Qutz
b

(el de—[ ol ] -7, |
[ @] de= [ o] e |- 1,

Integral indicator
formation unit

Artificial neural networks

Figure 1 — The simplified block diagram of the coordinating automatic control system with automatic tuning of its parameters
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But in this case it is necessary to add the new connec-
tion between the transition ¢; and the neighboring place
pi+1. Thus, the Petri net shown in Figure 2a changes to the
Petri net shown in Figure 2b. The coefficients of interneu-
ral connections in the artificial neural network must
change accordingly.

It can be represented mathematically like this:

Wi (tes) = w; (G —wy ()-8, +

1
+8 5 i)+ Wit j ()8 i +Wigy j(15) -8 i €)
i=13,5...
Wi (Geg1) = w, i () —wi ()-8, + 1
08, 1)+ Wit j (tx) 8 5 + Wiy j(15) 8 i 4)
i=2,4,6...
Wi Ges) = w1 (1) =8, ;- wy () +
+8; ;- wiy (%) ®)
if i=1,3,5...
Wi, (Ges) = w, i (1) =8 - wy (1) +
+8; Wiy, () (6)
ifi=2,46...

Where w, ) is the synaptic weight at step ;.

In this instance the matrix of the coefficients for in-
terneural connections of the output layer of the neural
network we can show as:

wi1 Wi w13 le le+l
Wi Wp e Wo i W2
N = . .
Wil Wi2 Wi Wi, j+1
Wil  Witl2 o Wislj Wikl i+l
g Jy > mx Jy = o
approaches maximum pproach PP h

t 3 The error is detected
at the P4 place

The matrix N of coefficients of interneuronal connec-
tions has a certain analogy with the incident matrix of
Petri net. For example, the matrix N is analogous to the
incident matrix W, of Petri net shown in Figure 2a. If the
place p; has the error then the incident matrix W, changes
accordingly into the matrix W, as follows:

p o+l -1 0
Py 0 0 0
pz; 0 0 +1 -1
w0 e
ps 0 +1 -1
p; -1 0 0
ps 0 0 0 +1
pg 0 0 0 O
ho oty 13 1
pp 0 0 0 O
pp, +1 -1 0 0
pz 0 0 +1 -1
w, = P4 0
Ps
Ps +1 -1
p; -1 0 0 O
pg 0 0 0 +1
pg 0 0 0 0
0
appro‘i:]izro _ appr;%'g:,‘ zero | appm'gfffze?o ‘

t, t,

f} 5 P Ps
Tk, parameter *k s 4 L .
Ll Ik, parameter M, tf k, parameter Ik, parameter Tk,
value increases value increases value increases value increases
Py P4 Pe Pe
o H—o— S5 S o
vk, parameter Lk, Lk, +k, parameter 1k, Lk,
value decreases value decreases
(The lower level control) {he Upperiavel cantrol) (The lower level control) (The upper level control)

Pg (g—/ Py
Stop O

Figure 2 — The Petri nets representing the tuning algorithms of the coordinating automatic control system
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The p; and p, rows of W, matrix were changed ac-
cording to expressions (3).

if an error is detected at the p; or p;;; place then we
have §,; =1 or &,;,; =1 accordingly. In this instance

if there is a connection between the transition #; and the
place p; then w; ;(;)-(8 i +8 i41) = |1| So according to
the expression, the coefficients of interneuronal connec-

tions at a ¢, step will become equal to zero

W, ;(t,,,) =0. Thus the corresponding connections with

the place p; in the forming Petri net will disappear. In so
doing the new connections must appear with the place p;

if Wiy j(t)-8p; =1 orif wiyy (1), 501 =1.
Similarly, if an error is detected at the transition # then
we have §, ; =1 accordingly. In this instance if there is a

connection &, ; -w; ;(f;)=1 and w; ;(t441)=0. In the

absence of connection and

i Wirn,j () =1

Wi,j(tk+1) =1.

4 EXPERIMENTS

In the software environment MATLAB \ Simulink
2012 the experiments were carried out linked to the joint
functioning of the artificial neural network with the Petri
nets. The functioning of Petri nets in the MATLAB \
Simulink software environment was implemented using a
Stateflow diagram. The fragment of Stateflow diagram rep-
resenting the functioning of Petri nets is shown in Figure
3. State 1, State 2, State 3 and State 4 are states of the
same Petri net. The artificial neural network is linked with
the functioning of three such Petri nets at once. This is
shown in Figure 4. Figure 4 is also shown the two-layer

artificial neural network implemented by means of the
MATLAB \ Simulink environment. This artificial neural
network consists of six neurons and has three output sig-
nals Xp1, Xp2, Xp3 connected with Petri nets.

The structural diagram of the neural network and Petri
nets is similar to the simplified diagram shown in Fig-
ure 1. In Figures 3 and 4 we can see all the necessary pa-
rameters of a system representing the joint functioning of
the neural network and Petri nets. This system is intended
for the automatic formation of Petri nets and certain algo-
rithms.

5 RESULTS

The system shown by the block diagram in Figure 4

can represent the functioning of different Petri nets.
For example, Figures 4 and 5 we can see timing diagrams
of the functioning of Petri net consisting of three positions
and three transitions. The functioning of such Petri net is
a system of joint function of the artificial neural network
and Stateflow diagrams.

The output signals of the artificial neural network Xp;,
Xpa, Xp3 correspond to the incidence matrix of the gener-
ated Petri net. The output signals u(p;), wp,), W(ps) show
the change in marking of Petri net for time. In this case
the work of the formed Petri net is realized as shown in
Figure 5.

According to timing diagrams, when we have the sig-
nal at J; input (Jy; >0) then transition ¢, is triggered. If we
have the signal at J, input (Jo; >1) then transition # is
triggered. The simultaneous triggered of ¢, and #; transi-
tion corresponds to the conflict situation in the function-
ing of the Petri net.

Stated .
/ ;- StateCt [data0150 9]

[data01=-09] \

after(9 tick)

LY

7=

State?
data1=0;
dataZ=1

Stated
datal=1,
data2=0

-

after(9 tick)

[data02<-0.9]

after(3 fick)
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data3=1,
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Figure 3 — Stateflow diagrams representing the functioning of Petri nets
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Figure 4 — Block diagram of the neural network implementing the synthesis of Petri net
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Figure 5 — The timing diagrams of the functioning of the synthesized Petri net

Analyzing the temporal characteristics we can con- is linked with the automatic synthesis of Petri net. Thus,
clude about the principal suitability of the considered sys-  the change in the coefficients of interneuronal connec-
tem presented in Figures 4 and 5.This system is able to  tions when tuning the network is linked with the change
represent the functioning of various Petri nets. Tuning the  in the synthesized Petri net.
parameters of an artificial neural network of such system
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6 DISCUSSION

The automatic synthesis of Petri nets we can imagine
in two stages. At the first stage the system realizes the
selection of a certain algorithm and the corresponding
Petri net among the possible variants. At the second stage
the system realizes the correction of the selected algo-
rithm and Petri net.

These two stages can be realized using an artificial
neural network and its tuning up. For this case the system
of joint functioning of the artificial neural network with
Petri nets was designed (Figure 5). In order to compose
the data of Petri nets into one common network we can
use the output signals of the artificial neural network.
These signals are required to form the corresponding inci-
dence matrix.

If the generated Petri net is unsatisfactory then we
must indicate which net element has the error. Then the
system has to start the corresponding change in the coef-
ficients of the interneural connections in the neural net-
work.

The mathematical description of the change in the co-
efficients for interneuronal connections during training of
the network was presented in the scientific work as one of
the attempts to implement the enumeration of possible
variants of connections in Petri net [14]. In this case the
formed Petri net is a peculiar visual reflection of the coef-
ficient set of interneural connections in the artificial neu-
ral network.

CONCLUSIONS

The scientific novelty of the results. The problem
linked to with the development of the system for the joint
functioning of the artificial neural network and Petri nets
was solved in the present work. The developed system is
necessary for providing of the automatic synthesis of
some algorithms. Thus the corresponding method of au-
tomatic synthesis of Petri net has got the further develop-
ment. In this paper we have presented the algorithm of
change in the coefficients of interneural connections of
the network during the synthesis of Petri net.

The practical significance of the results. The com-
pleted scientific research has confirmed the suitability of
the developed system of the joint functioning of the artifi-
cial neural network and Petri nets for providing the auto-
matic synthesis for some algorithms. Due to the method
of automatic synthesis of Petri nets we can solve the prob-
lem of automatized tuning for models of the complicated
control systems providing the coordination of various
transients.

The prospects for further research. Further devel-
opment of the scientific direction must be directly related
to the formation of training methods of neural networks
for the synthesis of Petri nets. It is also necessary to de-
velop more complex models of systems showing the joint
functioning of an artificial neural network and Petri nets.
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ABTOMATHUYHMUI CUHTE3 MEPEX IIETPI HA OCHOBI ®YHKIIIOHYBAHHS IITYYHOI HEMPOHHOI
MEPEXI

I'ypebkuii O. O. — xaH[. TeXH. HayK, JOLEHT Kadeapyu aBTOMATH3allil TEXHONOTYHHUX MPOLECIB 1 pOOOTOTEXHIYHUX CHUCTEM iH-
CTUTYTY KOMIT'FOTepHHUX cucteM i texuonoriid «Iumycrpis 4.0» im. II. H. [TnaronoBa Oneckkoi HalliOHAJIBbHOI aKageMii Xap4oBHX
TexHouorii, Oneca, Ykpaina.

Jenncenko A. B. — crapumii Buxianau xadenpu inpopmaniiinnx cucteM OfecbKOro Hal[ioHaTEHOTO MOMITEXHIYHOTO YHIBEPCH-
tety, Oneca, YkpaiHa.

Jyona C. M. — crapmmii BukIagad kadeapu aBTOMaTH3allii TEXHOJOTIYHUX MPOLECIB i POOOTOTEXHIYHUX CHCTEM 1HCTHTYTY
KOMIT'IOTepHUX CHCTeM 1 TexHouoriit «Iamycrpis 4.0» im. I1. H. ITnaronoBa Oneckkol HallioHAIBHOT akafeMii XapIoBHX TEXHOJIOTH,
Opeca, Ykpaina.

AHOTAIIA

AKTyanbHicTb. Bupiliena akryanbHa 3azaua, 110 1OB’A3aHa 3 PO3POOKOI0 METOJIB aBTOMAaTHYHOrO cHHTe3y Mepex Ilerpi mis
HACTPOIOBaHHS KOOPJMHYBAIBHUX CUCTEM aBTOMATUYHOIO YNpPaBIiHHA. BaxkiuBicTs po3poOKu JaHUX METO/iB 00yMOBJICHA PO3BHT-
KOM iHTEJIEKTyalbHUX CHCTEM, L0 3a0e3MeUyI0Th aBTOMATH3AII0 TPYIOMICTKHX MPOLECiB, B OKPEMOMY BHIAIKY II€ HACTPOIOBAHHS
TIEBHOTO KJIACY CKJIAQHUX CHCTEM YIPaBIiHHS.

MeTta po6oTH — MiHIMi3amis Yacy Ta aBTOMATH3aLis MPOIECy HACTPOIOBAHHS 0araTOpiBHEBHX KOOPAWHYBAIBHHUX CHCTEM aBTO-
MaTHYHOTO YIPaBIIiHHS.

MeToa. 3anporOHOBAHO MIPUHIUIT ABTOMAaTHYHOTO CHHTE3y Mepesx IleTpi Ta NeBHUX ajJropuTMiB HACTPOIOBAHHS CKIAIHUX CHC-
TEM yNpPaBJIiHHSA Ha OCHOBI (DYHKIIOHYBaHHS IITYy4HOI HEHpoHHOI Mepexi. [IpencraBneHnii MaTeMaTHYHUH OITMC METOIY 3MiHHU KOe-
¢iuieHTiB MDKHEHPOHHHMX 3B’I3KiB Mepexi npy cuHTe3i Mepex Iletpi.

PesyabTaTn. Y nporpamHomy cepepouini Matlab\Simulink 2012a Gyniu npoBezeHi eKCIIepUMEHTH, OB si3aHi 3i CriibHUM dy-
HKI[IOHYBaHHSM IITYYHOI HEeHpoHHOI Mepexi i mepex [lerpi. OyukuionyBanns mepex Ilerpi B cepenoBuiuni Matlab\Simulink Gyio
MpeACTaBIeHO 3a formoMororo Statflow miarpam.

Y pe3ynbTati eKCIepUMEHTIB Oyl OTPUMAaHi 9acOBi XapaKTEPUCTHKH (PyHKIIIOHYBaHHS IITyYHOI HEUPOHHOI Mepexi, sika 3a6e3-
neyye KoMnosuuioo mepex Ilerpi. Ha 0CHOBI 4acoBHX XapaKTEpHCTHK Oylia BCTAHOBIICHA IPUHLMIIOBA IPUAATHICTD 3aCTOCYBAaHHS
mTYy4YHOI HEHPOHHOT Mepexi s 3a0e3IeYeHHsT aBTOMAaTHIHOT KoMIo3uLii Mepex [letpi.

BucHoBku. Y naniii po6oti OyJio BUpileHO 3a1ady, siKa II0B’s3aHa 3 pO3POOKOI0 CHCTEMH CHUIBHOTO (DYHKIIOHYBaHHS HEHpOH-
HOT Mepexi 1 mepex [etpi as GopMyBaHHS anrOPUTMIB i MOCIIAOBHUX O0UMCIICHb. THM CaMUM, OJICPIKaIN MOJAIIBIINN PO3BUTOK
METOJMKa aBTOMaTHYHOTO CHHTe3y Mepex IleTpi Ta MeToauKa po3poOKH MEBHUX aJrOPUTMIB HA OCHOBI (yHKIIOHYBaHHs HEHPOHHOT
MEpexi.

KJIFOYOBI CJIOBA: mTy4Ha HelipoHHa Mepexa, Mepexki [leTpu, aBToMaTn4Hui CHHTE3, KOOPAWHYBaIbHA CUCTEMA, AITOPUTM
HACTPOIOBaHHS.

YIK 681.513

ABTOMATHUYECKHHN CUHTE3 CETEW IETPU HA OCHOBE ®YHKIIHOHUPOBAHUS HCKYCCTBEHHOM
HEWPOHHOI CETH

Lypexmii A. A. — KaH[. TeXH. HayK, JOIECHT Kadeapbl aBTOMAaTH3AIH TEXHOJIOTMIECKUX MPOIECCOB U POOOTOTEXHMYECKHUX CHC-
TE€M MHCTHTYTa KOMITBIOTEPHBIX cucTeM Hu TexHoioruil « Muamyctpus 4.0» um. I1. H. [InaronoBa Onecckoil HallMOHANBHON aKaJeMHUH
MUIIEBBIX TeXHOJIOTuH, Onecca, YKpauHa.

Jenucenko A. B. — crapmmii npenonaBarens kadeapbl HHOOPMAUOHHBIX crcTeM OIEecCKOro HAMOHAIBHOTO MOJUTEXHUYC-
ckoro yHuepcurera, Oznecca, Ykpausa.

Jyona C. M. — crapiuii npenoaBarelib KadeIpbl aBTOMATH3AIUH TEXHOJIOTHYECKUX MPOLIECCOB U POOOTOTEXHUICCKUX CHCTEM
WHCTUTYTa KOMIBIOTEPHBIX cucteM U TexHoioruil «Munycrpus 4.0» um. I1. H. IlnatonoBa Onecckoli HalMOHAJIBLHOW aKaJeMUU
MUILIEBBIX TexHOMoruid, Onecca, Ykpausa.

AHHOTAIUA
AKTyalIbHOCTB. PelieHa akTyanbHas 3a/1a4a, CBSI3aHHAs ¢ pa3pabOTKON METOIOB aBTOMAaTHYECKOTO CHHTe3a cereit Iletpu mis
HACTPOUKN KOOPAWHHUPYIONIIUX CHCTEM aBTOMATHYECKOTO yNpaBieHHs. BaxXHOCTH pa3pabOTKH DaHHEIX METOJOB OOYCIIOBIEHA pa3-
BUTHEM HMHTEIUIEKTYaJIbHBIX CUCTEM, 00ECIIeUMBAIOIINX aBTOMATH3AINIO TPYAOEMKHX IPOIECCOB, B YACTHOM CJIydae 3TO HACTpOHKa
OIPEIEIEHHOT0 KJIACCa CIIOKHBIX CHCTEM YTIPABJIEHHUSI.
Ieanb padoTbl — MUHUMM3ALUS BPEMEHH U aBTOMAaTHU3alUsl [IPOLecca HACTPOMKY MHOTOYPOBHEBBIX KOOPIUHMUPYIOIIUX CHCTEM
aBTOMaTHYECKOI'0 yIpPaBJICHUSI.
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Meroa. [IpeqioskeH MpUHIUMI aBTOMaTHUYECKOIO CHHTe3a ceTed IleTpu U onpenesieHHBIX aJrOpUTMOB HACTPONKHU
CJIOKHBIX CHUCTEM YIPABJICHUS HA OCHOBE (DYHKIIMOHMPOBAHUS MCKYCCTBEHHOH HelpoHHOM cetu. [IpencraBieHo maTe-
MaTHYECKOE OIMCAHUE METO/Ia H3MEHEHUS KO3 (UIIMEHTOB MEKHEHPOHHBIX CBSI3CH CeTH MpH CHHTe3e ceTell [lerpu.

PesyabTatsl. B nmporpammuoii cpene Matlab\Simulink 2012a  Obuti poBeOCHBI SKCIIEPHUMEHTHI, CBSI3aHHBIE C COBMECTHBIM
(YHKIIMOHHPOBaHUEM HCKYCCTBEHHOI HeipoHHOH cetH U cereil [lerpn. @ynkunonuposanue cereit Iletpu B cpene Matlab\Simulink
OBLIO TIpescTaBIeHo ¢ nomombio Statflow auarpamm.

B pesynbrare sKCHEpHMEHTOB OBUIN IOJy4YEHBI BPEMCHHBIE XapaKTEePUCTHKU (YHKIMOHUPOBAHHS UCKYCCTBEHHOW HEHpPOHHOM
cerH, obecrieunBaromeil komnosuuuto cereid Ilerpu. Ha ocHOBe BpeMEHHbBIX XapaKTEpUCTUK OblLIa yCTAHOBJICHA NMPUHIMIIHAIIBHAS
[IPUTOAHOCTH MPUMEHEHUS HCKYCCTBEHHON HEHPOHHOU CeTH JuId oOecleueHns: aBTOMaTHYeCKoi kommno3unuu cereit [lerpu.

BriBoabl. B HacTosmeil pabore Obuta perieHa 3a1ayda, CBSI3aHHAs ¢ pa3pabOTKOM CHCTEMBI COBMECTHOTO (YHKIIMOHHPOBAHUS
HelipoHHO# cetu U ceteid [leTpu i GpopMUpOBaHHS aITOPUTMOB U MOCIEIOBATEIBHBIX BEIYUCICHHNA. TeM caMbIM, TOTYYMIN Jajb-
HeliIee pa3BUTHE METOANKA aBTOMATHYECKOTO cuHTe3a cereil [leTpu  MeToauka pa3paboTKu ONpeIeNIeHHbIX alrOPUTMOB Ha OCHO-
Be (yHKIMOHUPOBAHMS HEHPOHHON CETH.

KJIIOYEBBIE CJIOBA: uckyccTBeHHas HelipoHHas ceTh, cetu IleTpu, aBToMaTHYECKU CUHTE3, KOOPAUHUPYIOIIAs CUCTEMA,
QJITOPUTM HACTPOIKH.
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CHUHTE3 TA BUKOPUCTAHHA HEVPOMEPEXEBUX MOJIEJIEA
3 UMOBIPHICHUM KOAYBAHHAM CTPYKTYPHU
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T'opman €. O. — crapmmii HAyKOBUH CIIBPOOITHUK HAYKOBO-AOCHIITHOI YacTHHA HamioHaTBbHOTO YHIBEPCHUTETY
«3amopi3bKa MoIiTeXHiKay, 3amopixoks YKpaiHa.

Lnbsimenko M. B. — kanza. TexH. HayK, JOUEHT Kadeapru KOMI IOTEPHUX CHCTeM Ta Mepex HamioHamsHOTO yHiBEp-
cuTeTy «3amnopi3pka NOJMITeXHIKa», 3amopixoks YKpaiHa.

AHOTALIA

AxTyanbHicTh. Po3risiHyTO 33a1a9y KoxyBaHHS iH(popManii Mogeneil Ha 6a3i MTyYHNX HEHPOHHUX MEPEK IS MOAANBIIOTO T1e-
pecrlaHHS Ta BUKOPUCTaHHS TakuX Mojenel. O6’€KTOM JOCHTIPKEHHS € IpoIiec KOAyBaHHS MTyYHUX HEHPOHHHUX MEPEK 3 BUKOPH-
CTaHHSIM HMOBIPHICHHUX CTPYKTYp JaHUX.

Meta podoTn nossirac y po3poOrii MeToy KOJyBaHHS HEHPOHHHUX MEpEXk JUIsl 3MEHIIEHHI PeCypCOEMHOCTI MPOLECy HEeHPOeBo-
JIOLITHOTO CHHTE3Y MOJETICH.

Metopa. 3anporioHOBaHO METOJ KOIYBaHHS HEHPOHHHUX MEpeX Ha OCHOBI HMOBIPHICHHMX CTPYKTyp AaHuMX. Ha modaTky meTon
BHKOPHUCTOBYE OCHOBHI MPUHIWIN MiIXOLy MPSAMOTO KOAyBaHHA iH(opmamii mpo Mepexy Ta 6a3ylouynch Ha CEKBEHYBAaHHI KOIye
MaTpHUII0 MDKHEHPOHHUX 3B’S3KIB y BUIIIAAI OiomoinimMepiB. I1oTiM BUKOPUCTOBYIOThCS WMOBIPHICHI CTPYKTYPH JaHUX UIS OUIBII
KOMITIAKTHOTO IIPECTABJICHHS I10YaTKOBOI MaTpuii. s IbOro BUKOPUCTOBYIOTHCS XeII-(DYHKIIIT, TT0YaTKOBAa MATPHUIS IIPOXOJUTH
4yepe3 IpoIec XEHIyBaHHS, IO JO3BOJISIE 3HAYHO 3HM3MTH BUMOTH JIO PecypciB mam’siTi. MeTox I03BOJSE CKOPOTHTH BHTpAaTH
mam’sITi IpH NMePEeCHILi IITYYHUX HEHPOHHUX MEPEeX, 10 3HAYHO PO3LIUPIOE NPAKTHYHE BUKOPUCTAHHS TaKUX MOJeNeH, 3amnoodiraro-
YH pi3KOMY 3MEHILIEHHIO TOYHOCTI X poOoTH.

Pe3syabraTi. Po3pobienuii MeTo/ peasti3oBaHo Ta JAOCIIPKEHO MPU BUpileHH] 3a1a4i kinacudikamii cTaHy MiBICHHOHIMEIBKUX
KpeAUTOpiB. BUKOpHCTaHHS pO3pOOICHOr0 METOLY TO3BOJIMIO 30UIBIIUTH IIBUAKICTh CUHTE3Y Helipomoneni Ha 15-17,6%, B 3anex-
HOCTI BiJ] BUKOPHCTOBYBAaHMX OOUHCIIOBAIBHUX pecypciB. Takok METOJ T03BOJIMB CKOPOTHTH JIONIO Mepeciiok iHdopmarii Ha 8%,
10 TaKOK CBITYUTH MPO MPUCKOPEHHS Ta OLIBII pamioHaTbHE BUKOPUCTAHHS PECYPCiB.

BucnoBku. IIpoBenieHi ekcriepuMeHTH MiATBEPIUIN MPaIe3JaTHICTh 3alpOIIOHOBAHOTO0 MAaTEMAaTHYHOTO 3a0e3MeUeHHS 1 J03BO-
JISIIOTH PEKOMEH/IyBaTH HOTO JUlsi BAKOPUCTAHHS Ha MPAKTHUIII MPY KOJYBaHHI MOJEJICH Ha OCHOBI IITYYHHX HEHPOHHUX MEPEK IS
HOJAJIBIIOTO BUPIIIEHHS 3a/1a4 iarHOCTYBaHHsI, IPOrHO3yBaHHS, OLIIHIOBAHHS Ta PO3Ii3HaBaHHs 00pas3iB. IlepCcleKTHBH MOJaIbIINX
JIOCJTIDKEHb MOXKYTh MOJISITATH B TIONIEPEIHI 00po0Ili TaHUX YIS O1IbII )KOPCTKOTO KOHTPOJTIO TPOIIECY KOAYBAaHHS 3 METOK MiHIMi-
3anii BTpar sIKocTi po6OTH MoJiesIeil Ha OCHOBI HEHPOHHUX MEPEiK.

KJUIFOYOBI CJIOBA: HelipoeBOIOList, KOAyBaHHs, UMOBIPHICHI CTPYKTYPH JaHHUX, HEHPOHHI MEPEeXi, TCHeTUYHHI alrOpUTM.

ABPEBIATYPU G — nomyssuis abo reHepais ITYYHUX HEWPOHHUX
NEAT — Neuroevolution of augmenting topologies; MEpEeK;
RAM — Random Access Memory; N — KUIBKICTh BXiJHHUX O3HAK, IO XapaKTepU3YIOTh
I'HM — rnuboxi HeWpoHHI Mepexi; €K3eMILISAPU BUOIPKH;

JHK — ne3okcuprnOoHyKIEIHOBA KHUCIIOTA;
WC/] — iiMOBIpHICHI CTPYKTYpH JaHUX;
HEC — HeiipoeBoNIOLIHUI CHHTE3;

N; — MHOXHHA HEHPOHIB Ha BXOJII MEPEXKi;

Nj, — HEHpOH Ha BXOI MEPEXKi;

[IMI'A — napanenbHuii MOAKM(IKOBaHUI TeHETHYHUN N, — MHOXHHA HEMPOHIB Ha BUXOAI MEPExKi;
aJIrOpUTM, . Ny — HelpoH Ha BUXOJi MEpexi;

PHK — pubonykieiHoBa KncIIoTa; P

PHM — pekypeHTHI HEHpOHHI MepexKi; N, — MHOXHHA HEHPOHIB NPHXOBAHOTO LIAPY Mepe-

IITHM — mTy4Ha HEMpOHHA MepeKa. Ki:

N, — HEHpOH HMPHUXOBAHOIO LIAPY MEPEXKI;
HOMEHKJIATYPA hr POH TIp py Mep

. NN — mry4yna HelipOoHHA Mepeka;
€estimation — MOMUJIKA OL[IHKY; y'iHa HCHpOHHA MCpEXa,

. .. . . NN — Mera-mapamerpu (indopmaitis) npo me-
8 — iimoBipHicTb 1u1s 3HaueHHs i3 Count-min sketch; param p pu (inpopmanis) np

cardinalityyashunction — TOTYKHICTb XeII-(YHKIIIT; pexy;

. NN — CTPYKTypa MEPEXKI;
depthgech — rMOUHA (BHCOTA) €cKizy; struct — CTPYKTYPa MEP

| — kximpKicTh HEHPOHIB HA BXO/II MEpExKi;
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M — KiJBKICTh 3aJIeKHUX (KaTeropialbHIX) O3HAK eK-
3eMIDIIPiB BUOIPKH;

P — KiIBKICTh HEMPOHIB Ha BUXOJII MEPEXi;

g — KUIbKICTh MD>XKHEHPOHHHX 3B’S3KIB y MEpEXKi;

I — KUIBKICTh HEHPOHIB y NMPUXOBAHOMY ILIapi Mepe-
ki,

Sample — Bubipka maHux;

t — po3mip momysIii;

W — MHOYKHHA MIDKHEHPOHHHUX 3B’ SI3KiB;

Wq — MDKHEHPOHHHUH 3B’30K MEPexi;

Widthgetch — mmpuHa eckisy;
Xp — He3aJIe)KHA 03HAKa eK3eMILLIpYy BUOIpKY;

X — MHOXHHA HE3alIe)KHUX 3MIHHHUX — O3HAK;

Y — 3HA4YEHHs 3aJIS)KHOI 3MIHHOI (O3HaKa) eK3eMII-
TApy BHOIPKH;

Youix — PEATbHE 3HAYCHHSI 3JIEKHOT 3MiHHOT;

Yvoneni — SHAUCHHS 3aJISKHOI 3MIHHOT OTpUMaHe 3aBIsI-
KH MOJIEII;

Yaorenit — 3HAUEHHS 3aJIeKHOT 3MIHHOT OTpHMaHe 3a-
BJISIKM MOJICJII MiCJIs KOAYBAHHS Ta MEPECUIIKH;

Y — MHO>XHHA 3HAYCHb 3AJICKHUX 3MiHHI/IX.

BCTYII

Y Hai yac juIs CHHTE3y MoJIeNel Ha OCHOBI HEHPOHHMX
MEpEeX IIHPOKOTO BUKOPHCTAHHS HAOyNIM EBOJIOLINHHI Me-
tomu [1-9]. Takwii migxim He BUMarae HASBHOCTI €KCIIEPT-
HHX 3HaHb PO CTPYKTYPY MOIENIECH, TO3BOJISIE MIPALIOBATH 3
HemudepeHmiifoBannMI (QYHKIISIMA aKTHBAIli, 3a0e3medye
3MOT'y BUXOy 3 JIOKIBHUX EKCTPEMYMIB, a TAKO>K MOXKIIH-
BOCTI PO3B’3aHHS 3aBJaHb SIK MTAPaMETPHYHOIO, TaK 1 CTPy-
KTYPHOTO CHHTE3y MOjieJiell Ha OCHOBI HEHPOHHHX MEpEex
[10-14]. BaxximBuM etaroM HeHpOEBOMIOLIHHOTO CHHTE3Y
JIIarHOCTUYHMX Ta PO3Mi3HABAJIEHUX MOJIENEH € KOLyBaHHs
iHdopmanii, ToO6TO mNomaHHsA iH(OpMaLil TPO CTPYKTYpPY
Mozeni Ta ii mapamerpu Uil MOMJIMBOCTI 3aCTOCYBaHHS
eBOIIOIIHOTO ToMIyKy. [Ipobmema komyBaHHs iH(pOpMAITii
PO HEHPOHHI MepeKi BUHMKAE TIPH MOCTIIOBHOMY Ta Hapa-
JIETHHOMY HEHpOCBOIIOIIHHOMY CHHTE31, a TAKOX TpH 30e-
pexerHi Ta nepemadi ITHM aist mogasieiioro ix ompargo-
BaHHA (puc. 1).

VYeci icayroui metomau xoxyBanus [ITHM moxHa po3mi-
JUTH Ha TPSMI METOIU KOAYBAaHHS Ta HENpsSMi METOAU
koxyBaHHs [15, 16].

OOwuIBi rpyIny METO/IIB KOJIyBaHHsI MalOTh CBOI IIepeBaru
Ta He#oMiKy. [IpsiMe KoIlyBaHHS He BpaxoBYBYE TiCHMIT 3B’sI-
30K MiXK TCHHHM CKJIaJIOM 1 iHIMBiTyaIbHOIO TPOTyKTHBHIC-
TIO, @ TUIBKH JIOBOJHTbH, II0 HOTO KOJyoua KOHCTPYKILis
MOYE CHPHATH e(eKTUBHII €BOMFOLIT HEHPOHHOT Mepexi. A
HeTpsiMe KOIYBaHHS BHMarae po3poOKH HAOOpy MpaBmil
KOJIIyBaHHS 1 JEKOAYBaHHA [UI TpaHC(OpMAILii ITOCTiTOBHO-
cTeil TeHIB 1 OKpeMHX (DeHOTHIIIB, TOMy HEOOXimHO Oinbie
PO3YMITH TEHETHYHI Ta EBOMIOLIMHI MexaHi3MH Oioyorii.
Crioci6 KomyBaHHS T€HIB OpraHi3MiB HaJ3BHYAHHO e(eKTu-
BHH, 1 Jy»e KOPOTKa MOCIIIOBHICTh TeHIB MOXe KepyBaTH
CKIIaZHUMK (pEeHOTHIIaMH 1HIMBiAyyMiB. barato cyuacHux
JIOCII/KEHb HEMPSMOTO KOyBaHHS 3HAXOIATHCS Ha JOCIi-

JMHULBKINA cTafii, ane 3 OC3MepepBHAM PO3BHTKOM JOCIIi-
JOKEHb MEXaHi3MiB O10JIOTTYHOT €BOJIIOLIIT JOCIIKEHHS! HEel-
POCBOJIOIIIHHMX METOJIiB, 3aCHOBAHMX Ha 000X HAaIpsSMKax
KOJyBaHH:I, BCE I1I€ MAIOTh BEJIMKHH MOTEHITaI.

Kpim TOro, psin TpyAHOLIB i3 BUOOpOM THITy KOIY-
BaHHS TOB’sA3aHi 13 cyyacHMMH Tonosorismu [ITHM [15-
21]. Tak, KIacH9HI METOAX TPSMOTO KOTYBAaHHS Maike
HEMOXIIMBO 3actocoByBaTH mmsi PHM [21], me okpim
MpsIMAX 3B’S3KiB MK HeHpoHaMmu € mie i 3BopoTHi. [Ipu
koxyBanHi ['HM [10] BuHHKaIOTH TIpoOIEeMH SK TPH BU-
KOPHCTaHHI IPSIMUX METOMIB, TaK 1 MPH 3aCTOCYBaHHI HE
MPSMHUX METOIB KOJYBaHHS, OCKIJIBKH B TAKOMY BHIAAKY
HEOOXITHO HE TUTBbKH 3aKO/IyBaTH IPUXOBaHI HEUPOHH, a 1
30eperTi CTPYKTYpy Hehpomoeni, 3a0e3neuyrodn po3-
MOJTIT 32 IIAPaMH.

Came TOMy aKTyalbHOIO € HAyKOBO-TIPHKJIaJHA 337a-
Yya po3poOKH HOBHMX METOIB KOAYBaHHS Helpomojernei,
AKi JTO3BOJISIIOTH KOJyBaTH iH(OPMAIIIO TPO Pi3HI TOIMO-
yorii ITHM He BHTpayaro4u mpH I-OMY BEIHKOI KiTBKO-
CTi KOMIT FOTEPHHX PECYPCIB.

O0’exT nocaimkenns: — mporec koxysanas [ITHM 3
BuKopucTanHsM MCJI.

Icayroui meromn koxyBauHs IIIHM mimkom abo x
OKpEeMHUX MeTa-TlapaMeTpiB Mepexi XapaKTephU3yIOThCS
3HAYHOK0 PECYPCOEMHICTIO Ta € JOCTaTHbO CKJIQJAHUMHU
IS IMIUTEMEHTAITlT eBONTIOIIHNX onepaTopiB. Kpim Toro,
IIpU BHUKOPHCTaHHI icHyroumx [15, 16] wacTo BUHHKae
npobinema i3 koxyBaHHsM iHdopmauii npo PHM a6o
'HM.

IIpenmer mociigxenns — meroa koxysanusa [ITHM 3
BuKopucTanHsamM MCJI,

Ha cporomHimHiii 1eHb ICHY€ JBa OCHOBHI MiJXOH JIO
koxyBanHsi [ITHM. TIporte OuIbLIICTh TaKMX METOIB Biapi3-
HSIIOTBCS| TAKUMHU HEAOJIKAMHU: PECYPCOEMHICTb Ta CKIIAIHICTh
iHTepnperyBaHHs. ToMy, y poOOTi 3aIpOrOHOBAHO ITi/Xi, 10
6asyerncst Ha opani iHGopMaii npo IITHM Ta xomyBanHi i
3 BuKopucTanHam VCJI.

Meta po6oTn — po3poOka MeToqy KOJIyBaHHS HeEH-
POHHHX MEpEeX Ul 3MEHILIEHHI pecypcoeEMHOCTI ITPOLECcy
HEHPOEBONIONIHHOTO CHHTE3Y MOJCIICH.

1 HIOCTAHOBKA ITPOBJIEMHA
Hexait 3amaHa BHOIpKa BX1ITHUX TAHUX

Sample = <X,Y> , a8 X = {XI,XZ,...Xn} — MHOXHHA He3a-
JICKHUX 3MIHHUX — O3HaK, Y = {yl, y2,...ym} — MHOXHHA

3HAYEHb 3QJIEKHUX 3MIHHMX, N Ta M — KIABKICTH BXiJ-

HHX O3HaK, 1110 XapaKTepU3yIOTh €K3EMIUISIPY BUOIPKH.
Cruparounch Ha Iie MPEICTaBIMO MPo0IeMy HACTYII-

HuM guHOM: s cunTedy IITHM (NN ) HeoOxigHO BH-

3HAYNUTH MHOXKHHY HeliponiB N = {Ni, N,, Nh}, IO CKJIa-

JIA€ThCS 13 I AMHOXHH BXITHUX
N; = {N il,Niz yeres Ni, },l = 1,2,...,|Ni| , BUXITHHX
Ny = {Nol’NOz""’ NOp }, p=1L2,.., N0|, MIPUXOBAHUX

ueitporis Npy = {Np, N, s Npy bF=12,..Np| Ta wo-

KUY Bar 3B’s3KiB MK HeHpoHamMu W = {Wq}. Busnaun-
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BIIIM 3HAYEHHS EJIEMEHTIB MHOXKHH, MOYKHA BBa)KaTH CUH-
te3 [IIHM — 3aBepiieHuM.

Hns uporo Oynemo BukopucroByBatn HEC Ha Gasi
[IMT"A. B upoMy BHIasky OynemMo ornepyBaTH IOITYJISLI-
svu LITHM (G = {NN;,NN,,NNs,...,NN; } ). Tozi mocrae

npobnema, sk npeactaButu CTpykTypy (NN, ) Ta iH-
dopmauito npo HIHM (NN param ), mob nepecnarn ii 3

TOJIOBHOTO snpa Ha 3aisHI MOTOKH

NN = )lNNstruct» NN param}: {N,W, NNparam}-

2 OIJIsI A JIITEPATYPH

V kmacuuHii TeHETHINl, 3a3BUYail BHUOUIAETHCS T'€HO-
TUn 1 Gperotur. ['eHOTUN — 16 TEHETUYHE TPEACTABICHHS
ICTOTH, a ()EHOTUN — aKTyali3oBaHe (i3UYHE MPEACTaB-
neHHs ictotd [21, 22]. EBomroriifHi alroputMu 3aBXKIu
CHJIBHO Bi100paatoTh 0i0JIOTiI0, HEWPOEBOIIIOLIS HIYMM
HE BiPi3HAETHCA B boMy TutaHi [ 10-12].

[MuTanHs KOMyBaHHS MOXOIUTH BiJl MMATAHHS TIPO TE,
sk npencraBisatd [IIHM reHetwmyHO mmig d9ac poOOTH.
Crioci0, sikuM konytoth [ITHM, Bu3Hauae muisx, 3a sSIKUM
MeToz Oyme oOpoONATH KITIOYOBiI €BONIOWIMHI MPOIECH:
BiZI0Ip, MyTalio i KpocoBep (abo pekoMOiHalio). Byab-
SKe KOMYBAaHHS MOTpAIUIsiE B ONHY 3 JBOX KaTeropii,
npsiMe abo HenpsiMe.

Iocnigosue Bukonanus HEC Iapanensue Bukonanus HEC

Ininianizanis moyaTkoBoi
nomyJisiii

(Puzno}:{iﬂ 3a napaneIbHUMHU TOTOKaMH1 D

Inirianizanis noyarkoBoi
OIS

36epexenns Ta nepenayva IIHM

Hepecunxa
3aK0210BaHOT Meperi

A
S5

Mepexa

9%
et

Cunres
Mepexi

o2
8838

Buxonanns

(motik N)

I
v v v
Buxonaunns HEC Bukonauus Bukonaunus
HEC HEC HEC
(motik 1) (motik 2)

Pucynok 1 — Kelicu Buxopucranus xoxysanss [HTHM

Index Bit

Weight Encoding

‘1 91001911‘ 1 10001111 ‘1 11100110‘ 1 10000001 © 10110110 1 00101000
Pucynok 2 — Ipuknan npsmoro xoxysanus LHIHM

r
£\

Pucynok 3 — Ilporec tpancmsnii JHK
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[Tpsime KomyBaHHS ONEPyE XPOMOCOMaMH, IO Mpea-
CTaBJIAIOTH Jiesike JiHiliHe npexacrasienHs [IIHM, B siko-
MY B SIBHOMY BUIJISJII BKa3aHi BCi HEHPOHH, Baru i 3B’ 3Ky
IIHM [10, 12]. Takum 9rHOM, 3aBXKIH MOXHA MMOOYITy-
BaTH B3a€EMHO-OJIHO3HAYHY BiJIIOBIIHICTH MIX CTPYKTYp-
numu enementamu [ITHM (Hediponamu, 3B’si3kamm, Bara-
MU Ta iH.), TOOTO ()CHOTHIIOM, i BiIOBITHIMH AUITHKAMHI
XPOMOCOMH, TOOTO TE€HOTHIIOM.

Le#t cmocid mpenctaBieHHS HEHPOHHOI MEpexi €
HaWOIIBII MPOCTHM 1 IHTYITUBHHM, a TaKOX JO3BOJISE
3aCTOCOBYBATH JIO OTPUMAHUX XPOMOCOMAaM B)K€ HassBHHN
amapar TEHETHYHOIo TIOUIYKy (HAmpHKIaJ, OIepaTopu
KPOCHHTOBepY 1 MyTaii). 3 HalOLIbII OUYEeBUIHUX MiHY-
CIB Takol cXeMU KOJyBaHHsS MOXXHA BiI3BHAUUTHU «PO3ITY-
XaHHS» TeHOTHITy MpH 30UIBIIEHHI KITBKOCTI HEHpPOHIB i
3B’s13kiB LIIIHM 1, sik Haciinok, HU3bKY €(EeKTHBHICTh 3a
PaXyHOK 3HAYHOTO 30LTBIICHHS IPOCTOpy momyky [10].

B mpuknani The Index Bit BukopucroByeTbcs st
BKa3iBKM TOTO, YW IiCHye 3’emHaHHA 4u Hi. Weight
Encoding Bits xogyroTe Barm B ABiiikoBii ¢opmi. Psg
JOCTITHUKIB 3alPOTIOHYBAIM CTPATETil0 KOTyBaHHS, sIKa
KOZy€ Bard B MIHCHHUX YUCIAX, a TAKOXK BU3HAYEHI JESKi
MyTaIliiiHi OTepaTopH, SIKi MIXOAATH AJIS KOyBaHHS.

HenpsiMe KopyBaHHS BUKOPHCTOBYE OUIBII «0i0JIOTi-
YHUI» NPUHIUI: B TEHOTHIT KOJYEThCS HE caM (peHOTHII,
aye TpaBWiIa Horo noOymoBH (YMOBHO KaXKydH, SKach
nporpama) [13]. [Ipu gexkoxyBaHHI T€HOTHITY IIi ITpaBUIIa
3aCTOCOBYIOTHCSI B II€BHIM MOCIHIZOBHOCTI (Haivacrime,
PEKYpCUBHO i, HalfyacTille, 3aCTOCOBHICTb TPaBHII 3aJie-
KUTH BiJ] TIOTOYHOTO KOHTEKCTY), B pe3yJbTaTi 4oro i
OymyeThcs HEHPOHHA MeperKa.

[Tpn BuKOpHCTaHHI HEMPSIMHUX METO/IB KOJYBaHHS Te-
HETHYHE TPE/ICTaBICHH (a, BIOIOBIIHO, 1 IPOCTip MOIIY-
Ky ISl TEeHeTUYHUX ANTOPUTMIB) BHXOIUTH OLIBII KOM-
MIAKTHUM, @ CaM T€HOTHI JO3BOJISIE KOAYBaTH MOJIYJIbHI
CTPYKTYpH, IIO JIa€ B IEBHUX YMOBax IepeBark B ajar-
THUBHOCTI OTpUMaHuX pe3ynbTariB [14]. Hartomicte xe
OTPUMYEMO TPAKTHYHY HEMOXKIHUBICTh MPOCTSIKUTH, SKI
3MIHH B T€HOTHITI IPU3BEIH JI0 331aHKX 3MiH Y (PeHOTHU,
a TakoX O34 TPYJHOIIB 3 MiIO0POM IeHETHYHUX OIe-
paTopiB, 301KHICTIO i MPOAYKTUBHICTIO.

IcropruHo, mpsiMe KOXyBaHHS OyJIO IOCIHIKEHO pa-
Hime i raulime, MpoTe pPAA HEAONIKIB IIOTO IMiTXOIy
3MYIIYIOTh JOCHiJHHUKIB BCE OibII MAIHHO MPHUIUBIATH-
Cs 0 HENpsIMHX METOAiB KoayBaHHS. OTHAK 3a CBOEIO
CYTTIO HEmpsMi METOOW AOCHTH CKJIQAHI IS aHaji3y.
Hanpuknan, ofHa i Ta K MyTallis mpaBuiia, po3TalioBaHoO-
r'0 Ha OYaTKy «IIPOTPaMi», HAJla€ KOJIOCAIbHUH eekT, a
3aCTOCOBaHA JI0 «KIHIEBUX» MpaBWi — e(eKTy He Mae
30BCIM, a B Pe3yJIbTaTi — TEHETHYHHUN MOUIYK Ma€ CHIIbHY
TEHCHIIII0 JT0 TepemdacHoi 30ixkHocTi. [1inbip omepato-
PiB KPOCHHIOBEpY TaKOXX € HETPHBIAJIbHUM 3aBJaHHSM,
TOMY II0 BHKOPHCTAHHS CTaHIApTHHUX OiHApHUX omepa-
TOpIB, SIK MPABWIIO, PU3BOANUTH A0 YACTOI MOSIBU HEXUT-
TE€3AATHHUX PILICHb.

IcHye TakoX HH3Ka IHIIMX METOAMK HEHPOEBOMIOLII.
PosrnsHeMo HaiOLIBIT TOMYJSAPHI 3 HABEACHHAM KOPOT-
KHX OITHCIB KOKHOI 3 HEX [10, 14]:

— Boepc i Kyiinep (Boers and Kuiper) — Bukopucran-
HSI KOHTEKCTO-3aJIeXKHUX |-cucrem;

— Hinaept i bip (Dellaert and Beer) — minxin, ananori-
ynnit Kanrenocci i Enmany, ane 3 BUKOpUCTaHHAM BHIIa-
JIKoBHX  OyneBux  Heifpomepexx (random  boolean
networks);

— Xapm, Caman i I'yxa (Harp, Samad and Guha) — no-
30HHE NpsIME KOAYBaHHS CTPYKTYpPH;

—I'pyay (Gruau) — BUKOpHCTaHHSI TpaMaTHYHOTO Jie-
peBa i 3aBAAHHS {HCTPYKUIN TpH OiUTEHHI KMTHH (Y-
Moch cxoke Ha Kanremnocci, [Tapici i Hondi);

—Baapio (Vaario) — pict kmituH 3agaetbes L-
cHCTEMaMH.

B pesynabTari HempsiMe KOIyBaHHsS 3a3BHYail OLIbII
KOMIIaKTHE. 3 1HIIOr0 OOKY, BCTAHOBJICHHS HpaBHJI IS
HENpsIMOTO KOIYBaHHS MOXE IIPU3BECTH JI0 CHIBHOTO
3MIIIEHHS B MPOCTOpPi MOUIYKY, TOMY Habarato BaKde
CTBOPUTH HEMpsIME KOXyBaHHA 0€3 CYTTEBHX 3HaHb IIPO
Te, SIK OyJle BHKOPHCTOBYBATHUCS KOTyBaHHS.

3 MATEPIAJIU TA METOIHU

3 teopii renetuxu [21-23] Bimomo , 0 CeKBEHYBaHHS
GiomomimepiB (OinkiB 1 HykneiHoBux kmcior — JAHK i
PHK) — 1nie Bu3HaueHHs iX aMIHOKHCJIOTHOI ab0 HyKJeo-
TuAHOI mociinoBHocTi [21-23]. B pesynbrari cexBeHy-
BaHHS OTPUMYIOTh (POPMAIILHUI OIMKMC MEPBUHHOI CTPYK-
TYpH JiHIHHOI MaKpOMOJIEKYJIM Y BHUIJIS/II TIOCIITOBHOCTI
MOHOMEpIB B TeKCTOBOMY Burisini [21, 22]. Po3mipu cek-
BeHupyemux ainsHok JJHK 3a3Buuail He mepeBHINYIOTH
100 map mykieotuniB i 1000 map HYKICOTHAIB TIPH CEK-
BeHyBaHHI 1m0 CeHrepy. B pesynbraTi cexBeHyBaHHS Ii-
nsHOK JIHK, 1o mepekpuBaroThes, OTPUMYIOTH ITOCIIIO-
BHOCTI JIJSHOK TeHiB, IIJNUX TeHiB, TotagbHol MPHK abo
MMOBHHUX T€HOMIB OpTaHi3MiB.

VY miff pobGoTi HOBHII MeTOn KOAyBaHHA iH(OpMarii
npo IIIHM mnponoHyetbcsi opranizyBatu 0a3yrouuch Ha
CX0KOMY MpHHIUMI. J[J7Is1 KOIXyBaHHS 3B’SI3KIB Y TCHOTHITI
0COOMHHM MpeAcTaBUMO iH(GOPMALI0 PO Baru MiKHEH-
POHHMX 3B’s3KiB Helipomoneini. IIpy 1IboMy KOXEH TI'eH
Oyne mictuTy iH(pOpMAIiIO PO 1HIAEKCH MTOYaTKOBOTO Ta
KIiHIIEBOTO HEHPOHY 3B’A3KY, a TAaKOXK HOro Bary. Y BUMa-
JIKY, KOJIM METO]| TIPAIIOE 3 PEKYPEHTHUMH HEHPOHHUMH
MepekaMH, JOAAETHCS TOJATKOBA KOMIpKa 3 Baroko 3BO-
POTHOTO 3B’S3Ky, a HOTO iHAEKC BH3HAYAETHCS HOMEPOM
BHX1THOTO HEHPOHY.

Baenemo npaBmiia iHIeKCyBaHHS HEHPOHIB:

1) OCKiIIbKM KIUIBKICTh BXOIIB 1 BUXOJIB MEpexi €
(IKCOBaHOIO BEJIIMYMHOKD, TO 1HJACKCH BiAMOBIIHUX
HEWPOHIB € NOCTIHHUMH 1 MPUUMAIOTh 3HAYEHHS B iHTEp-

[o:N; 1]
[Ni;Ni +N0—l] — mis Buxiganx, ge N; i N

BaJl IUIE  BXITHUX  HEHpOHIB, Ta

o — KiJb-
KIiCTh BXOMIB 1 BUXOIIB MEpExi, BiANOBiAHO. BunaneHus

BXIIHUX 1 BUXIJTHUX HEUPOHIB € HEMOXKIIUBUM;
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reH0 renl reH2 ren3 rend reHs TeH6

0 3 1 3 2 3 0 4 1 4 2 1 3 5
0.74 0 -1.2 0 -0.08 0 0.61 0 -0.93 0 1.32 0 1.52 | 037
1-nit HelipoH 2-mit HeHipoH
3B’5I3KY 3B’5I3KY
Bara 3B’s3Ky Bara 3BOPOTHOTO
MK HEHpOHaMH 38’ 3Ky (s 1-ro)

Pucynok 4 — [pukian kogyBaHHS MEpexki

1-nif HelipoH 2-uii HeHpoH
3B’S3KY 3B’S3KY
Bara 3B’sI3Ky Bara 3B0pOTHOI'O
MiX HEHpOHAMHU 3B’s3Ky (st 1-10)

Ionimep | Ilomimep | IMomimep TTonimep Ionimep | Ilomimep
N g = Yo
Bxinuuii map ITpuxoBanuii map* Buxinnnii map

Pucynok 5 — CexBeHyBaHHS IOCIitoBHOCTEH 3a mapamu [ITHM

S S
hy (3HavenHst) = N
I'nmu6una d
3HaueHHs
I — > +1
<
< >
upuna w w
PucyHok 6 — Count-min sketch 3 riu6usoro d Ta mUpHHOIO W Pucynox 7 — Po3nozin 3Ha4eHb y CTPYKTYpi
WNN WlNN
hash, |o|o|1|lo0o|l0o|1|0|0|0 0|01
hash, |[ojojojo|o|1|0|0|l1|/0|0]|0O
hash; [o|jo|l1|0|0o|0j0o|0|l0|0|O0]|1 d
hash, |0o|o|o|lo|lo|o|o|o|l1/0|0]0O
o/o|1|/o|lo|o|ofoflo|o|0]|1
hashy |[o|/ojlojo|o|1|0o|0o|l1|0]|0]|1
< >
< »
w

Pucynok 8 — KomyBanus ta nexoxysanss iHpopmanii npo IITHM 3 Buxopucranssm Count-min sketch
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2) HOBI HEWpPOHH, 1O 3 SBISIOTHCS B Pe3yJIbTaTi My-
Taliif, OTPUMYIOTh MiHIMaJbHUI MOXJIMBHUIT iHOekc. Ha-
IPUKIIAJ, SKIIO OCOOMHA MPEJICTaBIIIE MEPEXY 3 TPhOMA
BXO/IaMH, TPbOMa BUXOJAaMH 1 HE MICTHTh NPUXOBAHUX
HEHWpOHIB, TO HOBOMY HEHWpOHy B Iiii Mepexi Oyxae
MIPUCBOEHO 1HAEKC «5», HACTYITHOMY, IO 3B SIBUBCS — «6»
1T. I.;

3) iHOeKCH HEHpOHIB B MepeXi HE MOXYTh MICTHTH
MIPOMYIICHI 3HaYCHHs, TOOTO He Moke Oyt IITHM 3 Heit-
poHaMu, 110 MaroTh, HalpuKIaf, IH/IEKCH
Ng,Nj, Ny, N5, Ng . SIKiIo Takuii BUIagoK BHHMKAE, Ha-

NPUKJIAJ, TIiCIs BUAAJICHHS 3 MEpEeXi HeHpoHa 3 1HIEKCOM
4, 1HIEKCH HEWPOHIB, 10 3aJMIIINCI KOPUTYIOThCS Ta-
kuM  9uHOM: N5 —> Ny, Ng—> N5, nOpu 1mapomy
3MIHIOIOTBCS JaHI y 3B’s3KaX, IO HaJeXaTh 0 MHX
HEHpOHiB.

Tox oTpuMaeMo TBOPSAAKOBUI CIIHCOK, € KOXHI HO-
TUPHU KOMIpKH (110 JBI 3 psijka) 30epiratoTh iH(opMallito
po HeWpoH (puc. 4).

JlomaTkoBO CiiJ BiA3HAYWMTH, M0 APYre MPaBUIIO 3a-
Oesredye MEBHE BIIOPSAKYBAHHS HIAPIB — CEKBEHYBaHHS
MOCJIITIOBHOCTEH B criucKax (puc. 5).

Ha HactynHOMy eTari KoJyBaHHS BUKOPHUCTOBYIOTHCS
WMOBIpHICHI CTPYKTypH naHux. PoGora [24] mpomonye
BUKOpHcTaHHsT MoaMbikanii ¢insrpa bmyma. IIpote Ta-
KM MIAXiT HE JO3BOJISE B MOAAIBIIOMY 3aKOTyBaTH 3BO-
POTHI 3B’S3KHM, a BUKOPHCTaHHSA TAaKOTO MiIXOY MiJ Yac
MyTamii 3 BUAAJICHHSIM IIEBHUX HEHPOHIB BUMarae 3ampo-
BaJPKEHHS TOJATKOBOI MaTpHIli — Apyroro ¢pineTpy biyma
JUTS APaxyHKy B 3BOPOTHbOMY HOpsaky [25]. Tox kinb-
KicTh 00paxyHKIB 30UIBIIY€ETHCS. 3 OTIISAY Ha Ie OUIBII
JOUUIBHUM € BHUKOpHUCTaHHS cTpykTypu: Count-min
sketch [26, 27]. Count-min sketch — 11¢ imMoBipHiCcCHa
CTPYKTYpa JaHUX, sIKa MpezcTaBisie co000 TabIUIIO Jac-
TOT TOAIM B MOTOLI JaHWX. BoHa BUKOPHCTOBYe Xeml-
GyHKIIT TS 3iCTaBIICHHS TOIH 3 YaCTOTaMH, aJie Ha Bij-
MiHY BiJ Xem-TaOJiwili BHKOPHCTOBYE TUTBKH CYOIiHIH-
HUHA TIPOCTIp, 32 PaxyHOK IEpepaxyHKy HIesKHX MHOmil
yepes Komizin [25-27].

Crpykrypa Count-min sketch moxe mpeacraBnsitucs
Y BUTJIAI €CKi3y 13 rmubuHoto d Ta mupuHoo W (puc. 6).

Toxni mpenacTaBuMO pO3MOAIT 3HAYEHb Y MAacHBi
Count—min sketch, BUX0oas4M 3 IPUHLIUITY, 300paKEHOMY
Ha pucyHKY 7. Takuii po3nozija Mo)KHa BBRKaTH €CKi30M.

3arajgomM MaTuMeMO TPEJICTaBICHHS i3 PO3MOJIUIOM 3a
HacTyrmHUM npasuiioM (1) Ta (2).

Eestimation < 2 - maxcardinalit Ypashfunction / Widthgyetch (1)

§=1— O.Sdepthsketch 2)

BapTo Bim3HaunMTH, IO OIMPUHA €CKi3y OOMEXye Be-
mnunHy nomuiaku (1), a Bucora (raubOHHA) KOHTPOJIIOE
HMOBIpPHICTB TOTO, IO OIIHKA MP00’€ 110 MKy (2).

TakuM 4MHOM IpencTaBUMO MacuB AaHux npo IIHM
y Burmsni Count-min sketch ta nexomyemo Horo micis
uporo (puc. 8).

TakuM YHMHOM 3aNpPONOHOBAaHUN METOJ KOAYBaHHS
PO3IIOYMHAETHCS 13 MOYATKOBOT'O IPEICTABICHHS MaTpH-
11, 1110 OYAYETHCSA 3 TaK 3BaHKX IMOJIMEPIB — KOMIPOK, 110
MICTSTh 1H(QOPMAIII0 MPO BXITHI-BUXIMHI 3B’SI3KU MK
HEHpOHAMU Ta Bard TaKuX 3B’sI3KiB, J0JaTKOBO st PHM
KOMIpKH OyayTh 30epiratu Baru 38B0pOTHHX 3B’ SI3KiB.

Jami Bu3HA4arOThCSA XemI-(QyHKIii (32 3aMOBUCHHSIM
peKoMeHAyeTbess Opati 4 Xem-(OyHKIIii) i CTBOPIOETHCS
MaTpHIL JUIS IX BUBEICHHS, SIK TIOKa3aHO Ha pHC.8.

ITicnst uporo I KOKHOTO €JIEMEHTY TOTOKY AaHHX
npo INHM oGuuciioroTbess Xem-BUxXoau 1 301TbIIy€eThCS
BiMOBITHHUN JTIYMIFHUK B MAaTPHIIL.

TakuM 4MHOM, 301IBIIYIOUM BiJOBIIHI BIITTIKH B Ma-
TPHUL, OTPUMAEMO OHOBJIEHY MaTPHIIIO.

VY neskux BUNagKax 4epe3 Xel-KOMi3ilo MOKIMBA CH-
Tyallis, KOJIM OTpHMaHa 4acTOTa EIEMEHTY € JIemo Oiib-
1100, HiX O4YiKyBaHa. TOYHICTH KOJyBaHHS Oyze 3ajexa-
TH Bil TOTO, HACKUIBKY YHIKQJIBHUMH € XelI-(QyHKI1, 0
MMOBEPTAIOTH 3HAUCHHS elleMeHTy. Kpim Toro, unm OinbIie
XemI-(pYHKIIiS, THM TOYHIIIOK Oy/Ie 9acToTa.

Y 1mpOoMy BHIAAKy WMOBIpHICHA CTPYKTypa HaHHX
Count-min sketch go3Bossi€ 00YHCINTH YaCTOTY MOTOKIB
BEJIMKHUX JaHWX B CyO-JIHIHHOMY MPOCTOpPi, 3 YaCOBOIO
CKJIAJIHICTIO, 1[0 OILIHIOETHCS O(l), TOOTO 3 MOCTIHHOIO

YacOBOIO CKJIAJIOBOIO, IO HE 3aIEXKHUTH BiJl mapaMmeTpiB
HelipoMepeKeBOoi MOJIEITI.

4 EKCIIEPUMEHTHU

BukoHaHO eKCreprMeHTalbHE MOCTIKEHHS PO3po0-
JICHOTO METOJy LUISXOM HOTrO MOPIBHSAHHS 3 BIJOMHMH
ananoramu. Crif 3a3HAYUTH, 10 HAWOUIBII CXOXKHM Ta
9acTO BHKOPHCTOBYBAaHMM METOIOM KOIyBaHHS iH(Op-
Marlii pu He#poeBooniiHOMy cuHTe3i € Meton NEAT
[10-12]. Tox B mMOmaNbLIMX E€KCIICPUMEHTAIBHUX JOCITI-
JUKEHHSIX OyZIeMO CrIMpaTHcsl Ha HbOTO.

Ha croromuimHiii JeHb TaKOX € HapayieibHi 1HTEp-
npertarii metogxy NEAT. Tomy mig 9ac ekcriepuMeHTalb-
HOTO JOCTIDKeHHS OyJeMo aHalli3yBaTH HIBHIKICTH Ta
JIOJTIO TIEPECHIIOK TIiJI Yac MapaienbHOro BUKOHAHHS CHH-
Te3y aBTOPCHKOTO MeTony [28—31] 3 HOBUM BHAOM KOMY-
BaHHA Ta NEAT.

HactymHuM eTamoM eKCIEpPUMEHTAIbHOTO  JIOCIHi-
JUKeHHs1 OyJle BUKOPUCTaHHS HOBOTO METOAY IUIsi KOAY-
BaHHs IONEPEAHbO cHHTe30BaHOi mepexi. [licis komy-
BaHHS Taka Mepexa Oyze nepecuiaTucs 3a JI0IMOMOTOI0
Mmepexi [HTepHeT Ha iHITy pobody craHwmito Jie Oyne npo-
TECTOBaHa TOYHICTh OTPUMAHOI MEPEXKi.

Jlyist meporo eramy TecTyBaHHSI Oyae BUKOPHCTOBY-
BaTHCSl amapaTHe 3abe3mnedyeHHs Kadenpu NIpOorpaMHUX
3ac00iB HamioHaapHOTO YHIBEpCHUTETY «3armopi3bka Mmodi-
TexHika»: mporecop Xeon E5-2660 v4 (14 sgep), omepa-
TuBHA mam’ 16 4x16 I'b DDRA4.

VY sKocTi BXiIHUX HaHWX OyJe BHKOPHCTOBYBATHCS
BrOipka qanux mpo IliBaeHHOHIMEBKIA KPEAUTHHHA CTaH
(South German Credit Data Set) [32, 33]. OnoBiicHUi
HaOip gaHuX [34—36] MICTATh KOPEKIIiIO 1 JCSIKY JTOBIIKO-
By iH(opMallito, 3aCHOBaHy Ha MOJaHHI BIAKPUTUX JaHUX
Ludwig-Maximilians-Universitdt Miinchen (2010) tux xe
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JAHUX 1 JNEKUIBKOX IHIIMX HIMEIbKOMOBHHX PECYypCiB.
XapakTepuCTHKH BUOIPKH JaHUX HaBelleHo y Tabu. 1.

Tabmuns 1 — 3aranpHa XapaKTepUCTHKA BUOIPKH JaHUX

Criterion Characteristic
Data Set Characteristics: Multivariate
Attribute Characteristics: Integer, Real
Number of Instances: 1000
Number of Attributes 21

5 PE3YJIBTATH
YV Tabnumi 2 HaBEACHO Pe3yJIbTAaTH MOPIBHIHHS BUKO-
HauasiM [IMI'A i3 3acTOCyBaHHSM KOMITAKTHOTO KOMY-
BaHHs Ta napajienbHoi Bepcii NEAT — Parallel NEAT.

Tabmuns 2 — Pe3ynbTaTi eKCIIepHUMEHTY

[IMI'A
KinpkicTs 1 5 4 ] 16
saep

qa”i‘”“y’ 2361,870 | 1226,841 | 638,669 | 345,845 | 200,759
Homz 0,000 | 0039 | 008 | 0171 | 0360
HCpCCI/IHOK
Hac 0,000 | 47,691 | 52,136 | 59,288 | 72,273

MIEPECUITOK, C

Parallel NEAT

Kinekicts 1 2 4 ] 16
saep

qacci‘*my’ 2716,510 | 1415454 | 739,186 | 402,626 | 235,997
Hoxs 0,000 0,042 0,088 | 0,186 | 0,390
TIEPECUITOK
Yac

0,000 59,608 | 65370 | 74,773 | 92,039

TIEPECUJTIOK, C

OCKUTBKH KOMIT FOTEpHA CHCTEMa JO3BOJISIE 3MiHIOBA-
TH KUTBKICTB 3aITHUX s1ep — Iie Opaiocs 10 yBary.

3MiHM Ta PI3HHUIIO y Yaci MEPECIIOK IPH BUKOHAHHI
METO/IiB 300pa)KeHO Y BUTIIsLAI rpadikiB, 10 MpecTaBlie-
Hi Ha puc. 9.

ExcrieppuMeHTanbHI pe3ynbTaTu ApYroro eramy Habe-
JeHo y Tabun. 3. TyT HOpIBHIOIOTBCS Pe3yJIbTaTH CUHTE30-
Banuid [IIHM no Ta micns mepecuiiku 3 KoayBaHHSIM. 3a-
CBIIYMMO, IO IIBUKICTH Nepesiadi — He BayKIIUBa.

Jnist moBHOTO BiOOpaXkeHHSI pOOOTH 13 TECTOBOIO BH-
0ipKOI0 BUKOPHCTaEMO Hapi3Hy aiarpamy, A€ OJIUH P
3HAYCHb ILI¢ 3HAYCHHS POOOTH MOJIENi N0 NMEepecHiIKH, a
J3epKATBHUN Pl — 3HAYCHHS MICIS Tepesiadi Ta 3amycKy
Mepexi Ha iHmi poOouwiii cranmii. Hapisra miarpama
300pakeHa Ha puc. 10.

B Takiit miarpaMi mporagHA MiXK J3€pPKATBHIAMHA CTO-
BOIIIMH CBi9aTh MPO MEBHI HETOYHOCTI B poOOTI Mepexi,
mo Oyna 3amymieHa Iicis 3aKOIOBAaHOI IEPECHIKH Ta
JIEKOyBaHHS Ha HOBIH poOodiif CTaHII].

Tabmuis 3 — Pe3ynpTaT eKCIICpIMEHTY

Ne Youix Ywoneai Ywoneai
1 63,40 62,16 62,16
2 60,60 59,36 59,36
3 63,84 62,56 62,56
4 64,25 63,02 63,02
5 58,48 57,28 57,28
6 61,79 60,53 60,53
7 63,72 62,46 62,46
8 61,97 60,77 60,77
9 58,25 57,02 57,02
100 59,63 59,03 59,03
6 OBTOBOPEHHSI
ExcnepnMmeHnTanbHa TepeBipKa  3acBimumia, IO

I[IMI'A BiampalifoBaB IIBHIIIC, X04Ya PI3HHUII Y IIBHIKO-
cTi Oyna He Benuka (Tadin. 2). binbm Toro, Taka pizHHUILS
MOXe OYTH IMOSICHEHa caMe MEHIIOI0 JIOJNEI0 MEPECHIIOK.
Tobto mix yac pobOTH METOAy, MEHIIAa KiTbKICTh iH(pOP-
Marii nepecusanacs MiXk IOTOKaMH CUCTEMH, a OTKE Me-
HIIIE HABAaHTA)KyBaJla IIaM’sITh T CHCTEMY 3arajioM.

[Tpote, BapTO 3a3HAYMTH, IO HE3BAXKAIOUYM Hi HA IIO,
Yac TepecIOK 3MEHIINBCSA, a OTKe iHpOpMAIlis, 110 TIe-
penaBanacs 3aiiMania MEHIIE IPOCTOPY y Hmam sTi (puc. 9).
Ile nomaTkoBO 3acBiAUyIOTH rpad)iku OTpUMaHi Ha OCHOBI
PO3MOALTY Yacy CHHTE3Y.

Tox mepimii eran eKCrepUuMEHTAIBHOTO JTOCHIKEH-
Hsl JIOBIB pe3yJIbTaTHBHICTh METOJy HE B ITOBHIiil Mipi.

Jlyist qpyroi YacTHHU eKCIepHMEHTY OyJlle BUKOPHCTa-
HO TIONEpEe/IHE anapaTHe 3a0e3eueHHs Ta JI0JaTKoBa Po-
Ooda craHIis B HAcTyNHIM KoH]irypamii: cranmis Acer
Swift 3 mig ynpasninasam Intel Core i5-8250U i3 takTo-
Boto yactotoro 1,6-3,4 I'Tu, RAM 16 I'b (DDR4) ta TBe-
pootineHuM HakonmdyBadem Ha 128 I'b. Lli aBi cuctemu
Oynyts mepemaBaté 3akomoBany IIIHM uepes mepexy
Iareprer. 3acBimunMo, MO MBUAKICTH Iepenadi — He Ba-
JKITUBA.

[MopiBasiemo mommiky podotu IITHM Ha TecToBiit 4ya-
ctuHi BUOiIpKu. Sk BUIHO i3 Taba. 3 y OLIBLIOCTI BUMAA-
KiB pe3yJbTaTh 3aJIMIIWINCS OJAHAKOBUMH. 3arajioM xe
cepenns mommika 30imbpmmmiacs i3 0,01811 mo 0,1901.
JlonaTkoBO MOXXEMO y IIbOMY TEPECBITUHMTHCS Ha Hapis-
Hill miarpami.

3 Hapi3HOi miarpamu (puc. 10) BHOHO, MO B JESKUX
BUIIaJKaxX MOJETbh OTPUMaHa Micis JEKOIyBaHHS iH(Op-
MaIlii TicIs IEPEeCHIIKA Ma€ TIEBHI HETOYHOCTI — IIe MicIs
po3puBiB cTOBOWIB Ha aiarpami. [IpoTe Takux BHUIAAKIB
3arajJioM JIOCTaTHbO Majo. Taky CHTyaIlif0 MOJIHBO
OTPUMATH, KOJIH MICJI JeKOAyBaHHs OyTH BTpadeHi HEeBHI
3B’A3KH.
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Pucynok 10 — Hapi3Ha miarpama mopiBHSHHS TOYHOCTI poOOTH Momeei

JomyctuTi Taki HE3HAYHI BIAXWIEHHS TPH BTPaTi
OKpEeMUX HEHPOHIB B MPUXOBAHOMY IIapi — HE MOXKIHUBO.
Omxe ckopilie 3a Bce Oysd BTpaueHi came 3B’SI3KH, SIKi
BIJINOBIIAJIM 32 NIEBHI B3a€EMO3B’SI3KU Y JIAHUX.

[pu Takux pe3ynbrarax 0coONMBO LiKaBO Oyyo O Bij-
CIIIIKYBaTH 3MIiHM B POOOTI TPH JOCHIPKEHHI JaHHX 13
MEBHUM TiepiofoM. [0 TakMX AaHUX MOXIIMBO BiJHECTH
neBHy (hiHaHCOBY iH(OpPMalilo, KOJIW HaNpHKIAl, KOJH-
BaHHS KypCy BaJIOT a00 BapTOCTi NAKeTiB MHarepiB Mae
TIeBHUH Tepiof, aje Bce K TaKu He MOBTOPIOETHCS TIOBHI-
CTIO.

AHaNi3yl0un 3aranbHi pe3yJbTaTH EKCICPUMCHTIB
MO’KHA IPUHATH JI0 BUCHOBKY, L0 3alPONIOHOBAHHN METOJ
KOMIIAKTHOT'O KOJYBaHHS HE € JOCUTh ©(ESKTHBHUM JUIS
BUKOPUCTaHHS B ITapaJielbHUX CHUCTEMax, aJukKe He caMo-
CTIHO He 3MEHIIIy€e caMme JIOJI0 Mepeciiok iHdopmMariii, a
JIMIIEe YaCTKOBO NPUINBUALIYE Ied mporec. binmbimr Toro
1€ MOXKHa IIOSICHHUTHU BUKJIIFOUHO MCHIIUM 067€M0M BUKO-
PHCTaHOTO pecypcy Ham’siTi.

[Ipote 3Ha4HO Kpalli Ta BayKJIUBIIII pe3ysbTaTu OYyio
OTpPHMaHO caMe il Yac BUKOPUCTAHHS METOMY /ISl KO/y-
BaHHs iHpopmanii npo ITHM mnst mepecunku 3 onHiei
pobouoi cranmii Ha iHmy. lle 3HaYHO po3MHUpIOE came
mpakTudHi MMexi BukopuctanHs [IIHM. Amke Takum
YMHOM MOXKHAa BHMKOHATH BHCOKO ITEpaTHBHHU HpoLec
CHHTE3y Ha OOYHCIIOBAIHHOMY CEpBEpi, a Pe3ylbTyIoUuy
Mepexy IepecyiaTd Ul BHUKOPUCTAHHS Ha KOHKPETHY
pobouy cranmiro. bepyui no yBarm, mo Takor po6odoro

CTaHII€I0 MOKe OyTH, HApPUKIAI, MOOLTBHUN MPHUCTPIH
TakAi Miaxix 3abe3medye BHCOKY HIBHIAKICTH Iepenadi
I[ITHM Ta nonanblIOro AEKOAYBAHHS Ta IMPaKTUYHOIO
IMIIEMEHTYBaHHS TaKOi MOJIETI.

[omanpmry po6OTy MOKHA BECTH y HAIIPsIMi came KO-
PCTKOTO KOHTPOJIFO TPOIECY CHHTE3y Ta IMOYATKOBOTO
KOMIIAKTHOTO KOJYBaHHs, IIIO0M MOIAJIbIli BTPATH B TOY-
HOCTI OyJIH KOHTPOJIbOBAHUMH Ta HE KPUTHYHHMHU.

BUCHOBKH

BupinieHo aktyaibHy HayKOBO-NPUKIIAAHY HpOOIIEeMy
KOMITaKTHOTO KOJyBaHHs HelipoMojenel B mporeci Hei-
POCBOITIOLIIHOTO CHHTE3Y.

HaykoBa HOBH3HA IOJISITa€ B TOMY IO PO3pPOOJICHO
METOJl KOJyBaHHsI HEHPOHHUX MEpe) Ha OCHOBI HWMOBIp-
HICHUX CTPYKTYp A@HHX, SKHH BUKOPHCTOBYE MPHHIUIN
MiIX0AY MPSMOTO KOAYBaHHS. Y 3alpOIOHOBAHOMY Me-
TOM BHKOPUCTOBYIOThC MICJI [si KOMIAKTHOTO 36epi-
ranHs iHGopmanii npo IIIHM. 36epiranns indopmarii
PO MIKHEHPOHHI 3B’SI3KH MiBUIILY€ JIOTIYHY MPO30PIiCTh
METOJy Ta POOWUTh MOXKJIMBHUM KOXyBaHHS iH(popmarii
npo PHM ta T'HM. Bukopucranus WMCJT Count-min
sketch mo3Bossie OGLNTBIN CTHCIO Ta KOMIIAKTHO KOIyBaTH
MaTpuLo novyarkoBux ganux npo HTHM Ta npuckoputu
MIpoLIeC Nepeaadi UX JaHuX.

IpakTnyna WiHHiCT, TONATAE B TOMY, MIO
PO3B’s3aHO MpaKTH4HI 3aBaaHHs KoxyBanHs [IIHM, ski B
MOJATBIIOMY MOXKYTh BHKOPHCTOBYBATHCS IJISI JiarHOC-
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TYBaHHS, IPOTHO3YBaHHsI, OL[IHIOBAHHS Ta PO3Ii3HABAHHS
o0paziB. Pe3ynbTaTv eKCHEPUMEHTIB IOKAa3ajiM, IO 3a-
NPOIIOHOBAaHI METOJM KOJYBaHHS JO3BOJISIOTH OLUIBII
KOMITaKTHO KojyBatH iHpopmaito npo IITHM ans ii mo-
JIANBIIOT Tepeiadi Ha po0OoYi CTAHINT TS BUKOPHCTAHHS
y SKOCTI MOJeJNi Ul JIarHOCTYBaHHS, IPOTHO3YBaHHS,
OLIIHFOBAHHS Ta MOJICITIOBAHHS.

Maii6yTHi HAnpsIMM JAOCTIUKEHHA Ta PO3POOKH
MOJIATAIOTH Yy PO3POOII OLITBIT KOPCTKHUX MPOLECIB KOHT-
pOJIIO CHHTE3y Ta IOYAaTKOBOTO KOAYBaHHS, IOOM IOAa-
JBII BTPAaTH B TOYHOCTI OyiM KOHTPOJIHOBAaHMMH Ta HE
KPUTHYHUMU. JI0ZaTKOBHM HalpsIMOM MOXE CTaTH IIOIe-
penHss 00poOKa BXiMHHX NAHUX JJIsI OTPUMAHHS OLIBII
SIBHUX 3B’SI3KIB MK JaHUMHU Ta KOHTPOJIIO BiIOBITHHUX
MDKHEHPOHHX 3B’S3KIB.

MNOJAKA

PoGora Oyna npoBezieHa 3a MIATPUMKH AEPiKOIOIKET-
HOT'O HayKOBO-JOCJIiJHOTO IIPOEKTY IEPIKABHOTO OFOJDKe-
Ty HamioHanmsHOTO yHiBepCHTETYy «3armopi3bKa IMONiTeXHi-
Ka» «[HTeneKkTyampHI METOIM Ta MporpaMHe 3a0e3neueH-
HS JUIA TIarHOCTUKU Ta HEPYHHIBHOTO KOHTPOJIO SKOCTI
BIICPKOBOI Ta IMBUIBHOI TEXHIKM» (HOMEp Iep>KaBHOI
peectpanii 0119U100360).
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YK 004.896

CHUHTE3 U UCIIOJIb30BAHUE HEMPOCETEBBIX MOJIEJIE C BEPOSITHOCTHBIM KOJJUPOBAHUEM
CTPYKTYPbI

Jleomenko C. [I. — acnupaHT Kadeapsl MPOrpaMMHBIX CpeAcTB HalloHaIBHOTO YHUBEPCHTETA «3arOpOXKCKash MOJTUTEXHUKAY,
3anopoxbe YKpauHa.

OuneliHUK A. A. — KaH]l. TeXH. HayK, JJOLIEHT, JIOLEHT Kadeaphl NporpaMMHbIX cpeicts HannonaibHOro yHHBepcutera «3aro-
poxckas [Tonurexuukay», 3amopoxbe YKpanHa.

Cy660ornn C. A. — 1-p TexH. HayK, podeccop, 3aBeAy il kadeapoii mporpaMMHbIX cpeacTB HaloHaIBHOTO yHUBEPCUTETA
«3amnoporxcKast MOJIUTEXHUKA», 3alIOPOKbE YKpanHa.

T'opman E. A. — crapmuii HayuHBI COTPYJHHMK HAy4YHO-HCCIIEJOBATEIBCKOM 4acTH HarmoHansHOTO yHHBepcHTETa
«3amoporxckast MOJIUTEXHUKA», 3aIOPOKbE YKpanHa.

HNabsimenko M. b. — kaun. Texn. Hayk, JIOIEHT, HOUEHT Kaeaphl KOMITBIOTEPHBIX CHCTEM U ceTell HalMoHaIbHOTO YHUBED-
cuTeTa «3anopoXKCKas MOJIUTEXHUKAY, 3aII0pOKbe YKpanHa.

AHHOTADIUA

AxTyanbHOCTh. PaccMoTpena 3amaua KoxupoBaHUS MH(OpMAIMK Mojeleld Ha 0a3e MCKYCCTBEHHBIX HEHPOHHBIX CeTeH s
JaJbHEHIIel IepechlIKY U MCIIOIb30BaHUs TakuX Mojesnell. OOBEKTOM HCCIIeJOBAHUS SBISETCS IPOLIECC KOJAUPOBAHUS HCKYCCTBEH-
HBIX HEIPOHHBIX ceTell ¢ UCIOIb30BaHUEM BEPOSATHOCTHBIX CTPYKTYP JaHHBIX.

Heap padoTel 3aKIr0yaeTcs B pa3paboTke METOAA KOJUPOBAHHUS HEMPOHHBIX CETEH Ul YMEHBIIEHHUs PECYPCOEMKOCTH TPOIiec-
ca HEMPOIBONIIOLIMOHHOTO CUHTE3a MOJIENIEH.

Mertoa. [Ipennoxen MeTol KOAUPOBAHUS HEHPOHHBIX CETEN HA OCHOBE BEPOSTHOCTHBIX CTPYKTYp JaHHBIX. B Hauane merox uc-
TIOJTB3yeT OCHOBHBIE MPHHIIUITHI MOAXO0a IPSIMOTO KOIMPOBAHUS HH(POPMALUH O CETH W, 0a3UPyYsCh HA CEKBEHHPOBAHHUHU, KOIUPYET
MaTpHUIy MEeXHEHPOHHBIX CBA3€H B B¢ OHOIOINMEPOB. 3aTeM UCIIOIB3YIOTCS BEPOSTHOCTHBIE CTPYKTYPBI JAaHHBIX JJIsL O0oJiee KOM-
MIAKTHOTO TIPEACTABICHHs] UCXOMHOI MaTpHIBL. [IIsl 9TOT0 HCIONB3YIOTCS XAII-(DYHKINH, Hada bHas MaTPUIA IPOXOIUT Yepe3 Mpo-
IIeCC XAIIMPOBAHUS, YTO MO3BOJISIET 3HAYMTEIILHO CHU3UTH TPEOOBAHMS K pecypcaM maMsaTH. MeTox IMO3BOJISIET COKPATUTh 3aTpPaThl
NaMsTU [PU NEePEeChUIKE UCKYCCTBEHHbBIX HEHPOHHBIX CeTel, YTO 3HAYUTENILHO PACIIUPSET NPAaKTHYECKOE HCIIOIb30BaHUE TAKUX MO-
JieNei, mpe1oTBpanias pe3Koe yMEHbIIEHNE TOYHOCTH HX PabOoThI.

PesyabTarbl. PazpaGoTaHHBIH METON pealM30BaH U UCCIENOBAH NPU PEIICHHU 3a7aul KIacCU(UKALMU COCTOSHUS I0KHOTep-
MaHCKHX KpeauTopoB. Vcmonp3oBaHue pa3pabOTaHHOTO METOAA MO3BOJMIIO YBEIHMYUTH CKOPOCTh CHHTE3a HeWpomozenei Ha 15—
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17,6%, B 3aBUCUMOCTH OT HCIIOJIb3YEMBIX BBIYUCIUTEIBHBIX PECypcoB. Taxke METOA MO3BOIMI COKPAaTHTh JONIO MEPECHUIOK UH-
(dopmanuu Ha 8%, 4TO TaKXKE CBUICTEIBCTBYET 00 YCKOPEHUH U O0JIee palliOHaIbHOM HCIIOJIb30BaHUH PECYPCOB.

BriBoabl. [IpoBeeHHbIE SKCIIEPUMEHTHI TTOATBEPIMIN pabOTOCIIOCOOHOCTD NPENIOKEHHOI0 MaTeMaTHIECKOro 00eceeH s 1
MO3BOJIAIOT PEKOMEHI0BATh €TI0 AJIsl UCIIONb30BaHUS Ha MPaKTHKE, IPH KOAUPOBAHUH MOJENeH Ha OCHOBE HCKYCCTBEHHBIX HEHpPOH-
HBIX CeTeH, Ui JalbHeHIero peluieHns 3a1ad ANarHoCTHPOBAHUSI, TPOrHO3MPOBAHMS, OLIEHUBAHUS U paclo3HaBaHus o6pa3os. [lep-
CIEKTHUBHI JANbHEHIINX HCCIENOBAHUN MOTYT COCTOATH B NPEABAPUTENBHOM 00pabOTKe MaHHBIX Ui Ooiee *KECTKOTO KOHTPOIIS
nporecca KOJUPOBAHUS € LETbI0 MUHIMHU3ALIHY ITOTEPh Ka4eCTBA pabOTHI MOAENEH, Ha OCHOBE HEHPOHHBIX CETEH.

K/IIOYEBBIE CJIOBA: Helipo3Boitonys, KOJUPOBAHUE, BEPOSTHOCTHBIC CTPYKTYphl AaHHBIX, HEHPOHHBIC CETH, F€HETHYE-
CKUH aIropUTM.

UDC 004.896
SYNTHESIS AND USAGE OF NEURAL NETWORK MODELS WITH PROBABILISTIC STRUCTURE CODING

Leoshchenko S. D. — PhD student of the Department of Software Tools, National University “Zaporizhzhia Poly-
technic”, Zaporizhzhia, Ukraine.

Oliinyk A. O. — PhD., Associate Professor, Associate Professor of the Department of Software Tools, National Uni-
versity “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukraine.

Subbotin S. A. — Dr. Sc., Professor, Head of the Department of Software Tools, National University “Zaporizhzhia
Polytechnic”, Zaporizhzhia, Ukraine.

Gofman Ye. O. — PhD, Senior Researcher of the Research Unit, National University “Zaporizhzhia Polytechnic”,
Zaporizhzhia, Ukraine

Ilyashenko M. B. — PhD, Associate Professor, Associate Professor of the Department of Computer Systems and
networks, National University “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukraine.

ABSTRACT

Context. The problem of encoding information of models based on artificial neural networks for further transmission and use of
such models is considered. The object of research is the process of coding artificial neural networks using probabilistic data struc-
tures.

Objective of this work is to develop a method for coding neural networks to reduce the resource intensity of the process of neu-
roevolutionary model synthesis.

Method. A method for encoding neural networks based on probabilistic data structures is proposed. At the beginning, the method
uses the basic principles of the approach of direct encoding of network information and, based on sequencing, encodes a matrix of
interneuronal connections in the form of biopolymers. Then, probabilistic data structures are used to represent the original matrix
more compactly. For this purpose, hash functions are used, the initial matrix goes through the hashing process, which significantly
reduces the requirements for memory resources. The method allows to reduce memory costs when sending artificial neural networks,
which significantly expands the practical use of such models, preventing a sharp decrease in the accuracy of their operation.

Results. The developed method is implemented and investigated in solving the problem of classification of the state of South
German creditors. The use of the developed method allowed increasing the rate of neuromodel synthesis by 15-17.6%, depending on
the computing resources used. The method also reduced the share of information transfers by 8%, which also indicates faster and
more efficient use of resources.

Conclusions. The conducted experiments confirmed the efficiency of the proposed mathematical software and allow us to rec-
ommend it for use in practice, when encoding models based on artificial neural networks, for further solving problems of diagnostics,
forecasting, evaluation and pattern recognition. Prospects for further research may consist in pre-processing data for more strict con-
trol of the encoding process in order to minimize the loss of quality of models based on neural networks.

KEYWORDS: neuroevolution, coding, probabilistic data structures, neural networks, genetic algorithm.

REFERENCES 6. Artasanchez A., Joshi P. Artificial Intelligence with Python:

Kanaan M. T-Minus Al: Humanity’s Countdown to Artifi-
cial Intelligence and the New Pursuit of Global Power. Dal-
las, BenBella Books, 2019, 270 p.

Taulli T. Artificial Intelligence Basics: A Non-Technical
Introduction. New York, Apress, 2019, 199 p.

Rothman D. Artificial Intelligence By Example: Acquire
advanced Al, machine learning, and deep learning design
skills. Birmingham, Packt Publishing, 2020, 578 p.

Chang A.C. Intelligence-Based Medicine: Artificial Intelli-
gence and Human Cognition in Clinical Medicine and
Healthcare. Cambridge, Academic Press, 2020, 534 p.
Ponteves de P. Al Crash Course: A fun and hands-on intro-
duction to machine learning, reinforcement learning, deep
learning, and artificial intelligence with Python. Birming-
ham, Packt Publishing, 2019, 360 p.

Your complete guide to building intelligent apps using Py-
thon 3.x. Birmingham, Packt Publishing, 2020, 618 p.
Oliinyk A., Subbotin S., Leoshchenko S., Ilyashenko M.,
Myronova N., Mastinovsky Y. Additional training of neuro-
fuzzy diagnostic models, Radio Electronics, Computer Sci-
ence, Control, 2018, Ne 3, pp. 113-119. DOI:
10.15588/1607-3274-2018-3-12.

Leoshchenko S., Oliinyk A., Subbotin S., Zaiko T. Using
Modern Architectures of Recurrent Neural Networks for
Technical Diagnosis of Complex Systems, 2018 Interna-
tional Scientific-Practical Conference Problems of Info-
communications. Science and Technology (PIC S&T),
Kharkiv, 9-12 October 2018, proceedings. Kharkiv, IEEE,
2018, pp- 411-416. DOI:
10.1109/INFOCOMMST.2018.8632015

Leoshchenko S., Oliinyk A., Subbotin S., Shylo S., Shkaru-
pylo V. Method of Artificial Neural Network Synthesis for

© Jleowenko C. /1., Omiitauk A. O., Cy66otin C. O., 'odpman €. O., lnbsimnenxo M. b., 2021
DOI 10.15588/1607-3274-2021-2-10

103



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Using in Integrated CAD, 15th International Conference on
the Experience of Designing and Application of CAD Sys-
tems (CADSM), Polyana, 26 February — 2 March 2019,
proceedings. Lviv, IEEE 2019, pp. 1-6. DOI
10.1109/CADSM.2019.8779248

Iba H. Evolutionary Approach to Machine Learning and
Deep Neural Networks: Neuro-Evolution and Gene Regula-
tory Networks, New York, Springer, 2018, 258 p.
Omelianenko 1. Hands-On Neuroevolution with Python:
Build high-performing artificial neural network architectures
using neuroevolution-based algorithms, Birmingham, Packt
Publishing, 2019, 368 p.

Bergel A. Agile Artificial Intelligence in Pharo: Implement-
ing Neural Networks, Genetic Algorithms, and Neuroevolu-
tion, New York, Apress, 2020, 407 p.

Blokdyk G. Neuroevolution of augmenting topologies: Sec-
ond Edition, Ohio, SSTARCooks, 2018, 128 p.

Lockett A.J. General-Purpose Optimization Through Infor-
mation Maximization (Natural Computing Series). New
York, Springer, 2020, 579 p.

Rouhiainen L. Artificial Intelligence: 101 Things You Must
Know Today About Our Future, Scotts Valley, CreateSpace
Independent Publishing Platform, 2018, 300 p.

Koul A., Ganju S., Kasam M. Practical Deep Learning for
Cloud, Mobile, and Edge: Real-World Al & Computer-
Vision Projects Using Python, Keras & TensorFlow, New-
ton, O’Reilly Media, 2019, 620 p.

Singh A., Bhadani R. Mobile Deep Learning with Tensor-
Flow Lite, ML Kit and Flutter: Build scalable real-world
projects to implement end-to-end neural networks on An-
droid and i0S, Birmingham, Packt Publishing, 2020, 380 p.
Davies J., Fortuna C. The Internet of Things: From Data to
Insight, Hoboken, Wiley, 2020, 240 p.

Zheng N., Mazumder P. Learning in Energy-Efficient Neu-
romorphic Computing: Algorithm and Architecture Co-
Design, New York, Wiley-IEEE Press, 2019, 296 p.

Bianchi F.M., Maiorino E., Kampffmeyer M.C., et. al. Re-
current Neural Networks for Short-Term Load Forecasting:
An Overview and Comparative Analysis (SpringerBriefs in
Computer Science), New York, Springer, 2017, 81 p.

Ozkan L. RNA Sequencing: Principles and Data Analysis,
Traverse City, Independently published, 2020, 118 p.
Robinson T.R., Spock L. Genetics For Dummies, New
York, For Dummies, 2020, 400 p.

Tan T.W., Lee E. Beginners Guide to Bioinformatics for
High Throughput Sequencing, Singapore, World Scientific
Publishing Co Pte Ltd, 2018, 300 p.

Reagen B., Gupta U., Adolf R., Mitzenmacher M., et al.
Weightless: Lossy Weight Encoding For Deep Neural Net-
work Compression, International Conference on Machine
Learning (ICML 2018), Stockholmsméssan, 10-15 July,
proceesings. Stockholmsméssan, PMLR, 2018, pp. 1-10.
Gakhov A. Probabilistic Data Structures and Algorithms for
Big Data Applications, Madison : Books on Demand, 2019,
220 p.

Knebl H. Algorithms and Data Structures: Foundations and
Probabilistic Methods for Design and Analysis, New York,
Springer, 2020, 360 p.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cormen T.H., Leiserson C.E., Rivest R.L., Stein C. Intro-
duction to Algorithms, Cambridge, The MIT Press, 2009,
1292 p.

Leoshchenko S. D., Oliinyk A. O., Subbotin S. A., Lyt-
vyn V. A., Shkarupylo V.V. Modification and paralleliza-
tion of genetic algorithm for synthesis of artificial neural
networks, Radio Electronics, Computer Science, Control,
2019, Ne 4, pp. 68-82. DOI: 10.15588/1607-3274-2018-3-
12.

Leoshchenko S., Oliinyk A., Subbotin S., Gorobii N., Zaiko
T. Synthesis of artificial neural networks using a modified
genetic algorithm, 1st International Workshop on Informat-
ics & Data-Driven Medicine (IDDM 2018), Lviv, 28-30 Oc-
tober, 2018 : proceedings. Lviv, CEUR WS, 2018, pp. 1-13.
Leoshchenko S., Oliinyk A., Subbotin S., Gorobii N., Zaiko
T.Implementation of Selective Pressure Mechanism to Op-
timize Memory Consumption in the Synthesis of Neuro-
models for Medical Diagnostics, 2nd International Work-
shop on Informatics and Data-Driven Medicine (IDDM
2019), Lviv, 11-13 November, 2019. proceedings. Lviv,
CEUR WS, 2019, pp. 109-120.

Leoshchenko S., Oliinyk A., Subbotin S.Adaptive Mecha-
nisms for Parallelization of the Genetic Method of Neural
Network Synthesis, 10th International Conference on Ad-
vanced Computer Information Technologies (ACIT 2020),
Deggendorf, 16-18 November, proceedings. Ternopil, IEEE,
2020, p. 446450, DOLI:
10.1109/ACIT49673.2020.9208905.

South German Credit Data Set [Electronic resource]. Access
mode:
https://archive.ics.uci.edu/ml/datasets/South+German+Credi
t

Gromping U. South German Credit Data: Correcting a
Widely Used Data Set, Reports in Mathematics, Physics and
Chemistry, Department II, Berlin, Beuth University of Ap-
plied Sciences Berlin, 2019, 14 p.

Oliinyk A., Subbotin S., Lovkin V., Leoshchenko S., Zaiko
T. Feature Selection Based on Parallel Stochastic Comput-
ing, 13th International Scientific and Technical Conference
on Computer Sciences and Information Technologies
(CSIT’2018), Lviv, 11-14 September 2018, proceedings.
Lviv, IEEE, 2018, P. 347-351. DOI: 10.1109/STC-
CSIT.2018.8526729

Oliinyk A., Subbotin S., Lovkin V., Leoshchenko S., Zaiko
T. Development of the indicator set of the features informa-
tiveness estimation for recognition and diagnostic model
synthesis, 14th International Conference on Advanced
Trends in Radioelectronics, Telecommunications and Com-
puter Engineering (TCSET 2018) Slavsko, 20-24 February
2018, proceedings. Lviv, IEEE, 2018, P. 903-908. DOI:
10.1109/TCSET.2018.8336342.

Leoshchenko S., Oliinyk A., Subbotin S., Zaiko Methods of
semantic proximity extraction between the lexical units in
infocommunication systems, 2017 International Scientific-
Practical Conference Problems of Infocommunications. Sci-
ence and Technology (PIC S&T) Kharkiv, 10-13 October
2017, proceedings. Kharkiv, IEEE, 2017, pp. 7-12. DOI:
10.1109/INFOCOMMST.2017.8246137.

© Jleowenko C. [I., Omiitauk A. O., Cy66otin C. O., 'odpman €. O., lnpsinenxo M. b., 2021
DOI 10.15588/1607-3274-2021-2-10

104



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2021. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 2

UDC 004.93

TREE-BASED SEMANTIC ANALYSIS METHOD FOR NATURAL
LANGUAGE PHRASE TO FORMAL QUERY CONVERSION

Litvin A. A. — Postgraduate student of department of Microprocessor Technology, V.M. Glushkov Institute of Cy-
bernetics, Kyiv, Ukraine.

Velychko V. Yu. — PhD, Senior researcher of department of Microprocessor Technology, V.M. Glushkov Institute
of Cybernetics, Kyiv, Ukraine.

Kaverynskyi V. V. — PhD, Senior researcher of department of Abrasion- and Corrosion-Resistant Powder Construc-
tion Materials, .M. Frantsevich Institute for Problems of Material Science, Kyiv, Ukraine.

ABSTRACT

Context. This work is devoted to the problem of natural language interface construction for ontological graph databases. The fo-
cus here is on the methods for the conversion of natural language phrases into formal queries in SPARQL and CYPHER query lan-
guages.

Obijective. The goals of the work are the creation of a semantic analysis method for the input natural language phrases semantic
type determination and obtaining meaningful entities from them for query template variables initialization, construction of flexible
query templates for the types, development of program implementation of the proposed technique.

Method. A tree-based method was developed for semantic determination of a user’s phrase type and obtaining a set of terms
from it to put them into certain places of the most suiting formal query template. The proposed technique solves the tasks of the
phrase type determination (and this is the criterion of the formal query template selection) and obtaining meaningful terms, which are
to initialize variables of the chosen template. In the current work only interrogative and incentive user’s phrases are considered i.e.
ones that clearly propose the system to answer or to do something. It is assumed that the considered dialog or reference system uses a
graph ontological database, which directly impacts the formal query patterns — the resulting queries are destined to be in SPARQL or
Cypher query languages. The semantic analysis examples considered in this work are aimed primarily at inflective languages, espe-

cially, Ukrainian and Russian, but the basic principles could be suitable to most of the other languages.
Results. The developed method of natural language phrase to a formal query in SPARQL and CYPHER conversion has been im-
plemented in software for Ukrainian and Norwegian languages using narrow subjected ontologies and tested against formal perform-

ance criteria.

Conclusions. The proposed method allows the dialog system fast and with minimum number of steps to select the most suitable
query template and extract informative entities from a natural language phrase given the huge phrase variability in inflective lan-
guages. Carried out experiments have shown high precision and reliability of the constructed system and its potential for practical

usage and further development.

KEYWORDS: natural language processing, graph data base, semantic analysis, formal query, decision tree, ontology.

ABBREVIATIONS

SPARQL is a query language to the data presented by
the RDF model,

RDF is a Resource Description Framework;

OWL is a Web Ontology Language;

CYPHER is a query language for graph databases ac-
cepted in Neo4;j;

LODQA is a Linked Open Data Question Answering.

NOMENCLATURE

Ac is an accuracy criterion;

A is a subject model on which the text is interpreting;

a; is a possible word tj; meaning;

C_ is a left context of the grammar unit;

Cg is a right context of the grammar unit;

D is a dictionary of a natural language in the alphabet
X;

F, is a complex criterion to estimate precision and re-
call;

F is a formalization for the set of the words in the al-
phabet X;

F, is a number of false negatives;

Fp is a number of false positives;
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L is a formalization for a natural language on the
given alphabet;

P is a precision criterion;

P is a formalization for the aggregate of a natural lan-
guage grammar rules;

pi is one of the grammar rules of a natural language;

R is a recall criterion;

Re is a formalization for the aggregate of a natural lan-
guage grammar relationships;

Rpi is a formalization for a binding of grammar rule
and relationship;

S is a dictionary of words defenitions for the language
L;

T is a currently considered natural language text;

Tp is a number of true positives;

T, is a number of true negatives;

tj is a sentence of a currently considered natural lan-
guage text;

tjj is a grammar unit of a sentence;

X is a formalization for an alphabet of some natural
language;

v is a relationship that defines meanings and types of
words in a dictionary of the language;

IT is a predicates signature;
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7" is an atomic predicate;

T; is a word tjj possible type;
¢ is a relationship of the text interpretation on the sub-
ject model.

INTRODUCTION

Nowadays dialog and reference program systems are
becoming wide-spread and convenient. They help to
automate frequent typical question answering, to obtain
relevant information about an actual problem or to per-
form a necessary sequence of action. They can reduce the
burden for human consultants in the routine of answering
typical, many times asked and bored questions, and also
being asynchronous a program system can serve several
clients at the same time. It is obvious that for many cases
the most comfortable and friendly for a user is a natural
language interface of such system, which means that the
user enters his question in a natural language. Hence, in
the most of situations such dialog system is, actually,
natural language interface of a database.

The problem of natural language database interfaces
building is not new. Since computers have become wide-
spread in the most aspects of life and work and appear
common for large numbers of people even far from com-
puter science and calculation tasks the problem of user’s
friendly interfaces creation become actual. And one of the
directions of such interfaces is a natural language inter-
face for databases that is highly desirable for persons who
not familiar with programming and formal query lan-
guages. In contrast, asking the system using natural lan-
guage seems rather more natural and convenient for an
ordinary person. Despite the long existence of the prob-
lem, the development of such interfaces and new ap-
proaches to their construction continues [1], and there are
certain reasons for this. Due to the complexity of the task
of interpreting the semantics of queries in a natural lan-
guage, the development process moved with varying suc-
cess, experiencing ups and downs. The processing of an
incoming request by a previously prepared semantic
model may not be processed correctly for other requests.
New attempts to create natural language interfaces for
databases are constantly being made. Nevertheless, far
from all of them turn out to be quite successful and indeed
make a contribution to the state of the problem. However,
every new research in this area is valuable because it
brings new ideas and provides a better understanding of
what really works and what does not.

The object of study is a natural language interface for
ontological graph databases.

The subject of study is the development of methods
for natural language of inflective type conversion to for-
mal queries for graph databases.

The purpose of the work is to create a semantic
analysis method for the input natural language phrases
semantic type determination and obtaining meaningful
entities from them for query template variables initializa-
tion, to const the flexible query templates for the needed
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semantic types and to develop and test a program imple-
mentation of the proposed technique.

1 PROBLEM STATEMENT

The main purpose of this work is to develop a pro-
gram system that is able to return as its output formal que-
ries in SPARQL or Cypher query languages for graph
databases using as input interrogative and imperative
phrases in a natural language of inflective type. The
method used for this task should be easily interpretable,
be able to be easily corrected, supplemented and adapted,
be fast and not resource intensive.

To solve this problem the following tasks are to be
done:

1. To develop a tree-based method for semantic analy-
sis of a natural language phrase;

2. To construct the scheme of the decision tree used in
the developed system for determination of semantic type
of the input natural language phrase;

3. To create flexible templates of formal queries for
SPARQL and Cypher corresponding to the required se-
mantic types;

4. To come out with the method for obtaining mean-
ingful entities from the phrase to initialize templates vari-
ables;

5. To develop a program realization of the business
logic separate from the tree and templates files;

6. To integrate the natural language to formal query
conversion modulus as a service into a multi-agent dialog
system,

7. To carry-out experiments for testing the developed
system performance.

To test the quality of the developed system results the
following criteria are to be used: accuracy, precision, re-
call and Fi-score, which are common for such kinds of
systems [2]. These metrics are calculated as follows:

Tp+Tn
Ac = , (1)
Tp+Fp+F+Ty
T
p
=, (2)
Tp+Fp
T
-— (3)
ptFn
2.-P-R
F = : 4
" PsR @

Formal mathematic problem characteristic is given
here according to [3]:

Let X is an alphabet of some natural language and
F(X) is the set of the words in X. L < F(X) is a natural
language on the given alphabet and its sentences are con-
structed according to the grammar rules P = {p; : i =
1,...,m}. The grammar rules define the relationships
Rg = {Rpi 1pj € P} each from them is corresponding to a

grammar rule. Let T € L(X) is a natural language L text
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and t; €T are sentences of the text T, i =1, 2,..., n. Every

sentence of the text T has its structure t;=t;;t;...tin, where
tj are grammar units that form a sentence.
CL(tj) =tj;..tjj_, is the left context of the word tj and

Cr(tjj) =tjjs1-- tin is the right context of it in the sentence

ti. S is a dictionary of the language L(X) where the defini-
tions of words tj are. y =T xS is a relationship that de-

fines meanings and types of words in S. A = (D, I) is the
subject model on which the text T is interpreting.
@ T xA is the relationship of the text T interpretation

on the model A = (D, II). Predicates signature IT =
(..., 7} includes atomic predicates to build more
complicated formulas. Every atomic predicate has its
type. Relationship vy is evaluated as:

Y(t;) = 1@, 1), (82, T2)s- (85, T5) } (5)

The relationship ¢ if the model A = (D, II) is defined
can be determinate as following:

o(t) =
= {o(rGDYCRGNN, O(VCR )Yt Y(Cr (). (6)
s @Y (CLEGn))Y(in) s
o(v(tij)) = v(o(tij)),
o(y(CL(j))) = CL(v(o(t;j))),
PY(TE (Ppovees PK))) =
HPEEN@Y(P) s Y(PK))).

It should be noticed, that here y((p(n? )) is a predicate
coordinated with arguments y(p,),....Y(Py) -

Thus, the main formal goal of a semantic analysis te-
chnique development is to construct a method for y and ¢
implementation.

2 REVIEW OF THE LITERATURE

In [4] proposed a transformation system that includes
three main components: the first component converts a
natural language query into a query tree, the second com-
ponent interactively checks the conversion, turning to the
user, and the third component converts the query tree into
SQL. The main disadvantage of this approach is a user’s
checking the constructed query tree, which makes such
system not convenient for a user not familiar with formal
queries and databases.

Methods based on statistical machine learning and
neural networks have begun to appear in recent years. A
methodology is proposed in [5] implements reinforcement
training. This approach suggests using a deep neural net-
work to translate natural language phrases into corre-
sponding SQL queries. This method takes advantage of
the structure of SQL queries to significantly reduce the
output range of generated queries. Despite the huge data
set in the training sample, the accuracy of the model was
not high: the accuracy of execution was 59.4 %, the accu-

© Litvin A. A., Velychko V. Yu., Kaverynskyi V. V., 2021
DOI 10.15588/1607-3274-2021-2-11

racy of the logical form was 48.3 %. Thus, for the real
implementation of such system, an extensive collection of
training sets will be required, which is difficult to provide.

As an example of converting natural language queries
into formal queries in SPARQL can be considered the
LODQA system presented in [6]. It parses a natural lan-
guage phrase and creating a graphical representation of
the request, which is called a pseudo graphic template.
The pseudo graphic template is a graph pattern for finding
the target graph of RDF subgraphs that match it. Natural
language term can be normalized for more than one RDF
term due to ambiguity. Therefore, from one pseudo
graphic template, more than one linked template can be
obtained by normalization. In order to take into account
the structural inconsistency between the attached pseudo
graphic template and the actual structure in the target data
set, it tries to generate SPARQL queries for all possible
structural variations. The considered LODQA system is
focused on the English language only. Detailed features
of its functioning are not given in [6], limiting only to a
general description and analysis of work examples.

Another approach to natural language to SPARQL
conversion is considered in [7] PAROT framework.
PAROT adopts an approach that generates the most likely
triple from a user query. The triple is then validated by the
lexicon. It relies on a dependency parser to process user’s
queries to user triples. The user triples are then converted
to ontology triples by the lexicon. The triples generated
by the lexicon are used to construct SPARQL query that
fetches the answers from the underlying ontology. Testing
the PAROT framework by the authors of [7] showed that
for simple questions it demonstrates about 81 — 82 % pre-
cision, about 43 — 56 % for complex questions, and for a
specific thematic dataset (geography) precision was up to
88 %. But even the authors pay attention to some weak-
nesses of PAROT: it has low precision and recall when
processing aggregation based questions.

In spite most of natural language to formal query con-
version systems deal with English, works is also proceed-
ing for other languages. For example, in [8] proposed a
method to generate SPARQL queries from Korean natural
language queries.

Taking into account the success in machine translation
systems development using neural networks achieved in
recent years it is no wonder that approach is trying to be
applied to translation from a natural language to a formal
query language such as SPARQL. For now, there are only
a few examples of such approach, for example [9]. Some
tricks to avoid or at least minimize criticality of typical
machine translation mistakes are taken into account there.
For instance, to train the model they use not SPARQL
queries as they are but previously converted them into
special sequences where language symbols and construc-
tions are encoded as constant symbol sequences. Some
constant query structure elements were omitted or abbre-
viated. Thus the translations result in this method is a spe-
cific sequence that is actually an instruction, by which it
is possible to build a sufficient SPARQL query. Despite
the authors of [9] claimed a rather good accuracy of their
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model its behavior on others datasets related to different
ontologies is still a question.

An example of natural language to SPARQL conver-
sion open source realization is FREyA [10]. It is available
on GIT-hub [11]. FREyA is an interactive Natural Lan-
guage Interface for querying ontologies. It uses syntactic
parsing in combination with the ontology-based lookup in
order to interpret the question and involves the user if
necessary. The user’s choices are used for training the
system in order to improve its performance over time. It
deals with English language. In [11] some examples of
natural language questions are given can be converted to
SPARQL using FREyA. It seems that the query formation
by FREyA very depends on the ontology data, and its
configuration needs to be tuned to the certain ontology.

Conversion systems for natural language questions to
Cypher (a query language for graph database Neo4;j) are
rather less developed, but works in this area are also pro-
ceeding. Analyzing posts in topical internet forums it
seems to be that development of such tool is highly desir-
able. Here are a few examples of such works: [2, 12]. The
system proposed in [12] is rather primitive. The queries
need to be of a pre-defined structure; actually it needs a
file with ready natural language sentences where some
words are replaced by placeholders and matching Cypher
templates. The described approach has its advantages and
disadvantages. The main advantage is simplicity, which
guarantees that the result will be just obtained or not ob-
tained without appearing of strange situations when
wrong or not completely correct result springs up. But
obviously, there are a lot of drawbacks. First of all, for a
real big system, a large number of phrases templates is
needed which involves all possible users’ questions con-
sidering their variety.

The flexibility of the query template approach can be
increased if rigid phrases templates will be replaced with
semantic analysis of an input phrase which also recog-
nizes the entities (words) that are to be substituted into the
query template [13]. In this work is considered the prob-
lem of selection of a correct query template and singling
out corresponding entities basing on the user’s phrase.

3 MATERIALS AND METHODS

The only input information coming from the user is a
phrase in Ukrainian language. It should be a single sen-
tence. If there ate several sentences in the user’s replic,
each of them will be separately considered by the system.
For this purpose the input text is tokenized to a list of
sentences. Each sentence is then tokenized to a list of
words. These operations are conforming so called pre-
liminary graphematic analysis. Then these words list are
cleaned from senseless and not informative words (inter-
jections, emotion expressions, senseless introductive
words). For this task lists of such words are pre-prepared.
Each of the words from the input phrase is lemmatized
and comparing with words from this lists. If it matches
this word is to omit from the sequent processing. Ob-
tained in such way input material than used for semantic
analysis.
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The first goal of the semantic analysis is to determine
the semantic type of the input phrase, which is ¢ from the
formal problem statement, i.e. what kind of information
the user wants to receive. The considered here system
deals only with interrogative and imperative sentences.
Narrative sentences where nosing is implicitly asking are
out of consideration in this work.

The criteria of the semantic type determine are facts of
the presence of certain words and words sequences (in-
cluding preposition) in certain forms. The main complic-
ity is that there are a great number of possible semantic
intents ¢ and many of them could be represented in plenty
of different ways (A). Hence, runtime enumerating all
possible options is a long and unproductive way. In the
basis of the proposed here solution for is a tree approach
when analysis is going step by step and on each step only
a few factors are considered that allows one to exclude
many of others variants so they do not need sequent con-
sideration. The determination algorithm is proceeding
until all the necessary and sufficient conditions for the
certain semantic type appear observed. The method also
allows at the same process to find input entities to be sub-
stituted into the query template. Thus, this determinative
tree is actually y from the formal problem statement.

Let us consider the proposed determination method in
more detail.

Even in inflective language, at least in Ukrainian and
Russian words are not going completely random but some
patterns of their sequence exist, which significantly sim-
plifies the analysis. For instance, most types of questions,
excluding so called general questions, begin with question
words (“mo” — “what”, “konmu” — “when”, “ax” — “how”,
etc.), which are the most crucial factor in the process of
the semantic type determination. Imperative sentences
begin with a verb in imperative form, or with appeal fol-
lowed by such verb. Preposition in Ukrainian and Russian
languages can go only before nouns, pronouns and name
groups (the linked group of nouns and adjectives that in
aggregate describe one entity). Thus, the tree algorithm
analyses not just presence of a certain word but it goes
through the words of the phrase as a sequence.

The algorithm could be described like a frame mow-
ing through the sequence of words. The size of this frame
is from one word to several and is equal to a number of
words in consideration during the current condition analy-
sis. The tree is a-ary, so there is no limitation of outgoing
links from its node to the nodes of the lower level. The
tree, its conditions, should be constructed in such manner
that only one possible way must exist to the lower level
from a node; i. e. algorithm should go through the tree
without dividing. If not only one from the conditions op-
tions of the node are suitable, one that is the most suitable
must be selected (but such situations are reasons to im-
prove the conditions, and may be add another level of
conditions). More suitable means the following:

— if the number of checked words (size of frame) in
condition A is bigger than it in condition B and both con-
ditions are matching the current situation, the preference
is to be given to condition A (with bigger frame size);
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— if condition A matches only by word characteristic
(verb in the certain form, noun in some case, etc) and
condition B matches by the text (at least in lemma form),
the preference is to be given to condition B (text match-
ing);

— if condition A matches only by part of speech (just
verb, or noun, or adjective etc.) and condition B matches
also by word form characteristic (case, tense, verb form
etc.), the preference is to be given to condition B (word
form matching).

On each step, only one of the conditions should be
chosen, which determines the conditions checked in the
following step. If there is no matching condition the only
result is that the answer can’t be obtained, which can ap-
pear if the conditions system in the tree is not full. Such
situation is perfectly acceptable if the tree is specialized
for a narrow subject area and number of existing query
templates is rather restricted. Such approach makes the
system easier and faster by early screening out the ques-
tions for which there are no answers in the database. Each
following step could restrict the number of possible query
templates or just check the next necessary condition. At
the end, only one of the possible templates should remain
and all the necessary and sufficient conditions for it
should be observed. If in some case more than one query
template is remain (that is not desirable) several formal
queries are to be formed, but that is evidence of the initial
phrase nebulosity or imperfection of the determination
system. For some cases the frame size is flexible, it is
necessary when there expected a possibility of a words
group with some characteristics but of not determined
length (name group, homogeneous parts of the sentence,
parts of full name, date, etc.). The frame shift for the
following step depends on the actual frame size of the
selected condition, so each time only new words appear in
consideration, crossover shifts of the frame are not
provided in this method. To determine the semantic type
of the user’s phrase (y) and the corresponding query tem-
plate is important, but not enough. A set of entities substi-
tuted to the query template is also needed. Selection of
those entities is performed after the template determina-
tion, because they depend on it. For this purpose in the
end node of the solution tree are also indicated positions
of the way in the tree (by level) from where correspond-
ing variables of the template should be initialized. If in
some position a number of entities are present (described
above cases of flexible size frames), a list will be obtained
to initialize the template variable. If some of template
variables are initialized as list, the condition row of the
template during variables values substitution will be re-
peated for the each value, if this variable in the template is
marked as “allow list”, otherwise its value shall be made
by joining the list members. The first option (“allow list”)
is better for homogeneous parts of the sentence and the
second one — for name groups, which are stored in the
ontology (graph database) in such joined way. In some
cases of narrow subjected ontologies some of the entities
are not to be substituted from the user’s phrase but are
predefined in the template, which makes it more reliable
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in reasons of ontology answer obtaining possibility. Also,
there could be some cases when obtained from the user’s
phrase entity is replaced by its synonym which presence
in the ontology is guaranteed but of the user’s word is not.
If on the expected graph way position there is no entities
to initialize the corresponding template variable (undesir-
able, degenerate, but also possible case), this condition
string shall be omitted in the forming query, so the query
becomes wider.

Here we limited to just a brief description of the pro-
posed query template method without linguistic and se-
mantic details. They very depend on the language, the
subject area and the peculiarities of the ontology structure
accepted in the system. It only should be noticed, that the
full and complete system of semantic types of questions is
not always necessary for most of the databases. It could
be limited to only those types of queries types for which
the answers in this ontology are expected and provided.

The common scheme of the provided natural language
to formal query algorithm is illustrated by a UML activity
diagram on Fig. 1.

Putting query templates and the template selection tree
scheme into separate files allows a developer to adopt the
system to certain ontology without touching the program
code logics. The program code is in a python file to which
a linguistic analyzer is bind to deal with a specific natural
language.

AY
Obtaining a natural | Fall
anguade pnase /
ﬁi/
- . -\‘\
- L Ve ™
e ~._ o Unable folfowin
o e T —
—

C.heerking rondifinns
n e tnag curant posmon |

Fi - Y . 0

[ el the sulubic yuery Obdunung U inpul enbbes ]
templats [ 2 | iniialise template vanables
| R N Z

Figure 1 — UML activity diagram of the process of natural
language phrase to a formal query conversion
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The input information is a natural language user’s
phrase and the output is a SPARQL or Cypher formal
query. The modulus is included to a program agent (web
service) shell, so it could easily become a part of a natural
language dialog or reference system.

4 EXPERIMENTS

To test the developed system we used the OWL ontol-
ogy of letters written to the famous Ukrainian writer of
XX century Oles Honchar. This ontology was semiauto-
matically constructed on the basis of the digest book of
the letters [14]. Let us briefly describe the ontology struc-
ture. Now the working system is available by the follow-
ing URL: https://oles-gonchar-bot.herokuapp.com This
dialog web application involves not only the ontology for
Oles Honchar letters but also several other ontologies
devoted to the literary work of this writer. All ontologies
are in OWL (RDF/XML) and SPARQL is used to query
them. Neo4j graph database and Cypher queries are used
in another developed by us dialog system which is a vir-
tual financial consultant with a natural language interface
(in this case — Norwegian). This application is available
by the next URL: http://178.128.245.158:8888/chatbot/

For the system performance testing serial of experi-
ments were carried out. As input were used natural lan-
guage (Ukrainian) interrogative and imperative phrases.
To estimate obtaining negative and positive results 30 of
the phrases were directly related to the considered in the
ontology subject (letters were written to Oles Honchar)
and the answer on them supposed to be in the ontology,
the others 30 of them were made specially to obtain a
negative result. These phrases for a negative result obtain-
ing were not completely meaningless or grammatically
incorrect (because for such ones there is no a certain posi-
tive result). They actually could be divided into three
groups: in the first group phrases are devoted to Oles
Honchar letters but there is no a supposed answer to them
(20 phrases), in the second one the phrases were about
letters but not to Oles Honchar (10 phrases), and in the
third one phrases were about Oles Honchar but not about
letters (10 phrases). In total, a set of 60 test phrases was
used in the testing all phrases were grammatically correct
Ukrainian sentences. Not obtaining an answer to a phrase
about a completely different subject is trivial, thus they
were not used for the testing.

An answer of the system was considered as a true
positive if the answer was informative and was given as it
was supposed to be. True negative result is the absence of
the requested information (but not wrong or not relevant
information!) but only in the case when we expected it.
As false negative we considered all results where a certain
answer was expected but was obtained either wrong an-
swer, not a complete answer, or no answer. False positive
result may contain any information (complete or not,
maybe even not completely correct) in the case when the
absence of an answer was expected.

The obtained scour was used for the calculation of ac-
curacy, precision, recall and F; criteria.
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Also the time intervals of the phrase analysis and
query formation process were measured. These times in-
clude just these process but not also the times of query
execution, messages between agent and to the user send-
ing, page rendering etc.

5 RESULTS
The scour for each type of the obtained during the
testing results is shown in table 1. The values of formal
estimation criteria are given in table 2.

Table 1 — Experimental results score

Type of result | Number of results
Tp 24
Tn 29
Fn 6
Fo 1

Table 2 — Evaluation criteria of the system performance results

values
Criterion | Value
Accuracy | 0.883
Precision | 0.960
Recall 0.800
F 0.873

It should be noticed that one answer considered here
as a false positive is actually not a completely correct
answer, but the true negative result for it ought to be “no
answer”. From the false negative results actually in four
cases there were no answer and in two ones the answer
was but incorrect.

The average time interval of the analysis and query
formation process was 6 + 3 ms. Any statistically valuable
decadence of it from the phrase length and complicity was
not observed.

6 DISCUSSION

Generally, according to the values of the criterion, the
developed system seems to be rather qualitative and is on
the level of claimed in [2, 7, 10]. Thus the proposed
method may be workable and practically acceptable. But
some of its peculiarities revealed in the experimental test-
ing are to be discussed in more detail.

The system shows a high precision criterion value be-
cause it is not inclined to false positive results. The cause
of this is the sensitivity of the tree-based method and then
ontology querying system to not subjected information. It
rather gives no results in this case than some results. Ad-
ditional information, which we did not expect to receive,
but suddenly received, simply cannot be taken with this
approach to the construction of the ontology and queries
to it. But sometimes seldom if the input information is
rather similar to one stored in the ontology some answers
(may be not very relevant) could be obtained.

Unlike the precision, recall criterion is not so high.
This is mostly because the system tends to not find an-
swers even if they are in the database. The reason for this
is some incompleteness of the decision tree rules (some
possible constructions or/and distinguishing words were
not taken into account). Another cause may be that some
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words which should to be ignored actually were not
putted to the corresponding lists. This type of problem
could be solved quite easily — by adding the necessary
lacking rules and words lists. But the problem of wrong
answers obtaining is some more complicated: it needs
increasing of the semantic analysis profundity and preci-
sion for distinguishing more subtle aspects, also taking
into account homonymy and correct interpretation of pro-
nouns.

In the whole, the developed method has the potential
to show a rather good accuracy and high performance. It
is scalable and could be tuned both to small narrow sub-
jected ontologies or wide and complicated ones. More-
over, it is rather simply correctible and the obtaining re-
sults could be easily explained and if needed it is clear
what and where the corrections and additions have to be
made. It is the same suitable for SPARQL and Cypher
queries, and may by others query languages used in graph
or relations databases.

For the moment it is elaborated only to some narrow
subjected ontologies that need a rather limited variety of
query templates and templates are constructed not for all
the possible semantic types of questions. In the future, we
are to make a more thoughtful and complicated decision
tree to determine most of the semantic types of questions
and imperative sentences.

As a main disadvantage of the proposed method is the
need for manual creation of the query templates and the
decision tree to determine the most suitable template,
which is also very depend on the ontology structure. That
may take a lot of effort. Thus, it seems to be suitable for
the systems using narrow subjected ontologies that need
to have high accuracy and stability of the answers and
where databases are tend mostly growing in data size but
not significantly change their structure.

CONCLUSIONS

A method is proposed for the conversion of natural
language questions and imperative phrases to formal que-
ries in SPARQL and Cypher query languages used in
graph databases. The proposed technique assumes the
presence of several query templates corresponding to each
for a special semantic type of question. Meaningful enti-
ties extracted from the user’s natural language phrase are
substituted into the corresponding query template. For the
most suitable query template selection a tree based se-
mantic analysis method is proposed. The method assumes
that the frame is shifting through the words list of the
phrase considering on each step one or several words.
These words are analyzed to match one of the conditions
on the current tree position. The most matching condition
determines the following position on the next level of the
tree. The process proceeds until there will remain the only
option of query template and all the sufficient conditions
for the corresponding semantic type are proofed to be
observed. Then depending on the selected query template
input entities for it are taken from the given positions of
the previous consideration.
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The scientific novelty of the proposed approach is
following: a technique of automatically conversion of a
natural language phrase to formal queries in SPARQL and
CYPHER query languages was further developed, the
peculiarity of the presented method is using flexible query
templates which selection and variables substitution is
controlled by the tree-based semantic analysis, develop-
ment and application of such methods is currently little
elaborated; important feature of the proposed approach is
its capability for inflective languages, especially, Ukrain-
ian and Russian, for which such tools are poorly devel-
oped for the moment; were investigated the efficiency and
possibilities for practical application of the proposed tree-
based semantic analysis approach, standard criterions
values were estimated, data on the assessment of this
method were not previously known.

The practical value of the obtained results is that the
proposed method seems to be useful in dialog and refer-
ence program systems which use graph databases either
OWL/RDF or Neo4j based. The performance results of a
program that implemented the proposed technique are
clearly interpretable and explainable, which makes this
approach highly customizable, fixable, and extensible.
The tree-based method is rather scalable and could be
suitable either for small narrow-subjected databases or big
and complicated ones.

Quantitative indicators of the research results
showed during the system testing are expressed by the
following evaluation criteria values: Ac = 0.883, P =
0.960, R = 0.800, F; = 0.873. The obtained testing results
seem rather reassuring and promising. Thus, the devel-
oped method is useful in constructing dialog and refer-
ence systems with a natural language interface. Also it
shows the ability to easily corrections and editing if
needed.

Prospects for further research are seemed as fol-
lows: investigation of different an more complicated
graph data bases which represent more possible types of
semantic relationships allocation explicitly and implicitly
existing in them and constructing of new types of formal
query templates for this purpose; further developing the
proposed here semantic analysis technique for more (both
general and subject oriented) semantic types determina-
tion, including mixed ones, and methods of meaningful
concepts obtaining for them; development of methods that
are able to as better as possible fit the terms obtained from
an input natural language phrase to the corresponding
values of the nodes in the graph database, which increases
the possibility of an answer obtaining even for cases of
long multiword terms in the nodes and expanding and
narrowing an input term context regarding them.
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AHOTAULIA

AkTyaabHicTb. L{g poboTa mpucsdeHa npodiaemi moOy10BH MPUPOIHOMOBHOTO iHTepdecy uid OTpuMaHHA iH(dopMalii 3 rpa-
¢oBux 6a3 manux. OCHOBHA yBara IpHIULIETECS METOAAM HEepeTBOPEHHS (pa3 MPUPOIHOI0 MOBOKO Y (DOPMaIIbHI 3aIlUTH Ha MOBAX
3amutiB SPARQL ta CYPHER.

Merta. L{insmMu poOOTH € CTBOPEHHSI METOy CEMAaHTHYHOTO aHANi3y THIy BXiJHUX IIPUPOIHOMOBHHX (pa3 Ta BUAUICHHS 3 HUX
3HAYYIIMX CYTHOCTECH JIs iHiIliami3aril 3MiHHUX [1a0JIOHY 3alKTy, M00YyI0Ba THYYKUX IIAO0NOHIB 3alUTiB JJIS BiJMOBIIHUX CEMaH-
TUYHHX THIIB (pa3, po3pobka mporpaMHol peaizallii 3arponoHoBaHOro Crocooy.

Mertoa. Po3po6ieHo Meton, 1m0 6a3yeTbest Ha A€peBi NPUHHATTS PillleHb, JUIs BU3HAUSHHS CEMaHTHYHOTO THITY (pasu KOPHUCTY-
Baya i OTpUMaHHs 3 Hei Habopy MOHATH, AJIA MiJCTAHOBKH iX y MEBHI MiCI HAHOUTBII MiAXOAAIIOro mabioHy GOpPMAIEHOTO 3aIHTY.
[IponoHOBaHa METOAMKA BHUPIIIy€E 3aBAAaHHA BH3HAYCHHs TUITY (ppasu (0 Oe3mnocepeiHpO MOB A3aH0 3 KpUTEpieM BUOOpY MAOIOHY
(opMaNbHOTO 3aIMTY) 1 OTPHUMAHHS 3HAYYIIUX HOHATH, VIS iHiNiami3anii 3MIHHUX oOpaHOro madioHy. Y mOTOYHiH poOoTi po3ris-
JTAfOTHCS TIIBKM NMUTANBHI H Haka3oBi ()pa3u KOpHCTyBada, TOOTO Ti, SIKi B IBHOMY BUIJISI IPOIIOHYIOTH CHCTEMI JIaTH BiIIIOBilb.
IMepenbauaeTbces, 10 PO3IIIAHYTA AiaJIorosa ado JOBiAKOBA CHCTEMa BUKOPUCTOBYE rpadoBy OHTONIOTIUHY 0a3y NaHuX, 1o Oesmoce-
peIHbO BIUTHBAE Ha (hOPMaIIbHI MIAOIOHY 3aIUTIB — pe3yJibTyrodi 3anuti BukopuctoByroth SPARQL a6o Cypher. [Ipukiany ceman-
THUYHOTO aHaji3y, PO3IJISHYTI B Liif poOOTi, BITHOCATHCS MEPEBAXKHO 10 MOB (DJICSKTHBHOIO THITY, a caMe, YKPaTHChKOI Ta POCiHChKOT,
ajie OCHOBHI MIPUHIIMITA MOXYTh OYTH OPHIATHUMH 1 UTsl OUIBIIOCTI iHIIMX MOB.

PesyabTaT. Po3pobnenuii MeTon nmepeTBopeHHS (pa3u Ha MpUPOAHiid MoBU y dopmanbhuii 3anut Ha SPARQL abo CYPHER
OyJI0 IPOrpaMHO peali3oBaHoO Ul YKPaiHCHKOI Ta HOPBE3bKOI MOB i3 BUKOPHCTAHHSM BY3bKUX MIPEIMETHHX OHTOJIOTIH Ta MPOTECTO-
BaHO Ha BIANOBIAHICTH (GOPMATBEHUM KPHUTEPisiM epeKTHBHOCTI.

BucHoBKH. 3anponoHOBaHUN METO]] JO3BOJISE IaJIOTOBIM CHCTEMI MIBUAKO Ta 3 MIHIMAIBHOIO KUIBKICTIO KPOKIB BHOpaTh Haii-
01T MIAXOMSAIINHA NIA0JIOH 3alUTy Ta BUTATTH iHGOPMATUBHI CYTHOCTI i3 BXiZIHOI IPUPOIHOMOBHOI (pasy, BpaXOBYIOUH BEINYE3-
Hy BapiaTUBHICTb ()pa3 y QiexkTtuBHHX MoBax. [IpoBe/eHi €KCIIEpMMEHTH IOKa3ajld BUCOKY TOUHICTh Ta HaIiHHICTH 1MOOYH0BaHOT
CHCTeMH Ta 11 OTEHIiaJl U1l HPAKTHYHOTO BUKOPUCTAHHS Ta MOJAJIBIIOTO PO3BUTKY.

KJIFOYOBI CJIOBA: 06pobka mpupoaHoi MoBH, rpadoBa 6a3a JaHUX, CEMAaHTHYHUIT aHai3, (OpMaIbHUIA 3alUT, JEPEBO MPH-
WHATTS pillleHb, OHTOJIOT1sL.
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AHHOTAIUSA

AKTyalbHOCTB. [lanHas paboTa mocBsdiieHa npodiieMe IOCTPOeHUsT HHTepdelica Ha eCTECTBEHHOM SI3BIKE U1 OHTOJIOTMYECKUX
rpa¢oBbIx 06a3 qaHHBIX. OCHOBHOE BHUMAHHWE YAEISAETCS METOAaM IpeoOpa3oBaHus (pa3 Ha €CTECTBEHHOM S3BIKE B (hOpMalbHBIC
3arpockl Ha s3bikax 3anpocoB SPARQL u CYPHER.

Hean. LlemsiMu paGoTs! sBIsIETCS CO3AaHUE METOAA CEMAaHTHYECKOTO aHaM3a THIIOB BXOJHBIX €CTECTBEHHOS3BIKOBBIX (pa3 U
BBIJICTICHHS] M3 HUX 3HAUYMMBIX CYIIHOCTEH JUIS WHHITMAIN3alUy IIepeMEHHBIX MIabloHa 3ampoca, MOCTPOCHHE THOKUX NIa0JIOHOB
3aIPOCOB JUISl COOTBETCTBYIOIIMX CEMAaHTHYECKUX TUITOB (hpa3, pa3paboTKa MporpaMMHOM pean3aiuy NpeaaokKeHHOTo cnocooa.

Merton. Pa3zpaboran MeTo/], OCHOBaHHBIH Ha JiepeBe NPUHATHS PEILCHUH, I ONpeeIeHHs] CEMaHTHYECKOTO THIA (h)pa3bl MOJIb-
30BaTeNsl U MONy4YeHHs U3 Hee Habopa MOHATHH, ISl MOACTAHOBKU UX B HauOolsiee MOAXOQIIMe M1abaoHbl (OPMaIBHOTO 3ampoca.
[Ipennaraemas MeTOAMKa peIlIaeT 3aaady OmpenaesneHus Tuna (passl (HEOCPEICTBEHHO CBS3aHO C KpUTEpHEM BblOOpa IIabioHa
(opManbHOTO 3ampoca) M MOTyYCHUS 3HAYMMBIX MOHATHH, U MHUNMAIN3AUM IepEeMEHHBIX BHIOpaHHOTO mabnona. B texymeit
paboTe paccMaTpHBAIOTCSI TOIBKO BOIPOCHUTENBHBIE U IOBEIHUTEIBHBIE (Ppas3hl IMOIB30BATENS, TO €CTh Te, KOTOPHIE B SBHOM BHIE
IIpe/UIaraloT CHUCTeMe JaTh OTBeT. lIpesrmonaraercs, YTo paccMaTpuBaeMasi JUANIoroBast MJIM CIIPaBOYHAsi CHCTEMa HCHOJB3YeT Ipa-
(hOBYIO OHTOJIOTHYECKYIO 0a3y MaHHBIX, YTO HEMOCPEICTBEHHO BIMSAET Ha IAGIIOHB! ()OPMAIBHBIX 3alIPOCOB — B ITOJYYaeMBIX B pe-
3ynbrare 3amnpocax ucnoib3yrrcs SPARQL wiu Cypher. [Ipumepsl ceMaHTHUECKOTO aHAM3a, pACCMOTPEHHbBIC B 3TOH paboTe, OT-
HOCSITCSI IPEUMYIIIECTBEHHO K s3bIKaM ()ICKTHBHOTO THIIA, @ UMEHHO, YKPAHHCKOMY M PYCCKOMY, HO OCHOBHBIC HNPHHIUITBI MOTYT
OBITH IPUTOJHBIMH U JUIS1 GONBIIUHCTBA IPYTHX S3BIKOB.

Pe3yabTathl. PazpaboranHblii MeTo npeobpa3oBanust (pa3bl Ha €CTECTBEHHOM si3bIKe B (hopMaibHbIi 3anpoc Ha SPARQL wnn
CYPHER 0511 iporpaMMHO peann30BaH ISl YKPAHHCKOTO W HOPBEKCKOTO SI3BIKOB C UCTIOJIB30BAHUEM Y3KHUX MPEIMETHBIX OHTOJIO-
THIA ¥ POTECTHPOBAH HA COOTBETCTBHE (POPMATBEHBIM KpUTEPHSIM 3P hekTHBHOCTH.

BriBoasl. [IpennosxeHHBIII METON MO3BOJISET JUAIOTOBON CHCTEME OBICTPO M C MUHHMMAJIBHBIM KOJMYECTBOM IIAaroB BHIOPATh
HanOoJee TTOIXO NI malIoH 3ampoca U U3BJIeYs HHGOPMATUBHBIE CYIIHOCTH UX HCXOMHON €CTECTBEHHOS3BIKOBOU (hpassl, yuu-
TBIBasi OTPOMHYIO BapHATHBHOCTH (hpa3 B (UIEKTHBHBIX s3bIKaX. [IpoBeneHHbIE SKCIEPUMEHTHI OKa3aid BBICOKYIO TOYHOCTH M Ha-
JIeKHOCTH Pa3pab0TaHHOM CHUCTEMBI U €€ TIOTEHINAN JJIs IPAKTHYECKOTO HCHOJIB30BAHUS U Pa3BUTHSI.

KJIFOUEBBIE CJIOBA: 06paboTka ecTecTBEHHOTO s3bIKa, TpadoBast 0a3a JaHHBIX, CEMAaHTHYECKUH aHaIM3, (POpMaIbHBIN 3a-
IPOC, JEPEBO MPHHATUS PELICHNH, OHTONIOTHSI.
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CTOXACTHUYHA MCEBJOCHIHOBA HEMPOHHA MEPEXA
3 TPUAIAT'OHAJTBHUMU CUHAIITUYHUMMU 3B’ SA3KAMU

Menemax P. M. — n-p ¢i3.-mar. Hayk, npodecop kadeapu iHpopManiiHUX cUCTEM Ta Mepex, HalionanbHui yHi-
BepcuteT «JIbBiBChKa NOMiTEXHIKa», JIbBIB, YKpaiHa.

JlutBun B. B. — 1-p TexH. Hayk, npocdecop, 3aBimyBad xadenapu iHGopmaliiiHux cucreM Ta Mepex, Harionansauit
yHiBepcuTeT «JIbBiBChKa MoJiTeXHiKa», JIbBIB, YKpaiHa.

Yepusik O. 1. — acmipantka kadenpn MareMaTHky, J{poroOMIbKNi 1epaBHUH Ie1aroridyHui yHIBEpCUTET iMeHi
IBana ®panka, [Iporoduy, YipaiHa.

Menemax 1. P. — acmipanT xadenpu iHpopmMamiitaux crcreM Ta Mepex, HamioHansHuN yHiBepcHTET «JIBBIBChKA
moriTexHikay, JIbBiB, YkpaiHa.

Jopomenko M. B. — xanp. ¢i3.-mar. Hayk, JoueHT kadeapu iHpopMaTuku Ta iHpopMaliiHuX cucrem, Jporoou-
LIBKAHN Iep>KaBHUN MeIaroriyHuid yHiBepcuTeT iMeHi IBana dpanka, J[porobuy, Ykpaina.

AHOTALIA

AxTyanbHicTh. [l CKOPOUEHHS Yacy 0OYHCIIOBAIFHOTO pecypcy B 3aJadax AiarHOCTYBaHHS Ta PO3Mi3HABAHHS CIIOTBOPEHHX
o0pa3iB Ha OCHOBI IOBHO3B SI3HOI CTOXaCTHYHOI IICEBOCIIIHOBOI HEHPOHHOI MepeXi BUHUKAE HEOOXiJHICTh MPOPI/HKCHHS CHHAIITH-
YHUX 3B’SI3KIB MDXK HEHpOHAaMHU, 110 BHPILIyETHCS 32 JOMOMOIOI0 METOAY JiaroHaii3amil MaTpHIli CHHANTHYHUX 3B SI3KIB Oe3 BTpaTu
B3a€MOJIiT MK BciMa HEHpPOHAMU B MEpEexi.

Meta po6otTn. CTBOpEHHSI apXiTEeKTypH CTOXAaCTHYHOI ICEBJOCIIHOBOI HEfpOMepexi 3 PO3Pi[KeHUMU Ta AiarOHAIBHUMHU CH-
HaNTHYHUMHU 3B’s13kaMu O3 BTpaTH B3aeMOJIil MK BciMa HEPOHAMHU B MEPEXi AJIsI SMCHILICHH Yacy 11 HaBYaHHS.

MeTtona. Y cTaTTi BAKOPHCTOBYETHCS METO/ XayCXOJAepa, METO]] CTUCKY BXiTHHX 00pa3iB Ha OCHOBI JiaroHasi3allii MaTpuIi cu-
HANTUYHUX 3B’A3KIiB Ta cucTeMa KoM 1oTepHoi MmaremMatuku MATLAB s 3BeieHHsI TOBHO3B’ SI3HOT HEMpOMepeki O TpuaiaroHa-
JIHOTO BUITISLY 3 IPUXOBAaHUMHU CHHANITHYHUMU 3B’sI3KaMU MK BCiMa HeHpOHaMu.

Pe3yasTaT. Po3po6ieHo MOJenb apXiTeKTypH CTOXAacTHYHOI HeHpoMepexi 3 po3piUKeHHMH NEepeHOPMOBAaHUMH CHHANTHY-
HHUMH 3B’s13KaMH, SIKi BpPaXOBYIOTh BHJIy4€HI CHHANTH4HI 3B’13kK. Ha OCHOBI epeTBOPEHHsI MaTPUIli CHHAIITUYHHX 3B’s3KiB ITOBHO-
3B’s13HOT HEeHpOHHOT Mepexi 1o Marpuli ['eccenbepra 3 TpuaiaroHaJIbLHUMU CHHANTHYHUMY 3B’SI3KaMH 3aIIPOIIOHOBAHO MEPEHOPMO-
BaHe JIOKajbHe npaBwio Xe66a. 3a jpomomororw cucremu komir otepHoi Matemaruku « WolframMathematica 11.3» po3paxoBano B
3aJIeKHOCTI BiJ YMCJIa HeHpoHiB N BiJHOCHHI Yac HalaIUTyBaHHS CHHANTHYHHX 3B’sI3KiB (32 OHY iTepalilo) y CTOXaCTUYHIH MceB-
IOCHIHOBi HEHPOHHIN Mepexi 3 TPUAIarOHATBPHOI MaTPHUIICIO 3B S3KiB, BITHOCHO Yacy HAIAIITYBAaHHS CHHANTHYHHX 3B’s3KiB (3a
OJIHY iTepalilo) y IMOBHO3B’ sI3HIi CHHANITHYHIN HEHPOHHII Mepexi.

BucHoBku. BcranoBieHO, 110 31 30UTBIICHHSM YUCIIa HEWPOHIB Yac HAIAIITYBAaHHS CHHANITHYHHX 3B’ SI3KIB (32 OJIHY iTEpallii) y
CTOXaCTHYHIH IICEBJIOCIIIHOBII HEHPOHHIHN Mepexi 3 TPUAIarOHATEHOI0 MAaTPHICIO 3B SI3KiB, BITHOCHO Yacy HaJIalITyBAaHHS CHHANTH-
YHUX3B A3KIB (32 OJHY iTepalilo) y MOBHO3B s3HIH CHHANTHYHIN HEWPOHHIH Mepexi, 3MEHIIYEThCS 32 TilnepOoJIiuHIM 3aKOHOM. B
3aJIE)KHOCTI BiJl HAIIPSIMKY IICEBIOCIIIHIB HEHPOHIB, 3aIIPOIIOHOBAHO KJIacH(iKallilo IepeHOPMOBaHOI HEHPOHHOT Mepexi i3 (epoma-
THITHOIO CTPYKTYPOIO, aHTU(EPOMATHITHOIO CTPYKTYPOIO Ta IUIIOJIBHUM CKJIOM.

KJIFOYOBI CJIOBA: HeiiponHa Mepexa, CHHANITHYHI 3B’13K1, MaTPHULIS 3B’ 3KiB, TPUAiaroHai3aris.

HOMEHKJIATYPA ky — KOeQIIlieHT, 10 OMKMCY€E Yac HANANITYBAHHS OJI-
by (f) — BaroBi KkoeQilieHTH CHHANTHMHMX 3B’A3KIB  yoro cypanTudHOro 38°s3Ky Matpuni eccenbepra;
MIDX BXIJJHUMH CEHCOPHHUMH Ta TICEBIOCIIIHOBIMHU HEHUpO- N — KiNbKiCTh HEHPOHIB;
HaMH y HeHpoHHil Mepexi ['eccenbepra; N, — KIIbKICTh CHHANTHYHHUX 3B’SI3KIB IOBHO-
g

E — dynkuis eHeprii mTy4HOi HefipoMepeki B3aEMO-
JI0YMX TICEBAOCIIHOBUX HEHPOHIB;

f(h,) — dyukuis posnoniny depwmi;

h,, —TOTeHLian 71 -ro CTOXaCTHYHOI'0 HEHpOHa;

3B’513HOT HEHPOHHOI MEpexi;

N P - KUIBKICTh CHHAIITUYHUX 3B’ SI3KiB IIOBHO3B I3HOT
CHUMETPUYHOI KBaIpaTHOT MaTPHIIi;

N, - KIJIBKICTh SIBHMX CHHAIITUYHMX 3B’SI3KIB, SIKi 3a-

(hn (t)) — JIOKaJbHE CaMOY3IOJDKEHE IOJe, SIKe Ji€ Ha . LA
JMIIAIOTECS [IPU TEPETBOPEHHI MATpHUIl A y MaTPHILIO
IICEBIOCIIHOBUI HEUPOH S, 3i CTOPOHHM PELITH TICEBIO- 7
CIIHOBMX HCHPOHIB, P. — iiMoBipHicTh mepexoy HelipoHa B cTaHu *1 ;

() - BHIIIIHE T AK TheA 3 iHGO- .
, (1) —ueso € mojte, sIKe CKIajaeThes 3 itpo S, — CTaH 7 -r0 CTOXACTUYHOTO HEUPOHA;

o . n b
pmattiittoro curnany &, i mymy V. () y Bximomy (S,) — odikyBaHe 3HaUeHHs CTaHy 7 -TO CTOXACTHY-

KamHaJi1, o HOTO HeHpoHa,;
k, — xoedirtienT, 1m0 OMHUCYE YAC HATAMITYBAHHS OJI- T — aHQIOT TEMIIEPaTypH, SKUH BHKOPHUCTOBYHOThH
HOI'O CHHANTUYHOTO 3B’13KY [OBHO3B’A3HOI MaTpHLli; JUIS KepYBaHHA PIBHEM IIyMy Ta CTYIIEHEM HEBU3HAUEHO-

CcTi NEPEMUKaHHS,
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t?» — YacC HaJJalITyYBaHHS CUHAIITUYHUX 3B’SI3KIB /1,“ 5

> . .
ty — YacC HAJIAIITYBAaHHA CUHAIITUIHUX 3B A3KIB 7Y, 5

o — Koe(IlieHT, IKUI MTOKa3ye, y CKUIbKU pa3iB 3Me-
HIIYETbCA KUTBKICTh CHHANITHYHUX 3B’A3KiB HEHPOHHOI
Mepexi michns mpuBEACHHA ii JO TPHUIiarOHaJIbHOTO BH-
Ty

¥ — TpumiaroHanbHa CHMETPUYHA MATPHI 3B SA3KiB;

Y, — CHHANTH4HI 3B’s3KHM Helipomepexi ['eccenbep-
ra;

8, — cumBox KpoHekepa;

0., — IapamMeTp 3aBaHTaXEHHS HeHPOMepexi;

A — CHMETpUYHA MATPULS IOBHO3B SI3HUX CHHANTHY-
HHX 3B’SI3KIB;

€ Ta &, — 00pasu i-ro Ta j-ro MiKCEIiB BiANOBi/-
HO;

{¢.] — mabip, sxmit mpencrapisie coboro indopma-

LiifHY KO0 HEWPOHHOT Mepexi.

BCTYII
[Tix gac po3B’si3yBaHHs 3a/1a4 PO3Mi3HABAHHS CIIOTBO-
peHUx 00pa3iB 3a JOMOMOTOK HEHPOHHHX MEPEeX BUHH-
KafoThb TPAaKTHYHI MHUTaHHS MiHIMi3amii po3mipy HeHpo-
MEpexi, apXiTeKTYpH CHHANTUYHUX 3B’SI3KiB MiX HEHpO-
HaMH, 3MCHIICHHS Yacy HaBUaHHSI HEWPOHHOI Mepexi,
30inblIeHHA e€MHOCTi P Helipomepexi (P=a, N, zxe

o, — mapamerp 3aBaHTaXEHHsS HeWpoMmepexi, MakchuMma-

c
JIbHE Ha JaHuil yac 3HaueHHs skoro o, = 0,14 [1]) Ta
HiJBUILEHHS CTYIEHs Yy3arajbHeHHs (yHKLIOHAIBHOT
3JIaTHOCTI HeiipoMmepeski 0e3 BTpatH ii IpOoyKTHBHOCTI.

Ha nanmit yac po3mip HelipoMepexi MiHIMI3YIOTh 3a
paxyHoOK chpolueHHs i cTpykrypu [1]. 3okpema, € nBa
MAXO0AM, MO0 CIPOCTHTH CTPYKTYPY HEHpOMEpexi: mep-
it 6a3yeThes Ha «peryisipu3amii», a Apyruil — Ha BUITY-
YeHHI 13 HSHPOHHOI MepeXKi CHHANITHYHUX 3B’ SI3KiB.

YV nmaniit poOOTi CIPOIIEHHS CTPYKTYPH TIOBHO3B  I3HO1
IICEBAOCIIHOBOI HEHPOHHOI Mepexi 0a3yeThCsl Ha TpUBe-
JICHHI CHMETPUYHOI MATPHIi MOBHO3B S3HUX CHHAITHY-
HUX 3B’S3KIB JI0 TpUAiaroHaJibHOI Matpuii ['eccenbepra
[2]. ¥ 3anponoHoBaHOMY MiX0/i 30epiraeTbesi B3aEMO/Iis
MiX BCiMa NICEBIOCIIIHOBUMHU HEHPOHAMH, HA BIAMIHY Bif
IiIXOy BWIIyYCHHS! CHHANTHYHUX 3B’s3KiB. L B3aemo-
Jlisl BpaXxOBYETHCS Y NIEPEHOPMOBAHHX 3B’SI3KaX MK Haii-
OMMKYNMH CYCITHIMH TICEBIOCIIHOBUMH HEWPOHAMH.
[Ipr nbOMy TiABHINYETHCS CTYIIHBb y3aralbHEHHS (DYHK-
IOHATBHOI 34aTHOCTI HEHpOMEpeKi.

O0’exTOM AOCTIIZKEHHSA € MPOIEC PO3POOKH CTOXac-
TUYHOI IICEBIOCIIHOBOI HEHPOHHOI Mepexi 3 MiHIMi30Ba-
HOIO apXITEKTYPOIO CHHANITHYHHUX 3B’ SA3KiB.

IpeaMeToM oCTiMKeHHSI € METOX OLIHKH BiIHOC-
HOTO Yacy HaJlallTyBaHHS CHHAITHYHUX 3B’S3KIiB (32 0f-
Hy iTepallilo) y CTOXaCTUYHIi MCeBIOCIIHOBIH HEHPOHHIN
Mepexi 3 TPHUIIaroHAJIBHOI0 MATPUIEI0 CHHANTHYHHUX
3B’SI3KIB y 3aJIEKHOCTI BiJ| YKcCiIa HEHPOHIB.

Merto10 naHoi poOOTH € CTBOPEHHS apXiTEKTypH CTO-
XaCTHYHOI ICEBJIOCIIHOBOT HeHpoMmepexi 3 MiHIMi30Ba-
HUM YHCJIOM CHHANTUYHUX 3B’SI3KIB IJIsl 3MEHILEHHS 4acy
11 HaBYaHHS.

1 IIOCTAHOBKA 3AJTIAYI
Hefiporn 1mITYy4HOI TIICEBAOCIIHOBOI TIOBHO3B’SI3HOI
HEWPOHHOT MepexXi pO3MillIeHI B TOYKaX MPOCTOPY 3 KO-
opamHaTamu (puc. 1)

r.=ma +na, + pas, (D

ae m;,n;, p; € Z, d,,d,,d, —6a3ucHi BEKTOPH.

Pucynok 1 — [IceBnocninoBa HeifpoHHa Mepexa 3
TIOBHO3B’A3HUMH CHHAIITHYHAMH 3B’ s13kamu. Jo0yTok EE, >0

BKa3y€ Ha IiJICWICHHS CHHAIITUYHOTO 3B 53Ky MIX i~THM Ta j-
TUM Heliponamy, a &, <0 — Ha Horo nocnabieHHs

[ceBnocninoBa HelipomMepexa € HaHiIMOBIPHIILIO ISt
KOHKPETHOI peaizalii IUHaMI4HOi HEHpOHHOI Mepexi.
Lls1 HeilpoHHa Mepexa CKIAmaeThbcs 3 N CTOXaCTHUYHUX
MICEBIOCIIHOBUX HEHPOHIB, SIKI B3a€MOIIOB’sA3aHI CHHAII-
TUYHUMH 3B’s3KamMu A, . CHMeTpHUYHA MaTpHLsL MMOBHO-

3B’SI3HUX CHHANITHYHHUX 3B’SI3KiB Ma€ HaCTyHHI/Iﬁ BUTJIAL

0 X12 }“13 7\’1N

. }"12 0 7‘23 }\’ZN

A={ Ay Ay 0 0 Ay | )
)\‘IN sz >\‘3N 0

Jns BupimeHHs 3amadi MiHIMI3amil 4acy HaBYaHHS
HEHpPOHHOT MEpeXi, MPOMOHYETHCA 3BECTH CHMETPUUHY
MaTpulro MMOBHO3B’ I3HUX CHHAIITHYHUX 3B7§I3KiB IICEBO-
CIIHOBOT HEHPOHHOI Mepexi (2) 10 TpUAiaroHalIbHOI CH-
MeTpuuHOi MaTpuili ¥ (Marpuii [eccenbepra [3]).

2 OrJisi g JITEPATYPU
VY pobotax [4, 5, 6] 3anTporOHOBaHA HOBA apXITEKTypa
3TOPTKOBHX HEHPOHHUX MEpex, sika MOXe OyTH 3aCTOCO-
BaHa y BUIIAJKY, KOJIM BXI/HI JlaHi HE TOB’s3aHi MiX CO-
0010. ABTOpH pOOIT [7, 8] MOCTIIKYIOThH 33/1a4y BCTAHOB-
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JICHHS 3B’SI3Ky MK HEHPOHaMH MO3KY JIIOJAWHH Ta MIiKpO-
TpyOOUKaMM ILIMTOCKeNeTa, 30KpeMa y [7] omucyerbes
€HEeprisl CUCTEMU B3a€MOJIIIOYHX IICEBJOCITIHIB Ta po3Lie-
IUIEHHSI OCHOBHOTO CTaHy JTUITOJIHOT CUCTEMH MIKpOTpY-
00uYKHM Ha Pi3HI EHEPreTUYHI CTaH!.

ABTOp poboTH [1] MponOHye BHIIy4EeHHSI HECYTTEBHX
CHHANTHYHHUX 3BS3KIB 32 paXyHOK MaTpHIli, 00€pHEHOI 10
Matputi ['ecce, e BUAUISAIOTh HECYTTEBI BarOBi CHHAIITH-
YHi 3B’S3KH 0araTomapoBOTO IEpIENTPOHA 1 BIIIyYalOTh
ix. Y upoMy miaxoji (yHKIS BapToOCTi MOBUHHA OyTH
JBiul TudepeHIiioBaHO 0 eJieMEeHTaM BEeKTopa Bar
CHHANTUYHUX 3B’ A3KiB.

le omHuH croci0 BHIYYEHHS Bar CHHANTHYHHX
3B’SI3KIB 3 HEHPOHHOI MEpeXi IMOoJIsIrac B TOMY, IO IMpPO-
BOJWUTHCS OLiHKa (yHKIIT ImTpady 3a CKIaIHICTh

z (w./wy)

E, (v_v) = 5~ [9], fAKa 3a5eKUTH BUKIKOYHO
i€Crpar 1+ (W[/WO )

BiJ camoi Mojeni Helipomepexi. OmiHka Oa3yeTbcsi Ha

HONEpeIHIX 3HAHHAX IIPO MofeNnb Helipomepexi. [le w, —

JeAKAI Harepes BU3HAYECHUHM IapaMeTp; w, — Bara i-ro

CHHANTU4HOrO 3B’s13Ky; C, , — MHOXHHA BCIX CHHAIITH-

total

YHHUX 3B’A3KiB HelpoMmepexi. SKmmo |wl.|>> w, (ynkuis
mrpady 3a CKIaAHICTh (BapTicTh) £, ( sz) JUT CHHAIITHY-

HOTO 3B’SI3KYy W, J0CAra€ MaKCUMaJbHOTO 3HA4YEHHs 1

nopieHioe 1. Ile o3Hauae, 110 Bara CHHANTHYHOTO 3B’ 3Ky
W, Ma€ BHUCOKY LIHHICTb JUIf IIPOLIECY HAaBYAHHSA METO-

JIOM 3BOPOTHBOTO MOIIMPEHHS MOMMWJIKH. TakuM YHHOM
¢yHKIiS mTpady AO3BOIISIE BUSABISATH CYTTEBI BaroBi CH-
HANTHYHI 3B’S3KH MK HEHpOHaMU HEHpoMepexi, a He
CYTTEBI — BIJIyYaTH.

Y HacTymHHX po0OTax IPONOHYETHCS ONTHMIi3aLlis
CTPYKTYpH HEHPOHHOI MEpexKi Ui TaKuX 3a1ad, K 00UH-
CIIIOBaHHS JaHHUX BEJIMKOMAacIITaOHMX Jara cetiB [10] Ta
aBTOMaTUYHa pO3poOKa HEHPOHHMX MeEpEeX Ha OCHOBI
EBOJIIOLIHHMX anropuT™miB [11].

HactynauM metomom MiHiMi3aumii Tomosorii HeHpoH-
HOI MepexXi (KUTbKICTh HEHPOHIB, KiJIbKICTh CHHANITUYHUX
3B’sI3KIB MDXK HelpoHamu) € reHeTHuHui anroput™ (I'A)
[12, 13].

ABtopamu pobotu [14] 3amponoHOBAHO CIPOIICHHS
CTPYKTYpH HEHPOHHOI MEpEeXi 3a JOIIOMOTOI0 BIIIYYCHHS
HE/larOHAJIPHUX KOMIIOHCHTIB CHHANTHYHUX 3B SI3KIB
METOJIOM JIiaroHasi3allii MaTpHIli 3B’ I3HOCTI.

3 MATEPIAJIM I METOAU
3BeeMO CHMETPHYHY MATPHILIO ITOBHO3B’SI3HUX CH-
HaNTHYHHUX 3B’S3KIB IICEBAOCIIHOBOI HEWPOHHOI Mepexi
(2) no TpuniaronanbHoi cumerpruHoi MaTpuui ['eccente-
pra [3] ¥ 3a IOIOMOIOK CHCTEMH KOMII'FOTEPHOI Mare-
Matuku Matlab 3 BukopucTanHsIM QyHKUIT /ess, TOOTO

¥ = hess(i) [15]

Yu Vi
Yo Y2 Tn 0
g = Yz Y33 3)
0 VNNt YnaN
Yvan 0

Toni apxiTeKTypa ICEBIOCIIHOBOI HEHPOHHOI MepexKi
3 TIOBHO3B’SI3HMMH CHHANTHYHAMH 3B s3Kamu (puc. 1)
HabyBae HacTtymHoro Burisany (puc. 2). Ilpm Takiii
TpaHcopmalii  apXiTEKTypd CHHANTHYHUX 3B SI3KIB
B33a€EMOJIii MK BCiMa IICEBJIOCHIHOBUMH HEWPOHAMHU HE
3HUKAE, a BPAXOBYEThCS Y IEPEHOPMOBAHUX 3B’s3KaX Mk
HAHOIMKIAMU CYCITHIME TICEBIOCIIIHOBHMU HEWPOHAMHU

(cyuineni kpuBi Ha puc. 2), tobro v, =F (7»”), ne
¢yHkuiss F ommcye 3aKkOH MEpPETBOPEHHS MaTpHIl
CHHANTHYHUX 3B’SI3KiB TIOBHO3B SI3HOT HEHPOHHOI Mepeki

0 TPHUIiarOHaJbHOI MATPHUIll CHHANTHYHHUX 3B SI3KiB
I'eccenbepra.

Pucynok 1 — [IceBnocninoBa HeifpoHHa Mepexa 3
PO3PIIKEHUMH CHHANTHYHUMH 3B’ 13KaMH, OTpIMaHa BHACTIIOK
MIPUBEICHHS CUMETPUYHOI MaTPHIIi TOBHO3B I3HUX
CHHANTHYHUX 3B’SI3KiB (2) 10 TpHAiarOHAIBHOI CHMETPUYHOT
Martpui (3)

Yucno CHHANTUYHHUX 3B’S3KIB MOBHO3B’SI3HOI CHMET-
pruHOI KBajpaTHOi Matpuili (2), Ha TOJOBHIHA xiaroHaii
SIKOT MICTATBCS HyIbOBI enteMenTH (A, = 0), BU3HAYAETH-

¢Sl CIIBBIIHOILIEHHSAM
N; =N(N-1), 4)

a YHCJIO SABHUX CHHANTHYHMX 3B’SI3KIB, SIK1 3aJUIIAIOTHCS
npu npuBeneHHi marpuui (2) mo marpuui ['eccenGepra
(3), 3anucyeThCst y BUIISII

N, =3(N-1). 5)

TakuM YHHOM, YHCJIO SIBHUX CHHANTHYHUX 3B’SI3KiB
HelipoHHOT Mepexi ['eccenbepra Oyne MEHIIUM Y

Q‘:N?:

N_x (6)

3
-

pasis.
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Cran S, (n=L...,N) n-ro croxacruuHoro Heiipo-

Ha, sK 1 B Mozeni Xondinga, € OINOISIPHUM 1 TpUitmMae
3HaueHHs S, ==x1. [lepexin HeiipoHa B cran S, =+l

abo S, =—1 moB’s3aHMil 3i 3HAUYEHHAM MOTeHUiany h,

HE OJJHO3HAYHO, & BUMAJKOBUM YHHOM.
ImMoBipHicTB Iepexoy HelipoHa B cranu 1 :

PrSpt+D=1=f(hy), (7)
Pr(Spt+1)=-1)= f(-hy)=1-"f(h,), )

ae f(h)=1/(1+exp(-2ph,)) — dbyukuis posnoginy PDe-
pmi; 0< f(hy)<1; f(hy)+f(-hy)=1; B=1/T,ne T
— Ie aHaJOr TEMIIepaTypH, SKHl BHKOPHCTOBYIOThH LIS
KepyBaHHS PIBHEM IIyMy Ta CTYNECHEM HEBU3HAYEHOCTI
nepeMuKaHHs. [Ipy bOMY Ba)KJIMBO BiI3HAYMTH, IO T
He onucye (Gi3uuHy TemIiepaTypy HeHpoHHOI Mepexi (0i-
oyorignoi abo mryunoi). [Tapamerp T kepye Tepmaib-
HUMHU (IIyKTyauisMH, siKi IPEICTaBISIOTh e(eKT CHHAI-
THYHOTO IIyMy. Y HH3BKOTEMIICPATypPHOMY IHTEpBai
T — 0 posnoxnin Pepmi MepexoAUTs B MOPOTOBY (YHK-
1if0 1 MMOBeiHKAa MEPEXi 13 CTOXaCTHYHUX HEHPOHIB cTae
aHAJIOTIYHOI TOBeaiHII Mepexi Xondinga (6e3 BKIO-
YeHHS IIyMy), sIKa CKJIAZICHA 13 3BHYAHHMX OIMOJSPHUX
HEHpOHIB.

OCKiIbKH AWHAMIKa CTaHIB CTOXaCTHYHUX HEHPOHIB €
HMOBIPHICHOIO, TO TOTPIOHO LIKABUTUCH TUIBKH CEpei-
HBOIO aKTHBHICTIO, 800 OYiKyBaHUMH 3HaYEHHSIMH iX cTa-
HiB:

(Sn) = (+D(f (hy))+ (=D(f (=hy)) . ©

B cuny meminiitHOCTI QyHKIIT po3moniry depmi yce-
penHeHHs 3po0uMO y HaOIIKEHHI CepeaHbOTo 1Moyt [ 16]

(fh) = £((hy)). (10)

VY pesynbrari OTpUMaEMO HACTYIHY 3aMKHEHY CHCTe-
MY DIBHSHb:

(s,)=(+Df((n, (t)))—l-(l— f((h, (t)))) =

=2f((h,(t)))-1=tanh(B(h,(1))). (1

ne (hn (t)) — JIOKaJIbHE CaMOY3TOJKEeHE T0JIe, SIKe Ji€ Ha

TICEBIOCIIHOBHIT HelipoH S7 3i CTOPOHHM pemITH IceBIo-

CIIHOBUX HEHpPOHIB i 3HAXOAWUTHCS i3 PIBHAHHS pellaKca-
iHOT TMHAMIKH [7]:

o(s: )
——5;———<hKU% )
dE N
h P S? het
(h, () 35:0) Zv( L)+ h (D),
e hﬁ“ t)= Zm:bun (t)iLln +Vie () (13)

Tyr E — ¢yskuis eneprii mTy4HOi Helpomepexi
B33a€EMOJIIIOYMX NICEBJIOCIIHOBUX HEHPOHIB, SIKa OMHCY€ETh-
Csl BUPA30M, aHAJOTTYHUM 0 JMIIOJIBHOI CUCTEMH MIKpO-
TpyOOUKH IUTOCKeIeTa HeifpoHa [7]

E=-

N

k=1

(14)

N | —

S>5

=1
=k

MikpoTpyOOUKH IUTOCKENeTa HEHpOHA IpEACTaBIIs-
I0Th CO00I0 iH(pOPMALiHO-O01IKOBI HAHOIIOMIMEpHI JIaH-
IIOXKKH, SIKi 3TOPHYTI B cripani. Bonu € HalOLIbIn npu-
WHSATHUMH JIJIsL HEHPOHIB MO3KY JIFOJMHH, IO 3IIHCHIO-
I0Th «KBAaHTOBO-CTaTHCTUYHI» o0uucieHus [8, 17].

B 3anexHoOCTI Bijl 3HaKa eJIeMEHTa Y, MAaTpulli CHHa-

NTUYHUX 3B’S3KIB 1 XapakTepy iX po3nojiry, MITy4Hi Ice-
BIIOCITIHOBI HeHpoHHI Mepexi ['eccenbepra MoXkHA TOI-
JIMTH Ha TPH TUIIH:

— SKIIO BCl €NIEeMEHTU Y, MAaTpUlll CHHANTUYHHX

3B’s3kiB poxatHi (Vy, >0), To B crani 3 MiHiMymOM
eneprii E = E;, Bcl nceBnocninu HEHPOHIB MAlOTh OA-
: z_ 1 z _ l
HakoBi Hampamku S, =+1 (1) abo S; =-1 (V). Ipu
L[OMY €Heprisi B3aeMoii Oyab-sIKOi MapHu NCEBIOCIHIHIB
SE,, =—v,S:S; mocsrae CBOro MiHIMaJBHOTO 3HAYEHHS
OE,, =—v, - Takuii ctan Heifpomepexi B3aEMOMIIOYMX

TMICEBJIOCITIHOBUX HEWUpOHIB OyneMo HazuBatu «depomar-
HiTHUMY (pHC. 3).

/]\ Vi +/]\+/l\+/]\+/l\+/l\

Pucynok 3 — «®epomarHiTHHI» cTaH HEHPOHHOT Mepexi

— y BUNAJIKY, KOJIH BCi €JIEMEHTH Y, MATPUIli CHHAI-
THYHUX 3B’53KiB € Bix'emui (Vy, <0), T0 B cTaHi 3 mi-

HiMmymoM eneprii E =E,;, monoBuHa mceBIOCTiHOBUX
HelpoHiB Mae oyMH Hampam S; = +1 (M), a ixura — mpo-

THnexKHMH Sf =1 (¥). Y 1poMy BHIajKy TCeBIOCHiHO-

BY HEHPOMEPEKY 3pyUYHO MOIIIMTH Ha JIBI TICEBIOCIIHOBI
HEHpOMEepeki 3 0JJHAKOBUMH BEKTOPAMH TICEBOCIIHOBUX
(munoneHUX) MoMeHTIB. [Ipu npoMy eHepris B3aemonil
Oy/b-sIKOi ITapy ICEBAOCIIIHOBUX HEHPOHIB 13 Pi3HUX I10-

ITCHUX HelfipoMepex (SnZ =+LS; = —1)

8E,, =—v,S.Sy Hocsrae CBOro MiHIMaIBHOTO 3HAYCHHS
OE, ==Y - Y LbOMY BHIAJKy ICEBAOCHiHOBA Heipo-
Mepexa Ha3HBa€eThCs «aHTU(epoMarHiTHOO» (puc. 4).

o AREEIN Mg DN g AN

Pucynok 4 — «AHTH(epoMarHiTHH» cTaH HEHPOHHOT Mepexi
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— SIKIO eJeMEHTH MATPHIll CHHANTHYHHUX 3B’SA3KiB
Y,k MDK TICEBIOCTIIHOBIMHM HEHMPOHAMH BHIIAJKOBO IPH-
WMaroTh SIK IOJAaTHI, TaK 1 BiJ €MHI 3HAYE€HHSA, TO TaKa
MICEBIOCITIHOBA HEUPOHHA MEPEekKa Ma€e Ha3BY «UITOJIbHE
ckino» (puc. 5). Take TBepKEHHsI BUIUIMBAE 3 aHATI3Y
CTPYKTYPH TBEPAOTO Tijia 3 BHUIAJKOBHM PO3MIIEHHIM
JIMIIOJIbHUX MOMEHTIB Y By3JIaX KPUCTAIIYHOT IPaTKH.

Bimomo, 110 eHepris ¢a3u «IUMOIBHOTO CKIIa» B MiK-
pOTPYOOUIli ITUTOCKENIETa BOJIOJIE BEIHUKOI KUIBKICTIO
rII00abHUX 1 JJOKAIBHUX MiHIMYyMIB B IIPOCTOPi KOHQITY-
pamiit munonsHUX MoMeHTIB [7]. ToMy HaBiTh TOBHICTIO
HEBIOPAAKOBaHA JUITOJbHA HelpoMmepeka MiKpoTpybod-
KM IUTOCKenera (1, PO3MOJiTeHI BHMAIKOBO 3TiTHO

z z
Y, =2 ¥ =0, I, =Y 14 #0) BONORiE NaM’ATTIO.
k=1 k=l
Ockinmbkn Y, € BHUIIAJKOBOIO BEIHYMHOIO, TO HEOO-

X1JTHO 3a7aTH i CTaTUCTUYHI BiacTuBocTi. [Ipumyckaemo,
110 BUIIAJKOBA BEIMYMHA Y, , 3alaHa Ha 3B 3Ky MDK

By3J1aMH 7 Ta k , HE 3aJIeKUTh BiA TOro, sAKi Y, 3HaXo-

JATHCSl Ha 1HIIMX 3B’s3KaX. Y I[bOMY BHIAJKYy CTaTHCTH-
YHI BJAaCTUBOCTI Y, IOBHICTIO BU3HA4alOThCA (PyHKIIiEI0

posnoainy f(y,,) Ha JaHOMY 3B’SI3Ky. 3a3BUuail NpHUILy-

ckaoTh, mo f(y,,) — Taycoa ¢yHkuia posnoaity

f(ynk):

VY TakoMy BHIaJKy BOHA 33aJa€ThCsl ABOMa IMapaMer-
pamMH: cepefqHIM 3Ha4YeHHAM Y, 1 Aucmepciero [, :

<Vnk > =Yps L = <Yik > _<ynk >2

MinimansHOMY 3HadeHHIO QyHKHii E (14) («arpak-
TOpY») BIINOBiZae MeBHAa KOHDIrypamis AUMOIBHIX MO-
MEHTIB HEHPOHIB Y HEHpOMeEpeKi.

AR AN 2N g NN/

Pucynok 5 — Cran HelipoHHOT Mepexi «/[umoiabpHe CKITo»

ﬁexp(—%’ikﬁk )

nk

Hexaii HeoOXimHO 3amucaTH B Helpomepexy I'ecceH-
Oepra (puc. 2) m pizHHX 00pa3iB-eTaNOHIB, KOXKEH 3 SKUX
XapaKTepU3YETHCSI CBOEI KOH(DIrypariero ICeBIOCITiHIB

{S:ﬂ = éw} . [Ipuaomy, pi3Hi KoH(DIrypauii opToroHanbHi,

TOOTO
1 N
Nzlapméu'm = Spu' . (15)
m=
Indopmauiitnnit  curman  gmg 3anucy  (3a-
mam’ITOBYBaHHSI ) - e TOCJTITIOBHICTh oit
gl,gz,...,gp,...,gmN . Enemenr E)“ 3 PIBHOIO IMOBIpHICTIO

npuiiMae 3HadeHHs =*1. TyT HOOBXKMHA MOCTITOBHOCTI
(mN) BHOpaHa KpaTHOI YHMCITy HelpoHiB. [lepemo3na-

YUMO CJICMCHTH HOCJ'IiI[OBHOCTi:

all’&Zl’E&}l 200 ’E.ﬁpl" : "&.:ml’
3312 7&22 7‘%32 [ 72‘;“2 EA aémz ’
am »E.>23 ,E_,33,. . -ag“p- . -,ﬁmg,

§1N’&2N’EJ3N""’ipN""’émN'

(16)

TakuM 4MHOM, KOXXHOMY HEWpoHy n=1,...,N Oyne
BIIITOBIZATH iHpOpMaLiHHITHA Habip

{&Hn,u:1,2,3,...,m}. AGo0 mpu ¢ikcoBaHOMYy L HaOIp

{éw,n =1,2,3,...,N } npeJIcTaBisie co0oto iHpopMariitHy

KOTIIO MEPEXKi, TOOTO «PEILTIKY».

Jns po3pimkeHHs CHHAITHYIHHUX 3B’ S13KiB MIXK CEHCO-
PHUMH BXiTHUMH OOpa3aMd Ta OOYMCIIIOBaJHHUMH HEH-
POHaMH 3BeIEeMO MATPHII0 CHHANTHYHUX 3B S3KIB MiXK
BXIJIHUMH CEHCOPHHMH O0Opa3aMy Ta IICEBIOCIIHOBUMH

HelipoHaMu y HelpoHHIN Mepexi ['eccenbepra (l;w,) i (o)

JiaroHanbHOro BUTISLY [14] 1 1o cuMeTpuuHOi GopmH.
Jist boro 3poOuMO JTiHIlHE epEeTBOPEHHS
6.)=U" (3,

nn

a7

IS U — MaTpuls, dKa CKIAJa€TbCs 3 BJIACHUX 0a3HCHHUX

BEKTOPIB U, MaTpHII (l;un ), TOOTO
U =ity sl .l )
(b)), =B, (18)

Y Gasuci 3 BJIaCHUX BEKTOPIB 4, MATPHL JiHIHHOTO

HNEepEeTBOPEHHS (l;W) Mae J[iarOHaJIbHUH BUTIIS, IPHUOMY
Ha TOJIOBHII1 JliaroHali po3TamoBaHi AifCHI BJIacHI 4yncia
[3H = BHSW MAaTpHIILi (bu").

3amuc (3amam’saToBYBaHHS) iH(poOpMalii B Helpome-
pexi BinOyBaeTbesi B pe3ynbTaTi (GOpMyBaHHS MaTpHIl
CHHANTUYHHUX 3B’S3KIB ¥ MIDXK IICEBIOCIIHOBUMH HEMpPO-

HaMH 32 JJOIOMOTOI0 TIEPEHOPMOBAHOTO JIOKAILHOTO TIpa-
Buia Xeb0a:

Y =F| =D 8.8, (19)
n=1

Toni i3 (11), 3 ypaxyBauasam (12) ta (13), BummmmBae,
10 Cepe/IHs aKTHBHICTh CTaHIB HEHPOHIB (TOOTO cepeaHe
3HAUEHHSI CTaHy 7 -TO HEHPOHA) OMHUCYEThCS BHUPA30M

(5,) = tanh | B| Y1, (ST O)+ X8, (08, +7,5, 0

n#k
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J1st MozienIoBaHHS MIPoLieCy €BOJIIOLIT CUCTEMH IICEB-
JIOCIIIHIB 3 IMCKPETHUM 4YacoM Ha KOMII I0Tepax Heupo-
Mepeka TMOBHWHHA 3JiHCHIOBATH IIEPETBOPEHHS BXiTHOT

KOH(iTyparii <S: >= €,, B JAMCKPETHOMY 4aci Tak, 100
BUXiJJHA KOHQiryparis <S:mm> Oyna ONU3BKOI JIO Ti€l

KapTUHH-ETAIOHY, SKa € MPaBHILHOIO BIAMOBIIIO, TOOTO
<Sfmom @+ 1)> NpUEMAaTUME 3HAYCHHS

sen| v (STO)+ 8,05, +V0. 0|, Q0)

n#k

e

N m
SE0| DV (SEO)+ Db (O, + Vi (6) | =
k=1 p=l

n#k

N m
Loompu Dy, (S 0)+ Dby, (08, +V,0 (620,
k=1 pn=1
n#k
= N m
=L mpu D (SEO)+ Dby (D8, +V,h (6) <0,
k=1 p=1

n#k

[ceBmocninoBa Helipomepexa i3 3aKOHOM EBOJFOLIT
(20) Bomomie mam’sATTIO, KA 30epirae IesKUil 3amaHuid
Ha0ip 00pa3iB-eTaJOHIB, M0 HAMAraeThCs 3rajaTH OJMH
i3 HUX, AKIIO Tl pexa’ sIBISEThCs KU-HeOy b 13 IUX 00-
pasiB, CLIOTBOPEHHUH [ITyMaMHu.

VY pe3ynbTati 3aBEepLICHHS MPOLECY €BOJIOLII B CHC-
TeMIi TICEBJIOCIIHIB BXiTHUI 00pa3 acoIHIOETHECS 3 OJHUM
i3 00pa3iB-eTaJoHIB, IO 3alaM’sITaBCsA paHille, 1 MOXKHA
CTBEp/KYBATH, 110 HeHpOMepeka BHCTYHAae B POJi PoO3-
MTOIIICHOT CTPYKTYPH 3 aCOLIATHBHOIO TIaM SITTIO.

BignoBnenns indopmariii, 1o 3amam’sranack, 3/iiic-
HIOETHCS B MPOLIECT CTOXACTHYHOT MapaneibHol AMHAMIKA
3 JUCKPETHUM JacoM ¢ =0,1,2,3,....

<S;oul (t + 1)> = {1_1

4 EKCIIEPUMEHTU
Yac HanamTyBaHHS CHHAIITHYHHX 3B’ S3KIB 7»,.]. (3a on-

i3 tmogipnicmio  p = f(h,), @1

i3 umosipnicmio q=1-p.

Hy iTepalilo) y ITOBHO3B’sI3HIM HEHpOHHIA Mepexi Ipo-
NOPLIHIN YHCITy CHHAIITHYHUX 3BA3KIB NN, , TOOTO

t, =k, N, . (22)

AHaNOTiYHO, 4Yac HANAIITYBaHHA CHHANTHYHUX
3B’s3KiB y,, (3a OAHY iTepaliio) y HeHpoHHiN Mepexxi
I'eccenbepra mopiBHIOE

(23)

Koeoiuientu &, , k, 3anexarsb BiJi apXiTeKTypH cHHa-
NTUYHHX 3B’S3KIB B HSHPOHHHUX Mepexax.

3 ypaxyBanusim ¢Qopmyn (4) Ta (5) oTpumaemo
t,/t, =3k, (N-1)/k,N(N-1)=oav, ne mapamerp o
BUpaXxaeThes popmynoro (6),a v=k, /k, .

OTxe BA3HAYMMO 3aJE€XKHICTh BIIHOIIECHHS ty/t , BiO

KUTBKOCTI CTOXAaCTHYHHX IICEBIOCIIHOBUX HEUPOHIB N
mpu v=12,3.
KoM’ roTepHuii eKCIepuMeHT peasli3oBaHUi y CHCTe-

Mi komn’totepHoi matematuku «Wolfram Mathematica
11.3».

5 PE3YJbTATH
Ha puc. 6-8 HaBezieHi 4MCIIOBI pe3ysbTaT po3paxyH-
Ky 3aJI©KHOCTI BiJIHOLICHHS t, /¢, Bim KIJIBKOCTI cToOXac-

TUYHUX TICEBJOCIIHOBUX HelpoHiB N mpu v=1,2,3.

/1,

0

a
T

=]

fa
|

e N

10 17 1 15 18 20

PucyHok 6 — I'padik 3ay1e:KHOCTI BiTHOIIEHHS ¢, /¢, BiJ KiJb-

KOCTI CTOXaCTHYHUX IICEBJOCITIHOBUX HEHpoHiB mpu N, =20

tft,
0.20 g

— o
2a

=
-
T

P P P
100 150 a0
50 oo 50 2

PucyHok 7 — I'padik 3aJ1e)KHOCTI BiTHOIIEHHS ¢, /¢, BiJ KiJb-

KOCTI CTOXaCTHYHHUX [ICEBIOCIIHOBUX HEHPOHIB IpH
N, =200
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Pucynox 8 — I'padhik 3anexHOCTI BiiHOWEHHS. £, /1, Bl Kilb-

KOCTi CTOXaCTHYHHMX IICEBIOCIIHOBUX HEHPOHIB pH
N, =1000

6 OBI'OBOPEHHA
SIK BUIHO 3 puC. 68 BIHOIIEHHS 7, /, 3MEHILIY€ETHCS

3a TinepOoJIiYHIM 3aKOHOM IIPH 3POCTaHHI YKciIa HeHpo-
HIB, OT)KE 4ac BUKOPUCTAHHUH JIJIsl HAJIAIITYBaHHS TpHIia-
TOHaJIbHOT HEHMPOHHOT MepeXi BIIHOCHO Yacy HajaiirTy-
BaHHS ITOBHO3B sI3HOI HEMPOHHOI Mepexi, Oyne 3MeHIIy-
BaTHCh 31 30UIBIIEHHSM 4YHCIa HEHpoHIB N, TOOTO ISt
poboTH TpHAiaroHaNbHOI HEHPOHHOT Mepexi Oyae BHKO-
pUCTaHAa 3HAYHO MEHIIA KUTBKICTh OOYMCITIOBATIHLHOTO
pecypcy, OCKIIbKH YHCIO CHHANTHYHUX 3B’S3KiB Oyme
;3 e
MEHIINM y O = —- =-— pa3iB. 3i 30UIbIICHHSIM Mapame-
N,
A
Tpa o NP OJHAKOBOMY 3HAU€HHI YHCJIA TICEBIOCITIHOBUX

HEeHpOHiB N , BitHOCHWMI vac 7, /¢, Oyne 30imblIyBaTHCh.
3okpema npu N =200, npu a=1, ¢, /t =1,5%, Toni
aknpu o=3, ¢, /1, =4,5% .

[MopieasHo 3 meromamu [1, 4—-13] 3ampomnoHoBaHuMit
HaMH METOJ, 3MEHIIEHHS 4YHCJIa CHHANTUYHHX 3B’SI3KIiB
BpaxoBye MOBHY iH(opMarilo MOBHO3BA3HOI Hepomepe-
K1, OCKUIBKH HEJiarOHaJbHI KOMITIOHEHTH ITOBHO3BSI3HOI
MAaTpHIIi BarOBUX KOE(IMi€HTIB CHHAIITHYHUX 3B’ S3KIB Mic-
TSATHCS y TOJOBHUX KOMIOHEHTAX TPHIiarOHAIBHOT MaTpH-
i CHHANTUYHUX 3B’s3KiB. Kpim 11p010, 1Ie# MeTo] BIMa-
ra€ MEHIIUI O0YHCITIOBAJIBHUI pecypc MOPIBHSIHO 3 METO-
JIOM TEHETHYHOTO aJITOPUTMY.

BUCHOBKHU

HaykoBa HOBH3HA OTPUMAaHHX DPE3YJIbTATIB MOJSrae
B TOMY, LII0 BIEpIIE:

— pO3poOJICHO MOIeNb apXITEKTYPU CTOXACTHYHOL
HelpoMepeki 3 PO3PIPKCHUMH  CHHANTHYHUMHA
3B’SI3KaMHU, KA BPAXOBYE B3aEMOJII0 MiX BCIMa TMCEBJIO-
CIIIHOBHMH HEHPOHAMH Y IIEPEHOPMOBAHUX 3B’ S3KaX MiXK
HaWOMIKYMMHU CYCiTHIMU TICEBIACTIIHOBIMH HEHpPOHAMU,
IO ONHCYIOTHCS TPHIIarOHAIBHOIO MATPHICIO CHHAIITH-
4yHUX 3B’s13KiB ['eccendepra;

— 3aIpPOINOHOBAHO CMOCIO PO3PIMHKEHHS CUHANTUYHUX
3B’SI3KIB MI)K CEHCOPHUMH Ta OOYHCIIOBATIbHUMHU HEWUpo-
HAMHM Ha OCHOBI JiaroHaii3aIlii MOBHO3BS3HOI MaTpHIIi
CHHANTHYHUX 3B’A3KiB, O MPUBOAUTH 10 €(pEeKTy 3MEH-

LIEHHs Yacy HaJalllTyBaHHs BaroBHX KOE(IiLi€HTIB CHHa-
NTUYHUX 3B’SI3KIB Y HEHPOHHIN Mepexi;

— 3aIpONOHOBAHO MEPEHOPMOBAHE JIOKAJIbHE MPABHIIO
Xeb60a Ha OCHOBI NEPETBOPEHHS MOBHO3BSI3HOI MaTpHIl
CHHANTHYHUX 3B’S3KiB MK HEHpOHaMH 10 TpupaiaroHa-
JBHOI MaTpHIli NMEPEeHOPMOBAHNUX CHHANTHYHUX 3B’SI3KIB
(matpumi ['eccenbepra);

— BCTAHOBJICHO, IO 31 30UTBIICHHSIM YHCIIa HEHPOHIB
Yac HaJAIITYBaHHS CHHANTHYHUX 3B’S3KiB (32 OMHY iTe-
paio) y CTOXacTU4Hiil MCEeBIOCIIHOBIM HEHPOHHI Me-
PeXi 3 TPUAIAarOHAIBHOIO MATPUIICIO 3B’SI3KIB, BIJHOCHO
Yacy HaJAIUTyBaHHS CHHAIITHMYHUX3B SA3KIB (32 OJHY iTe-
pauio) y IMOBHO3B’A3HIH CHHANTHYHIN HEWPOHHINH Mepe-
XK1, BMEHIIYETHCS 3a TiepOOIYHIM 3aKOHOM;

— 3amIpOINOHOBAHO Kiacudikaiito HEHPOHHOI Mepexi
leccenbepra i3 (hepoMarHiTHOI, aHTH(QEPOMATHITHOIO
CTPYKTYpaMH Ta IHIIOJIBHUM CKJIOM B 3QJISKHOCTI Bif
HAalpsIMKY TICEBJIOCIIHIB HEHPOHIB.

PesynbraTen mocmimkeHHS MOXYTh OyTH Oe3mocepen-
HbO MPAKTHYHO BUKOPHCTAHI 1S

— 3MEHIIEHHS OOYMCIIOBAIbHUX CKIAAHOCTEH 3a pa-
XYHOK JiaroHaiizaiii MaTpHlli CHHAITHYHHUX 3B’SI3KIB
(BiACYTHICTh HeIiaroHaIbHUX KOMIOHEHT CHHAITHYHUX
3B’S3KiB) M)XK CEHCOPHUMH 1 OOUUCIIOBAJIbHUMH HEHUpO-
Hamu Oe3 BTpaTH iH(poOpMAILil, 110 MICTHTECS B Heiaro-
HaAJIbHUX KOMITIOHEHTaX i 30epiracThCsi B TOJIOBHUX Mepe-
HOPMOBAHUX TpPUAIarOHaJbHUX KOMIIOHEHTaX MaTpHI
CHHANTHYHUX 3B’ S3KIB;

— mudpyBaHHs iHpopMamii 3 MiABUIIEHUM CTyIEHEM
KPUNTOCTIMKOCTI 3a PaxyHOK IEpEeHOPMYBaHHS MOBHO-
3BSI3HOI MATPHIll CHHANITHYHUX 3B’S3KiB A0 TpUAiaroHa-
JBHOI, OCKITBKH KITFOY MIH(PYBaHHS B TPUAiarOHAIBHIN
HelipoMepexi Ma€e OUIbII CKIaHY OYIOBY;

— MiJBHUIICHHS Yy3aralbHEHOi (YHKIIOHANBHOI 37aT-
HOCTI HEMPOHHOT MEpexi;

— posmnizHaBanHs npomotopiB JIHK, ockinbku anano-
TOM TOMOJIOTIYHOTO 1HIEKCY, SIKMH BHU3HA4Ya€ OJIU3BKICTh
peanpHEX TipoMoTopiB JITHK 10 KOHCEHCYC MOCTiTOBHOCTI
€ eHepris CTaHy HeHpoMepexi.

IlepcnekTHBY MOAATBIIMX AOCTIIKEHb TOJIATAIOTH
y TOMy, 00 JOCHiOUTH €PEKTHBHICTh 3alPOIIOHOBAHOTO
METOZy TIPH PO3Ii3HABaHHI 00pa3iB, mmppyBaHHi iHPOP-
MaIlii Ta armpoKCcUMaIlii CKIIaJHUX HENIHIMHUX (QYHKITIH.
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AHHOTAIUSA

AKTyalIbHOCTB. J[Js1 cOKpallleHHsi BpEMEHU BBIUHMCIUTENBHOTO Pecypca B 3afadaxX JUAarHOCTHPOBAHHS M PAaclO3HABAHHs HCKa-
JKEHHBIX 00pa30B Ha OCHOBE IOJHOCBA3HOW CTOXAaCTHUYECKOH MCEBIOCHMHOBOI HEHPOHHOM CeTH BO3ZHHMKAET HEOOXOAUMOCTH Ipope-
KHMBaHUS CHHANITHIECKHX CBSI3€H MEXIy HEHPOHAMH, KOTOPOE pelIaeTcsi ¢ MOMOIIBI0 METO/A AUArOHaIM3aMy MaTPUIbl CHHANTH-
YeCKUX CBA3ell 0e3 moTepr B3aNMOICHCTBUS MEXIy BCEMU HEHPOHAMH B CETH.

Hean padorsl. Co3naHue apXUTEKTYpbl CTOXaCTUYECKON IICEBIOCIUHOBOM HEUPOCETU C Pa3peKEHHBIMU U JUAarOHAIbHBIMU CU-
HaNTHYECKIMU CBA3SMHU O3 MOTepH B3aMMOAEHCTBHS MEX/y BCEMH HEHPOHAMHU B CJI0€ IS YMEHBIICHUSI BpEMEHH e 00ydeHNsI.

Meton. B cratse ucnonezyercs Meron Xaycxoiuepa, METOA CKaTHsl BXOIHBIX 00pa3oB Ha OCHOBE JUAroOHaNN3alUK MaTpPHLIBI
CHHANTHYECKUX CBsI3eH M cuctemMa KoMibloTepHoil Matemaruku MATLAB i npuBeneHus mojsHOCBSI3HONW HEHpPOCETH K Tpexua-
TOHAJILHOMY BHJy CO CKPBITBIMU CUHANITHUECKUMH CBSA3SIMU MEXy BCEMH HEHpOHaMU.

Pe3zyabTathel. Pazpaborana Mozenb apXUTEKTypbl CTOXaCTUIECKOH HEHpoceTH ¢ pa3peKeHHbIMH NIEPEHOPMUPOBAHHBIMH CHHAII-
THYECKUMHU CBS3SIMH, KOTOPBIE YUUTHIBAIOT U3bATHIE CHHANTHYEeCKHE cBA3u. Ha ocHOoBe mpeoOpa3oBaHUsl MaTPUIIEI CHHANITHYECKHX
CBsI3el MOJTHOCBSI3HOM HEWpOHHOI ceTn Kk Marpuue ['ecceHOepra ¢ TpexAnaroHANbHBIMH CHHANTHYECKUMHE CBS3SMH TPEIIOKEHO
MIEpPEHOPMHUPOBAHHOE JIOKAJIbHOE TpaBmiio Xe66a. C MOMOIIBI0 CHCTEMBI KOMITBIOTEpHOI MaTtemaTnky « WolframMathematica 11.3»
paccuuTaHo B 3aBUCHMOCTHU OT YHCIa HEHpoHOB N OTHOCHTENBHOE BpeMs HACTPOHKHM CHHAITHYSCKUX CBsi3eH (3a OIHY HTEpanuio) B
CTOXaCTHUYECKOM TCEBAOCIMHOBOM HEHPOHHON CETH C TpeXJUaroHajJbHOW MaTpulled CBs3ei, OTHOCUTEIHHO BPEMEHHU HACTPOIKHU
CHHANTHYECKUX CBsA3eil (3a OJIHY UTEpalNIO) B IIOJTHOCBSI3HOW CHHAIITHYECKOI HEHPOHHOIT ceTH.

BrIBoABI. YCTaHOBIIEHO, YTO C YBEIMYCHHEM YHUCIIa HEHPOHOB BPEeMs HACTPOWKM CHHANITHYECKHUX CBs3ei (3a OHY UTEpAIHIO) B
CTOXaCTMUYECKOW ICEBAOCIMHOBOM HEHPOHHON CETH C TPEXAMaroHaJbHOW MaTpULEH CBA3E€H, OTHOCUTEIBHO BPEMEHHU HACTPONKHU
CHHAIITHYECKUX CBs3eH (32 OIHY UTEpalHIO) B IOJHOCBA3HON CHHANTUYECKOW HEMPOHHOH CETH, yMEHBIIAETCS 3a TUIEPOOIMYECKUM
3aKOHOM. B 3aBHCHMOCTH OT HampaBJICHUs IICEBIOCITMHOB HEHPOHOB, MPENIOKEHA KIacCH(UKAIM EPEHOPMUPOBAHHON HEHPOH-
HOM ceT ¢ (eppOMarHUTHOHN CTPYKTYpOl, aHTH()EPPOMArHUTHON CTPYKTYPOH U TUITOIBHBIM CTEKIIOM.

KJIIOYEBBIE CJIOBA: neiipoHHasi ceTb, CAHAIITUYECKUE CBSI3U, MAaTPHILIA CBSA3EH, TpUAHArOHAIM3AIIHS.
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ABSTRACT

Context. To reduce the computational resource time in the problems of diagnosing and recognizing distorted images based on a
fully connected stochastic pseudospin neural network, it becomes necessary to thin out synaptic connections between neurons, which
is solved using the method of diagonalizing the matrix of synaptic connections without losing interaction between all neurons in the
network.

Objective. To create an architecture of a stochastic pseudo-spin neural network with diagonal synaptic connections without loos-
ing the interaction between all the neurons in the layer to reduce its learning time.

Method. The paper uses the Hausholder method, the method of compressing input images based on the diagonalization of the
matrix of synaptic connections and the computer mathematics system MATLAB for converting a fully connected neural network into
a tridiagonal form with hidden synaptic connections between all neurons.

Results. We developed a model of a stochastic neural network architecture with sparse renormalized synaptic connections that
take into account deleted synaptic connections. Based on the transformation of the synaptic connection matrix of a fully connected
neural network into a Hessenberg matrix with tridiagonal synaptic connections, we proposed a renormalized local Hebb rule. Using
the computer mathematics system “WolframMathematica 11.3”, we calculated, as a function of the number of neurons N, the relative
tuning time of synaptic connections (per iteration) in a stochastic pseudospin neural network with a tridiagonal connection Matrix,
relative to the tuning time of synaptic connections (per iteration) in a fully connected synaptic neural network.

Conclusions. We found that with an increase in the number of neurons, the tuning time of synaptic connections (per iteration) in
a stochastic pseudospin neural network with a tridiagonal connection Matrix, relative to the tuning time of synaptic connections (per
iteration) in a fully connected synaptic neural network, decreases according to a hyperbolic law. Depending on the direction of pseu-
dospin neurons, we proposed a classification of a renormalized neural network with a ferromagnetic structure, an antiferromagnetic

structure, and a dipole glass.
KEYWORDS: neural network, synaptic connections, connection matrix, tridiagonalization.
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ABSTRACT

Context. Nowadays, information technologies are widely used in digital image processing. The task of joint processing of satel-
lite image obtained by different space systems that have different spatial differences is important. The already known pansharpening
methods to improve the quality of the resulting image, there are new scientific problems associated with increasing the requirements
for high-resolution image processing and the development of automated technology for processing the satellite data for further the-
matic analysis. Most spatial resolution techniques result in artifacts. Our work explores the major remote sensing data fusion tech-
niques at pixel level and reviews the concept, principals, limitations and advantages for each technique with the program implemen-
tation of research.

Objective. The goal of the work is analyze the effectiveness of the traditional pan-sharpening methods like the Brovey, the wave-
let-transform, the GIHS, the HCT and the combined pansharpening method for satellite images of high-spatial resolution.

Method. In this paper we propose the information technology for pansharpening high spatial resolution images with automation
of choosing the best method based on the analysis of quantitative and qualitative evolutions. The method involves the scaling multis-
pectral image to the size of the panchromatic image; using histogram equalization to adjust the primary images by aligning the inte-
gral areas of the sections with different brightness; conversion of primary images after the spectral correction on traditional pan-
sharpening methods; analyze the effectiveness of the results obtained for conducts their detailed comparative visual and quantitative
evaluation. The technology allows determining the best method of pansharpening by analyzing quantitative metrics: the NDVI index,
the RMSE and the ERGAS. The NDVI index for the methods Brovey and HPF indicate color distortion in comparison with the refer-
ence data. This is due to the fact that the Brovey and HPF methods are based on the fusion of three channel images and do not in-
clude the information contained in the near infrared range. The RMSE and the ERGAS show the superiority of the combined HSV-
HCT-Wavelet method over the conventional and state-of-art image resolution enhancement techniques of high resolution satellite
images. This is achieved, in particular, by preliminary processing of primary images, data processing localized spectral bases, opti-
mized performance information, and the information contained in the infrared image.

Results. The software implementing proposed method is developed. The experiments to study the properties of the proposed al-
gorithm are conducted. Experimental evaluation performed on eight-primary satellite images of high spatial resolution obtained
WorldView-2 satellite. The experimental results show that a synthesized high spatial resolution image with high information content
is achieved with the complex use of fusion methods, which makes it possible to increase the spatial resolution of the original mul-
tichannel image without color distortions.

Conclusions. The experiments confirmed the effectiveness of the proposed automated information technology for pansharpening
high-resolution satellite images with the development of a graphical interface to obtain a new synthesized image. In addition, the
proposed technology will effectively carry out further recognition and real-time monitoring infrastructure.

KEYWORDS: image fusion, satellite image, pansharpening, automating, WorldView, high resolution imaging, metanalysis.

ABBREVIATIONS HPF is a high-frequency filter;
RGB is a multispectral image; HCT is a hyperspherical conversion;
PAN is a panchromatic image; NDVI is a normalized vegetation index;
NIR is a Near Infrared band; GUI is a graphical user interface.

GIHS is a generalized intensity-saturation-tone;
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DOI 10.15588/1607-3274-2021-2-13

123



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2021. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 2

NOMENCLATURE

F; is an i-th channel in the image after the pansharpen-
ing;

P is a panchromatic image;

RGB;T is an i-th image channel RGB after scaling to
size P;

S'is a synthesized image;

N is a total number of RGB channel;

* is a convolution operator;

g is a high-frequency filter;

P’ is a detail coefficients of the software;

NIR is a near infrared light intensity value;

RED is a red reflection, which corresponds respec-
tively to channel 8 for images obtained by satellite World-
View-2.

INTRODUCTION

In recent years satellites imaging systems have been
developing rapidly. Nowadays, these satellites allow to
obtain data with a spatial resolution of half a meter or less
to monitoring the state of forests, sea areas, shelves, etc.
Images of high spatial resolution are required to use of
special methods of their processing [1].

Satellite imagery of high spatial resolutions is a source
of geospatial information. One of the problems of using
satellite images obtained by various space systems is the
joint processing of a multispectral image with low spatial
resolution (channels: Coastal, Blue, Green, Yellow, Red,
Red Edge, NIR1, NIR2) and a panchromatic image (PAN)
of high spatial resolution, which is monochrome. The
PANSs have a smaller pixel size and are fixed in a suffi-
ciently wide spectral range of radiation intensity and have
a significantly higher spatial disparity than the RGBs ob-
tained in narrow spectral intervals [2]. The current level
of requirements for the reliability of image interpretation
makes it necessary to overcome the physical limitations of
available satellite sensors, in particular, by fusion high
spatial and spectral disparity indicators in one graphical
object.

1 PROBLEM STATEMENT

The Data Fusion approach means that the resulting
synthesized data combines the properties of both types of
source data and carries more information than a simple
combination of information sources considered separately
from each other. These information sources contain het-
erogeneous data represented by different formats, struc-
tures and implemented on different types of platforms.

Eight-channel images from the WorldView-2 satellite
are used as input data. The panchrome wavelength of this
satellite was expanded from the visible to the near infra-
red range. An image can be expressed in matrix format by
the formula (1):

2 I S 7!
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where n represents the number of the pixels and b is the
number of bands. Considering each WorldView-2 band as
a vector, the above matrix can be simplified by the for-
mula (2):

Ay =\a, | 2

The main requirements to satellite images for their
processing are as follows:

1. PAN and RGB images should be of the same terri-
tory and taken in the same season.

2. Images should be done with the imaging systems of
the same type and the spectral bands of the imaging sys-
tems are the same.

3. PAN and RGB images should be of the same or
close resolution, otherwise the images will contain differ-
ent information about objects.

Therefore, there is a need to investigate the effective-
ness of existing techniques for pansharpening high spatial
difference satellite imagery with automation of choosing
the best method based on the analysis of quantitative and
qualitative evolutions for synthesized images.

2 REVIEW OF THE LITERATURE

Over the past two decades, a large number of methods
for pansharpening satellite imagery have been developed,
which can be divided into: component replacement, mul-
tiscale analysis and combined methods [3—6]. Component
replacement methods are the conversion of a RGB with
the replacement of some components from the software
and the conversion of the result to the primary view. IHS
(intensity — brightness, hue — color tone, saturation — satu-
ration) is a method in which the I-component of the RGB
is replaced with software with high. This transformation
can be applied to only three images; and for images with
four channels, a modified GIHS method [7, 8] is used.
Rahmani et al. proposed a modified IHS pansharpening
method which provides good quality visual high resolu-
tion multispectral image [9]. This method allows an im-
age adaptive coefficient for IHS was found. It obtained a
more accurate spectral resolution for primary image.
Work [10] proposed a pansharpening with multiscale
normalized nonlocal means filter. This filter computes
each pixel value as the weighted average of all pixels over
a sliding window, and the final smooth fused image is
obtained. All these approaches are fast and easy to im-
plement but not efficient for the latest image generation.

Efficient algorithm is a multispectral image conver-
sion algorithm that uses independent component analysis
(PCA) method, in which the first main component (RS1)
is replaced with PAN image [11]. Brovey transform and
Gram-Schmidt conversions are also common methods for
replacing components. They make it possible to obtain a



e-ISSN 1607-3274 PapioenexrpoHika, inpopmatuka, ynpasminas. 2021. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 2

new synthesized image with good visual quality, but dis-
rupt spectral quality [12, 13]. The main disadvantage of
component replacement methods is the appearance of
spectral distortions. Multi-scale analysis methods provide
images that will have a high spatial resolution (due to the
software), a high spectral resolution (due to the RGB) and
contain information that is not present in the primary data
(due to images obtained using microwave shooting and
active location). An example of such methods is the La-
place pyramid method [14] and the A-transform method
[15]. In [16] authors suggested method which combines
the Independent Component Analysis and optimization
wavelet transform. The wavelet decomposition coeffi-
cients are determined as a result of solving the optimiza-
tion problem by the criterion of maximizing the entropy.
Wavelet transformations allow you to save spectral in-
formation of the image, but do not take into account a
priori and expert information.

3 MATERIALS AND METHODS

The work developed an automated technology for
comparing and the choosing the best method of pansharp-
ening satellite images of high spatial. Satellite imagery
obtained by satellite WorldView-2 has a spatial resolution
of 1.84 m in the multispectral channel and 46 cm in the
panchromatic channel, respectively. The scheme of the
proposed algorithm is presented in Fig. 1 and consists of
the following main stages:

1. Loading of primary input data different spatial reso-
lution images of the same scene.

2. Preprocessing the snapshot. In this step, the RGB
was scaled to the size of the panchromatic image, and the
histogram was equalized to the multispectral image. This
made it possible to adjust the primary images by aligning
the integral areas of the sections with different brightness
proposed [17] by the algorithm in operation (3):

303
V() =2 > a; By A3)

i=0 j=0

3. Analysis of pansharpening methods. In the pro-
posed algorithm, the following methods are analyzed at

Resampling and
Spectral transform

RGB

MxN (4m)

Rrgbl(i;j); Grgb(i;j); Brgb(i;j)
R’'=Rrgb([i/4], [j/4])
G'=Grghb([i/4], [i/4])
B'=Brgh([i/4], [j/4])
C'=Crgh([i/4], [i/4])
Y'=Yrgh([i/4], [i/4])

RE'=RErgb([i/4], [j/4])
NIR1 =NIR1rgb([i/4], [i/4])
NIR2"=NIR2rgb([i/4], [i/4])

(O<i<M; 0<j<N-1)

=>

|
|
|
PAN |
MxN (1m) ‘ ]l

this stage: generalized intensity — saturation — tone, the
“Brovey” method, the high-pass filter method, wavelet
transformations and combined methods. These techniques
are easy to process and can be applied with any number of
selected input spectral channels.

3.1 The generalized intensity-saturation-tone (GIHS)
method is a modified IHS method in which the number of
channels can be selected. Channel I contains information
about bright component of image, others — information
about spectral components. The method can be repre-
sented according to [18] the following expressions (4):

N
F; =RGB;y +(P-S), S:%ZRGBI.T. )
i=1

3.2 Method “Brovey” [19]. This method is based on
formation of new spectral components of software in ac-
cordance with the following expression (5):

P 1 Y
i=1

3.3 High-frequency filter (HPF) method [20] increases
image information content based on transfer of high-
frequency components of panchromatic channel to spec-
tral channels in accordance with the following expres-
sion (6):

*
i:[P gl+ RGB;» . ©)
2

3.4 Hyperspherical conversion (HCT) is a transforma-
tion between a native color space with Cartesian coordi-
nates into a hyperspherical color space that effectively
works with any number of RGB input channels [21] in the
sample (7):

N
F? =) RGB}, P*=(Pan)’. )
i=1
| ey | |
| Analyze [ D }— |
| P : i |
A [ HPF —
| .
N I | Quality Check
| L GIHS — | j————
—J S _ = RMSE;
| H —— i_ | ERGAS:
oA J | NDVL
| R  — Wavelet !— |
| P ' |
| Method Combinad method | |
| (HSV-HCT-Wav) |
|

Figure 1 — Algorithm scheme
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3.5 Methods on the basis of wavelet transform are im-
plemented by convolution of signal with several bandpass
filters and decimation of result [22]. To perform the re-
verse operation (synthesis), an operation is performed to
interpolate subband signals, filter and add them. The syn-
thesis uses the same filters as the analysis, but the coeffi-
cients are presented in reverse order by the formula (8):

RGBy
N

YRGB, ®

i=

F, =RGBy +

3.6 Combined methods combine the advantages of ex-
isting pansharpening methods with the minimization of
color distortions and taking into account physical mecha-
nisms for capturing species information [5, 6]. In [18]
proposes an HSV conversion method, hyperspherical
conversion, and a packet-type HSV-HCT transformation,
which improves the spatial capability of the primary digi-
tal image and avoids spectral distortion in local regions.

4. The next stage is the analysis of the qualitative and
quantitative characteristics of the pansharpening methods
for satellite imagery considered in the work in order to
determine their state and significance.

4.1 The RMSE criterion determines the deviation of
the position of the point on the shot relative to its position
in space [23].

4.2 ERGAS is a quality index that calculates the
“number” of spectral distortions of a synthesized im-
age [21]. An ERGAS value higher than three corresponds
to the resulting low-quality image. If ERGAS is less than
three, then the image quality is considered satisfactory.

4.3 One of the criteria for checking spectral properties
of synthesized images is calculation of spectral index, in
particular normalized vegetation index (NDVI) [24] was
calculated in the sample (9):

NDVI = M . 9
NIR + RED
4 EXPERIMENTS

Research of influence of fusion methods was per-
formed on the primary satellite images by WorldView-2
of 400x400 pixels, images are shown in Fig. 2.

We have selected the whole scene, which constitutes
buildings, trees, grass, and roads. Fig. 2a shows the origi-
nal multispectral image, Fig. 2b — panchromatic image.
After image fusion by pansharpening methods discussed
above, images are shown in Fig. 3.
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Figure 2 — Fragments of multispectral image:
a — input RGB after resampling; b — input PAN

Figure 3 — Image fragments by methods: a — Brovey; b — HPF,
¢ — GIHS; d — HCT; e — Wavelet; f — combined method

5 RESULTS
We created the graphical user interface for comparing
and the choosing the best method of pansharpening satel-
lite images of high spatial resolution. To use the GUI we
have defined set of instructions:
Step 1: Click on Load Button. At first program pro-
pose to select panchromatic image, then multispectral
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image. We need to be careful as the input data must be of
the same scene and size.

Step 1.1: Choice the visible Bands for RGB image.

Step 2: Preprocessing the snapshot click on Scans
Button and Resampling Button.

Step 2.1: Scans Button analyzed your primary input
data: spectral and spatial resolution of the same scene.

Step 2.1: Resampling Button — scaled to the size of the
panchromatic image and equalized the histogram to the
multispectral image.

Step 3: Pansharpening Button analysis of the methods
and show results. Then, we can automatically see the re-
sult in the Pansharpened image block for this you need
click on Visible Button. All images are displayed in their
stated blocks.

Step 4: Button Quantitative Metrics show the quantita-
tive characteristics of the pansharpening methods for sat-
ellite imagery.

Result: Pansharpened Image and quantitative values
for synthesized multispectral images.

Image quality assessment plays an important role in
the processing of satellite images to determine their state
and significance, especially when using image quality
enhancement techniques. The first step of quality assess-
ment is the visual analysis of the fused images. After the
pansharpening of images according to the above methods,
images were obtained that, even visually compared to the
reference RGB, are more clear, but have significant color
distortions (Figure 3). Figure 5a shows the multispectral
image details containing two targets before and after pan-
sharpening (Fig. 5b, Fig. 5c, Fig. 5d, Fig. Se, Fig. 5f). The

Seans Hesarmiing Spectral [ramaform Pauharperng
Loading method Brovey  Mehod s successhily ready for use
Loading methad HPF  Mehod is successiully ready lor use
Lading methad GIHS  Mehod i successiuly ready for use
‘SEIECT pANSNAPENING | Al panstarpenng meshad = Yiveee

Result of Pansharpening

Doy

synthesized multispectral image by the Brovey method
has many artifacts due to colors. Image is too noisy and
colors are not well synthesized as a whole and locally.
Green trees are not green enough. Shapes are not well
defined; they are sometimes underlined by black lines.
Too large bias is observed.

So, there is too much variance introduced by Brovey
method, the resulting image are shown in Fig.5b. Fig. 5¢
illustrates the fused image of HPF method. The result has
colors that are not synthesized well enough. Contours are
not sharp enough. Small objects, are white and not col-
ored. Other colors are missing in detail, thus preventing
an accurate reading of small objects. GIHS — colors are
not correctly synthesized enough. Small colored objects
are missing, particularly in blue and red. Contours are
blurred and not sharp enough, the fused images after
GIHS method are shown in figure 5d. Figure Se illustrates
the fused image after HCT method this image is nice as a
whole. Colors should be better synthesized. This would
enhance the legibility of the image. Details are there, ex-
cept for the most colored (blue, red). Errors in colors lead
to interpretation errors. Contours should be sharper.
Wavelet transform — pretty nice as a whole. Efforts to do
with colors. Small size objects are missing, particularly
those in red or blue. It can be seen from the Fig. 5f. Com-
bined method (HSV-HCT-Wavelet) — have better contrast
and clarity on the boundaries of the “object of interest —
the background”. Contours are sharp enough and colors
are well synthesized. It can be seen from the Fig. 5g.

[ Choice Visible Bands

Basd 1
| Basd 2
¥ masa 3
Basa d
4| Basd 5
Basd§
Basd T
Bans®

%P
R

P

Satelite WorldView 2 Load

Input image

Calculate

Cuantlatve Malnes

Wavelet | Combinad
46270
1.6590
77500

Brovey
16.7830
28260
5.4800

[ GiHS HCT
203470 454370 123400 11.4740
46330 48490 25590 24160
49700 56600 65000 58900

RMEL
IRGAS
Ertropy

The combined method gives a belter resull

Figure 4 — Graphical user interface of proposed technology
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Figure 5 — The results of different classic fusion methods:
a — Input RGB; b — Brovey; ¢ — HPF, d — GIHS; e — HCT; f — Wavelet; g — combined method

At the same time, due to the subjectivity of human
perception, the visual system perceives artifacts on the
image differently, much depends on the experience of
experts. Therefore, in order to determine the effect of
each method on the quality of a multispectral image, a
quantitative analysis of the information content of the
primary and synthesized multispectral was carried out in
the work, namely, found RMSE, relative dimensionless
global error (ERGAS) and normalized vegetation index
(NDVi).

Entropy is a measure of image information richness is
an important indicator of the size of the entropy reflects
the amount of information contained in the image number
(entropy for PAN=7.51, RGB=7.299).

The obtained entropy, RMSE, ERGAS and NDVI
values for synthesized multispectral images are shown in
Table 1. We see that the combined method (HSV-HCT)
compared to classical fusion methods gives a better result.

Table 1 — Comparison of fusion methods

Image/Method RMSE ERGAS Entropy
PAN - - 7.51
RGB - - 7.299
GIHS 16.783 2.826 5.48
Brovey 20.347 4.639 4.97
HPF 15.437 4.849 5.66
HCT 12.311 2.659 6.05
Wavelet transform 11.474 2416 5.89
(Hcs‘i’/nglceg’\‘;ffvfi o | o7 1.659 7.78
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The efficiency of the combined method is also evi-
denced by the NDVI index values obtained in Table 2.

Table 2 — The results of the normalized vegetation index

NDVI NDV
Image/ Method NDVI for for
RMSE ERGAS
Reference image of the 1 0 0
satellite WorldView-2
GIHS 0.9614 0.0586 12.6028
Brovey 0.9725 0.2125 45.7155
HPF 0.9569 0.1526 32.8356
HCT 0.9578 0.0578 12.4439
Wavelet transform 0.9573 0.0603 17.568
Compiled method (HSV-
HCT-Wavelet) 0.9924 0.0533 11.4107
6 DISCUSSION

The proposed technology of spatial resolution of satel-
lites images is automatically improving the spectral qual-
ity of the sharpened image choosing the best result of the
pansharpening method. As it evident from the Table 1 the
quantitative evolutions of entropy for PAN is 7.51, for
RGB — 7.299, after combined method — 7.78. Indicator of
the size of the entropy reflects the amount of information
contained in the image number, under normal circum-
stances, the greater the entropy of fusion images, the
amount of information it contains, the more the better
integration. The other quantitative evolutions of RMSE,
ERGAS and NDVI have better result for the combined
method with compared to classical fusion methods. This
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is indicated by the value of the dimensionless global error
and root mean square Error, which are the smallest
(ERGAS = 1.659, RMSE = 1.659) compared to existing
methods and indicates a minimum “number” of spectral
distortions of satellite images and value entropy of the
image pansharped by proposed technology is higher than
others.

As it evident from the Table 2 the NDVI index values
is efficiency of the combined method too. Obtaining a
normalized vegetation index value for the Brovey and
HPF methods indicates color distortion compared to the
reference data. This is due to the fact that the Brovey and
HPF methods are based on the fusion of three channel
images and do not take into account information con-
tained in the near infrared range, which affects the quality
of spectral information of the synthesized image.

The results according to these criteria make it possible
to establish a rating range of pansharpening methods from
the worst result: Brovey, HPF, GIHS, soundet conversion,
HCT and the combined HSV-HCT method. In addition,
separate use of these methods leads to the appearance of
spectral artifacts on the synthesized image compared to
the reference one. The “ideal” pansharpening method is a
method that increases spatial difference with minimiza-
tion of color distortion.

The proposed automated technology increases the spa-
tial resolution of multi-spectral aerospace images without
color distortion.

CONCLUSIONS

The actual problem of automated increase of spatial
resolution of primary multichannel images is solved in the
work.

The scientific novelty of obtained results is that the
proposed information technology can to increase the spa-
tial resolution of multispectral satellite images with auto-
mation of a choice of the best pansharpening method on
the basis of the analysis of quantitative and qualitative
indicators is offered.

The practical significance of obtained results is that
they can effectively carry out further recognition and con-
struction of infrastructure facilities, etc. Testing showed
that a synthesized image of high spatial resolution with
maximum information content is achieved with the inte-
grated use of fusion methods, which allows increasing the
spatial fragmentation of a multi-channel image without
significant color distortions.

Prospects for further research are to research the in-
fluence of factors that significantly affect the spatial and
radiometric diversity of multichannel satellite image. Fur-
ther research involves the use of a mechanism for select-
ing the most informative image channels. Note that the
definition of criteria for assessing such informativeness
and quality of the results is a separate unresolved issue.
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YK 004.93
ABTOMATHU30BAHA THOOPMAIIIIMHA TEXHOJIOTISA 3JIMTTA CYITYTHUKOBUX 3HIMKIB
I'natymenko B. B. — 1-p TexH. Hayk, npodecop, 3aBiqyBay kadeapu iHpOpManifHUX TEXHOJIOTIH Ta KOMII IOTEPHOI iHXeHepii
HauionanbHOro TeXHiYHOTO yHiBepcuTtery «/IHinpoBchka noiiTexHikay, JHinpo, YkpaiHa.
Kamran B. 10. — kana. TexH. HayK, TOUeHT Kadeapu iHGopMamiiHIX TEXHOJIOTIH Ta KOMI IOTEpHOI imxkeHepii HamionansHOTO
TEXHIYHOTO yHIBEpCUTETY «/IHIMPOBChKa MoOJiTeXHiKay, JHinpo, YkpaiHa.

AHOTAIIA

AKTyanabHicTh. Ha choroHiniHii aeHb iHGOpPMAIiiiHI TEXHONOTIT IMUPOKO BUKOPUCTOBYIOTHCS MpU IHGPOBiii 00poodIti 300pa-
JKeHb TUCTAHI[IHHOTO 30HyBaHHs 3eMili. AKTYaJIbHOIO € 3aJa4a CyMICHOI 0OpOOKH CYIyTHHKOBHX 300pakeHb, OTPHMaHUX Pi3HUMHU
KOCMIYHAMH CHCTEMaMH, sIKi MaroTh pi3HE MPOCTOpoBe po3pizHeHHs . OgHuMH i3 HalicydacHHX cymyTHHKiB € WorldView-2 Ta
WorldView-3, 1o 103BOJIAI0TE OTPHMMAaTH BOCBMHKaHAJbHE 300pa)KEHHS BHCOKOTO IPOCTOPOBOTO po3pisHeHHs. HesBakaroun Ha
Ppo3po0iieHI METOAU, IPU3HAYEH] ISl MOJIMIICHHS SKOCTI Pe3yIbTYI0U0ro 300pakeHHs, 3’ IBISIOTHCS HOBI HayKOBI MpoOieMu, sKi
OB’ s13aHi 13 MiABUIIEHHSAM BUMOT JI0 pe3yJIbTaTiB 0OPOOKH 3HIMKIB BHCOKOTO IPOCTOPOBOTO PO3Pi3HEHHS Ta PO3POOKOI0 aBTOMATH-
30BaHOI TEXHOJOTII 0OPOOKM IIMX MAaHWX JUIS HOAAIBIIOTO iX TEMAaTHYHOrO aHalizy. B po0OTi po3risHyTO KOHIENUii, MPUHINIH,
OOME)XEHHS Ta IepeBaru TPAAULIHHAX METOMIB 3IUTTS 3 IPOrPaMHOIO peasli3amiero.

Meta. Metoto poOoTH € aHaii3 e(eKTUBHOCTI TPaJULIIHHIX METOJIB 3JIUTTS, TAKUX K Brovey, BeiiBner-nepersopenns, GIHS,
HCT Ta xOMOiHOBaHOTO METO/Y JUIsl CYITy THUKOBUX 300pa)K€Hb BUCOKOTO POCTOPOBOTO PO3Pi3HEHHS.

Meton. Y poborti 3anpornoHoBaHo iHOpPMALiHy TEXHOJOTII0 3IUTTS 3HIMKIB BHCOKOI'O ITPOCTOPOBOTO PO3Pi3HEHHS 3 aBTOMa-
TH3aLi€0 BUOOPY HAWKPAIIOro METOLY 3JIUTTS Ha OCHOBI aHaNi3y KiIBbKICHHX Ta SIKICHHX MOKA3HHKIB. 3alpOMOHOBAHA TEXHOJIOTis
BKITIOYA€: MacmITadyBaHHS MYJIBTHCIEKTPATIBHOTO 300pakeHHs 10 PO3Mipy HaHXPOMATHYHOTO 300pakKeHHsI; BUKOPHCTAHHS €KBai-
3awii TICTOrpaMu Ul KOPUTYBaHHS NEPBHHHUX 300paKE€Hb HUISTXOM BUPIBHIOBAHHS IHTETPaJbHUX OOJIACTEH 3 PI3HOIO SICKPABICTIO;
NIePETBOPEHHS IIEPBUHHUX 300pa’keHb IICJIST CHEKTPAIBHOI KOPEKIil 3a TPaAUIIHHIMHI METOIaMH «HaHIIApIiHI»; aHali3 e(QexTus-
HOCTi OTPUMAaHHX Pe3yJIbTATiB. TEeXHOJIOTIs HO3BOJISIE BU3HAYUTH KPAIIMil METOM 3IMUTTS HIIIXOM aHaTi3y KUIBKICHUX METpPHK: iHIe-
kcy NDVI, RMSE ta ERGAS. Innekc NDVI mis meronis Brovey ta HPF Bkasye Ha criekTpaiibHi CIIOTBOPEHHS Y IOPIBHSHHI 3 €Ta-
JOHHUMHU naHuMH. Lle moB’s3aHo 3 THM, Mo MeTonu Brovey ta HPF 3acHoBaHi Ha 31HTTI TphOXKaHAJIBHUX 300pa)KeHb 1 HE BKIIIOYA-
I0Th iH(pOPMAILLi0, [0 MICTUTHCS B OIIMKHBOMY iH(pauepBoHoMy niamasoni. Orpumani 3HadeHHss RMSE ta ERGAS nemoHcTpyoTh
nepeBary komoiHoBanoro meroxy HSV-HCT-Wavelet nan TpaauuiiHuMu Ta HalCydacHIIIMMH METOJaMH MiJBHIICHHS IPOCTOPO-
BOTO PO3Pi3HEHHsI CYMyTHUKOBUX 300paxkeHb. Lle mocsraerscs, 30KkpemMa, MonepeHbor0 00poOKoIo MepBUHHHUX 300pakeHb, 00pob-
KOIO JaHUX JIOKAJi30BaHUX CIEKTPAIFHUX KOMIIOHEHT Ta BHKOPHCTaHHSAM iH(OpMAIlii, 0 MICTUTBCSA B iHPpauepBOHOMY KaHAaIi
300paKeHHSI.

Pe3yasTaTn. Po3pobieno nporpamue 3a0e3nedeHHs, 0 peatidye 3anpolnoHOBaHUH miaxin. ExcrepuMeHTansHa oIiHKa IpoBe-
JIeHa HA BOCBMHKAHAJIBHUX IEPBUHHUX CYIyTHHKOBHX 3HIMKaX BHCOKOTO IIPOCTOPOBOTO PO3Pi3HEHHS, OTPUMAHHUX CYyITyTHHKOM
WorldView-2. ExcriepuMeHTanbHi pe3yjbTaTh MOKa3yloTh, [0 CUHTE30BaHE 300paKEHHS 3 BHUCOKOIO MPOCTOPOBOIO PO3ALIEHOIO
3[aTHICTIO 3 BUCOKMM iH(OpPMaLiiHUM BMiCTOM JIOCSTA€ThCS 32 JOMOMOTOI0 KOMIIIEKCHOTO BUKOPHUCTAHHSI METOIB 3JIUTTSI, IO J10-
3BOJISIE 301IBIINTH IPOCTOPOBY PO3ALIBHY 3/1aTHICTh BUXIAHOIO OaraToKaHaIbHOTO 300pakeHHsI 6€3 CIEeKTPaIbHUX CIIOTBOPEHb.

BucHoBku. [IpoBeneHi eKCriepuMeHTH MiATBEPANTH e)EeKTUBHICTh 3alIPOIIOHOBAHOT aBTOMATH30BaHOI iHPOPMALIIHHOI TEXHOJIO-
rii, o I03BOJIAE PEKOMEHAYBATH ii MPH MOAAIBLIIOMY NOCTI[KEHHI TaKWX 3a/ad SIK PO3Mi3HaBaHHS i ONMEpaTHBHUII MOHITOPWHT
00’€KTiB iHPPACTPYKTYpH.
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KJIIOYOBI CJIOBA: 31utTs 300pa)KeHb, CynyTHUKOBE 300pakeHHsI, TaHIIapIeHiHr, aBToMaTu3auis, WorldView, 300paxeH-
HSl BHCOKOT'O IIPOCTOPOBOT'O PO3PI3HEHHS, METaaHaIi3.

YK 004.93

ABTOMATU3UPOBAHHASI THOOPMAIIMOHHAS TEXHOJIOI'UA CIUAHUSA CITYTHUKOBBIX CHUMKOB

I'narymenko B. B. — 1-p TexH. Hayk, npodeccop, 3aBenyromuii kaheapoil ”HPOPMAIIMOHHBIX TEXHOJIOTHH U KOMIIBIOTEPHOI
uHxeHepun HalmoHanpHOro TeXHMUECKOro YHUBEpcUTeTa «J{HenpoBcKas MoMTeXHuKay, JIHenp, YkpauHa.

Kamran B. }O. — xaHa. TexH. HayK, JOLEHT Kadeapbl HHPOPMALMOHHBIX TEXHOJOTHH U KOMIIbIOTEpHOIT nikeHepun Harpo-
HaJIbHOTO TEXHUYECKOTO yHUBEpPCUTETA «JIHENpOBCKasl MOJIMTEXHUKAY, JIHemp, YKpanHa.

AHHOTALUA

AxTyanbHocThb. Ha ceropusmmamii 1eHs nHGOpPMAIMOHHBIE TEXHOJIOTHUH MINPOKO HCIIOIB3YIOTCS MpH IH(poBOH 00paboTKe M30-
OpaxxeHHH AUCTaHIIOHHOTO 30HIUPOBAaHUS 3eMIIH. AKTyaJIbHOH SBISETCS 3a/1ada COBMECTHOH 00pabOTKH CITyTHHKOBBIX H300paxe-
HUH, MOJTyYSHHBIX Pa3IMYHBIMH KOCMHYECKHMH CHCTEMaMH, KOTOpbIe HMEIOT Pa3HOe MPOCTPAHCTBEHHOE paspenieHre. OMHUME U3
CaMBIX COBPEMEHHBIX CIyTHUKOB siBisorcs WorldView-2 n WorldView-3, koTopble HO3BOJISIOT HOJYYHTh BOCBMUKAHAIBHOE H30-
Opa)keHHEe BBICOKOTO MPOCTPAHCTBEHHOTO paspemeHus. HecMoTps Ha pa3pa0boTaHHBIE METOABI CIMSHUS, IpeJHa3HaYeHHbIE IS
yIy4IIeHHUs] KauyeCTBa Pe3yJNbTUPYIOLUIEro N300paXKeH s, MOSABIAIOTCS HOBbIE HAY4HBIE MPOOJIEMBI, CBSI3aHHBIE C MOBBIIIEHUEM Tpe-
OoBaHMI K pe3yibTaTaM OOpaOOTKH CHMMKOB BBICOKOTO IPOCTPAHCTBEHHOTO pa3pelleHHs W pa3pabOTKOH aBTOMATH3UPOBAHHOMH
TEXHOJIOTHH 00pabOTKM 3TUX AAHHBIX JUIS JalbHEHIIEro X TEMaTHYecKOro aHanm3a. B pabote paccMOTpeHBI KOHIETINH, TPHHIIH-
ITbI, OTPAaHUYCHNUS U IPENMYIIECTBA TPAAUIIMOHHBIX METOI0B CIHSHHSI.

Heas. Llensio paGoTsl sBisieTcs aHamu3 3(P(EKTUBHOCTH TpPaJUIHOHHBIX METOMOB CIHSHHSA, TakMX Kak Brovey, BeiiBier-
npeo6pazosanus, GIHS, HCT u koMOMHUPOBAaHHOTO METOJa AJISI CITyTHHKOBBIX M300pa’KEHUH BBICOKOTO MPOCTPAHCTBEHHOTO Pa3-
peleHus.

Meton. B pabore npemnoxena nHGOpPMAIMOHHAS TEXHOJIOTUS CIMSHHUS CHUMKOB BBICOKOTO ITPOCTPAHCTBEHHOTI'O PA3PEIICHUs C
aBTOMaTH3anuel BpIOOpA HAMITYUIIEr0 METO/a CHHTE3a HAa OCHOBE aHAM3a KOJIMUECTBEHHBIX U KaUeCTBEHHBIX Mokasarenel. [pen-
JIO)KEHHAs] TEXHOJIOTHUs BKJIIOYAET: MacIITaOMpPOBAaHUE MYJBTUCIIEKTPAIBHOIO H300paXKeHHs IO pa3Mepa MaHXPOMaTHYECKHE H30-
OpaXXeHHST; UCIIONB30BaHNE SKBAIN3AINH IHCTOTPAMMBI ISl KOPPEKTHPOBKH MEPBUIHBIX N300pa’KeHUH ITyTeM BBIPAaBHUBAHUS HHTE-
TpabHBIX 00JIacTel ¢ pa3IuIHON SPKOCTHIO; MPeoOpa3oBaHNe NEPBHYHBIX N300paKEHHUI TOCIE CIIEKTPAIBHONH KOPPEKLUH C TPaIH-
IMOHHBIMH METOJaMH ITaHIIAPINHTA; aHAJINU3 MTOJTYYCHHBIX PE3yJIbTaTOB. TEXHOJIOTHS ITO3BOJISIET ONPEASIUTD Ty Il METO CIIHS-
HUS DyTeM aHanu3a KonudecTBeHHbIX MeTpuk: uHaekca NDVI, RMSE u ERGAS. Nuneke NDVI g meronos Brovey u HPF yka-
3bIBaCT Ha HCKKCHUE LIBETA 110 CPABHEHUIO C ITAIOHHBIMU JAaHHBIMHU. JTO CBS3aHO C TeM, 4To MeTosl Brovey u HPF ocHoBanHBIE
Ha CIMSHHUU TPEXKAHAIBHBIX H300pakeHNIl 1 He BKIIOYAIOT HHPOPMALNIO, COAEPIKALIYIOCS B OIMKHEM MH(PaKpacHOM JMana3oHe.
RMSE u ERGAS nemoHCTpUpyIOT HpenmyinectBo kombunupoBantoro Merona HSV-HCT-Wavelet Hax TpaAHLMOHHBIME B COBpE-
MEHHBIMU METOAAaMH IMOBBIIMIEHNS! POCTPAHCTBEHHOTO pa3pelIeHHsl CITyTHHUKOBBIX HM300pa)eHHi. DTO JOCTUTAETCs, B 4aCTHOCTH,
MpeaBapUTENbHON 00pabOTKON MEPBUYHBIX N300paKeHUH, 00pabOTKOM JaHHBIX JIOKATU30BAHHBIX CIIEKTPAIbHBIX KOMIIOHEHT U HC-
MOJIb30BaHHEM HH(OpMAaLUH, CoAeprKaleiics B HHQpaKpacHOM KaHaJle H300paKEeHHSL.

Pe3yabsTaTsl. Pa3zpaborano nporpaMmHOe oOecrieueHue, peaausyromnee MpeaIokKeHHbIH NoaAX0A. DKCIepUMeHTaNbHasl OI[CHKa,
IIPOBEACHHAs C MCIONB30BaHHEM BOCHMHUKAHAIBHBIX IIEPBUYHBIX CITyTHHKOBBIX CHUMKOB C BEICOKUM IIPOCTPAHCTBEHHEBIM pa3perie-
HHEM, TOJTy4eHHbIX ciyTHUKOM WorldView-2. DxcriepuMeHTalIbHbIEe Pe3yIbTaThl II0Ka3bIBAIOT, YTO CHHTE3UPOBAHHOE H300paKeHUE
BBICOKOT'O IIPOCTPAHCTBEHHOTO Pa3pEIleHNs ¢ BBICOKOH MH()OPMATHBHOCTBIO JOCTHIAETCS C MTOMOIIBIO KOMIUIEKCHOTO HCIOJIB30Ba-
HHSL METOJIOB CHHTE3a, YTO MO3BOJIET YBEIUYUTH MPOCTPAHCTBEHHOE pa3pelleHHe HCXOIHOTO MHOTOKAHAIBHOTO H300paxkeHns 6e3
CHEKTPAJIbHBIX UCKAXKEHUMN.

BriBoasl. [IpoBeneHHbIE SKCIIEPUMEHTHI MOATBEPAMIN 3()(HEKTUBHOCTH MPEITOKEHHOH aBTOMAaTH3MPOBAHHON HMH(OPMAINOH-
HOHM TEXHOJIOTHH, YTO MO3BOJSIET PEKOMEHIOBATh €r0 NMpHU JalbHEHIIEeM HCCIeJOBAaHNH TaKHMX 33/1ad KaK Paclo3HAaBaHWE W OIepa-
THBHBIH MOHHTOPUHT 00BEKTOB HH(PPACTPYKTYPHI.

KJ/JIIOUEBBIE CJIOBA: cnustHus M300pakeHHH, CIyTHHKOBOE M300pa)keHHe, IMaHIIapIeHuHr, aproMarusanust, WorldView,
N300pa’keHNe BHICOKOTO MPOCTPAHCTBEHHOTO Pa3peIIeHNs], MeTaaHalIH3.
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ABSTRACT

Context. The problem of QoS based Web service from the list of Web services with equal or similar functionality was consid-
ered. This task is an essential part of the processes of finding, discover, matching and using Web services on the Internet due to the
numerous offerings of Web services with equal or similar functionality. The reasonable selection of a suitable Web service takes into
account a lot of user’s quality requirements, such as response time, throughput, reliability, cost, etc. Such a task is usually formulated
as an MCDM problem, in which the parameters are the Web service quality factors and the importance degree of these factors. The
object of this research is a process of selection Web services using MCDM methods, taking into accounts the user’s preferences and
requirements to the Web service quality characteristics. The subject of the research is the LSP method, which, in addition to the de-
gree of importance of the criteria used in all MCDM methods, simulates the user’s reasoning about quality, taking into account, in
particular, such characteristics of the criteria as mandatory, sufficiency, desirability, simultaneity and substitutability.

Objective. The objective of the work is to develop an approach for comparing the result of using the LSP method with the results
of using other MCDM methods.

Method. A method for calculating the weights of input criteria that are not always explicitly specified in the LSP method was
proposed. For this, the conjunctive coefficients of impact are used, which are calculated as a result of the sensitivity analysis of the
Web service generalized quality criterion to changes the partial quality criteria. This method underlies the proposed approach to
comparing the efficiency of the LSP method with other MCDM methods, which consists of using the obtained weights as the weights
of the input criteria for the MCDM methods.

Results. The developed method and approach was verified experimentally. The Web service ranking produced by the LSP
method was compared with the ones produced by SAW, AHP, TOPSIS and VIKOR methods. This comparison confirmed the effi-
ciency of the proposed method and approach.

Conclusions. From the obtained results of comparing the LSP method and the MCDM methods considered in this study, it fol-
lows that the proposed method and approach provide the equivalent input conditions for these methods as for the LSP method, which
is a necessary condition for the correct comparison of MCDM methods. The use of the proposed approach made it possible to study
the sensitivities of the considered MCDM methods. In practical applications, this approach can be used to select a suitable MCDM
method. The proposed method can be useful for creating professional evaluation systems in which it is necessary to assess the impor-
tance (weights) of tens and hundreds of quality criteria.

KEYWORDS: quality of Web service, Logical Scoring of Preference method, ranking measure, SAW, AHP, TOPSIS,
VIKOR.

ABBREVIATIONS

AHP is an Analytic Hierarchy Process;

CPA/DPA is a Conjunction/Disjunction Partial Ab-
sorption;

DCQG is a Discounted Cumulative Gain;

ELECTRE is an ELimination Et Choice Translating
REality;

GCD is a Generalized Conjunction/Disjunction;

GL is a Graded Logic;

HPC/SPC is a Hard/Soft Partial Conjunction;

HPD/SPD is a Hard/Soft Partial Disjunction;

IDCG is an Ideal Discounted Cumulative Gain;

LSP is a Logical Scoring of Preference;

MCDM is a multi-criteria decision-making;

nDCG is a Normalized Discounted Cumulative Gain;

OWA is an Ordered Weighted Averaging;

QoS is a quality of service;

QUALIFLEX is a QUALItative FLEXible;

RCI is a Rank Consistency Index;

© Polska O. V., Kudermetov R. K., Shkarupylo V. V., 2021
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SAW is a Simple Additive Weighting;

TOPSIS is a Technique for Order of Preference by
Similarity to Ideal Solution;

VIKOR is a VIse Kriterijumska Optimizacija Kom-
promisno Resenje;

WPM is a weighted power mean;

W5sREF is a Web services Relevance Function.

NOMENCLATURE
Ey is a global QoS criterion (preference) of the Web

service;
Ej is a j-th local QoS criterion of the Web service;
RCIly is a Rank Consistency Index of k-th MCDM

method;
r is a power in WPM function;
S; is an identifier of the i-th Web service alternative;

W, W, are the weights of CPA function;
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Wj is the weight of j-th local QoS criterion;

o is a degree of the andness parameter;
Yj Is a conjunctive coefficient of impact of the j-th

QoS local criterion.

INTRODUCTION

Every day people are faced with the problem of choos-
ing or selecting a subject and behavioural entities among
their possible alternatives. This also applies to the choice
of web services as they have become a part of people’s
daily life. For example, payment services, professional
and personal E-shopping and E-commerce services, postal
services, buying transport tickets services, booking a hotel
services, etc. The problem of selecting Web services
arises when creating and orchestrating composite services
that involve several separate (atomic) services. This prob-
lem in many cases is due to the fact that there are a large
number of services with the equal or similar functions, but
the consumer may have different requirements for the
quality characteristics of services, for instance, cost, re-
sponse time, throughput, security, availability, etc. Such
Web service characteristics are named non-functional
characteristics or QoS. Therefore, the problem of choice
is to select services suitable for the consumer QoS. This
problem usually is formulated as MCDM [1].

The object of study is a process of QoS-based rank-
ing Web services using MCDM methods.

There are many approaches to the selection of QoS-
based Web services selecting with MCDM methods.
However, these methods can produce different and even
inconsistent ranking results. Therefore, it is recommended
to compare and select the most appropriate methods de-
pending on the context of the selection process. For the
appropriate comparison of ranking methods, it is neces-
sary to provide similar conditions and initial data and this
process is also no simple task.

The subject of study is the LSP method, which al-
lows more thoroughly than other MCDM methods to se-
lect the Web service on the base QoS properties and
user’s preferences.

The purpose of the work is to develop an approach
that allows to correctly compare the results of Web ser-
vice ranking by the LSP method with the ranking results
of produced other MCDM methods.

Many popular MCDM methods are applied to the
QoS-driven Web service selection, for example SAW,
AHP, TOPSIS, VIKOR, ELECTRE, etc. A description of
these and many other MCDM methods can be found, for
example, in [2—4]. The LSP method [5] is different from
these methods. The main differences are as follows: first,
LSP takes into account user preferences more strictly
through the use of such characteristics as simultaneity and
substitutability of criteria; secondly, the use of composite
aggregating functions makes it possible to more carefully
aggregate small groups of criteria; third, the method al-
lows adjusting the relationship between mandatory, suffi-
cient and desirable criteria. The use of these criteria char-
acteristics by the LSP method, together with such human
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perception characteristics of importance and preference,
make it possible to more accurately evaluate the quality of
the selectable object and, respectively, to make a decision
close to optimal.

1 PROBLEM STATEMENT
The LSP method is based on GL, which is an exten-
sion of traditional logic [5, 6]. Although GL can be im-
plemented with different functions, the WPM is more
often used:

Eo = (WE] +...+W,EN", (1)

m
OSWJ' <1, szIWj =1.

In this function, the parameter r is used to express logical
relationships between criteria. The main logical relation-
ships between the criteria are set by the andness or orness
parameter. The andness degrees of gradations are pre-
sented in Table 1. The building of the criteria hierarchy is
used in the LSP. This hierarchy is designed to form
groups, subgroups and individual criteria, which are then,
aggregated using GL functions with different andness
values. The andness values are chosen depending on what
requirements are imposed on quality characteristics: man-
datory, sufficiency, desirability, as well as simultaneity
and substitutability.

The MCDM methods can produce different results
[7, 8]. It depends both on the aggregation function used in
the method, and on the normalization techniques, which
are needed in almost all MCDM methods. The LSP
method uses mainly WPM functions to aggregate criteria.
In addition, some criteria can be aggregated using the
partial absorption functions CPA and DPA. For these
functions, the weights of the input criteria are determined
using penalties and rewards that the user allows for de-
creasing or increasing the values of some criteria relative
to other criteria. Therefore, when building a composite
LSP aggregator, a complete list of criteria weights may be
missing.

To select the MCDM method for solving a specific
problem, it is important (recommended) [9] to compare
several methods with each other. Thus, the problem arises
of how to compare the effectiveness of the LSP method
with the effectiveness of other MCDM methods and how
to compare the provided by these methods ranking results
of the alternatives.

2 REVIEW OF THE LITERATURE

There are known many studies on the application of
MCDM methods for QoS based Web service selection,
e.g. AHP [1], SAW [10], WsRF [11], ELECTRE [12],
TOPSIS [13, 14]. In these studies, QoS preference is
mainly determined by assessing the importance of each
quality characteristic. This importance is usually repre-
sented as a normalized numeric value called weight. A
detailed survey of the Web service selection and MCDM
methods can be found in [15]. The application of the LSP
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method for QoS-based Web services ranking investigated
in [16-18].

In papers [17, 18], the LSP method applied for auto-
mated QoS-based dynamic evaluation and selection of
Web services. For this, the OWA method proposed by
R. Yager (see, e.g., [19]) was used to determine the
weights of the quality characteristics that are not manda-
tory. The disadvantage of this approach is that only one
aggregator is used that implements the CPA function.
This bounds the capabilities of the LSP method because
OWA does not support the models of simultaneity and
substitutability that are the significant feature of the LSP
method.

For conclusively decision making with the MCDM
method, it is recommended to compare the results ob-
tained by this method with the results produced by other
MCDM methods. The main described in the literature
methods for comparison of the MCDM methods can be
divided into methods comparison ranking sensitivities and
methods comparison consistency rankings by ranking
measures [20, 21]. The sensitivity analysis allows verify-
ing the MCDM method in terms of the correct method
parameters selection. The work [8] described an approach
for comparing the SAW and TOPSIS methods based on
the sensitivity of the ranking to the initial data and the
weights of the criteria.

In paper [7], the results of comparison of decisions ob-
tained by the TOPSIS, COPRAS, VIKOR and ELECTRE
methods presented. For this, an analysis of the sensitivity
of ratings to changes in criteria weight and methods con-
sistency to varying measurement scales and criteria for-
mulations used. In this work, one of the criteria for choos-
ing the most suitable MCDM method is the stability of
the produced by method rating to changes in the weight of
the criteria. This approach is applicable if the ranges of
the weights are known. In addition, taking into account
that weights are normalized, the change of one weight of
the input criteria requires the change of one or several
other weights. This makes it difficult to analyze the true
effect of each weight on the stability of the MCDM
method. The authors of [22] proposed a method for find-
ing new criterion weights when one of them is changed
and used it to study the sensitivity of the QUALIFLEX
and VIKOR methods on the weight variations.

In paper [8] the method and algorithm for statistically
sensitivity analysis of the TOPSIS method were proposed.
As the research result, the conclusion that the TOPSIS
method is sensitive to input criteria distribution and the
complying of the distributions of the TOPSIS criterion
values of alternatives with the input criteria distributions
was made. A significant computationally intensive may
be required for the practical application of this method.
Nevertheless, the applied approach can be useful for re-
searching other MCDM methods, especially for methods
in which it is difficult to clearly represent the causal rela-
tionship between the input values of the criteria and the
result of alternatives ranking.

The authors of [23] used the sensitivity analysis of the
VIKOR method to determine the stability solutions to the
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criteria weights change. The sets of weights were deter-
mined by repeating the process of applying the AHP
method and matrix of pairwise comparisons. The main
drawback of this approach is that can impact to decision
maker preference.

The integrated AHP-TOPSIS approach was proposed
in [24]. In this approach, the AHP method was applied to
determine the criteria weights and TOPSIS was adopted
to select the optimal alternatives. Sensitivity analysis was
performed by adjusting the weights obtained from the
AHP procedures. The disadvantage of this sensitivity
analysis is that it only aims to raise awareness among
project participants of the potential impact on solutions by
decision makers.

Summing up the works reviewed, it can be stated that
the investigation of sensitivity analysis of MCDM meth-
ods is actual. The results of MCDM methods depend not
only on the characteristics of the alternatives but also on
the MCDM method used [7]. In addition, there is no con-
sensus on how to determine the “quality” of the MCDM
method and the reliability of its result [23].

3 MATERIALS AND METHODS

In this paper, a method to compare the results of the
LSP method with other methods for QoS-based ranking
Web services was proposed. The main idea of this method
is to use the sensitivity of the LSP aggregation schema to
variations of Web service quality characteristics to calcu-
late the importance or weights of the input attributes for
traditional MCDM methods. Attribute weights are calcu-
lated by normalizing sensitivity values. To test this idea,
these weights were used as the input attribute weights in
SAW, AHP, TOPSIS and VIKOR methods. The obtained
ranking results were compared with the result of the LSP
method ranking using the nDCG and RCI measures.

To build the aggregating schema of the LSP method, a
tree of the Web services quality attributes was built. The
Web services quality attributes tree is shown in Fig. 1.
Formation of the criteria tree was carried out taking into
account the existing Web service QoS factors standard
[25], the dataset of the real Web services [26] and de-
scribed in detail in [27].

111 Response Time  —
112 Throughput — 1Service Level
Measurement

121 Availability
1221 Reliability —
1222 Successability —

211 Compliance —
2 Interoperability Quality Factors

212 Best Practices of Web Services

22 Documentation —

j 3 Security

Figure 1 — The tree of the Web services quality attributes

31 Authentication

32 Privacy

The synthesis of the LSP aggregation schema was
made taking into account the preferences of the “ordi-
nary” user of the Web service. For this, the GCD func-
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tions realized as WPM were used. The main parameters of
GCD functions shown in Table 1. The WPM functions
parameter r depends on the andness parameter o . The
andness degree for each function was determined based
on such requirements for quality attributes as mandatory,
optional, sufficiency, simultaneity and substitutability.
The mandatory type means that the requirement on qual-
ity characteristic is very important and must be satisfied.
The optional type means that the satisfaction of the re-
quirement on quality characteristic is desired, but not nec-
essary. The importance of each quality attribute is as-
signed using weight.

Table 1 — GCD functions

functions are given in special tables developed by J. Du-
jmovi¢ in [29]. The output value of this CPA aggregator
is determined by the formula (2):

7= {(I—Wz)[\/V1x+(I—W1)y]r +W2xr}1/r, 0)

wherer =—-0.72 .

As a result of the combination of WPM and CPA
functions and taking into account the criteria tree, the LSP
schema for the global aggregation of Web services quality
criteria was synthesized. The detailed procedure of LSP
aggregation schema synthesis explained in [30]. This ag-
gregation schema is shown in Fig. 3.

P=30 R=10

GCD Sym a r r,(n=2) | type
D D 0 r =+ +00 -
D+ | 1/16 20.36 g
D+ 1/8 9.521 a:‘—’
D+— 3/16 5.802 I~
HPD DA 12 2<r<+o 3929 2]
D—+ 5/16 2.792
D- 3/8 2.018
SPD D— 7/16 1<r<2 1.449 Tﬁv
A A 172 r=1 1 .%
C— 9/16 0.619 o
SPC o 53 O<r<l1 0261
C—+ 11/16 —0.148
CA 3/4 —0.72
HPC C+— 13/16 —0<r<0| —1.655 E
C+ 7/8 —3.51 =
C++ 15/16 -9.06 §
C C 1 r=-ow —0

In addition to the GCD functions, the LSP method us-
es the partial absorption aggregators CPA and DPA. The-
se aggregators are designed to aggregate criteria that are
of different types (mandatory, optional and sufficient).
For instance, the CPA function aggregates mandatory
criterion with optional criterion. This CPA function is
shown in Fig. 2 [28].

X

y

Figure 2 — An example of the CPA function

The input X of the CPA function in Fig. 2 is manda-
tory, and the input y is optional. The weights W; and

W, are determined on the so-called penalty and reward,

which are assigned by the user who selects the Web
service.

The penalty is the degree to which the user agrees to
reduce the aggregate satisfaction rate when a mandatory
input is partially satisfied and an optional input is not sat-
isfied. A reward is the degree to which a user wishes to
increase the aggregate degree of satisfaction if a manda-
tory input is partially satisfied and an optional input is
fully satisfied. The dependencies of the weights W, and

W, on penalties and rewards for the partial absorption
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P=50 R=25
kil
i i
1-#531 1-w!
2 — )z

Figure 3 — Aggregate schema

The sensitivity was defined by keeping fixed all input
attributes except one and then investigating the effects of
the selected input on the aggregation schema output.

Obviously, the quality of service will improve as any
of the quality attributes improve. For example, as the re-
sponse time decreases, overall satisfaction with the Web
service will increase. The response time attribute can be
critical for the “ordinary” user of the Web service. This
means that if the response time is longer than a certain
value, then the Web service may be rejected by the user.
In this case, the user’s satisfaction with the quality of
Web service monotonously changes from complete dissat-
isfaction to complete satisfaction. On the other hand, an
attribute such as throughput of the Web service may not
be a critical factor (rather, this factor is critical for the
Web service provider). In this case, increasing the
throughput improves the overall quality of Web service,
but the user can agree to some fixed minimum value for
this attribute. These cases of changes of the output suit-
ability to variation in critical (mandatory) and optional
attributes (input suitability) are shown in Fig. 4. The sen-
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sitivity curves in Fig. 4 are increasing concave functions
for which the first derivative with respect to the variable
Xj of the input attribute OE, /6X j >0, and the second

derivative 9°Eg/ox} <0.

1 . ; . . ;
e e e SRR e
oo A P
R S S S L S S G
2 o < LT
5 too s
B 0.6 e e
3 V2 R R
e
o 4 I 2 S S
VavANE I
0.2 oo gfmopprmmmmp oy
E/ E : E E E e—e—e Response Time
/ : | 1 : ! [o—o—o Throughput
0 f t f t t

Input suitability

Figure 4 — The shapes of conjunctive sensitivity curves for man-
datory and optional criteria

If all input attributes are fixed except one and are
maximum, then the maximum impact of the unfixed at-
tribute on the output is when Eq =X ;. For this case in

Fig. 4 corresponds to the dotted line. Sensitivity can be
interpreted as the ratio of the area above the sensitivity
curve to the area above the straight line of maximum im-
pact. To assess the sensitivity of the output of the LSP
aggregator to the input attribute variation, J. Dujmovié
introduced the conjunctive coefficient of impact [5],
which takes into account the shape of the sensitivity
curve:

1
v = [ Fi g

vj =200 2L %], 3)
Yi
where y%max) is the maximum value of the output suit-

ability (maximum value of the output of the aggregator),
fj(xj) is the function of the sensitivity of the output
suitability to a change in j -th input suitability (the value
of the input attribute Xj).

The effect of each input attribute on the output of the
aggregation schema in Fig. 3 is obtained experimentally,
and then conjunctive coefficients of impact are calculated

by formula (3). The input attribute weights are calculated
using the formula (4):

Wi=vj/2vi- e
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These weights of input attributes can be used for
SAW, AHP, TOPSIS, VIKOR methods in order to com-
pare the ranking results of these methods with the results
of ranking by the LSP method.

To evaluate the consistency of the ranking results by
the LSP method and listed above methods, the nDCG and
the RCI rank measures were used. The nDCG rank meas-
ure evaluate the degree of coincidence of the ranking re-
sults according to the positions of Web service alterna-
tives in the ratings [31]. For computing the values of the
nDCG of each MCDM methods, the following formulae
were used [32]:

n .
DCG = —rel(-S,) , (3)
i=llog2(|+l)
npcG = 2CC (6)
IDCG

where n is a number of Web service alternatives,
rel(Sj) is a relevance of Web service alternative at the i-

th position and the IDCG is the DCG of the rating pro-
duced by LSP method.

The RCI rank measure was used to evaluate the con-
sistency of the ranking result of each MCDM methods
with the ranking results of all considered MCDM meth-
ods. The RCI rank measure was introduced in [20], ap-
plied in [21] and modified in [33, 34]. The formula for
calculating the RCI is as follows (7):

K-1

Dty (7

RClj =——
K-1) =

where K is a number of compared MCDM methods, ty |

is a total number of times when k-th MCDM method
produced the same ranking as | other MCDM methods.

4 EXPERIMENTS

Based on the dataset [26] a list of 52 currently running
Web services with similar functionality was compiled for
a numerical experiment. Missing data, but needed accord-
ing to the attribute tree presented in Fig. 1, was generated
randomly. The method proposed in [1] was used to gener-
ate the values of the Authentication attribute. This method
evaluates the quality characteristics presented as an or-
dered list. To calculate the values of the Authentication
attribute, an ascending ordered list (Password, Certificate
Based Authentication, One Time Password, Access Key
Authentication, and Token Based Authentication) was
used. Further, Web services with dominated quality char-
acteristics vectors were excluded from the list of candi-
date Web services. As a result, a list of 7 Web service
candidates (S;—S;) for selection was formed. The values
of these quality characteristics are presented in Table 2.
The additional data of quality attributes, shown in Ta-
ble 3, include the value ranges of the input attributes, their
types and tendencies, which were used to build the LSP

137



e-ISSN 1607-3274 PapioenekrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 2

aggregation schema. The elementary quality criteria of the
Web services were calculated according to formulae (8)
and (9) and taking to account the values, bands and ten-
dencies of input quality attributes. The values of these
criteria is shown in Table 4. Formula (8) is used to calcu-
late criteria with a “benefit” tendency, which means that
the higher value of the quality attribute is better than the
lower one (for example throughput). Formula (9) is used
to calculate criteria with a “cost” tendency, which means
that the lower value of the quality attribute is better than
the higher one (for example, response time).

Table 2 — Quality attributes for Web services

Alternatives ID

Criteria S, S, S; S4 Ss Se S,
Response Time 114 | 113 | 108 | 132 | 120 | 100 | 140
Throughput 16.0| 10.0 | 12.0 | 20.0 | 17.0 | 21.0 | 23.0
Availability 86 91 89 33 98 88 75
Reliability 73 70 74 68 83 59 88
Successability 86 85 90 77 96 90 98
Compliance 89 78 92 81 85 88 80
Best Practices 84 83 93 80 90 66 86
Documentations | 60 62 90 89 72 52 95
Authentication 17 12 13 14 11 19 15
Privacy 1 0 1 1 0 1 0

Table 3 — Additional data for Quality attributes

QoS min | max type tendency
Response Time, ms 50 150 | mandatory | cost
Throughput, invokes/s 5 25 optional benefit
Availability, % 60 100 | mandatory | benefit
Reliability, % 40 100 | optional benefit
Successability, % 20 100 | optional benefit
Compliance, % 30 100 | mandatory | benefit
Best Practices, % 40 100 | mandatory | benefit
Documentations, % 20 100 | optional benefit
Authentication 2 20 mandatory | benefit
Privacy 0 1 optional benefit
. Xij _ Xgmln)
Ei (XJ ): max 0, min 1, m . (8)
x5 &
J J
(max) _ Xii
J 1]
E; (Xj ): max| 1, max| 0, ) (min) 9
¢ X) X(_mm)
J J
Table 4 — QoS criteria
Alternatives ID
Criteria S S, S; S, Ss Se S,
Response Time  [0.36| 037 | 042 | 0.18 | 0.30 | 0.50 | 0.10
Throughput 0.55] 0.25 | 0.35 | 0.75 | 0.60 | 0.80 | 0.90
Availability 0.65] 0.77 | 0.72 | 0.57 | 0.95 | 0.70 | 0.37
Reliability 0.55] 0.50 | 0.57 | 047 | 0.72 | 0.32 | 0.80
Successability 0.82] 0.81 | 0.87 | 0.71 | 0.95 | 0.87 | 0.97
Compliance 0.84] 0.69 | 0.89 | 0.73 | 0.78 | 0.83 | 0.71
Best Practices 0.73] 0.72 | 0.88 | 0.67 | 0.83 | 0.43 | 0.77
Documentations [ 0.50 | 0.52 | 0.87 | 0.86 | 0.65 | 0.40 | 0.94
Authentication 0.83] 0.56 | 0.61 | 0.67 | 0.50 | 0.94 | 0.72
Privacy 1 0 1 1 0 1 0

The QoS criteria presented in Table 4 were used as in-
puts for the LSP aggregation schema (Fig. 3). The Web
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services S;—S; ranks and LSP aggregation schema sensi-
tivities on changes of each criterion were obtained. Sensi-
tivity curves are shown in Fig. 5 and Fig. 6. Then the sen-
sitivity characteristics were used for calculating the
weights criteria according to formula (4). These criteria
weights are [0.236, 0.04, 0.162, 0.02, 0.034, 0.116, 0.128,
0.013, 0.174, 0.078].

In order to verify the proposed method, the values of
considered list of input quality attributes (Table 2) was
used to rank Web services by methods SAW, AHP,
TOPSIS and VIKOR. For this the weights obtained as a
result of calculating the sensitivity of the LSP aggregation
schema were used.

1 ; ; ; ; ;
0.84----- T Y RO~ AUy [
> 1 ‘ i A i H i ,
= | H v 1 0 i H i 1
ke : S N R S N
L 0.67 - ff e A
2 i i i i i H i 1
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; ; ; ; ; | |e—o— Authentication
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Figure 5 — Sensitivity curves for mandatory criteria
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Figure 6 — Sensitivity curves for optional criteria

The sensitivity analysis of the SAW, AHP, TOPSIS
and VIKOR methods was carried out similarly to the sen-
sitivity analysis of the LSP method.

5 RESULTS
Table 5 shows the sensitivities of the considered
MCDM methods to changes in each of the input attrib-
utes, as well as the average values of the sensitivity of
each method. The sensitivity was calculated in accordance
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with formula (3). As a function fj(X;), the functions of

the methods sensitivity curves was used. The maximum
value of output suitability is obviously y; equal to 1 (see
Fig. 4).

Table 5 — Sensitivities of MCDM methods ( yj , %)

z &

a = =} fff a

A0 S| 2| 2| &
Response Time 71.04 | 23.61 | 6.62 | 36.07 | 23.61

Throughput 12.010| 3.99 2.04 | 1492 | 3.99
Availability 48.61 | 16.16 | 3.32 | 20.74 | 16.16

Reliability 6.01 2.00 0.58 | 4.21 2.00

Successability 10.18 | 3.38 0.63 | 4.27 3.83
Compliance 34.88 | 11.59 | 1.53 | 9.97 11.59
Best Practices 38.38 | 12.76 | 3.26 | 20.33 | 12.76

Documentations 3.93 1.31 0.53 | 3.92 1.31
Authentication 5233 | 17.39 | 7.40 | 49.37 | 17.39
Privacy 23.52 | 7.082 | 7.41 | 49.90 | 7.082
Average 30.09 | 10.00 | 3.33 | 21.37 | 10.00

Table 6 presents the results of Web service rankings
obtained by MCDM methods and comparing these rank-
ings using the rank measures nDCG and RCI. As men-
tioned above, the LSP ranking was chosen as the ideal
ranking for the nDCG measure, since other methods use
weights derived from the LSP method. The obtained high
values of nDCG indicate that the SAW, AHP, TOPSIS
and VIKOR methods determined the ranks of Web ser-
vices in sufficient consistently with the LSP method. The
RCI indicators received average values (the maximum
indicator for these data is 7). This is since the considered
methods differ in ranking and normalization of the input
attributes techniques. These techniques can sufficiently
affect alternatives with the low overall quality criterion.
Nevertheless, the ranking results are quite consistent for
the Web services which took place in the first three posi-
tions in the rankings.

Table 6 — Ranks of Web services and evaluations of nDCG and
RCI measures

2 &
%) @)
5| 25|52
Service ID ~ i < = >
S 3 2 2 2 3
S, 6 7 7 7 6
S5 2 3 3 3 2
S, 5 4 4 4 5
S5 4 5 5 6 4
S 1 1 1 1 1
S; 7 6 6 5 7
nDCG, [%] 100 98 98 98.4 | 99.7
RCI 2.5 35 |35 |30 2.5
6 DISCUSSION

The comparison of the results of ranking by the LSP
method and the SAW, AHP, TOPSIS and VIKOR meth-
ods confirmed the possibility of using the weights ob-
tained from the LSP sensitivity analysis as the input at-
tributes weights for the SAW, AHP, TOPSIS and VIKOR
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methods. This indicates the efficiency of the proposed
method. At the same time, according to the average val-
ues of the method sensitivities to the input criteria
changes given in Table 5, it can be concluded that the
LSP method has a higher overall sensitivity and especially
to changes of mandatory criteria.

The develop a hierarchical tree of a set of input attrib-
utes for the LSP method facilitates to build the separate
aggregators for small groups of input attributes (usually 2
to 5) with flexible consideration of such requirements for
quality attributes as mandatory, sufficiency, optional, si-
multaneity and substitutability. These requirements are
further taken into account when synthesizing the general
aggregation schema. This approach makes it possible to
more thoroughly take into account the user’s preferences
when QoS-based selecting the Web services. As a result,
the mapping of the sensitivity of the general LSP aggrega-
tion schema to the input weights for other decision-
making methods turns out to be more accurate and the
decisions obtained by them are more relevant to the pref-
erences of decision-makers.

As follows from the publications analyzed in this
work, the problem of choosing the MCDM method is of
current interest and it is recommended when choosing one
to compare the results produced by several MCDM meth-
ods. Approaches to compare MCDM methods are con-
stantly evolving. The proposed method can supplement
already developed approaches for MCDM methods.

In many cases, for the considered MCDM methods,
the main method for determining the input attributes
weights is the AHP. Sometimes this method is used re-
peatedly to clarify the preferences of stakeholders or deci-
sion makers. The process of identifying user preferences
is most advanced in the LSP method. Therefore, the pro-
posed method, based on the determination of weights
from the results of sensitivity analysis, can also be used to
check or confirm the weights obtained by the AHP or
other methods. This can be especially useful if the number
of input attributes is a large.

CONCLUSIONS

In this work, the approach to comparing the effective-
ness of the LSP method with other MCDM methods has
been proposed.

The scientific novelty of this study is as follows:

— a method based on the LSP sensitivity analysis for
calculating input criteria weights has been developed.
These weights can be applied to other MCDM methods
when compared to the LSP method;

— a comparison of the sensitivity of the LSP method
with the sensitivity of SAW, AHP, TOPSIS and VIKOR
methods to changes in input attributes have been made;

— to compare the ratings produced by the LSP, SAW,
AHP, TOPSIS and VIKOR methods, the nDCG and RCI
measures have been used.

The practical significance of the results obtained is
that the developed method can be used to calculate the
weights of input attributes, and the proposed approach can
be used to verify the results of ranking alternatives, which
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may be necessary when choosing the most suitable
MCDM method.

Prospects for further research are the use of the

proposed approach and method for comparing the LSP
method with methods that do not have an explicit aggre-
gation function, for example, ELECTRE and expanding

the

10.

11.

12.

13.

14.

list of QoS criteria for selecting Web services.
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naxIa 10 BUBOPY BEBCEPBICIB 3A KPUTEPISIMU SIKOCTI
HA OCHOBI AHAJII3Y YYTJIMBOCTI METOAIB MCDM

Moascbka O. B. — crapmmii Bukiagad kadeapu KOMIT'IOTEPHUX CHCTEM Ta Mepexx HarioHansHOro yHiBepcHTeTy «3aropi3bka
MOJTITEXHiKay, 3anopixoks, YKpaiHa.

KynepmeroB P. K. — kann. TexH. Hayk, NOLEHT, 3aBigyBau KadeipH KOMIT'IOTEPHHUX CHUCTeM Ta Mepex HarioHansHOro
YHIBepCHUTETY «3aropi3bKa NONITeXHiKa», 3aN0pikKs, YKpaiHa.
HMkapynuao B. B. — kaHx. TexH. Hayk, IOLEHT, AOLEHT KadeIpu KOMII'IOTEpHHX CHCTeM Ta Mepex HauioHambHOTO

yHIBepcHUTETY OiopecypciB i mpupoaokopucTyBanHs Ykpainu, Kuis, Ykpaina.

AHOTAIIA

AxTyanbHicTh. Po3risaHyTo 3amady BuOOpy BeOCEpBICiB 3a KPUTEPIsSIMH SKOCTI 31 CIIMCKY BeOCEPBICiB 3 0HAKOBUMH a00 1ofi6-
HUMH (QYHKIIOHAIBHUMH XapaKkTepucTHkamH. Lle 3aBmaHHS € HeBin €MHOI0 YAaCTHHOIO IIPOIECIB IOUIyKY, BUOOPY, Y3TOKEHHS i
BUKOPUCTAHHS TaKUX BEOCEPBICIB B 3B’SI3KY 3 YMCJICHHHMH IpONO3uLisMu BeOcepsiciB B [HTepHeTi. Po3ymHumii Bubip HeoOXinHOTO
BeOcepBicy MOXKe BpaxoByBaTH 0e3J1i4 BUMOI KOPHCTyBava J0 SIKICHMX XapaKTEePUCTHK, HAIPUKIIA, 4acy BIATYKY, IPOITYCKHOI 3/1a-
THOCTI, HafilHOCTI, BapTOCTi Tomo. Taka 3amaya 3a3Bu4ail (OPMYJIIOETHCS SIK OaraTokpurtepiaibHa 3agada MPUHHATTS pillieHb, B
SIKI TTapaMeTpaMy € YHHHUKH SKOCTI BeOCEpBICIB i CTYICHIO 3HAYYI[OCTi HapamerpiB sikocTi. O6’€KTOM JOCHIIKECHHS € MPOLECH
pamKyBaHHs BeOcepBiciB 3a momoMoroto MetoaiB MCDM 3 ypaxyBaHHSM IepeBar Ta BUMOT KOPUCTyBaya JI0 XapaKTEPHUCTHK SIKOCT1
BeOcepiciB. [Ipeamer gocmimkenHs — metoq LSP, akuii kpiM CTymeHI0 BaXXKJIMBOCTI KPUTEPIiB, IO BUKOPUCTOBYETHCS Y BCIX METO-
nax MCDM, mopemoe MipKyBaHHS KOPHCTyBada IIpO SIKICTh, BPaxOBYIOUM, 30KpeMa, TaKi XapaKTEPUCTUKH KPHUTEpiiB, SK
000B’SI3KOBICTh, JTOCTATHICTh, Oa)KaHICTh, OJJHOYACHICTh Ta B3a€MO3aMiHIOBaHHICTh. MeTa JOCHIIKCHHS — PO3POOUTH MiIXiJ JUIs
MOPIBHSHHS pe3yNbTaTiB BUKopucTaHHs Meroxy LSP 3 inmmmu metogamu MCDM.

MeTona. 3aniponIOHOBaHO METO/ OOUMCIIEHHS Bar BXITHUX KPHUTEPIiB, sIKi HE 3aBxH 3aaaHi sBHO B Metoxi LSP. Jlns nporo BuKo-
PHUCTOBYIOTBCS KOC(IllIEHTH KOH FOHKTUBHOTO BIUIUBY, IKi OOYHCIIOIOTHCS B PE3ybTATI MPOLCAYPH aHANI3Y UyTIMBOCTI y3araibHe-
HOT'O KPHUTEPII0 SKOCTI 0 3MiH BXiIHHUX KpHUTEpiiB sikocTi. L{eil MeTox JexuTh B OCHOBI 3alIPOMIOHOBAHOIO MiJXOAY A0 HOPIBHIHHS
edexruBHocTi Metony LSP 3 inmmmu meronamu MCDM, sikuii nossirae B BAKOPUCTaHHI OTPUMAHUX Bar B SIKOCTI Bar BXiAHUX KPH-
TepiiB st MCDM wmetonis.

PesyabTaT. Po3pobneni MeTox i miaxia Oyio mepeBipeHo excnepuMeHTanbHo. B skocti MCDM MeToniB, 3 SKUMU 3H1HCHIOBA-
noch nopiBHsHEA Metox LSP, BukopucroByBammcs meronu SAW, AHP, TOPSIS i VIKOR. IopiBHSHHS pe3yJbTaTiB paHKyBaHHS
BeOCepBiCiB MMM METOJaMU 3 Pe3yIbTaTOM pamKUpyBaHHS MeToqoM LSP minTBepausio mpares3aTHiCTh 3alPOIIOHOBAHHX METOIY
Ta MIXOIy.

BucHoBKH. 3 OTpUMaHUX pe3yibTaTiB NOPiBHIHHS MeToxy LSP i po3rsiHyTHX B qaHoMy mociimpkeHHI metonis MCDM Bumm-
Ba€, 1110 3aMPOIOHOBAHI METO[ 1 MiaXija 3a0e3neuyoTh 1Uisl X METOIB piBHO3HA4HI 3 MeTogoM LSP BXiaHi yMoBH, 10 € HEOOXin-
HOI0 YMOBOIO KOPEKTHOCTI NMopiBHAHHA MeToiB MCDM. BUKOpHCTaHHS 3alpOIOHOBAHOTO MiJXOMY JO3BOJIMJIO JAOCHIAUTH YyTIIH-
BOCTI pO3rIsiHYyTHX MeTogiB MCDM. ¥V mpakTHYHOMY 3aCTOCYBaHHI JaHUH MiAXiX MOKHA BUKOPHUCTOBYBATH AJIsl BUOOPY MiAXOMAs-
moro MCDM wmetony. 3anponoHOBaHHK METOA MOKe OyTH KOPUCHHHU IS CTBOPEHHS MPO(ECiHHUX CUCTEM OLIHIOBAaHHS, KOJIU He-
00XiHO OIIIHIOBaTH Ba)KJIMBICTH (Baru) JECATKIB i COTCHb KPUTEPIIB IKOCTI.

KJIIOUYOBI CJIOBA: skicth BebGcepBicy, METOJ JIONYHOIO OI[HIOBaHHS BronoOanb, Mipu pamxkysands, SAW, AHP,
TOPSIS, VIKOR.
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YK 004.42
HoAXO0J K BbIBOPY BEB-CEPBUCOB IIO KPUTEPUAM KAYECTBA
HA OCHOBE AHAJIM3A YYBCTBUTEJIBHOCTH METOJOB MCDM
Hoabckas O. B. — crapmmii mpenogasarens Kagenpbl KOMIBIOTEPHBIX CHCTEM M ceTeii HammoHanmpHOTO yHHBEpCHTETa

«3amoposkcKas MOJUTEXHUKAY, 3alOpOKbE, Y KpanHa.

Kynepmertos P. K. — xann. TexH. Hayk, JOIEHT, 3aBelylomui Kadeapoil KOMIIBIOTEpHBIX CHCTeM M cereil HarponamsHOTO
YHHUBEPCUTETA «3al0POXKCKas IOJIUTEXHUKAY, 3aII0POKbE, YKpauHa.

IMkapynuao B. B. — kanxa. TexH. HayK, JOIEHT, JOLEHT KadeIpbl KOMIBIOTEPHBIX CUCTEM U ceTeil HanmonanbHOro yHUBEpCH-
TeTa OMOpecypcoB U MPUPOJOII0IIL30BaHus YKpanHbl, Kues, YkpanHa.

AHHOTALUA

AkTyanbHOCcTh. PaccMoTpena 3ajada BeIOOpa BeO-CEPBHCOB IO KaYECTBEHHBIM XapaKTEPUCTHKAM M3 CIIUCKAa BeO-CEPBHUCOB C
OJMHAKOBBIMH WM MOZOOHBIMU (pyHKIMOHANBPHBIMU XapaKTePUCTHKAMH. JTa 3ajada sSBISCTCS HEOThEMIIEMOH YacThIO MPOIECCOB
NIOUCKA, BBHIOOPA, COINIACOBAaHWS W HCIIOIB30BAHUS TAaKUX BEO-CEPBHCOB B CBS3M C MHOTOYHCICHHBIMH HPEIUIOKEHHSIMH BeO-
cepsucoB B MHTepHeTe. Pa3ymHEIil BBIOOp HEOOXOANMOTO BeO-CEpBHCa MOXKET YIUTHIBATH MHOXECTBO TPEOOBAHHHI MOIB30BATENS K
KaueCTBEHHBIM XapaKTePUCTHKAM, HallpuMep, BPEMEHH OTKJIMKA, IIPOITYCKHOM CIIOCOOHOCTH, HaJ@KHOCTH, CTOUMOCTH U T. 1. Takas
3aa4a 00bIuHO (hopmynupyercs kak 3agaua MCDM, B KOTOpO# mapaMeTpamH sIBJISIOTCS (paKTOpPhI KaueCcTBa BEO-CEPBUCOB U CTEIIC-
HU 3HAYUMOCTH NapaMeTpoB KauecTBa. OOBEKTOM MCCIENOBAHUS SBISIOTCSA MPOLECCH PAHXUPOBAHHS BEO-CEPBUCOB C MOMOIIBIO
metoz10B MCDM c¢ yueToMm mpearnoyTeHuid 1 TpeOOBaHUH MONb30BaTeNs K XapaKTepUCTHKaM KadecTBa BeO-cepBHCOB. IIpenmer uc-
ciepoBanus — Metol LSP, KOTOpEIil TOMHMO CTENEHH Ba)KHOCTH KPHUTEPUEB, HCHONB3YIomeiicsa Bo Bcex MeTogax MCDM, moxenu-
PyeT pacCyXIeHHs IIOJb30BaTeNs O KadeCTBE, YIWTHIBAs, B YACTHOCTH, TAKUE XAPAaKTEPUCTUKH KPUTEPHEB, KaKk 00SI3aTEIBHOCTD,
JOCTaTOYHOCTb, JKEIATeIbHOCTh, OJJHOBPEMEHHOCTh U B3aMMO3aMeHseMocCTh. Llens nccienoBanus — pa3paboTaTs HOAXOL IS CPaB-
HEHHMs Pe3yJIbTaTOB UCNOob30BaHus MeTona LSP ¢ npyrumu meronamu MCDM.

Metoa. IIpeioikeH METO BBIUMCICHUS BECOB BXOJHBIX KPUTEPUEB, KOTOpBIE HE BCeraa 3aaaHsl iBHO B Merone LSP. Jlins atoro
UCIIONB3YIOTCST KO (UIIMEHTH KOHBIOHKTHBHOI'O BIIMSHMS, KOTOPbIE BBIUMCISIIOTCS B Pe3yJbTaTe MPOLEIypbl aHAlM3a YyBCTBU-
TEBbHOCTH 0000IEHHOTO0 KPUTEPHs KaUueCTBa K U3MEHEHHUSIM BXOAHBIX KPHUTEPHEB KadecTBa. DTOT METOJ JIEXKUT B OCHOBE MPEIO-
JKEHHOTO MoJxoa K cpaBHeHUIo 3 dextuBHOCcTH MeTtoga LSP ¢ npyrumu merogamu MCDM, KOTOpBIHA 3aKI04aeTcs B UCIOJIb30Ba-
HUH TIOJy9E€HHBIX BECOB B KaU€CTBE BECOB BXOAHBIX KpuTepues 1t MCDM mertonos.

PesyabTaTsl. PazpaboTanHbie MeTO U OAXOM OBUTH MPOBEPEHHBI SKCIIepUMEeHTaNnbHO. B kauectBe MCDM MeTonoB, ¢ KOTOPBI-
Mu cpaBHuBaiuca Meton LSP, ucnons3oBamuce Meroasl SAW, AHP, TOPSIS u VIKOR. CpaBHeHue pe3ynbTaToOB paHKHPOBaHUS
Be0-CEpPBUCOB ATUMHU METOIAMH C PE3yJIbTaTOM pamkupoBaHHs MeTogoM LSP moarBepamio paGoTocnOCOOHOCTH MpEUIOKEHHBIX
METOZa U MOJX0/a.

BriBoabl. 113 nony4eHHbIX pe3ysbTaToB cpaBHeHUs MeTona LSP u paccMOTpeHHBIX B JaHHOM HcciieioBaHuU MeTofoB MCDM
CIIE/Iy €T, YTO IPEJIOKEHHBIE METOJT M II0/IX0]1 00ECIICUMBAIOT VISl 9THX METOIOB paBHO3HAa4YHbIEe ¢ LSP BXO/HBIE YCIIOBYS, YTO SBIIS-
eTcd HEOOXOIMMBIM YCIOBHEM KOPPEKTHOCTH cpaBHeHus MeronoB MCDM. Mcnonp30BaHue MPEAIORKEHHOTO MOAXO0AA MO3BOJIMIO
HCCIIeI0BAaTh YyBCTBUTENBHOCTH PaccMOTpeHHBIX MeTo 0B MCDM. B npakTtuueckoM NpuMEHEHUH AaHHBIH MOJXO0 MOXKHO UCIOJNb-
30BaTh I BeIOOpa noaxopsamero MCDM mertona. [IpennoskeHHBI METOI MOXKET OBITh MOJIE3€H ISl CO3IaHHA MPOQEeCCHOHATBHBIX
CHCTEM OIIEHHBAHNS, KOT/Ia HE0OXOMMO OIIEHUBAThH BaKHOCTH (BECa) AECATKOB M COTEH KPUTEPHEB KAIeCTBa.

KJIIOYEBBIE CJIOBA: kadecTBo BeO-cepBHCa, METO] JIOTHYECKOTO OLEHHWBAHUS IPEANOYTCHUH, MEphl PaHKHPOBAHUS,

SAW, AHP, TOPSIS, VIKOR.
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ABSTRACT

Contents. Coding and processing large information content actualizes the problem of formalization of interdependence between
information parameters of vector data coding systems on a single mathematical platform.

Obijective. The formalization of relationships between information parameters of vector data coding systems in the optimized ba-
sis of toroidal coordinate systems with the achievement of a favorable compromise between contradictory goals.

Method. The method involves the establishing harmonious mutual penetration of symmetry and asymmetry as the remarkable
property of real space, which allows use decoded information for forming the mathematical principle relating to the optimal place-
ment of structural elements in spatially or temporally distributed systems, using novel designs based on the concept of Ideal Ring
Bundles (IRB)s. IRBs are cyclic sequences of positive integers which dividing a symmetric sphere about center of the symmetry.
The sums of connected sub-sequences of an IRB enumerate the set of partitions of a sphere exactly R times. Two-and multidimen-
sional IRBs, namely the “Glory to Ukraine Stars”, are sets of t-dimensional vectors, each of them as well as all modular sums of them
enumerate the set node points grid of toroid coordinate system with the corresponding sizes and dimensionality exactly R times.
Moreover, we require each indexed vector data “category-attribute” mutually uniquely corresponds to the point with the eponymous
set of the coordinate system. Besides, a combination of binary code with vector weight discharges of the database is allowed, and the
set of all values of indexed vector data sets are the same that a set of numerical values. The underlying mathematical principle relates
to the optimal placement of structural elements in spatially and/or temporally distributed systems, using novel designs based on t-
dimensional “star” combinatorial configurations, including the appropriate algebraic theory of cyclic groups, number theory, modular
arithmetic, and IRB geometric transformations.

Results. The relationship of vector code information parameters (capacity, code size, dimensionality, number of encodingvec-
tors) with geometric parameters of the coordinate system (dimension, dimensionality, and grid sizes), and vector data characteristic
(number of attributes and number of categories, entity-attribute-value size list) have been formalized. The formula system is derived
as a functional dependency between the above parameters, which allows achieving a favorable compromise between the contradic-
tory goals (for example, the performance and reliability of the coding method). Theorem with corresponding corollaries about the
maximum vector code size of conversion methods for t-dimensional indexed data sets “category-attribute” proved. Theoretically, the
existence of an infinitely large number of minimized basis, which give rise to numerous varieties of multidimensional “star” coordi-
nate systems, which can find practical application in modern and future multidimensional information technologies, substantiated.

Conclusions. The formalization provides, essentially, a new conceptual model of information systems for optimal coding and
processing of big vector data, using novel design based on the remarkable properties and structural perfection of the “Glory to
Ukraine Stars” combinatorial configurations. Moreover, the optimization has been embedded in the underlying combinatorial mod-
els. The favorable qualities of the combinatorial structures can be applied to vector data coded design of multidimensional signals,
signal compression and reconstruction for communications and radar, and other areas to which the GUS-model can be useful. There
are many opportunities to apply them to numerous branches of sciences and advanced systems engineering, including information
technologies under the toroidal coordinate systems. A perfection, harmony and beauty exists not only in the abstract models but in
the real world also.

KEYWORDS: elegant symmetry and asymmetry ensemble, relationship, information redundancy, combinatorial configuration,
optimum vector data coding, code size, basis, trade-off.

ABBREVIATIONS

BVD is a big vector data;

ESAE is a Elegant Symmetry and Asymmetry Ensem-
ble;

IRB is an Ideal Ring Bundle;

GUS is a “Glory to Ukraine Star” configuration;

OLAP is an online analytical processing;

OSR is an Optimum Structural Relationship;

GF is a Galois field;

PG is a projective geometry;

NOMENCLATURE

Omin 1S @ minimal angular distance;

Omax 18 @ maximal angular distance;

ki; is an i-th integer of t-tuple;

m; is a number of categories of i-th attribute, as well as a
number of reference points on i-th ring axis in a toroidal coordi-
nate system,
© Riznyk V. V., 2021
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N is a general number of central angles multiple of oy,

N is a capacity of toroidal coordinate system basis;

Pax 18 @ code size of t-dimensional vector data array;

R is a number coding of the same vector data array;

S is an order of rotational symmetry, a number of star-code
combinations, as well as a number of nodal points in toroid co-
ordinate system;

t is a dimension of vector data array, number of attributes,
as well as a number of significant digits of t-dimensional code.

INTRODUCTION
One of the key directions for development of modern
information technologies is the design of multidimen-
sional control systems of technical and technological ob-
jects, management of multidimensional systems and ex-
change of big vector data in information and communica-
tion networks, coding of information sources and other
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practically important scientific and technical problems of
today.

The object of study is the process of vector data cod-
ing and processing signals by t attributes and m; categories
of the data under toroid coordinate systems. Unlike cus-
tomary coding designs, the vector data puts it in basis of
the t-dimensional toroid coordinate system, where basis is
the smallest of the general number coordinate set, which it
creates taking m; modulo addition. This scientific method
reduces to the indexing t-dimensional data in the basis of
t-dimensional toroidal reference system, where the basis
is a set of less than the total number of coordinates of this
coordinate set. Theoretically, is substantiated the exis-
tence of an infinitely large number of minimized basis,
which give rise to numerous varieties of multidimensional
"star" coordinate systems to find practical applications in
modern and future multidimensional information tech-
nologies. Therefore, the proposed approach opens pros-
pects for the development of the innovative information
technologies grounded on the minimization of the basic
structure of multidimensional coding systems and proc-
essing of big vector data in toroidal reference systems.

The subject of study is vector data coding methods of
information under toroid coordinate systems. The known
vector data coding methods [1-12] characterized by lim-
ited number of attributes and categories for signal coding
and processing information encoded by two or more at-
tributes and categories, as well as are high complexity.

The propose of the work is improving the efficiency
of vector data coding methods and processing information
encoded by two or more attributes and categories simulta-
neously.

1 PROBLEM STATEMENT

Mathematical problem in straight and inverse staging
is reduced to establishing a mutually unambiguous
display of vector binary code combinations sets according
to vector data attribute-categories sets on the coordinate
grid of the t-dimensional surface of the toroid.

The task is to increase the number of code
combinations of t-dimensional binary code for the
formation of information parameters of signals by the
number of attributes and categories in the basis of the
outlined t-dimensional coordinate system. We require the
code combinations enumerate the node points set of the
toroid coordinate grid with corresponding size and
dimensionality.

The input variables are the number t attributes and the
number of m; indexed categories (i = 1,2,... t) of the at-
tributes.

The output variable is the maximum number of binary
code combinations taking account the number t attributes,
and the number of m; indexed categories (i = 1,2,..., t) of
the attributes and the number R of different ways of
encoding the equally indexed sets “attribute-category” in
the basis of the outlined t-dimensional toroid coordinate
system.

We require the set of the underlying vector data one-
to-one corresponds to set of nodal point coordinates of t-
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dimensional toroidal coordinate system, using a sub-set of
the set, and their combined sums for cover the set of the
outlined system with the size of m; x m, x... x my, the set
of coordinates, which correspond to the t-sets of
information parameters, and the number R of different
ways of encoding the equally indexed sets “attribute-
category” in the basis of the t-dimensional coordinate
system of given sizes and dimensionality. The criterion to
be, for example, increasing the level of data protection,
crypto graphical and system security, while maintaining
on code size looking for a favorable compromise between
the contrary objectives.

There are other options for setting the task in
theoretically defined limits of changing input and output
variables. Thus formats of vector data and codes should
be jointly designed to reach the best trade-off between
performance and complexity for optimum processing in-
formation under toroid coordinate systems.

Therefore, it is advisable to formalize the relationships
between the information parameters of vector data
encoding systems and theoretical limitations for optimal
solution of specific problems under toroid coordinate
systems.

2 REVIEW OF THE LITERATURE

The main goal of modern information technology is
development of effective BVD coding and processing,
including large data amounts analysis. However, the de-
sign based on the traditional theory is not always applica-
ble for multidimensional data processing. BVD often in-
volve a number of factors, such as national defense, eco-
nomic, and other indexes of infrastructure, which have led
to difficulties in large-scale data processing. In recent
times, a great number of new concepts, parallel algo-
rithms, processing tools, platform, and applications are
suggested and developed to improve the value of BVD
[1-12]. Big spatial vector data management presented in
global review [1]. A comprehensive survey of the existing
techniques and technologies from both academia and in-
dustry given in [2]. The papers [3-5] present prospects
and problems of BVD for distant sensing. A techniques
for compose of a map procedure, which performs filter-
ing, sorting, and a summary operations of BVD presented
at the IEEE International Conferences on Data Engineer-
ing [6]. Developing a reversible rapid coordinate trans-
formation BVD model for the cylindrical projection, we
see in paper [7]. The paper [8] contains fast multidimen-
sional ensemble empirical mode decomposition for the
analysis of big spatial-temporal datasets. The geometric
computing algorithms are always very complex and time-
consuming, which makes big spatial data processing very
slow, or even impossible [9]. A framework that couples
cloud and high-performance computing for the parallel
map projection of vector-based big spatial data regarded
in [10, 11]. In the United States, large payer data amassed
to explore large data to advance knowledge discovery in
nursing methodologies, clinical trials and lab research
[12]. The idea of topological coordinates for toroidal
chemical structures is in agreement with describing the
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physics of toroidal confined plasmas [13]. The projection
provides large-scale spatial modeling of BVD under a
common coordinate system. However, algorithmic com-
plexity of the map projections represents a pressing com-
putational challenge.

Modern theory of combinatorial configurations are
such spatial structures as perfect difference sets [14, 17],
algebraic constructions based on cyclic groups in exten-
sions of Galois fields [15], manifolds [16], structures con-
necting algebra through geometry [17]. Many scientists
also have suggested that the entire universe is a torus.
This notion used to help visualize aspects of higher di-
mensional toroidal spaces. It was the torus mathematical
model useful for describe geometric objects in spatial
coordinates. The torus topology is superior to geometry
for describing such objects because relate with philoso-
phical spatial relationships. In one dimension, a usual
single-holed torus is the 1 — torus as a ring shape object.
In two dimensions, we see a usual torus, also called the
2 — torus. In analogy with this concept, in three and more
dimensions, the t -dimensional torus, or t — manifold is an
object that exists in dimension t + 1. Regarding the re-
markable properties and structural perfection of two-and
three-dimensional numerical rings [18], models of opti-
mal multidimensional coding systems [19], and GUS
combinatorial configurations [20], easy to see their tor-
oidal topological structure.

Research into the underlying coding methods under
toroid coordinate systems provide an ability optimal cod-
ing of multidimensional signals and objects, decreasing
information redundancy in increasing code size of vector
data coding under limitation on word length and geomet-
ric dimensions of toroid coordinate grid for trade-off
processing vector data arrays of given number attributes
and categories. Therefore, the formalization of these rela-
tionships is of very need, because make it possibility find-
ing optimal solution by required criterion.

3 MATERIALS AND METHODS

“Symmetry, as wide or as narrow as you may define
its meaning, is one idea by which man through the ages
has tried to comprehend and create order, beauty and per-
fection.” H. Weyl.

Symmetry and asymmetry relation in geometric struc-
ture is the most familiar type of them. The more general
meaning of symmetry-asymmetry is in combinatorial
configurations as a whole. In this context, symmetries and
asymmetries underlie some of the most profound results
found in modern physics, including aspects of space and
time [21]. Finally, discusses interpenetrating symmetry
and asymmetry in the humanities, covering its rich and
varied use in architecture, philosophy, and art. Space-time
symmetries are features of space-time that described as
exhibiting some form of symmetry [22].

Let us define the quant interval a,,;, for finding basic
harmonious relationship between S — fold rotational
symmetry and embedded into the symmetry asymmetry

(Fig. 1).
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Omax = N- Omin

GW“:3 60°/S

Figure 1 — A chart for define the quant interval o, for finding
basic harmonious relationship between S — fold rotational sym-
metry and embedded into the symmetry asymmetry

Definition. The S — old rotational symmetry, which
provides ability to split it into pairs of mutually comple-
mentary asymmetries, where we require a set of all N =
(S~1R = (n-1)n angular distances [Oiyin, Omax]- A set of
angular spaces between everything possible lines that
diverge from common center O allows an enumeration of
integers [1, S—1] exactly R-times, is the Elegant Symme-
try and Asymmetry Ensemble (ESAE) [19].

For example, the 7-fold (S = 7) rotational symmetry is
the ESAE because splits into two mutually complemen-
tary asymmetries cyclically in ORS spatial proportions as
both {1 : 2 : 4} for the first, and the{l : 1 : 3 : 2} — the
second ones clockwise, where min= 360°/7, Omax = 60min-
In turn, the first of them is the IRB {1, 2, 4} with n = 3,
R = 1, while the second is the IRB {1, 1, 3, 2} withn =4,
and R=2.

From the Fig. 1 and underlying definition follows
formula (1):

- ~n-(n-1)
s-1=10 1)

Note, the role of symmetry in physics is important in
simplifying solutions to many problems, e.g. exact solu-
tions of Einstein’s field equations of general relativity
[23], and study of isometrics in two or three-dimensional
Euclidian space [24]. Only one angular interval in one-
fold (S = 1) rotational symmetry enumerates the set {1}
exactly once (n = 1) is singleton, known as a unit set [25].

The idea of “perfect” systems comes from remarkable
properties of symmetry in combinatorics [14], and nature
laws [21, 22]. Let us regard the n-stage ring sequence of
two-dimensional (t = 2) vectors with non-negative inte-
gers {(Ki1, Ki2), (Kar, K22), ooy (Kit, Ki)seooo(Knt, Kno)}, which
form two-dimensional coordinate grid of sizes m; x m,
over of a torus, taking modulo m;, and modulo m, sums
accordingly. The coordinate grid basis is “Glory to
Ukraine Star” (GUS) combinatorial configurations [20].

Because “perfect” toroidal codes” created by GUS
configurations, we call their, shortly, star-codes.

Planar projection of spatially disjointed the ring axes
m; = 2 and m, = 3 coordinate points of two-dimensional
(t=2) toroid grid m; x m,=2 x 3 with common reference
point (0,0) given in Fig. 2.
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Figure 2 — Planar projection of spatially disjointed the ring axes
m;= 2 and m,= 3 coordinate points of two-dimensional (t = 2)
toroid reference grid m; x m,=2 x 3 with common reference

point (0,0)

Hence, we have designed toroid coordinate system for
vector data coding two (t = 2) attributes with two (m;= 2)
categories of the first, and three (m, = 3) for the second
attribute accordingly under star-code basis.

Next, we consider a more general model of the
t-dimensional toroid coordinate system for vector data
coding more of two attributes with arbitrary number of
categories under star-code basis.

Clearly, a t-dimensional toroid coordinate system de-
signed for vector data coding t attributes and m; categories
of each of them (i= 1,2,..., t) requires t concurrent dis-
jointed axes my, My,...,m;, ...,m; with common reference
point for forming t-dimensional coordinate grid of the
system with sizes m;xm, x...xmy. So, the underlying mul-
tidimensional information toroid coordinate system can be
described by parameters S, n, R, t, m;(i=1, 2, ..., t). Here
t is dimension of vector data array, number of attributes,
and number of significant digits of t-dimensional code, m;
is a number of categories of i-th attribute, and number of
reference points on i-th ring axis in a toroidal coordinate
system. Besides, information about vector data array de-
pends of geometric sizes Mm;xm, x...xm; of the toroid co-
ordinate system.

The harmonious relationship between S — fold ESAE
behavior is in agreement with classic combinatorial the-
ory [14] based on algebraic group theory [17], and ex-
pands on the other combinatorial configurations [18—20]
well.

Theorem. The maximum code size P, of n-digit bi-
nary t — dimensional star-code interconnected of numeric
values R, m;, m,,... .m;,...,m by the formula (2):

P max = R'Himiszn_l»

2)
(ml,mz,...,mi,...,mt): 1

Proof. The code size of n-digit binary code cannot be
greater than the number of nonzero binary code combina-
tions formed by it.

Corollary 1. The maximum code size P, of n-digit
binary t-dimensional star-code is equal to the order S of
the rotating symmetry, which spatial field creates the tor-
oid coordinate grid with sizes myx m, x...x m; X,..xX my.

Corollary 2. If the difference between the numerical
values of the left and right parts of inequality (2) reduce,
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the star-code size increases, but security of the code is
lost, and vice versa.

Corollary 3. Increasing the sizes of the t-dimensional
toroidal coordinate grid allows intensification the convert-
ing form of vector data information with star-code, ex-
panding the possibility of spatial reconstructing the coor-
dinate system by combining the ratio between numerical
values of interconnected formula (2).

Corollary 4. The star-code information capacity is the
bigger than code size of it.

Application of the underlying relationships between
the information parameters of vector data encoding
systems and theoretical limitations for optimal solution of
specific problems under toroid coordinate systems will
make it possible to reach the best trade-off between per-
formance and complexity for optimum processing infor-
mation under toroid coordinate systems.

4 EXPERIMENTS

Experimental verification of the effectiveness of this
information technology relates to optimization of vector
data coding and processing under toroidal coordinate sys-
tem, using novel designs based on the remarkable proper-
ties of ESAE, and the generalization of these methods and
results to the improvement of a larger class of information
systems.

The basic ideas of BVD processing under toroidal co-
ordinate system are as following:

— determine sizes of toroidal coordinate system and
its dimensionality accordingly to entity-attribute-value of
a BVD list;

— make indexing entity-attribute-value list under the
toroidal coordinate system;

— fetch from an information base applicable vector
star-code with respect to computer power and processing
program;

— make Big Vector Data processing under the star tor-
oidal coordinate system.

The efficiency is that the less number of encoded sig-
nals use for given vector data processing than at present,
while maintaining on the other significant operating char-
acteristics of the coding system underlying methods pro-
vide opportunities to apply them to configure suitable
relation big vector data models, e.g., using t attributes,
and m; categories for i-th attribute, i = 1, 2,..., t of the
model.

Let us form toroid coordinate system for vector data
coding two (t = 2) attributes with two (m; = 2) categories
of the first, and three (m, = 3) for the second attribute ac-
cordingly under star-code basis. For example, 2-tuple set
of three (n = 3) integer of the IRB {1, 2, 4} forms
modulo-2 and modulo-3 accordingly the basis {(1,1),
(0,2), (0,1)} of two-dimensional (t = 2) toroid coordinate
system as follows: (0,0) — (0,2) + (0,1); (1,0) — (1,1) +
(0,2); (1,2) — (0,1) + (1,1). Take the mod; (n—1) =mod,; 2
sum of the ring axis m;= 2, and the mod, n = mod, 3 sum
of the ring axis m, = 3. After arranged all vectors, we de-
rive the coordinate grid m; x my=2 x 3 over a torus based
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on the GUS {(1,1), (0,2), (0,1)} exactly once (R =1) (Ta-
ble 1).

Table 1 — Forming the coordinate grid m; X m, =2 x 3 based
on the GUS {(1,1), (0,2), (0,1)}

Forming the reference grid m; x m,=2 x 3
Ne References Summation the mod, 2, and mod, 3
(1,1) 0,2) 0,1)

1 (0,0) + +

2 0,1) +

3 0,2)

4 (1,0)

5 (1,1)

6 (1,2) + +

From Table 1, easy to see the GUS {(1,1), (0,2), (0,1)}
forms the coordinate grid 2 x 3 over torus surface. The set
of 2D coordinate grid one-to-one corresponds to a set of
2D vector data attributes, the first numerical index indi-
cates vector data by two (m;= 2) categories, while the
second — three (M, = 3) of ones by the same vector. The
underlying property allows on 2D vector data processing
over the 2 x 3 range concurrently.

Reasoning along similarly, we form toroid coordinate
system for 2-tuple set of four (n= 4) integer for the IRB
{1, 1, 3, 2} with n= 4, R= 2. We use the basis {(1,1),
(1,1), (1,0), (0,2)} of 2D (t = 2) toroid coordinate system:
(0,0) — (1,1) + (1,0) + (0,2), and (0,0) — (1,0) + (0,2) +
(1,1); (0,1) — (1,1) + (1,0), and (0,1) — (0,2) + (1,1) +
(1,1); (0,2) = (0,2), and (0,2) —(1,1) + (1,1); (1,0) = (1,0),
and (1,0) — (0,2) + (1,1); (1,2) — (1,0) + (0,2), and (1,2)
— (1,1) + (1,1) + (1,0). After arranged all vectors, we
derive the coordinate grid m; x m, =2 x 3 over torus sur-
face based on the GUS {(1,1), (1,1), (1,0), (0,2)} exactly
twice (R = 2) as shows in the Table 2.

Table 2 — Forming the coordinate grid m; x m,=2 x 3 over
torus based on the GUS {(1,1), (1,1), (1,0), (0,2)}

is a t-stage of non-negative integers as sub-sequence of
the sequence, a set of ordered vector data attributes are
indicated accordingly to t categories of the BVD process-
ing under t-dimensional toroidal coordinate system over
coordinate grid m;xm, x...xm.

5 RESULTS

Fragments of the results of conducted experiments
presented in the Tables 3—6.

Let us consider some specific examples using the
methods for coding vector data sets of a particularly de-
fined value in the basis of toroidal coordinate systems
with corresponding geometric dimensions in the formal-
ization (2).

The Table 3 contains six (n* — n = 6) 3-digit (n = 3)
binary 2D (t = 2) star-code combinations, which interre-
lated with numerical values of indexed vector data in the a
priori of acceptable limits of their changes (2). In the Ta-
ble 3 shows that the code size P, of 3-digit (n = 3) bi-
nary 2D (t = 2) star-code comes near theoretically maxi-
mum, as basis of the toroid coordinate grid with sizes m;
X m,= (n—=1)n = 2 x 3 created under the first embedded
into of the ESAE asymmetry, namely the GUS {(0,1),

(0,2), (1,0)}.

Table 3 — The forming 3-digit 2D star-code {(0,1), (0,2),
(1,0)} under torus coordinate system 2 X 3

The 3-digit 2D star-code under grid m; x m,=2 x 3
No Vector data Digit weights of the binary star-code
0,1) (0,2) (1,0)
1 (0,0) 1 1 0
2 0,1) 1 0 0
3 0,2) 0 1 0
4 (1,0) 0 0 1
5 (1,1) 1 0 1
6 (1,2) 0 1 1

The Table 4 contains 12 binary 2D (t = 2) 4-digit
(n=4) combinations (n* —n = 12) for coding two attributes
(t = 2) both with two (m; = 2) category of the first, and
three (M, = 3) — the second attribute concurrently.

Table 4 — The fragment of forming 4-digit 2D star-code
{(1,1), (1,1), (0,2), (1,0)} under torus coordinate system 2x3

Forming the reference grid m; x my= 2 x 3

Ne References Summation the mod; 2, and mod, 3
(1,0 (1,1 | 1,0 0,2)

1 (0,0) + + +
2 (0,0) + +
3 (0,1)
4 (0,1) + +
5 (0,2)
6 (0,2) + +
7 (1,0) +
8 (1,0) + +
9 (1,1) +
10 (1,1 ¥
11 (1,2) +
12 (1,2) + +

The 4-digit 2D star-code under grid m; x my;=2 x 3
No Digit weights of the binary star-code
Vector data an an [ ©2) 1.0)
1 (0,0) 0 1 1 1
2 (0,0) 1 0 1 1
3 0,1) 1 0 0 1
4 0,1) 1 1 1 0
14 (1,2) 0 0 1 1
15 (1,2) 1 1 0 1

Generally, each i-th t-dimensional vector K= (kj,
Kip,....Ki) of t-dimensional sequence {K;, K,,...,Ki,...,Kp}
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In the Table 4 shows that the code size
P (n) =2"-1 =15 of 4-digit (n = 4) binary 2D (t = 2) star-
code with n =4 and R = 2. Note, the basis of the toroid
coordinate grid created under the second embedded into
of the ESAE asymmetry, namely the GUS {(1,1), (1,1),
(1,0, (0,2)}.

Table 5 illustrates fragment of forming 4-digit 2D
star-code {(1,2), (2,4), (1,3), (2,1)} under torus coordinate
system 3x5. In the Table 5 shows that the code size P (n)
=2"—1 =15 of 4-digit (n = 4) binary 2D (t = 2) star-code
with n =4 and R = 1. Note, the basis of the torus coordi-
nate grid created under the GUS {(1,2), (2,4), (1,3),

2,1)}.

Table 5 — The fragment of forming 4-digit 2D star-code {(1,2),
(2,4), (1,3), (2,1)} under torus coordinate system 3 x 5

The 4-digit 2D star-code under grid m; x my=3 x 5
Ne Digit weights of the binary star-code
Vector data 12 ) ) an
1 (0,0) 1 1 1 1
2 0,1) 1 1 0 0
3 0,2) 0 1 1 0
4 0.3) 1 0 0 1
14 23) 0 1 1 1
15 (2,4) 0 1 0 0

In the Table 6 shows forming 5-digit 2D star-code
{(1,1), (1,4), (2,2), (2,2), (2,3)} under torus coordinate
system 3 x 5. To see this we observe that the code size P
(n) =2" -1 = 31 of 5-digit (n = 5) binary 2D (t = 2) star-
code with n = 5 and R = 2. Note, the basis of the torus
coordinate grid created under the GUS {(1,1), (1,4), (2,2),

(2,2), (2,3)}.

Table 6 — The fragment of forming 5-digit 2D star-code
{(1,1),(1,4),(2,2),(2,2),(2,3)} under coordinate system 3x5

The 5-digit 2D star-code under grid m; x m,=3 x 5
No Vector Digit weights of the binary star-code
data €Ly a4 | 22 | @2 | @3
1 (0,0) 1 1 0 1 1
2 0,1) 1 1 1 0 1
3 0,2) 0 1 1 0 0
4 0,3) 0 1 0 1 0
30 2,3) 0 1 0 1 1
31 24) 1 1 0 1

From the Tables 3—6 follows that the underlying for-
mula (2) make it possible to reach the best trade-off be-
tween performance and complexity for optimum process-
ing of information under toroid coordinate system, while
maintaining or improving on information capacity of the
system.

The equations (1) and (2) formalize a large class of t-
dimensional codes from non-redundant vector codes of
high performance [19] to coding self-correcting vector
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data signals with faster than classic codes transmission of
multidimensional information by noise communication
channels [20]. One of them is optimum binary monolithic
star-code for processing of two-or multidimensional vec-
tor signals under toroidal coordinate system. The mono-
lithic star-code forms code combinations as a sequence of
solid connected symbols “1”” or “0” in the code combina-
tion [19, 20]. This property makes it possible to use self-
correcting vector data signals for faster than classic codes
transmission in a noise channel, using limited number of
bits.

From the underlying formalization (1) and (2) have
been defined the next types of the optimum weighed n-
digital binary ring monolithic codes based on IRBs [20]:

a) numerical code is a set of ring n-sequences of posi-
tive integers which sums of connected sub-sequences of
the set enumerate the set of integers [1, N] exactly R-
times, N = n(n-1)/R;

b) two-dimensional code is a set of ring n-sequences
of 2-tuple nonnegative integers which modular sums of
connected 2-tuple taken modulo m; and m,, respectively,
allows an enumeration of nodal points of coordinate grid
m; x m, over 3-torus exactly R-times with frame of axes
m;-m, =n(n-1)/R;

¢) multidimensional code is a set of ring n-sequences
of t-tuple nonnegative integers which modular sums of
connected t-tuple taken modulo m;, m, ,..., m;, respec-
tively, allows an enumeration of nodal points of coordi-
nate grid m; x ...x m; over (t+1)-torus exactly R-times
with frame of axes m;:m, ...-my=n(n-1)/R.

6 DISCUSSION

As it evident, the Table 3 demonstrates the advan-
tages of two-dimensional (t = 2) binary vector data coding
in the minimized 3-digit (n = 3) 2D database of the toroid
coordinate system a reference grid with sizes
m;x my= 2 x 3. The mutually unambiguous compliance
with a set of indexed data “attribute-categories” of a set of
binary vector code combinations formed by this database
have been achieved in the system. In turn, it was possible
due to reducing the natural redundancy in the system.

Instead, Table 4 gives example of the introduction of
artificial redundancy by increasing to two (R = 2) the
number of ways to cover the grid for increasing 2 times
security of the vector data, due to increment a register
capacity by one: from n = 3 to 4. According to the for-
mula (1) the sizes of reference grid are the same that for
the parameters S=7,n =3, R =1 because S =7, n = 4,
R =2, and consequently m; x m,=2 x 3 also.

Reasoning along similarly, in the Tables 5 and 6
show methods of vector data coding design in the mini-
mized database of the toroid coordinate system a refer-
ence grid with sizes m;x m,=3 x 5.

In the formula (2), the underlying rule displayed by
the number R of methods of covering all node points of
t-dimensional outlined toroidal coordinate system for en-
coding of indexed vector data “attribute-categories” sets
with t attributes and appropriated number of categories in
the set. Besides, using n-digit base reconstruction of t-
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dimensional binary vector provide code we the rule: repe-
tition is a loss of information in order to increase so-many
times security of vector data coding under the coordinate
system. In addition, there are elegant ensembles of star-
codes, which allow you to form different sets of allowed
code combinations on a set of modular sums of the base
vectors of the toroid coordinate system according to sev-
eral ring schemes with cross routes of their bypass (R =1)
or more (R > 1) in ways [18-20]. From the formula (1)
and (2) follows increasing the number of allowed code
combinations of the coding method and improving the
characteristics of vector data encoding in toroid coordi-
nate systems by performance and interference, as well as
the star-code information capacity increases faster than
code size of the code with growing dimensionality and
number of its binary digits.

The study aims at patterns of transformation of flat
harmoniously conjugated asymmetric structures of rotat-
ing symmetry into spatial structural forms of higher di-
mensions, where they take the form of two-and multidi-
mensional toroid coordinate systems formed by a mini-
mized binary code basis with vector weight digits. Such
combinatorial configurations differ favorably from the
classical ones [14—18] of spatial forms with central, mir-
ror or axial symmetries, forming families on a set of the
ESAEs with varieties of symmetrical shape [19].

The growth of vector code combination by one bit
doubles the code size of the encoding method in the out-
lined toroid coordinate system with the corresponding
dimensions and dimensions. The number of indexed at-
tributes and categories in the form of any long a priori of
integer t-tuple allows one code word to encode, forward
and process in the basis of the system simultaneously as
many signs of vector data as symbols contained in the t-
tuples. It respectively provides increasing the perform-
ance of the system at t times, where t is the number of
ring axes of the toroid coordinate grid.

Formalization allows you to reach a balanced com-
promise on contradictory goals related to the power and
reliability of the information method. It outlines theoreti-
cally a large-scale information model of harmoniously
built of multidimensional geometric space as a hypotheti-
cal system of a perfectly structured source of information
as t-dimensional locked spheres. This system has a priori
infinitely large number of sets of coordinate sub-systems
of quantum “density”, generated by a minimized basis of
t-dimensional binary n-bit code with compression coeffi-
cient value approaching to 2"/n.

Formalization of methods of optimal encoding of mul-
tidimensional data arrays in spatial coordinate systems is
connected not only with the establishment of mathemati-
cal connection of information parameters with harmoni-
ously organized symmetrical and asymmetric spatial
structures, but also with the processing of a set of phi-
losophical, methodological, scientific and applied, educa-
tional problems of analysis and synthesis of multidimen-
sional information systems.

Among other results, it is interesting to observe the
behavior of mathematical models of geometric objects

© Riznyk V. V., 2021
DOI 10.15588/1607-3274-2021-2-15

150

with non-uniform structure [18-20]. These objects can be
in progress for originate of such geometric structures al-
ready in the higher dimensions, with the advent of new
elegant forms of spatial configurations enriched with nu-
merous varieties of thin structure multiplied on growing
of their combinatorial varieties. It follows an intuitive
conclusion about the hypothetical model of toroidal geo-
metric structure in the behavior of natural and man-made
objects in the real world [21, 22].

CONCLUSIONS

The urgent problem of coding and processing large in-
formation content solved, using formalization of interde-
pendence between information parameters of vector data
coding systems on a single mathematical platform. The
study of the theoretical relationship between the detected
pattern of harmonious conjuring of symmetrical and
asymmetrical structures, the basic principle of optimal
structural relations (OSR) was established. It reflects the
essence of the proposed concept of converting multidi-
mensional form of information with binary code in a
structured field of toroid coordinate systems of corre-
sponding dimensions and dimensionalities for provide
optimum coding and processing vector data arrays with
numbering attributes and categories under minimized
basis of outlined t-dimensional toroidal coordinate sys-
tem, using the underlying formalization (1), (2).

The scientific novelty of obtained results is the for-
malization of interdependence between information pa-
rameters of vector data coding systems on a single
mathematical platform. This approach allows forming the
outlined t — dimensional toroidal coordinate system, using
smaller as all number of coordinates set basis of t-tuples.
This, in turn, provides optimum coding and processing
vector data arrays with numbering attributes and catego-
ries under minimized basis of outlined t-dimensional tor-
oidal coordinate system by holding criterion and limita-
tions to achieve a favorable compromise between contra-
dictory goals in changing of computational values within
of theoretically defined by formulas (1) and (2) bounda-
ries. The upper limit of the information capacity encoding
method for given code size and numbering attributes, and
categories of vector data sets, as well as R of various ways
of coding the same “attribute-category” sets defined.

Prospect for further research are the development of
new direction in multidimensional systems engineering,
for improving such quality indices as information capac-
ity, reliability, transmission speed, positioning precision,
and ability to reproduce the maximum number of combi-
natorial varieties in the system with a limited number of
elements and bonds, using remarkable properties and
structural perfection of GUS combinatorial configura-
tions. The experimental results allow recommending the
proposed methodology for direct applications to informa-
tion and computational technologies, telecommunications,
radio-and electronic engineering, radio-physics, and other
engineering areas, as well as in education. These design
techniques allows configure optimum two-and multidi-
mensional vector data coding system, using innovative
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methods based on the underlying combinatorial models
offering ample scope for progress in systems engineering,
cybernetics, and industrial informatics.

Physical results — a better understanding the role of
geometric structure in the behavior of natural and man-
made objects.

The existence of an a priori of an infinitely large num-
ber of minimized basis, which give rise to numerous va-
rieties of multidimensional ‘“star” coordinate systems,
opens up new possibilities for solving a wide range of
mathematical and applied problems of computer science,
cybernetics, and management on the platform of system
mathematics. We take into account the developments of
modern theory of systems as a set of philosophical, meth-
odological and scientific, and applied problems of analy-
sis and synthesis of multidimensional systems.

A perfection and harmony exists not only in the ab-
stract models but in the real world also.
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YK 621.396:519.15
®OPMAJIBALIS METO/IIB KOAYBAHHS THOOPMAIIIL B TOPOITHIX CHCTEMAX KOOPJIUHAT

Pizunk B. B. — 1-p texn. Hayk, npodecop, npodecop kadenpu aBTOMaTH30BaHUX CUCTEM yrpasiinHs HaiioHanabHoro yHiBep-
curety «JIpBiBChbKa motiTexHikay, JIbBiB, YKkpaiHa.

AHOTAULIA

AxtyanbHicTe. KomyBaHHS Ta omnpamioBaHHS BEJIUKOTO iH(OPMAIIHOrO KOHTEHTY akTyamizye mpobieMmy Qopmamizarii
B332€EMO3AJIEKHOCTI MK iH(GOPMaIHHAMH ITapaMeTpaMH CHCTEM KOITyBaHHS BEKTOPHUX JAaHHWX Ha €AWHIH MaTeMaTHUUHIN ruaThopmi.
OG6’€eKTOM IOCTIPKCHHS € MOJIEeTb KOJyBaHHSI MacHBIB BEKTOPHHX TaHHX B 0a3uci TOPOIAHUX cHcTeM KoopauHat. Mera pobotu —
(opmarizanis METOIIB KOIyBaHHS BEKTOPHHX JIaHHUX B OITHUMi30BaHOMY 0a3HCi TOPOITHUX CHCTEM KOOpPAMHAT.

Metoa. B ocHOBY nOCHIPKEHHS HOKJIAICHO BCTAHOBICHUH (AaKT TapMOHIHHOTO CHIPSHKEHHS CUMETPHUYHUX Ta aCHMETPUYHHX
CTPYKTYp y BHIJIS/II ONTHMAIbHUX CIiBBiHOLICHh MIXK CUMETpI€I0 i BOYJOBAaHUMHU B Hel aCHMETPHYHUMHU MTPOCTOPOBUMH CTPYKTY-
paMu 3 TPYHOBUMH BIACTHBOCTSIMH, TPUTaAMaHHUMHM JUTsl BEKTOPHUX KOMOIHATOPHUX KOH(QIrypaliil «3ipkoBoro» kiacy — Hadbopis t-
BUMIpDHUX BEKTOpIB ABIMKOBOIO KOOy fK 0asucy t-BEMipHOi CHCTEMH KOOpPOWHAT Topoima. i ommcy MareMaTWdHOi Mozeli
«31pKOBHX» CHCTEM KOOpPAMHAT BUKOPHCTAaHO MAaTEMAaTHYHUH amapaT TEOpii MHOXKUH, TEOPETHKO-YHCIIOBI 1 TEOPETHKO-TPYIIOBI Me-
TOJM KOMOIHATOPHOTO aHATI3y Ta €JIEeMEHTH anreOpudyHoi Teopii imeaqbHMX KUIBIEBHUX B’s3aHOK. MeToJ no3Bosie (hopMaltizyBaTh
B32€MO3B 530K 1H(QOPMALiITHUX MapaMeTpiB BEKTOPHOTO KOAY (IHCIIO KOJOBUX KOMOIHaIil, pO3psAAHICTh, KUIBKICTh CIIOCO0IB KOMY-
BaHHS OJIHAKOBMX HAOOPIB) 3 TCOMETPUYHUMH NapaMeTpaMH CUCTEMH KOOPAUHAT (PO3MIPHICTB 1 pO3MIpH CITKH O YHCITy aTpUOyTiB
1 KaTeropiil BEKTOPHUX JaHKX). BuBeseHO QyHKIiIOHAIBHY 3aJI©KHICTh MK BHILE3raJaHUMU [apaMeTPaMH, IO JI03BOJISIE JOCATATH
BHUTIZHOTO KOMIIPOMICY MK CyTIepEeUHUMH LIISIMU (HAPUKIIA/, IPOAYKTUBHICTIO | HaAIHHICTIO METO/LY KOJYBaHHS).

Pe3yabTaTi. Po3po6iieni Metou peasti3oBaHi IpH ONTUMaIbHOMY KOAyBaHHI BEKTOPHUX AaHHX B 0a3UCi TOPOIIHUX CHCTEM KO-
OpIMHAT.

BucnoBku. [IpoBeneni o0umCIIOBaIbHI €KCTIEPUMEHTH MiATBEPAUIIN TPAIE3IaTHICTh 3aIPOITIOHOBAHOTO MaTEMaTHYHOTO 3a0e3-
TIEYCHHSI 1 JO3BOJISIIOTH PEKOMEH/IyBaT! HOT0 JUIsl BUKOPHCTAHHS Ha NPAKTHIl IPH BUPIIICHH] 3a1a4d (opMaltizalii MeTo/iB ONTHMa-
JBHOTO KOJyBaHHS MacHBIB BEKTOPHUX JAHHX Ta ONpAIFOBAaHHS iHpOpMAIiil pi3HOI IPHPOAN B TOPOIJHUX CHCTEMaX KOOpAWUHAT BH-
3HAYEHUX PO3MIpIB 1 PO3MIPHOCTI.

KJIFOYOBI CJIOBA: eneranTHuit ancam0i1b cUMeTpii — acuMeTpii, 3aKOHOMIpHICTh, iH(pOpMaliiiHa HagMipHICTb, KOMOIHATO-
pHa KoH(pirypauis, onTUMaIbHe KOLyBaHHS BEKTOPHUX JaHUX, TOTYXKHICTh KOAY, 0a3uc, KOMIPOMIC.

YK 621.396:519.15
OOPMAJIM3ALUAA METOJ0B KOAUPOBAHUS HHO®OPMALIMU B TOPOUJHBIX CUCTEMAX KOOPJJTUHAT

Pum3nbik B. B. — 1-p TexH. Hayk, npodeccop, npodeccop kadeapsl aBTOMaTH3MPOBAHHBIX CHCTEM yIpaBiieHns: HarpoHansHOro
yHuBepcuTeta «JIpBiBChbKa mosiTexHikay», JIbBoB, YkpanHa.

AHHOTAIUSA

AktyanbHocTh. KognpoBanue n 00padoTka 007p110r0 HHGOPMAIMOHHOTO KOHTEHTA aKTyalTu3upyeT IpodieMy hopMatn3aiiu
B32€MO3aBUCHMOCTH MEXIy MH()OPMAIIMOHHBIMA [TapaMeTPaMH CHCTEM KOJMPOBAHHS BEKTOPHBIX JAHHBIX Ha €JHHON MaTeMaTHie-
ckoit aropme. OOBEKTOM HCCIIEAOBAHMS SBISICTCS MOJENH KOJUPOBAHMS MacCHBOB BEKTOPHBIX JAHHBIX B 0a3HMCe TOPOMJIHBIX
cucreM KoopauHaT. Llens paboTsl — Gopmanu3anust METOJ0B KOJUPOBAHMS BEKTOPHBIX JaHHBIX B ONTHMH3MPOBAHHOM 0asuce TOpo-
HJIHBIX CHCTEM KOOpAWHAT.

MeTtoa. B ocHOBY mnccieoBaHus TOJI0KEHO YCTAHOBJICHHBIH ()aKT rapMOHHUYECKOTO CONPSHKEHHUS CUMMETPHYHBIX U aCHMMET-
PHYHBIX CTPYKTYp B BUJIE ONTHMAJbHBIX COOTHOIICHHH MEXTy CHMMETpPHEH W BCTPOSHHOW B Hee aCCHMETPHUYHBIMHU MPOCTOPAHCT-
BEHHBIMH CTPYKTYypaMH C TPYIIOBBIMH CBOICTBaMH, NMPUCYIIUMH IJIsI BEKTOPHBIX KOMOMHATOPHBIX KOH(UTypaluii «3BE3IHOTO»
KJacca — HaOOpoB t-MepHBIX BEKTOPOB JIBOMYHOrO KoJa Kak 0a3mca {-MepHOH cHUcTeMBbl KOOpIUHAT Topouzaa. s omucaHus mate-
MaTHYECKOH MOJENH «3BE3AHBIX» CHUCTEM KOOPAMHAT HCIIONb30BAaH MAaTEMAaTHYECKHH ammapaT TEOPHH MHOXECTB, TEOPETHKO-
YHCIIOBBIE M TEOPETHKO-TPYIIIOBEIE METOIbI KOMOMHATOPHOTO aHAIIN3a U JJIEMEHTHI alnreOpandeckoi TEOPUH UACaTbHBIX KONBIIEBBIX
BSI3aHOK. MeToJ 1mo3BoisieT (hopMaIN30BaTh B3aUMOCBSA3b HH(OPMAIIMOHHBIX [TapaMeTPOB BEKTOPHOTO KOAA (IHCIIO KOMOBEIX KOM-
OMHAIWI, PO3PSIHOCTD, KOJUIECTBO CIIOCOOOB KOJUPOBAHMS OJUHAKOBHIX HAOOPOB) C T€OMETPHYECKHMH IapaMeTPaMU CHCTEMbI
KOOpAMHAT (Pa3MEPHOCTb M pa3Mephl CETKH 110 YUCITy aTpUOYTOB U KaTErOPUH BEKTOPHBIX JAHHBIX). BhIBeJeHO (QyHKIHOHAIBHYIO
3aBUCHMOCTb MEXy BBIIICYIIOMSHYTHIMH NapaMeTPaMy, YTO MO3BOJISET JOCTUTATh BHITOJHOTO KOMIIPOMHCCA MEX]y POTHBOPEUYH-
BBIMH HEISIMU (HallpHMeED, MPOU3BOAUTENBHOCTD H HAZEKHOCTh METO/Ia KOJAUPOBAHUS).

Pe3yabTarthl. PaspaboTansl METOABI U peaTn30BaHbI TP ONTUMATBHOM KOJUPOBAHUHU BEKTOPHBIX JAHHBIX B 0a3uCe TOPOUIHBIX
CHCTEM KOOP/HHAT.

BriBoasl. [IpoBeneHHbIC BRIMUCIUTETBHBIC SKCIIEPUMEHTHI MOATBEPANIN PabOTOCIOCOOHOCTD MPEUIOKEHHOTO0 MaTeMaTHIECKO-
ro obecneyeHus u IO03BOJITIOT PEKOMEHIOBATh €r0 IS MCHONB30BAaHMs Ha IMPAKTUKE IPH PEIICHUN 3a1ad (popMaIu3alii METOJI0B
OINITHMAaJIBHOTO KOJUPOBAHUS MAaCCHBOB BEKTOPHBIX JaHHBIX H 00pabOTKH MH(GOPMAIUH Pa3INIHOI IPUPOIBI B TOPOITHBIX CHCTEMAX
KOOPJMHAT ONpEJEIEHHBIX Pa3MEPOB U Pa3MEPHOCTH.

KJIIOUEBBIE CJIOBA: onerantHblii aHcamM0ib CHMMETPHS-aCUMMETpPHUs, 3aKOHOMEPHOCTh, WH(OpManMOHHas H30BITOY-
HOCTb, KOMOMHATOpHAst KOH(Urypalys, ONTHMAILHOE KOJMPOBaHUE BEKTOPHBIX JIaHHBIX, MOIIIHOCTb KO/, 6a31C, KOMIPOMHCC.
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ABSTRACT

Context. Information monitoring technology is used to reduce information uncertainty about the regularity of air temperature changes
during managing work in hard-to-reach places [1]. The task was to create a method for modelling one of the climatic indicators, air
temperature, in the given territories in the information monitoring technology structure. Climate models are the main tools for study-
ing the response of the ecological system to external and internal influences. The problem of reducing information uncertainty in
making managerial decisions is eliminated by predicting the consequences of using planned control actions using climate modelling
methods in information monitoring technology. The information technology of climate monitoring combines satellite observation
methods and observations on climate stations, taking into account the spatial and temporal characteristics, to form an array of input
data. It was made with the methods for synthesizing models of monitoring information systems [1] and methods of forming multi-
level model structures of the monitoring information systems [1] for converting observation results into knowledge, and with the
rules for interpreting obtained results for calculating the temperature value in the uncontrolled territories.

Objective of the work is to solve the problem of identifying the functional dependence of the air temperature in a given uncon-
trolled territory on the results of observations of the climate characteristics by meteorological stations in the information technology
of climate monitoring structure.

Method. The methodology for creating information technologies for monitoring has been improved to expand its capabilities to
perform new tasks of forecasting temperature using data from thermal imaging satellites and weather stations by using a new method
of climate modelling. A systematic approach to the process of climate modelling and the group method of data handling were used
for solving problems of functional dependence identification, methods of mathematical statistics for evaluating models.

Results. The deviation of the calculated temperature values with the synthesized monitoring information systems models from
the actual values obtained from the results of observations by artificial earth satellites does not, on average, exceed 2.5°C. Tempera-
ture traces obtained from satellite images and weather stations at similar points show similar dynamics.

Conclusions. The problem of the functional dependence identification of air temperature in uncontrolled territories on the results
of observations at meteorological stations is solved. The obtained results were used in the process of creating a new method of cli-
mate modelling within information technology of climate monitoring. Experimental confirmation of the hypothesis about the possi-
bility of using satellite images in regional models of temperature prediction has been obtained. The effectiveness of the application of
the methodology for the creation of monitoring information technologies during the implementation of the tasks of reducing uncer-
tainty for management decisions during works in non-controlled territories has been proven.

KEYWORDS: information technology, monitoring, climate models, observations, air temperature, thermal imagery, Landsat
satellites, inductive modelling, machine learning.

ABBREVIATIONS
GMDH is a group method of data handling;

m is a number of temperature observation points;
n is a number of features obtained from the results of

MIS is a monitoring information systems;

RT is areal temperature;

PT is a predicted temperature;

AP is an absolute error;

MinV is a min value;

MaxV is a max value;

DFC is a direction of function’s change;

SV is a variable name, showing reliable changing of
function’s value;

IMT is an information monitoring technology;

ITCM is an information technology of climate monitor-
ing;

MIS is a monitoring information systems;

AID is an array of input data;

OLAP is an online analytical processing.

NOMENCLATURE
Y is a set of the dependent variables;
Xis an independent variable;
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observations at meteorological stations;
L, is a spectral density of the radiant luminosity at

the sensor aperture, that is, the power of the energy flux
(Watt) per m? of the earth’s surface per steradian;

Qcal is a pixel value;

Qcal :

is a minimum pixel value, which corresponds to

min
‘min; °

Qcal is a maximum pixel value, which corresponds to
ca max

'max, ’
Lmin;\
scaled to Q

is a spectral luminosity on the sensor, which is

cali, (W ; ’
m-srum
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Lmax, 1S @ spectral luminosity on the sensor, which is

scaledto Qg 1, ;
max [%nzsrpm}
M, is arescaling rate;
A _is an additive rescaling rate;
T, is a brightness temperature on the satellite [C];

K, is a channel-dependent thermal conversion con-

stant (Landsat 4 TM — 671.62, Landsat 5 TM — 607.76,
Landsat 7 ETM+ — 666.09);
K, is a channel-dependent thermal conversion con-

stant [K] (Landsat 4 TM — 1284.30, Landsat 5 TM —
1260.56, Landsat 7 ETM+ — 1282.71);

Y1 is an air temperature measured using a satellite im-
age in the vicinity of the Chernivtsi weather station;

Yy, is an air temperature measured using a satellite im-
age in the vicinity of the Kolomyya weather station;

Y3 is an air temperature measured using a satellite im-
age in the vicinity of the Vizhnitsa weather station;

X; is a day of observation;

X, 1s a months of observation;

X3 is a year of observation;

X41s a Y coordinate of the location of the meteorologi-
cal station “Chernivtsi”;

Xs is a X coordinate of the location of the meteoro-
logical station “Chernivtsi”;

Xs is a height above sea level of observation points in
the vicinity of the meteorological station “Chernivtsi”;

X7 1s an air temperature measured by the meteorologi-
cal station “Chernivtsi”;

Xg is a cloudiness index measured by a satellite in the
vicinity of the Chernivtsi weather station;

X9 is a Y coordinate of the “Kolomyya” weather sta-
tion location;

X109 1s a X coordinate of the “Kolomyya” weather sta-
tion

X1 is a height above sea level of observation points in
the vicinity of the weather station “Kolomyya”;

Xi, 1s an air temperature measured by the weather sta-
tion “Kolomyya”;

X3 18 a cloudiness index measured by a satellite in the
vicinity of the weather station “Kolomyya”;

X141s a Y coordinate of the location of the weather sta-
tion “Vizhnitsa”;

X518 a X coordinate of the location of the weather sta-
tion “Vizhnitsa”;

X16 18 a height above sea level of observation points in
the vicinity of the weather station “Vizhnitsa”;

Xj7 is a air temperature measured by the weather sta-
tion “Vizhnitsa”;

Xig1s a cloudiness index measured by a satellite in the
vicinity of the weather station “Vizhnitsa”.

INTRODUCTION
Information technology monitoring [1] It is built to
provide information for decision-making processes in the
relevant subject area [2, 3]. In the process of managing
work in hard-to-reach places, monitoring is ordered to
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identify external disturbances in the form of changes in
weather indicators, in particular air temperature, and their
influence on the consequences of decisions made.

Temperature as one of the fundamental climatic
markers of the region is utilized to dissect environmental
change and establish climate models of various levels
[4]. Presently, normal temperature data of the specific
region are received, from meteorological stations. Simul-
taneously, the grid of meteorological stations isn’t ade-
quately extended all through the territory of Ukraine.
Additionally, as a source of temperature information,
thermal imaging of satellites can be utilized to get tem-
perature information for each surface point (accuracy is
resolved simply by the goal of room pictures). However,
the frequency of thermal imaging isn’t regular, and in
general, is much lower than the frequency of obtaining
data from meteorological stations. In this way, the utili-
zation of space images permits us to consider the spatial
component of monitoring, and data from meteorological
stations — temporal component, and their combination
will permit to create of a complex system of the tempera-
ture monitoring of certain territory [5, 6].

Simulation by observed data is an essential condition
for monitoring since it permits to assess rapidly the cur-
rent circumstance and foresee their turn of events. Spe-
cifically, the effectiveness of the utilization of inductive
modeling methods for modeling climatic parameters, one
of which is temperature, is demonstrated. Thus, the de-
velopment of the method for determining the value of air
temperature, based on establishing functional dependen-
cies between the investigated parameters is relevant.

The object of study is the processes of environ-
mental monitoring.

The subject of study is the processes of forming an
array of input data and the synthesis of climate models in
the structure of information technology for environ-
mental monitoring.

The purpose of the study isto reduce information
uncertainty in a process of management decisions during
the work in uncontrolled territories by expanding the
capabilities of information technology for environmental
monitoring by developing a new method for modelling
air temperature in hard-to-reach places.

1 PROBLEM STATEMENT

To reduce information uncertainty in management
decision-making, it is proposed to calculate the air tem-
perature at the worksite. A hypothesis was formulated
about the existence of a dependence of the air tempera-
ture value in the uncontrolled area on the air temperature
values measured in the territories, where the air tempera-
ture can be measured by meteorological stations. The
information content of the indicators and the power of
the synthesizer of the monitoring information system will
be enough to identify this dependence. The hypothesis is
based on knowledge about the emergence of the ecosys-
tem.
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It is necessary to solve the problem of identifying the
functional dependence of the air temperature in a given
area Y = {y, ¥2,..., ¥m} obtained from the results of proc-
essing thermal satellite images with different cloud cover
with a given discreteness from the air temperature meas-
ured at stationary meteorological stations, form a set
X' = {X1, Xa,..., Xn} values, consistent in time:

Vi = (X, XXy ), i=1,m. )

Problem 1 will be considered solved if the built
model has the value of the quality criterion no worse than
the specified one. To evaluate the models, the absolute
error of modeling the temperature values obtained from
the results of processing thermal satellite images on the
test sequence of observation points of the AID [1]:

AE =RT -PT. )

2 LITERATURE REVIEW

Presently some studies are demonstrating the effec-
tiveness of using thermal imaging data for estimating and
analyzing the air temperature. Specifically, papers [7, 8]
show a bunch of ways to deal with the determination of
air temperature dependent on data received from remote
sensors. Frequently, this determination of temperature is
done to take care of practical issues [9]. Regularly, time
series analysis is utilized to examine the temporal dy-
namics of temperature. This chance exists since data
from most satellites are accessible on normal from the
eighties of the last century [10]. Numerous investigations
show the utilization of thermal channels for the determi-
nation of thermal anomalies in urban areas, plants, or
water bodies. A few works show strategies for identify-
ing and foreseeing the distribution of forest fires by
thermal imaging of satellites [11, 12].

There are various ways to deal with how information
can be obtained and handled. Specifically, the examina-
tion [13] utilized a model to approximate the annual tem-
perature cycle and acquire periodic parameters to de-
scribe annual changes in surface temperature, including
average and maximum values, both during daytime and
at night.

The effectiveness of utilizing the GMDH for forecast-
ing the value of climatic factors has appeared in numer-
ous studies. Remarkably, the paper [14] shows ways to
modeling and predicting average wind speeds per hour.
A few investigations offer integrated algorithms to build
climatic models. In this manner, the article [15] proposed
a technique that was obtained by integrating the kernel
principal component analysis method with the locally
weighted gathering GMDH, which can be gotten by
combining GMDH with the spatial regression and
weighted least squares regression. The paper [16] pre-
sents another case of the successful utilization of a few
algorithms. Specifically, for this situation, GMDH was
utilized for establishing a climate model, neural network
— for predicting wind speed and power in the short term
and wavelet noise decrease — for separating high-
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frequency emissions in wind speed information, giving a
smooth neural network training.

The work [17] proposes the utilization of inductive
simulation techniques for the recovery of incomplete or
short-term data recorded in the large territory and the
making of forecasting climatic models on their basis.

This paper improves the procedure for evaluating the
air temperature in hard-to-reach places, utilizing the
model of the temperature dependence of the determined
by thermal imagery from the temperature got at existing
weather stations and creating a monitoring information
system.

3 MATERIALS AND METHODS

As is known, monitoring is a technology for provid-
ing information to decision-making processes [2, 3]. The
necessities for this information technology are deter-
mined by the sort of data that the super-system needs for
the formation of control actions in managing systems. On
account of environmental monitoring, it will be a differ-
ent level of biological systems, usually — ecosystem.
Mainly, the identification of patterns in the temperature
regime of the region is significant to foresee conceivable
undesirable occasions and to introduce, if necessary, ad-
justments to economic and other activities. The arrange-
ment of numerous issues related to the investigation of
the laws of the temperature system requires the securing,
handling, and transformation of large amounts of infor-
mation — the results of observations. Today, the rules of
obtaining and processing various climate characteristics
are a remarkably complex process.

The highlights of the climate system present signifi-
cant limitations on the selection of techniques and tools
reasonable for climate prediction. In this manner, the
assessment of future environmental change is on a fun-
damental level possible just as a particular likelihood
distribution; along these lines, the undertaking of fore-
seeing atmosphere is diminished to deciding the prob-
ability distribution functions of different attributes of the
climate system.

Climate models are attempting to clarify climatic
processes with the assistance of fundamental parts of the
system — they are simplified versions of reality. The re-
sult of these rearrangements is little on a planetary scale;
in any case, they are noticeable when foreseeing climate
“on the ground”. Simultaneously, the worldwide climate
can just anticipate general patterns; however, they are not
entirely reasonable for practical use. Due to the “gross”
spatial resolution, global climate models poorly repro-
duce the regional climate. Regional models are one of the
approaches to explain information as indicated by local
highlights of the orography, atmospheric circulation, and
so. The use of local models makes it conceivable to dis-
tinguish the impacts related to local characteristics of the
underlying surface all the more precisely [5—7].

Temperature was chosen as the principal climatic pa-
rameter for further work among climatic indicators. The
temperature regime list of indicators of the region and the
frequency of observations allows showing the state of the
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studied system in the obtained data array. Processing of
the results of the observations was done by statistical
methods (for pointers of meteorological stations) and
classical techniques for geospatial investigation for in-
formation acquired by satellite images. Transformation
of preparing results into information about the parame-
ters of the temperature system of the area is a mix of the
two referenced above strategies. The monitoring results
are acquired as two-, three-dimensional conditions. How-
ever, the indicators of the temperature system of the terri-
tory are controlled by countless variables (principally the
dynamics in space and time). The potential outcomes of
statistical modeling techniques for showing multifactor
impacts are limited [6].

In this case, monitoring information is needed to de-
termine the dependence of temperature values at a certain
point in space on a temperature at other points in space,
which are characterized by the presence of weather sta-
tions. The problem of climate change is currently ex-
tremely relevant as in the field of basic research, so far in
practice. The development of reliable estimates and ob-
jective forecasts of environmental impacts related to cli-
mate dynamics determined the researcher’s interest in
this topic, in particular, the intensity and nature of cli-
mate transformations. The task of accurate prediction of
temperature values cannot be realized. Therefore, a justi-
fied decision of the most significant and informative
components accessible for adequate research is required.

The issue explored in this article arises when creating
MIS. The proposed arrangement removes the current
logical inconsistency between the need to reflect the
properties of a complex climate system in the structure of
the model and the restricted capacities of the modeling
techniques utilized for this. As a result, information
about the features of observational objects are not re-
flected in the model structure and are not used in the de-
cisions making by monitoring results. Consequently,
there is a need to develop and implement new techniques
for distinguishing and considering these factors, handling
and analyzing the received information, which ought to
be founded on a combination of exploration results utiliz-
ing climatology and meteorology methods joined with
current techniques for preparing big data and simulating
complex systems. There is a need to reduce the time for
receiving conclusions by automating routine work by the
widespread use of ITM.

The list of features and their numeric characteris-
tics (contain the results of satellite observations and ob-
servations of the air temperature of meteorological sta-
tions) form an array of input data (AID) for synthesizing
the model of the monitoring object. The input data array
is in the form of a two-dimensional table:

Table 1 — The array of observation results

Dependent Independent variables
variable X1 X2 ... Xn
Vi Xit Xi2 e Xin
Y2 Xa1 X22 ... Xon
ym Xmi Xm2 oo Xmn
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It was proposed to determine the form of the operator
f by decoupling the typical problem of identifying func-
tional dependence with an atypical procedure for synthe-
sizing the MIS model [1]. As a more complex tool for
solving the problem of air temperature modeling based
on the analyzed data, it was proposed to use inductive
modeling methods.

According to the methodology for creating informa-
tion monitoring technologies [1] in the first stage of the
formation of the IMT, the super-system formulates re-
quirements for the content of information that must be
obtained from the monitoring results.

That is the reason, that the prerequisite for MIS for
this situation is to depict the dependence of temperature
values (with specific characteristics of the location, alti-
tude, and the nature of the underlying surface), controlled
by space photographs, from the estimations of this indi-
cator at other points determined by meteorological sta-
tions and cloudiness.

In the second stage of the IMT formation, the number
of levels of information conversion, and the local tasks
for each of the levels is determined. For this situation, it
is important to form two levels of information transfor-
mation. At the first level, the indications of the condition
of the climate system are changed over into digital char-
acteristics by the results of observations. Means are esti-
mating instruments for determining the temperature (both
directly and with the assistance of thermal photos) and
regular maintenance of these processes. At the second
level, the information is transformed from the form of the
array of numerous characteristics into the form of ana-
lytical models, the structure of which reflects the change
in temperature values at a certain point of space based on
satellite images, from its values at other locations where
there is a meteorological station.

First level of monitoring implementation results for
the analyzed area during 1985-2016. They are used as
components of the initial description of monitoring ob-
jects and as variables for the synthesis of second-level
models.

Y is a set of the dependent variables (modeled indica-
tors). In this case it is air temperature determined on me-
teorological stations (48 observation points).

Variables 2-3 are independent variables and form the
set X.

Here introduced the consequences of studies whose
purpose was to decide the idea of the impact of air tem-
perature values determined at meteorological stations and
cloudiness index on air temperature, defined by thermal
imaging from satellite and meteorological stations. Si-
multaneously as the examined indicators utilized the es-
timation of changing it for a particular geographic loca-
tion.

The study was conducted for three meteorological
stations in the Chernivtsi and Ivano-Frankivsk regions
(Chernivtsi, Vyzhnytsia, and Kolomyia meteorological
stations). Each of the weather stations had 16 observation
points. For each weather stations, air temperature was
additionally determined from satellite images. As control
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points were used the regions which are remote from the
meteorological station, for which it is possible to deter-
mine only the temperature by thermal imaging. Since
sweeping advancement was to establish the possibility of
predicting the territory temperature with no meteorologi-
cal stations, the temperature was chosen as the dependent
variable based on the result of the thermal imaging.

At the third stage of building the ITM, the structure
of its information transformation subsystem is formed.
The method of ascending model synthesis and tools of
MIS was used. Under the given dependent and independ-
ent variables, models are synthesized at each level of
information transformation; models of a separate level
are combined into executions. The output signals of the
models of the lower penalty form arrays of initial data for
the synthesis of the models of the upper penalty [18, 19].
For the integration of models of the second level of in-
formation conversion of the MIS temperature based on
the satellite of the material stations, a multi-row GMDH
algorithm was used [3]. In the process of synthesizing the
model, data obtained during 1985-2017 were used for
the territory of the weather station. For testing the model,
we used the results of observations obtained during the
same period for the lands where there are no meteoro-
logical stations.

The informativeness of the indicators, which form the
array of input data, determines the ITM’s ability to per-
form the monitoring task. The value of independent vari-
ables (Table 1) was obtained as observations from mete-
orological stations in a suitable form for the forming of
the AID. The results of satellite observations, which were
used to form the dependent variables of modeling, are
not suitable for use in the AID without conversion. Their
transformation is required.

To download satellite images and save them in a tem-
porary folder, the API service of the American Geologi-
cal Research Center glovis.usgs.gov was used [20]. API
of two weather services were used simultaneously —
worldweatheronline.com and rp5.ua. The first service
allows to get the coordinates of weather stations, and the
second is used to get temperature data. It’s possible, be-
cause, each pixel besides attribute values, also has geo-
graphic coordinates, so analyzing each pixel sequentially,
the system sends requests to weather servers for the same
period for satellites and weather stations [21, 22]. Data
were automatically downloaded in the vicinity of weather
stations. These data characterize each of the observation
points at different observation times during the study
period. The satellites of the Landsat series of series 4, 5,
7, 8 [20, 23], namely, their thermal channels (the specific
channel number depends on the series). The choice of
satellites is due to the presence of a thermal infrared sen-
sor image (10.4-12.5 pm). Data from the Landsat series
satellites have been presented since 1982 and are freely
available.

Each scene is read by pixel (an image concerning a
particular date, which has a set of specific characteristics
that are contained in a file with metadata). A special
method has been developed to implement this process.
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As a result, this method returns an object containing al-
ready processed (converted to surface temperature) pixel
values.

The conversion of the attributive values of thermal
channels pixels of space images into the temperature
value takes place in several stages. The first is the defini-
tion of radiant luminosity. For Landsat satellites of series
4,5, and 7, the radiant luminosity on the satellite is cal-
culated by the expression:

I-max I I-min 2

L, = —Qeal N ©))
" [Qcalmax —Qcal J(Qcal Qcalmm)-i_l-m ’

min

For Landsat 8, the satellite radiant luminosity is cal-
culated using the formula (4):

Lz =M LQcaI + AL . “)

At the second stage, the obtained results are recalcu-
lated into absolute dimensionless values of reflectivity,
which characterizes the ratio of light reflected by the
surface and the light entering it. Unlike luminosity,
which significantly depends on the lighting conditions,
the vividness is its own relatively unchanged characteris-
tic of the object of observation [24]. This exact value was
used as the temperature determined from space images.

To calculate the temperature on the satellite for the
Landsat series 4, 5, and 7, the following expression was
used:

Ky —273.15. ©)

For the Landsat 8, and K; values are given in the im-

T, =

age metafile. The values obtained from the metadata are
converted from Kelvin to Celsius values.

Temperature data from meteorological stations were
received from meteorological servers [21, 22]. Terrestrial
meteorological stations are used to evaluate the reliability
of temperature measurements from remote sensing data
for Landsat satellites.

Since spatial data were obtained from different
sources, they were in different cartographic projections.
For unification, all data were transformed into a ITM
projection, in which all the coordinates given in the the
work are presented.

The main disadvantage of this approach is the effect
of changes in the shadows and illumination of the earth’s
surface, vegetation, and objects when analyzing satellite
images limits the use of the space-time approach. How-
ever, the development of a method for modeling, detect-
ing, and removing shadows on images allows, after addi-
tional processing, to carry out the comparison of multi-
time images.

To compare the values of temperature measurements,
according to the data of meteorological stations and the
results of the thermal band from satellite images, we se-
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lected images from the Landsat —4, -5, —7, and -8 satel-
lites.

As a result of converting every image to matrix (with
attribute values of pixels) we obtain digital data that do
not have physical dimensions. It is necessary to convert
the space data to the real temperature value. All the re-
quired information about the input data is contained in
the metadata file supplied with each image (scene).

All input images have resolution 30 m per pixel and
are sufficiently accurate to predict climate indicators.
When comparing meteorological and satellite data, the
concept of the effective forecast radius of a meteorologi-
cal station (the experimentally established territory for
which the proper temperature can be measured at the
meteorological station) was used. It is known that on
average, such a radius is about 30 km. In this case, 16
points from satellite images closest to the weather station
were used to restore weather data.

Also, a significant aspect that was considered during
arranging an experiment was the frequency of data acqui-
sition. The fixation of temperature indicators at meteoro-
logical stations occurs several times a day (from 4 to 12
times, depending on the type of meteorological station).
However, fully satisfying the time component of the
weather station research is almost devoid of spatial (in
case of working with many stations model would not still
be regional). Simultaneously, another source of input
data, in particular, satellite images, is completely good in
the spatial component of the analysis; however, the
Landsat satellite captures 16—18 days, that is, the time
during which the satellite turns around the Earth and how
often it records. Also, the cloudiness value of more than
50% makes it almost impossible to use a specific scene
to an image, which further reduces the frequency of data
acquisition. So, one of the tasks of creating IMT within
this research was to develop the methods for the common
use of all these types of input data.

Primary analysis of the initial data array shows that
the graphs of the course of temperatures obtained by both
methods are almost identical, which suggests the expedi-
ency of using this approach in the future. However, abso-
lute values at specific points are different, which may
depend on diversity of factors. Especially, cloudiness,
that was considered in the model. Moreover, also from
the type of underlying surface that affects the tempera-
ture determined by the image, while in the meteorologi-
cal stations the temperature indicators are measured at a
level of 2.6 m above the surface of the earth.

4 EXPERIMENTS

To solve problem 1, the temperature values were de-
termined from satellite images in the vicinity of meteoro-
logical stations in Chernivtsi, Kolomyia, and Vyzhnyt-
sya. After that, the values of air temperatures in these
territories were compared with the values of these indica-
tors measured by meteorological stations, and an array of
input data was formed in the form of Table 1. The mod-
els were built in the form of the dependence of the air

temperature determined from satellite images in the area
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of one of the three meteorological stations on the air
temperature measured by the other two weather stations.

The list of indicators that are used as elements of the
set of independent X and dependent variables Y are pre-
sented in nomenclature.

Since the air temperature in the uncontrolled territo-
ries had to be calculated without data received from the
satellite, the cloudiness indicators, denoted by the vari-
ables Xg, X3, Xi3, were removed from the array of input
data. Therefore, the problem of interpreting the func-
tional dependencies of individual elements of the set Y
on certain elements of the set X was solved according to
the expressions:

Yi= f (XlaxzaxsaX4aXs,XsaX97X10aX117X12’X14’X15aX16’X17) 3(0)
y,="f (Xl’XZ’X35X4’X5’X6’X7’X9’X10? Xll’X147X15’X16’X17); @)
Y;= f (XI,XZ,X3,X4,X5,X6,X7,X9,X10,X11,X12,X14,XIS,XIG) -(®)

Thus, expression (6) reflects the dependence of the
value y; of the air temperature measured by the satellite
in the area of the Chernivtsi meteorological station on the
characteristics of observation points and on the results of
measurements by the Kolomyya and Vizhnitsa meteoro-
logical stations Xo—X;7. Expression (7) reflects the de-
pendence of the value y, of the air temperature measured
by the satellite in the area of the Kolomyya meteorologi-
cal station on the characteristics of observation points
and the measurement results by the Chernivtsi and
Vizhnitsa meteorological stations X4,—X;, X;4—X;7. Expres-
sion (8) reflects the dependence of the value y, of the air
temperature measured by the satellite in the area of the
Vizhnitsa meteorological station on the characteristics of
observation points and the results of measurements by
the Chernivtsi and Kolomyya meteorological stations
Xq4 — X7, X9 —X12.

To solve problems (6), (7), (8), the multi-row GMDH
algorithm was used [18]. The array of input data was
formed based on the results of simultaneous observations
of 16 points around each of the 3 meteorological stations
and the transformation of satellite images obtained dur-
ing 1985 —2016. Data for 14 indicators of the set X were
obtained from the results of 928 measurements of air
temperature at 3 meteorological stations, to obtain indi-
cators of the set Y were processed 58 satellite images.
That is, according to Table 1, the values m =928, n = 14.

To build the model, observation points were used,
built using 57 satellite images. 16 observation points,
formed from the results of measurements of 16 observa-
tion points around the meteorological stations using the
last 58th satellite image, used as a test data set. They
were not used in the process of building the model.

5 RESULTS

Figure 1 shows the values of the absolute errors of
modeling the air temperature on the test data set.
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Figure 1 — Modeling errors of air temperature on uncontrolled areas:
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6 DISCUSSION

It should be noted that the models were tested on data, that
did not take part in their creation, so obtained the results reflect
the persistence of the model. Such a choice of parameters for
modeling and generating an array of input data is determined
by the need to avoid multicollinearity to the consistency of two
or more variables in the models.

Modeling error, calculated by expression (2), varied in
the range from 0.02% to 7.82%, which did not exceed 0.7°C.
at separate observation points. And in this case:

— modelling error, reflecting dependence (6), varies in the
range (0.02—-1.25)%, which does not exceed 0.2°C, the stan-
dard deviation is 0,05°C;

— modelling error, reflecting dependence (7), varies in the
range (0.54-5.13)%, which does not exceed 0.4°C, the stan-
dard deviation is 0.17°C;

— modelling error, reflecting dependence (8), varies in the
range (0.06—7.82)%, which does not exceed 0.7°C, the stan-
dard deviation of the simulation results is 0.21°C.

The general characteristics of the models, considered
(Fig. 1), confirms that the characteristics of the simulation
results depend on the distance between the plotted points and
the comparison of their absolute heights. Comparing the
models, it was found that the difference in indicators (longi-
tude, latitude, and altitude) between the modeled point and
the variable, which showed a change in the function direction
at about the same level. This suggests that for each point for
which the temperature simulation is carried out, the point(s)
can be set that has the most significant effect on the obtained
value.

The study of existing climatic models of various levels
allows us to assert that the temperature depends more on its
dynamics in space and time. So, during the processing of
space images, the date, as well as the specific shooting sea-
son, is essential. This is taken into account when carrying out
an atmospheric correction and is one of the necessary proce-
dures for preparing the analyzed data [9].

The use of thermal satellite images to predict temperature
is also important because they contain information about
cloudiness, as well as the location of the studied points and
even heights, which is also one of the decisive factors influ-
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encing the obtained value. Also, the type of underlying sur-
face is taken into account on satellite images and has a no-
ticeable effect on the temperature regime [9].

An analysis of the results obtained shows that the synthe-
sized MIS models are accurate and adequate since the differ-
ence between the air temperature values calculated by the
models and their actual values measured at meteorological
stations, and the value of the standard deviation of the simu-
lation results from the actual values are acceptable. Even
though the accuracy and adequacy of the simulation results
were evaluated on test data sets, the obtained models are
stable.

Thus, the hypothesis about the possibility of calculating
the air temperature value in the uncontrolled territory by
monitoring information systems using the results of meas-
urements of operating meteorological stations was obtained
experimentally. The possibility of identifying functional
dependencies of air temperature in remote areas on the avail-
able indicators has been proved.

Obtained results make it possible to substantiate the pos-
sibility of obtaining climatic characteristics of remote areas
by identifying their dependences on the results of measure-
ments at active meteorological stations, which are difficult to
access or uncontrollable.

CONCLUSIONS

The problem of identification of the functional depend-
ence of air temperature in uncontrolled places on the results
of observations at meteorological stations is solved. The
results obtained were used in the process of creating a new
method of climate modeling within ITCM. Experimental
confirmation of the hypothesis about the possibility of using
satellite images in regional models of temperature prediction
has been obtained. The effectiveness of the application of the
methodology for the creation of information technologies for
monitoring in the implementation of the tasks of reducing
uncertainty in making decisions on the management of works
in uncontrolled territories has been proved.

The analysis and synthesis of existing approaches, meth-
ods, and means of temperature prediction, including by satel-
lite imagery, in particular, by thermal imaging, has been car-
ried out. It was revealed that the most effective means of
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solving the problem is the use of methods of inductive mod-
eling.

The analysis and synthesis of existing approaches, meth-
ods, and means of temperature prediction, including by satel-
lite imagery, in particular, by thermal imaging, has been car-
ried out. It was revealed that the most effective means of
solving the problem is the use methods of inductive model-
ing.

During the investigation of the variables’ selection of the
input data array, it was shown that satellite imagery data
could be used in regional models of temperature prediction,
and temperature traces obtained from satellite imagery and
weather stations at similar points show similar dynamics.

The effectiveness of GMDH using of the multi-row algo-
rithm for forecasting temperature for areas with no meteoro-
logical stations is shown.

The scientific novelty of obtained results is the improve-
ment of the methodology for creating information technolo-
gies for multilevel monitoring by using the existing method of
adaptive synthesis of models to solve the new problem of
creating a new method of climate modeling. In contrast to the
existing ones, the method combines the processes of satellite
observations and observations of the climate on the soil sur-
face, taking into account the spatial and temporal characteris-
tics, to form an array of input data (AID), with the processes
of synthesis of models of monitoring information systems
(MIS) [1] and the processes of forming multi-level model
structures MIS for converting observation results, and with
the rules for interpreting the results obtained for calculating
the temperature value in uncontrolled territories. This makes it
possible to expand the capabilities of monitoring information
systems to perform new tasks of calculating air temperature
values in uncontrolled areas during the time between space
observations.

The practical significance of the obtained results is in the
possibility of constructing an information monitoring system
that ensures a continuous determination of air temperature in
areas where there are no meteorological stations. The results
can be widely used to reduce the uncertainty of decision-
making processes while eliminating both global and local
problems. In particular, for planning work in hard-to-reach
and uncontrolled territories, observing climate changes and
creating climate models, or identifying the state of vegetation
and the presence of traces of human activity in the studied
territories.

Prospects for further research are to improve devel-
oped monitoring information system due to the use of a
complex mechanism is needed that combines OLAP tech-
nology and IoT search mechanisms, which will affect the
final result, for example, taking into account the features of
the underlying surface or the presence of “heat islands” over
cities.
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IHOOPMALIAHA TEXHOJIOI'LSI KIIMATUYHOI'O MOHITOPUHI'Y

Tanax M. B. — kauz. 0ion. Hayk, acHCTeHT Kadepu KOMIT IOTEPHUX HayK UepHIBEIbKOTo HAI[lOHATBHOTO yHiBepcuTeTy iM. FOpis De-
npKoBu4a, YepHiBii, YKpaiHa.

Tony6 C. B. — o-p TexH. Hayk, npodecop kadeapr mporpaMHoro 3abe3NedeHHs aBTOMAaTH30BaHOI cucTeMH UepKachKOro JIEpKaBHOTO
TEXHOJIOTIYHOTO YHiBepcuTeTy, Uepkachkuil [epikaBHUI TEXHOJIOTIYHMIT yHiIBepcuTeT, Yepkacu, YkpaiHa.

Typkin 1. B. — 1-p Texn. Hayk, npodecop, 3aBiayBad kadeapu iHxKeHepii nporpaMHOro 3adbesnedeHHs HalioHanbHOro aepoOKOCMIYHOTO
yHiBepcuTeTy «XapKiBChbKHi aBiauifiHui iHCTUTYT», XapKiB, YKpaiHa.

AHOTALIA

AKTyanbHicTb. J{11s1 3HWKeHHs 1H(OPMALitHOI HEBU3HAYEHOCTI PO 3aKOHOMIPHOCTI 3MIHH TeMIIepaTypH HOBITPs IIPH yIIpaBIiHHI pobo-
TaMH y Ba)KKOJIOCTYITHHX MICIUSIX BUKOPHCTOBYEThCS iH(pOpMaLiiiHa TexHoorii MoHiTOpHHTY [1]. BukoHyBanoch 3aBiaHHsS CTBOPEHHS METOLLY
MOJICJIIOBAHHS OJHOTO i3 KIIMATHYHHUX HOKA3HHKIB, TEMIIEPAaTypH IOBITPS, Ha 3aJJaHUX TEPUTOPIAX B CTPYKTypi iHdopMamiiHOI TexHOMIOTil
MoHiTopuHry. KimiMaTuuHi MOfeNi € OCHOBHUMH 1HCTPYMEHTaMH ISl JOCIIDKCHHSI PeaKilii eKOJOTiYHOI CHCTEMH Ha 30BHIIIHI Ta BHYTPIIIHI
BruiBH. [IpoGiiema 3HKeHHs iH(OpMaliiiHOT HEBU3HAYEHOCTI NPH MPUIHATTI YHPaBIiHCHKUX DIllleHb YCYBA€THCS IIUISIXOM MPOTHO3YBaHHS
HACTI/IKIB 3aCTOCYBaHHS 3aIUIAaHOBAHUX KEPYIOUMX BILIMBIB 32 JOIOMOTOI0 BUKOPHCTAaHHS B iH(OpMANiifHiil TEXHOIOTii MOHITOPHHTY METOJIB
KJIIMaTUYHOTO MOJENIOBAaHHA. B iH(opMalliiiHy TEXHOJIOT 0 KITIMATHYHOIO MOHITOPUHIY TO€AHAHI METOAN CYITyTHUKOBHUX CIIOCTEPEKEHB 1
CIIOCTEPEKEHb 3a KJIIMATOM Ha MOBEPXHi IPYHTY 3 ypaxXyBaHHAM HPOCTOPOBO-YaCOBHX XapaKTEPUCTHUK, 11 (hOPMyBaHHS MAcHBY BXiJHHX Ja-
HHX, 13 METOJJaMU CHHTE3Y MOjieelf MOHITOPUHIOBUX iH(opMariiHux cucteM [1] i Mmerogamu GopMyBaHHs 6araTopiBHEBUX MOJEIBHUX CTPYK-
TYp MOHITOPHHIOBHX iH(popMaliifHuxX cucteM [1] U mepeTBOPEHHS pe3ylbTaTiB CHOCTEPE)XEHb Y 3HAHHA, Ta i3 MpaBWJIAMHU iHTepHpeTarii
OTPUMAHHX Pe3yIbTaTiB UL PO3PAaXyHKY 3HAUEHHs TeMIIEPaTypH Ha HEMiAKOHTPOIBHIX TEPUTOPIAX.

Merta poOoTu nosisrae B po3B’si3aHHI 3a1a4i igeHTH(]iKail QYHKIIOHATBHOT 3aJIe)KHOCTI TeMIepaTypH MOBITPs Ha 3a/1aHiii HEMiIKOHT-
PONBHIN TepUTOpIi BiJl pe3ysbTaTiB CIIOCTEPEKEHb 3a XapaKTePUCTUKAMU KJIiMaTy METEOpOJIOTiYHMMU CTAHLISMU Ha IOBEPXHI IPYHTY B
CTPYKTYpi iH(OpMaIIiitHOT TEXHOIOTIi KITIMATHYHOTO MOHITOPHHTY.

Mertoa. Y 10CKOHAIEHO METO/IOJIOTII0 CTBOPEHHS 1H(POPMAIIHHUX TEXHOJIOTH MOHITOPUHTY 3 METOI0 PO3LIMPEHHS 11 MOXJIMBOCTEH st
BUKOHAHHS HOBUX 3aBJaHb IIPOTHO3YBaHHS TEMIIEPaTypH 32 JOIIOMOIOI0 JAaHUX TEIUIOBI3IHHUX CYIyTHUKIB Ta METCOCTAHIIIH IUISXOM BUKO-
PHCTaHHS HOBOT'O METOAY KIIMATUYHOIO MOJEIIOBAaHHSA. 3aCTOCOBYBABCS CHCTEMHHUM MiJXif O Iponecy KIIMaTUYHOIO MOJEIIOBAHHS, Me-
TOJ TPYIOBOTO YpaxyBaHHS apryMEHTIB AJIsl pO3B’si3aHHs 3a/1a4 ineHTH ]Ikl (yHKIIIOHATBHOI 3aI€)KHOCTI, METOIM MaTeMaTHYHOI CTATHC-
THKHU JUJIS OLIHKU MOJIEJIEH.

PesyabTaTn. BinxmieHHs po3paxoBaHHUX 3HAYCHb TEMIIEPAaTypH 3a CHHTe30BaHMMHU Mojeximu MIC Bin AifiCHUX 3Ha4eHb, OTPHMAaHHX
3a pe3y/bTaTaMH CIIOCTEPEXCHb ITYYHHMH CYIMyTHHKaMH 3eMI y cepeqHboMy He nepesuirye 2,5°C. Cinu TeMnepaTypH, OTpUMaHi Bif
CYMYTHUKOBHX 300pa)KEHb T4 METCOPOJIOTIYHMX CTAHIIIH Y MOIIOHUX TOYKAX, MAIOTh CXOXKY TUHAMIKY.

BucnoBku. Po3B’s13ana 3a1aua igeHTH}IKALIT QYHKIIOHATBHOT 3aJIE)KHOCTI TEMIIEPATYPH MOBITPS Y HEMiJKOHTPOIBHUX MICLSX BiJ pe-
3yJIBTATIB CIIOCTEPEKEHb Ha METEOPOJIOTiYHUX CTaHLisX. OTpUMaHi pe3yabTaTH BUKOPHUCTaHI B IPOLECi CTBOPEHHSI HOBOTO METONy KiliMa-
THYHOTO MOJEIIOBAHHSA B MeXaxX iH(popMauiiHOi TeXHONOril KIMAaTHYHOTO MOHITOpHHTY. OTPHMAaHO eKCIEePUMEHTANbHE IIiATBEPIKCHHS
riloTe3H MPO MOMKIIMBICTh BUKOPHCTAHHs CYIyTHHKOBHX 300pakK€Hb B PETiOHAJIBHMX MOJENAX NPOrHO3yBaHHsS TemmepaTypu. JloBeieHa
e(eKTUBHICTb 3aCTOCYBAHHsS METOJOJIOTT CTBOPEHHS iH(GOPMALIHHMX TEXHOJOTil MOHITOPUHTY NP BUKOHAHHI 3aBJaHb 3HIDKCHHS HEBU-
3HAYEHOCTI NP NPUIHATTI pillleHs i3 yIpaBIiHHA poOOTaMU Ha HEIiJKOHTPOIBHUX TEPHTOPIAX.

KJIFOYOBI CJIOBA: indopmariiina TeXHOJIOTisI, MOHITOPHHT, KJIIMATHYHI MOJIEIi, CIOCTEPEKEHHS, TEMIIEpaTypa MOBITPs, TEIIIOBI-
30pu, cynyTHHKU Landsat, iHIyKTHBHE MOZIEIOBaHHS, MAIIMHHE HaBYaHH.

YK 504.064.37: 004.942
UH®OPMALMNOHHASA TEXHOJIOI'UA KIMMATUYECKOI'O MOHUTOPUHT A

Tanax M. B. — xanj. Ouoi. Hayk, acCUCTEHT Kaepbl KOMIIBIOTEPHBIX HayK UepHOBHIIKOTO HAIIMOHAIBLHOTO YHUBepcuTeTa uM. KOpus
®enpkoBuya, YepHOBIBI, YKpauHa.

Tony6 C. B. — 1-p TexH. HayK, npodeccop Kadeapsl IPOrpaMMHOro oOecredeHHs! aBTOMAaTU3HPOBAHHEIX cucTeM YepKaccKoro rocyaap-
CTBEHHOT'0 TEXHOJIOTMUECKOT0 YHUBEpCHUTETa, Uepkacchl, YKpanHa.

Typxun U. Bb. — 1-p TexH. Hayk, npodeccop, 3aBeayomuii kadeapoit HHXeHepHuH nporpaMMmHoro obecnedeHus HarponanbHoro aspo-
KOCMHYECKOT0 YHHBEPCHUTETA «XapbKOBCKHUI aBUALIMOHHbIH HHCTUTYT», XapbKOB, YKpanuHa.

AHHOTAIUSA

AKTyaIbHOCTB. [ CHIDKEHUS! MHPOPMALIIOHHOI HEONpeeIEHHOCTH O 3aKOHOMEPHOCTH N3MEHEHHS TEMIIEpaTyphl BO3yXa IPH yIpaB-
JICHUH pabOTaMu B TPYAHOJOCTYITHBIX MECTax MUCIOJIb3yeTCsl HH(POPMAIMOHHAS TEXHOJIOTUHM MOHUTOpHHTa [1]. BhImonHsioch 3aaya co3aanust
METO/1a MOJICTIMPOBAHHMS OJTHOTO M3 KIIMMATHYECKHUX TTOKa3aTeNei, TeMIepaTypbl BO3/lyXa, Ha 3a/IJaHHBIX TEPPUTOPUSX B CTPYKTYpe HH(POpMAIH-
OHHasl TEXHOJIOTMM MOHUTOpUHTa. KimMatiueckie MoJiet sIBJII0TCS OCHOBHBIMU MHCTPYMEHTaMH TSl HCCIIEIOBAHUs PEAKIIU SKOJIOTHYECKOM
CHCTEMBI Ha BHEIIHWE U BHyTpeHHHUE Bo3zercTBus. [Ipucoennumcs [Ipobiema cHKeHus HHPOPMAIMOHHOW HEONPEAEICHHOCTH TP TPHHS-
THH YIPABICHYECKUX PEIICHHH yCTpaHsIeTcs MyTeM IIPOrHO3MPOBAHNUS TTOCIEICTBII MPHIMEHEHNUS 3aIUIaHUPOBAHHBIX YIPABIIAIOIINX BO3ACHCT-
BHH € MOMOIIBIO NCHIOIBb30BaHMs B MHOPMALMOHHON TEXHOJIOTMM MOHUTOPUHIA METOIOB KIIMMAaTHYECKOro MoaenupoBanus. B undopmarmon-
HYIO TEXHOJIOTHIO KIIMMaTH4ECKOr0 MOHUTOPHHTa OOBEIMHEHBI METO/IbI CITyTHUKOBBIX HAOJIO/ICHNH 1 HAOJIOICHUI 32 KIIMMATOM Ha TIOBEPXHO-
CTH TIOYBBI C YYETOM IPOCTPAHCTBEHHO-BPEMEHHBIX XapaKTePUCTHUK, s (OPMHPOBAHHS MacCHBa BXOJAHBIX JAHHBIX MAaCCHBA BXOJHBIX [aH-
HBIX, C METOJIJAMH CHHTE3a MOJIeNIell MOHUTOPHHIOBBIX MH(GOPMAMOHHBIX cucTeM [1] n MeTogamu (OpMHUPOBAHHS MHOTOYPOBHEBBIX MOJEIb-

© Talakh M. V., Holub S. V., Turkin I. B., 2021
DOI 10.15588/1607-3274-2021-2-16

162



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 2

HBIX CTPYKTYp MOHHUTOPHHIOBBIX HMH()OPMAIIMOHHBIX cHcTeM [1] Uit mpeoOpa3oBaHUsS pe3ylbTaToB HAOMIONECHUN B 3HAHUS, M C IPAaBHIIAMH
HHTEPIIPETalNU HOTyIeHHBIX Pe3yIbTaToB UL pacyeTa 3HAYCHHS TEMIIePaTyphl Ha HEIOJKOHTPOIBHBIX TEPPUTOPUSIX.

Hean padoThl 3aKII04aeTCs B PELICHUM 3aa4n UICHTH(HUKAIMKY QYHKIIMOHAIBHON 3aBUCHMOCTH TEMIIEpaTyphl BO3yXa Ha 3aJJaHHOM
HETOJKOHTPOIBHOM TEPPUTOPUU OT Pe3yJIbTATOB HAOIIOAEHMH 32 XapaKTEePUCTUKAMH KIMMaTa METeOPOJIOTMYECKUMHU CTAHLHMAMH Ha I10-
BEPXHOCTH IOYBHI B CTPYKType HHPOPMALUOHHAS TEXHOJIOTUH MOHHTOPHUHTA.

Mertoa. YcoBepIIeHCTBOBaHA METOIOIOTHA CO3JaHNA HHOOPMAIIMOHHBIX TEXHOIOTUH MOHUTOPHHTA C IENBbI0 PACHIUPEHUS €€ BO3MOX-
HOCTEl [J1s1 BBINOJIHEHHUS HOBBIX 3a/1a4 IIPOTHO3UPOBAHUS TEMIIEPATYPhI C OMOIIBIO JTAHHBIX TEMJIOBU3UOHHBIX CIIyTHUKOB M METEOCTaHIIUH
IyTEM HCIIOJIb30BaHUS HOBOTO METO/a KJIMMAaTHYECKOro MoJenupoBaHus. IIpuMeHsIcS CUCTEMHBIH MOAXO0M K IPOoLecCy KIMMaTH4eCKOro
MOJICTIMPOBAHHSA, METO]] IPYIIIOBOr0 y4eTa apryMEHTOB IS PEHICHUS 3a7ad MACHTH(UKAIUU (QYHKIMOHAIBHON 3aBHCHMOCTH, METOMIBI
MaTEMAaTHYECKON CTAaTUCTHKH IS OLIEHKH MOJIENEH.

Pe3yabTaTbl. OTKIOHEHHE PACCUMTAHHBIX 3HAUCHUH TEMIIEpaTyphl C CUHTe3UpoBaHHBIMU MozessiMu MUC oT ecTBUTENbHBIX 3Haue-
HUH, TIOIy4YeHHBIX M0 Pe3yNbTaTaM HaOII0JEeHUI HCKYCCTBEHHBIMH CITyTHUKaMH 3eMIIU B cpeliHeM, He npesbimaet 2,5°C. Crensl Teminepa-
TYpBI, TIOTy4YEHHBIE OT CILyTHUKOBBIX H300paKEeHUI 1 METEOPOIOTHIECKUX CTAHIMH B IOJOOHBIX TOYKAX, HMEIOT IIOXO0XKYI0 TUHAMUKY.

BeiBoasl. Pemena 3a1aua uneHTuduKanuy GyHKIMOHAIBHON 3aBHCHMOCTH TeMIIEpaTypbl BO3yXa B HEMOIKOHTPOJIBHBIX MECTaX OT pe-
3yJIbTATOB HAOJIOICHUH HA METEOPOJIOrnuecKuX cTaHuusX. [TomydyeHHbIe pe3ynbTaThl HCIOIb30BaHbI B POLECCE CO3AaHUsI HOBOTO METO/a
KJIMMaTHYeCKOr0 MOJIEIUPOBAHMSA B IpesieraX HH()OPMAIIMOHHON TEXHOIOTHY MOHHUTOPHHTA. IToydeHo SKCIepUMEHTAIBHOE MOATBEPKIC-
HHE THIOTE3bl O BO3MOXKHOCTH HCIIONIB30BAaHUS CIIyTHUKOBBIX H300paXKCHUH B PETHOHANBHBIX MOJEIAX IPOTHO3HUPOBAHUS TEMIIEPATYPHL.
JokazaHa 3((QeKTUBHOCTh NPUMEHEHHsS METOJOJOTHH CO3/aHHsA MH(GOPMALMOHHBIX TEXHOJIOTHMH MOHHUTOPUHIA IPH BBHINOIHEHUH 33124
CHIYKEHHUS HEOIIPEAEJICHHOCTH P NPHHATUH PELIEHHH 110 YIPABIECHUIO paboTaMU Ha HEMOAKOHTPOJIBHBIX TEPPUTOPHUSIX.

KJ/IFOYEBBIE CJIOBA: nH(bOpManuoHHas TEXHOJIOTHS, MOHUTOPUHT, KIMMaTHIECKUE MOJICIH, HAaOIIOeHNS, TEMIICPaTypa BO3yXa,
TEIIOBU30PEL, CIIyTHUKK Landsat, ”HIyKTHBHOE MOZICIMPOBAHKE, MALIMHHOE 00y4eHHE.
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YK 004.9:004.94:51

PEAJIM3AIINS KOHEYHO-3JIEMEHTHON BUBJIMOTEKHA KJIACCOB
C UCIIOJIB3OBAHUEM OBOBIHIEHHOI'O TIPOI'PAMMMWPOBAHUA

Yomopos C. B. — 1-p TexH. HayK, mpodeccop, mpodeccop Kapeapsl MporpaMMHON HHKEHEPUH 3allOPOIKCKOTO Ha-
LMOHAJIBHOTO YHUBEPCUTETA, 3aMIOPOXKbE, YKpaHHa.
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AHHOTALIIUA

AKTYaJIbHOCTB. [IJ11 KOMIIBIOTEPHOTO MOZICIMPOBAHUS CIIOXKHBIX OOBEKTOB M SABJICHUI PAa3IMYHON IPUPOABI HA MPAKTUKE 4acTO
UCIOJIb3YIOT YNCICHHBIH METO]] KOHEYHbIX 3JeMeHTOB. Ero mporpammuas peanusanus (0COOSHHO Ul UCCIIENOBAHUS HOBBIX Kiac-
COB 3a/1a4) SBJIAETCS JOCTATOYHO TPYAOEMKUM IPOLECCOM.

BeICOKasi CTOMMOCTb pa3pabOTKH MPOrpaMMHOT0 obecredeHus 00yCIIOBINBACT aKTyallbHOCTh Pa3pabOTKH HOBBIX MOAXOJOB K
MTOBBIIIEHUIO 3P PEKTUBHOCTH MPOTPAaMMHUPOBAHHUS B COMPOBOXKICHUS (B T.4. J0OABIEHNE HOBBIX (PYHKIHUIA).

Hean. Lens paboTsl — co3anue HOBOH 3 (PEKTHBHON apXUTEKTYpHI IIPOrpaMM KOHEUHO-3JIEMEHTHOTO aHaJIi3a MpodJieM Mate-
MaTUYECKOH (DM3HKH, TIO3BOJISIOIICH JIETKO PACIIMPATH NX (yHKIMOHAIFHOCTD ISl PELICHHS] HOBEIX KJIACCOB 331ad.

Mertoa. IIpennoxen Meron pa3paboTKH NPOrpaMM Ul KOHEYHO-JIEMEHTHOTO aHaIM3a C MCIOJIb30BaHUEM 00OOIIEHHOTO IPo-
IpaMMHPOBAHUsL, YTO JIaeT BO3MOXKHOCTH CYIIECTBEHHO YIPOCTUTH apXUTEKTYPy IPOrpaMMHOI0 00ECIIeUeHHs U C/ieNlaTh ero Oosee
YIOOHBIM ISt CONIPOBOXKACHUS U MOAM(DHUKALINY 32 CUET PA3AENICHHS aTOPUTMOB U CTPYKTYP JaHHBIX.

IpennoxeHa HOBas apXUTEKTypa KIACCOB, PEANM3YIOIMX KOHEYHO-3JIEMEHTHBIH pacyeT, MO3BOJIAIOIIAS JIETKO PACLIMPATH
(GYHKIMOHAJIBEHOCTD POrPaMM 32 CYET H00ABICHHUS HOBBIX THIOB KOHEYHBIX 3JIEMEHTOB, METOJIOB PEIICHUS CUCTEM JIMHEHHBIX ajl-
re0panyecKux ypaBHEHHs, HapAJUICIbHBIX BEIYUCICHUH H T 1.

Pe3yabTarsl. [IpennoxeHHbIH Moaxox ObUI MPOrpaMMHO peaan30BaH B Buae OuOmmoTekn knaccoB Ha si3bike C++. IIpoBenen
PSI BEIYMCIIUTENEHBIX SKCIIEPUMEHTOB, TIOTBEPIUBIINX €0 pabOTOCIIOCOOHOCTD IIPH PEIICHNH IPaKTHUECKUX 3a1ad.

BoiBoabl. Pa3paboTaHHbIi 101X0 MOXKHO HCIIOIB30BAaTh KAK JUIS CO3aHUS CHCTEM KOHEYHO-JIEMEHTHOTO aHalli3a o0Iero Ha-
3HAUCHUS C OTKPBITOM apXUTEKTypOH, TaK U ISl pean3aliy CIIeIHATN3HPOBAHHBIX POrPAMMHBIX ITAKETOB, OPHEHTHPOBAHHBIX Ha
pelIeHHe KOHKPETHBIX KJIacCOB 3a1ay (MEXaHUKH pa3pyLICHHUs, 31aCTOMEPOB, KOHTAKTHOI'O B3aUMOJICHCTBHS U T.I1.).

KJ/IFOYEBBIE CJIOBA: MeTo[ KOHEYHBIX 3JIEMEHTOB, KOHEUHBIH 3JIEMEHT, 00bEKTHO-OPUEHTUPOBAHHOE IIPOrPaMMHUPOBAHHE,
00001mEHHOE TPOrpaMMHUPOBaHIE, APXUTEKTYpa MPOTPAMMHOTO 00ECTICUEHHSL.

ABBPEBUATYPbBI D - marpuna ynpyrocrt, colepsKalias XapakTepu-
I1O — mporpamMMHoOe obecrieueHue; CTUKU MaTepuasa;
MKD3 — MeToJ1 KOHEUHBIX JIEMEHTOB; N — BeKTOp KOMIOHEHT QyHKIui (HOpPMBI;
KD — KoHEUHBIH 371€MeHT; B — BexTOp NPOU3BOAHBIX OT GYHKIMN (POPMBI;
CJIAY - cucrema NWHEHHBIX anreOpanmdecKux ypaB- P — BEKTOp KOMIOHEHT 00bEMHOM HATrPy3KH;

HEHMH, ( — BEKTOp KOMIIOHEHT IIOBEPXHOCTHOM HAIrpy3KH;

HOMEHKJIATYPA K — marpuia kecTkocTy;

. F — BeKTOp KOMIIOHEHT HAarpy3KH.
U; — KOMIIOHEHTBI BEKTOPA ME€PEMEILECHUIA;

| oy

u; — uckomoe 3HadeHne Gynknuu U, (x) B | -oif Bep- BBEJIEHUE
IIUHE (y3ne) KOHCYHOTI'O 3JICMCHTA, Hcnonp3oBaHue BBIUUCIUTEILHOU TEXHUKU JJIs1 3aMeE-
€. — KOMIIOHCHTbI TCH30pa z[e(bopMa]_[HH; HbI (1)H3I/IHGCKI/IX WCTIBITAHUIN BUPTYAJIbHBIM KOMIIBIOTEP-

ij
HBIM 3KCIIEPUMEHTOM MO3BOJISIET CYIIECTBEHHO YMEHb-
G, — KOMIIOHEHTBI TEH30pa HaIPSKEHUS;

i IMIATh M3JEPKKUA TPH MPOSKTUPOBAHWUHM W IPOU3BOJICTBE
X; — KOMIIOHCHTBI BEKTOPa OOBEMHBIX HAarpy3oK; CIIO’KHBIX COBPEMEHHBIX HH)KEHEPHO-TEXHUUYECKHX CHUC-

X, — KOMIIOHEHTBI BEKTOpa IIOBEPXHOCTHBIX Harpy-  TEM.
[pumenerne MKD sBusgercs omHUM H3 HambOoiee

9 (EKTUBHBIX NP peaTnu3alUud KOMIIBIOTEPHOTO aHAIH-
3a. Takum 00pa3oM, BOZHHKAET HEOOXOIUMOCTH B IIOCTO-
SHHOM COBEPLICHCTBOBAaHMH CYILECTBYIOLIEIO M paspa-
6otke HOBOTO 1O 1711 KOMIBIOTEPHOTO MOJCIHUPOBAHUS
M — komauectso y3io8 K3; Pas3IMYHBIX 0OBEKTOB U TPOIIECCOB.

30K;
Q) — obnacTh pacuera;
I' — noBepxHOCTH O0JIACTH pacyera;
N, (x) — dynxuus dopmst KO;
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O0beKTOM HCCJIeJOBAHMS SBIISJICS TMPOLECC paspa-
6otku [10 1 MaTeMaTHuecKoro MOZEIMPOBAHUS U aHa-
JIN3a CJIOKHBIX WH)KEHEPHO-TEXHUUECKUX CHUCTEM.

Hawnbonee BaXHBIM 3TarioM NMPOEKTHPOBAHUS SIBIISIETCS
OLIEHKA IIPOYHOCTH U JOJITOBEYHOCTU CO3JaBA€MOI TEXHU-
Kd. OTO MPHUBOJHUT K HEOOXOAMMOCTH aHajM3a ee Hamps-
JKECHHO-1e()OPMUPOBAHHOTO COCTOSHHS B TIPOIECCE JKC-
IUTyaTanyi. B GONBINMHCTBE CITydacB aHAIUTHYECKOE pe-
IIEHNE COOTBETCTBYIOIINX 3aJad HE MPEICTABIICTCS BO3-
MOYKHBIM, TIO3TOMY Ha MpPaKTHKE MPUMEHSIOT Pa3iMdHbIC
YHCJIEHHBIE METO/BI, HanOoJee MOMyISPHBIM Cpei KOTO-
PBIX B CHIIy CBOEH yHHBepcanbHOCTH siBisiercst MKD [1].

s npumenenust MKD B HacTosiiee Bpemst pa3pado-
TaHO OOJIBIIOE KOJIMYECTBO Pa3IHUYHBIX KOMMEPYECKUX
IIPOrPaMMHBIX CHCTEM, CAMBIMM H3BECTHBIMH CPEIH KO-
TopbIxX sABIsIOTCS Ansys [2], COMSOL [3], MSC Nastran
[4] m 1p. [5].

AnsrepHatuBoi uMm sBstoTcA I1O € OTKPBITHIM HC-
XOOHBIM KOJOM, CpEeId KOTOPOTO MOYKHO BBIICIHUTH
FreeFEM [6], GetFEM [7], OpenCAD (8] u gp. [5, 9, 10].

CHOXHOCTh CTOANINX Tepea MPOMBIIIIICHHOCTRIO 3a-
JIad TpeOyeT MOCTOSHHON pa3pabOTKH HOBBIX METOIOB M
AITOPUTMOB PEIICHUS PAa3MUYHBIX KJIAcCOB 3amay (Mexa-
HUKHU pa3pyLICHUs, TUAPO- U adPOINHAMUKH, KOHTAKTHBIX
3aja4 U T..), @ OCOOEHHO HOBBIX KOMIIO3UTHBIX MaTe-
puainoB. Bce 3To 00ycnoBnuBaeT HEOOXOAUMOCTh CO3JIa-
Hus Takoro I1O 11 KOHEUHO-’JIEMEHTHOrO aHalu3a, ap-
XUTEKTypa KOTOpPOro OblI IO3BOJISUIA JIETKO BCTpPanWBaTh
HoBbIe THIEI KO 11 yuera ocoOeHHOCTEH TOr0 MIIM MHO-
r'0 KOHCTPYKIIMOHHOTO MaTeprayia (HalpuMmep, dIacToMe-
pa); HoBBbIe MeTobl pemieHus CJIAY; moanepxky mapai-
JIENBHBIX BRIYUCICHUH U T. 1.

IIpenMeToM HccaeI0BAHMS SBILUINCH METOABI Pa3-
paboTKN mporpaMM KOHEYHO-3JIEMEHTHOTO aHajh3a st
co3laHusl yIO00HOM K MOAMU(HUKALUKE apXUTEKTYPhI COOT-
BetcTBytotero I10.

OmHUM M3 BO3MOXKHBIX ITyTE€Hl pelleHus 3Tod 3a1adu
SIBJISICTCS. MICTIOJIb30BaHUE OOOOIICHHON MapajurMbl MPO-
rpaMMHpPOBAHMSI, MO3BOJIAIOIIEH OTAEINTh Hamboiee 00-
LI1E AITOPUTMBI OT COOTBETCTBYIOIIUX CTPYKTYP JAHHBIX.

eabo padoThl SBISIOCH CO3JAaHUE TAKOW apXHUTEK-
Typel 11O 1 KOHEYHO-3IIEMEHTHOT'O aHalN3a, KOTopas
OBl TTO3BOJNIMIIA COKPAaTHUTHh BpPEeMs Ha €ro pa3paboTKy u
COIIPOBOKICHUE.

1 HOCTAHOBKA 3AJAYA
AHanu3 MpoeKTUPYyEeMO KOHCTPYKIMU Ha MPOYHOCTH
U JIOJITOBEYHOCTh OOBIYHO CBOJAMTCS K MOJEIHPOBAHUIO
ee HanpspKeHHO-1e()OPMUPOBAHHOTO COCTOSIHHSL B TPO-
Llecce JKCIUTyaTallud, MapaMeTpbsl KOTOPOrO B CTaTHKE
MOXKHO HaWTH, MUHMMU3UpPYS CIEXyIOIUIl 3HepreTuue-
CKHUI (YHKIHOHAT (BapHallMOHHBIH NpuHIMN Jlarpanxa)

[1]:

[o,8,dQ- [ XudQ-[Xudr=0. 1)
Q Q r

OpanM n3 HambOonee 3(PPEKTHBHBIX CIIOCOOOB MUHH-
Muzain  QyHKIuoHana (1) sBIsETCSs WCIONIB30BaHUE

MKD. [lnsg ero npuMeHeHUsI UCXOAHYI0 o0nacte ) pas-
OuBaloT Ha HekoTopoe MHOXecTBO KO 3amaHHON Gopmbl

Q,, k=L N . Annpokcumanus uckoMoil (yHKnum (Ha-

MMpUMEP, KOMIIOHEHT BEKTOpa nepeMemeHnﬁ) JUIA 3aJaH-
Horo KO omuceiBaeTcs CJICAYHOIIUM COOTHOUICHUCM

U (x) =Y UN (x). Q)

Kax ¢yHxmuu GopMBI Hale BCero UCIob3yroT HOJIHU-
HOMBI, KO3()(PHUIMEHTHl KOTOPBIX ONPENeisioTcs U3 cie-
JYIOIIEro COOTHOIICHUS:

N (x) LI=m,
X =
|
™0, 1= m.
[oncrasnss (2) B (1) ¢ yuerom cootHomenunit Ko n
00001IeHHOrO 3akoHa ['yka, TOJIy4YMM COOTHOIICHUE,
KOTOPOE B MAaTPUYHOM BHJIC MOXKHO 3aITHCaTh TaK:

[ B'DBAQ, = [ N"pdQ, + [ N'qdT,. 3)
Q Q Ty
Munumuzanus cooTHomeHus (3) mpu moMoIw, Ha-
IpUMeEp, METOJla BapHaIlMM HPOU3BOJIBHBIX IOCTOSHHBIX
MO3BOJIsIET OKoHYaTenbHO nonyunts CJIAY, xotopyio B
MaTpU4YHOH (OpMEe MOXKHO 3aIucaTh CIEAYIONMM 00pa-
30M:

Ku =F. ©)

Takum oOpaszom, B 0OIIeM BUAEC BO3HUKACT 3ajada
co3manus Takoro I1O, xotopoe OB aBTOMATH3HPOBAIIO
BCE CTagWM pemieHus 3amaun ¢ nomomrsio MK3: ot pas-
OMeHus1 UCXOmHOM oOmactu Ha KD 3amanHoro tuma, 10
pemenust CJIAY Bupa (4). Ilpu 3ToM cymiecTBeHHBIN WH-
Tepec MPEJACTaBIsICT 0OeCleueHHEe BO3MOXKHOCTH CO3a-
HUA JIAKOHUYHOI'O KOJa U HpOCTOTBI N3MCHCHHUS THIIOB
KOHTEIHEPOB U AJIFOPUTMOB.

2 OB30P JIMTEPATYPbI

O06001IeHHOE TIPOrpaMMHUPOBaHKE — 3TO TAapaanrMa
pa3paborku 110, Gasupyromascst Ha Mee HAaUCAHUS all-
TOPUTMOB TaKUM OOpa30M, YTOOBI OHH HE 3aBHCENH OT
THUIIOB 00pabaThiBaeMbIX NaHHBIX. Hampumep, Ha s3bIKe
nporpammupoBanust C++ 0000meHHy0 (I1a0II0OHHYTO)
npouenypy IOMCKa MAaKCHMAJIBHOTO 3HA4YeHUS Cpeau
IBYX 0OBEKTOB MOYKHO OITHCATh IIPU IIOMOIIH KOJIOB!

template <typename T> T max(const T& lhs, const
T& rhs)
{

return lhs <rhs ? rhs : lhs;
Ota QyHKIHUS MOXKET OBITh UCIOIB30BaHA IS JTFOOBIX
TUMOB JaHHBIX T, JUIs KOTOPBIX OMpeesieHa OIeparys
CPaBHEHUS «MEHbIIIEY.
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OOIIyI0 TCOPHIO HCIOJIb30BaHKS 000OIIEHHOTO MPO-
rpaMMHPOBaHHUs OMUCAaHO B padote [11]. Metogosoruto
HanucCaHusg mporpamMm ¢ HCIOJb30BaHUCM 1Ha6J'IOHH])IX
KJ1accoB Ha s3bike C++ paccMmoTpeno B [12-14].

OnmHUMH M3 TIEpBBIX IMyOJNMKAIMH, TTOCBSIIEHHBIX HC-
TIOJIB30BAHMIO NApaUTMbl 000OIEHHOTO MPOTrPaMMHpPOBa-
HUS TIPU Pa3pabOTKe CHCTEM KOHEYHO-3JIEMEHTHOTO aHAIIH-
3a, ABILIEOTCS PaboThI [15, 16]. B HUX uccienoBaHbl camble
o01He PUHIMIEI IPIMEHEHHS [IIA0JI0HOB TIPU peaT3aliH
0a30BbIX KOHTEHHEPHBIX KJIACCOB U UTEPATOPOB.

B [17] paccmoTpena o000mieHHasT peanu3aiisi HU3KO-
YPOBHEBBIX MAaTPUYHBIX OIEpPaINii, HUCIOIb3YEMbIX INPH
coznanuu I10 mms MKDO.

[TpuHOMIBI peanu3anny madIOHHBIX KIaCCOB U Ta-
paJUIeNIbHON  peanu3alii BEKTOPOB OOJIBIION JJIHHBI
npeanoxxeHsl B [18].

B pabore [19] npuBeneHsl NpuUMephl UCHOIb30BaHUS
3JIEMEHTOB (YHKIMOHAIFHOTO M O0OOIIEHHOTO Mpo-
rpaMMHUPOBaHUS sl peaiM3anny pasHelX THoB KO n
0a30BBIX oOmepanuii Hajg HUMH: BBIYHCICHUE (QYHKIMN
(hopMBI, UX MPOU3BOAHBIX, & TAKKE PA3IUYHBIX BCIIOMO-
raTte’bHbIX onepanuii Haj HuMH. OCHOBHOM yIIop crenaH
Ha PEaJN3alHI0 BEKTOPHBIX BBIYMCICHUH C HMCIOIb30Ba-
HHUEM COOTBETCTBYIOIIHX BO3MOXXHOCTEHN COBPEMECHHBIX
rpauYecKuX NpoLEecCcOpOB.

[oBbIieHue 3PPEKTUBHOCTH KOHEYHO-3JIEMEHTHBIX
BBIYHMCICHUH TIPH HCIOJIB30BaHUHM O0OOIIEHHOTO IIpo-
rpamMMupoBaHust 000ocHOBBIBaeTcs B [20].

Pasznnunbple BapuanTel 00OOIIEHHOW —pealn3anuu
CTPYKTYp JAHHBIX M aJrOpUTMOB 1ist onrcanus KO, muc-
KPETHBIX MOJENEH, MapajyieNbHbIX BBIYUCICHUH W T.IL
mpuBeeHHI B [21, 22].

B GonpmmHCTBE M3BECTHBIX paboT 0000ImIEeHHOE TIPO-
rpaMMHUPOBAaHUE TMPUMEHSIETCSI ISl CO3/IaHUsI HU3KOYPOB-
HEBBIX HPOLENYpP, PEATU3YIOUINX BCIOMOIaTeIbHbIE OIlc-
pauuy WM CTPYKTYpPbI JaHHBIX, HEOOXOIUMBIE Ul pa3-
paboTku koHeUHO-d1eMeHTHoro [10.

Takum oOpazom, pa3zpaboTka BHICOKOYPOBHEBBIX MOJ-
XO/IOB JUISl peayiu3anuy HOBBIX THIOB KO wimm anroput-
MOB pacueTa sBJISICTCS aKTyaJIbHOM.

3 MATEPUAJIBI U METO/bI

Anroputm nipumeneHust MKD MOXHO yCIIOBHO pasze-
JIUTh HA JIBA OCHOBHBIX dTama: 1) (GopMHUpoBaHHE JIOKaJIb-
HBIX MaTpHI[ KECTKOCTH, MacChl U CONPOTHUBICHMS (JeMII-
¢upoBanus) w1 kaxaoro KO u nodapieHne ux K COOTBET-
CTBYIOIIMM IJI00ATBHBIM MaTpuliaM (aHCaMOJIMpOBaHus); 2)
ydeTa KpaeBbIX ycioBuii, ¢opmupoBanus CJIAY wu ee pe-
LICHUSL.

[lepBsIit 3Tan — popMupoBaHue rII00ATBHBIX MaTPHI]
MOXeET OBITh JOCTATOYHO HETPUBHUAIBHON WM JUTUTEIHbHON
MIPOLEAYPOH B CIydae MCIIOIb30BAHHE CIICLHANBHBIX TH-
moB KO, mampumep, obomoueunsix. Ilostomy ero mpo-
rpaMMHas peanu3alus SBISETCS Ba)KHEHIIEW YacThblO
paspabotku moboro 1O a1 KOHEYHO-IIIEMEHTHOTO aHa-
nmm3a. Ha npaxTuke TpeGyeTcs co3gaHue nporpamMm C Ta-
KON apXWTEKTYpOU, KOTOpasi Obl MO3BOJISIIA CPABHUTEIIb-
HO JIerKoe J00aBJIcHHE K yXKe CYIIeCTBYIOIICH OnOInoTe-
ke HoBble THmbl KO, mpenHasHaueHHBIE UL pEILCHHUS

CHeUUaIbHBIX KJIACCOB 3a7a4 (MHOTOCIOMHBIX 000JI0YeK,
KOMITO3UTOB, KOHTAKTHOTO B3aWMOJAEHCTBUS M T.1.) WIN
ONTUMHU3UPOBAHHBIE M0 CKOPOCTH BBIYUCIICHUM.

Hawubonee pacnpocTpaHeHHBIMH Ha TpakTuke (opma-
Mu KD sBIsIOTCS TpEyronbHbBIE W YETHIPEXYroOJbHBIE
3JIEMEHTHI B IFIOCKOM CIIydae, a TaKkKe TeTpadIpalibHbIe U
KyOMdYecKHe 53JEMEHTHl B TPEXMEPHOM IIPOCTPAHCTBE.
BonpImmHCTBO aBTOMATHUECKUX T€HEPATOPOB CETOK OpH-
EHTHPOBAHBI Ha AUCKPETH3ALNIO HCXOIHBIX T€OMETpHYE-
CKHUX 00JIacTel Ha SIEMEHTHI UMEHHO TaKHX THIIOB.

Jns onucanus Gpopmbl Hanbonee pacpoCTPAHEHHBIX
Ha MpakTHKe u3omapaMerpuueckux KO mpemnaraercs
cnenyomas uepapxusa kinaccoB, UML-auarpamMmma koTo-
poii mpuBeaeHa Ha puc. 1.

3nech 6a30BBIi aOCTpPaKTHBIN Kilace Shape onuchIBaeT
HanOosee oOmye cBoiicTBa (POPMBI H30IapaMeTPUIECKO-
TO 2JIEMEHTa, TaKue KaK KOJIMYECTBO €ro y3JoB, Ko3hhu-
UEHTH (QYHKIMU (HOPMBI, MapamMeTpbl KBaapaTyp Ui
YHCIIEHHOTO HHTEIPUPOBaHMs U T.II. Kpome Toro, NaHHBIH
KJIacC COJEPXKUT HaOOp METOJOB, MPEIHA3HAUYCHHBIX UIS
BbIUUCIIEHUST Kod(durmenTos ¢yHkuuii ¢opmsl, Sko-
Ouana, 3HaueHuit QyHKUUI GOPMBI U ee MPOU3BOIHBIX B
3aJaHHBIX TOYKAaX M T.N. BOJBIIMHCTBO 3THUX METOJOB
SIBJSIFOTCSL a0CTPAaKTHBIMUA M pPEallM30BaHbl B IPOU3BO/I-
HBIX OT Shape kiaccax.

Knaccet ShapelD2, Shape2D3 u Shape3D4 unkarcy-
JMPYIOT HanboJiee pacrpocTpaHeHHbIC JIMHEHHBIE ()OPMBI
KD: crepxenb, TpeyroiabHUK n TeTpasap. [IponsBoaHsie
OT HMX KJIacChl peasiM3yIoT JHOO0 3JIeMEHTHI OoJiee BBICO-
Kux creneHed ammpoxcumarun (ShapelD3 — xBagpaTny-
HBIA TPEXy3JI0BO# cTepkeHb; Shape2D6 — kBampaTHIHBIH
mecTuy3inoBoi TpeyromsHUK; Shape3D10 — kBagpaTwy-
HBIA JECATHY3JIOBOM TeTpasp), MO0 3JIEMEHTHI Ipyroit
¢opmer (Shape2D4 — uetsipexyronbHuk; Shape3D8 —
KyOHYeCKHiA SIIEMEHT).

COOTBETCTBYIOIYI0 HEPAPXMIO KJIACCOB IIAOIOHOB,
OTIMCHIBAIONINX pa3iuyHble THNbl KO, MOXXHO mpeacrta-
BUTH CIICAYIOIIUM 00pa3oM (puc. 2).

3necy 6azoBbli abctpakTHBIM Kiace FE onmceiBaer
HanOonee obmue coiicTBa u Metonasl KD: ero dopmy,
KOJIMYECTBO CTEIeHEeH CBOOOIBI, yIpyrue u (U3MIecKrue
XapaKTEePUCTHKH, TOJIIMHY, JIOKaJbHBIE MATPHUIIBI XKECT-
KOCTH, MacChl U CONPOTHUBJICHUS U T.N. B manHOM Kntacce
TaKKe 3a/IeKIapupoBaH aOCTPAKTHBIH METOJ| TCHEpaIun
JIOKaJIbHBIX MATPUII.

IIpomsBonusie or FE kimaccel mabioHOB conepikar
pean3auio MpoueaAypbl HOCTPOSHUS JIOKAJIBHBIX MATPHIL
JUIsl KOHKPETHOT'O THIIA dJieMeHTa. B kadecTBe mapamerpa
OHM mnpuHUMaOT (opmy snemenra. Hampumep, kiacc
FE2DP<Shape2D3> onuceiBaeT KOHEUHBIH AJIEMEHT IljIa-
CTHHBI TPEYTOJILHON ()OPMBI C TMHEHHON aNNpoKCHUMAaIH-
eit, a FE2DP<Shape2D4> — sneMeHT 4eThIpexyroibHON
(hopMBI ¢ OMITMHEIHOH aNPOKCHUMAITCH.

Takoit cmoco0 ommcaHus KJIACCOB, PEATH3YIOIINX
n3onapamerpudeckre K3, mo3sonser, ¢ 0HOI CTOPOHEL,
OTACTNTh peann3anuio (GopMbl 3JIEMEHTa OT aJITOPUTMOB
BBIYHCIIEHHS JIOKAJIBHBIX MATPHUI[ (YUCICHHOTO WHTErpPH-
pOBaHMs), @ C APYroil — CYIIECTBEHHO YNPOCTUTH CO3/1a-
HHE DJIEMEHTOB HOBOM ()OPMBI W/HUJIH THIIA.
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Bropoii stan npumenenus MK3D — pemtenne CIIAY
TaKKe SIBISIETCSl OCTATOYHO IJIMTENBHONM U pecypcoeM-
KO MpoIenypoi, OCOOCHHO IMPH PEHICHUH CBEPXO0JIb-
IIMX CHUCTEM ypaBHEHHH, BO3HHMKAIOUINX, HAIIpUMEp, MpU
CO3JJTaHUH HOBOW a3pPOKOCMHYECKOH TEXHHUKH.

CosmectHo ¢ MKD 00BIYHO UCITONB3YIOTCS ABa THIIA
MetonoB pemieHuss CJIAY: mpsmMbele U HTEpalOHHBIE.
[IpsMbIe METOABI TO3BOJISIOT TOJYYUTh TOYHOE PEIICHHE
(6e3 ydyera MamIMHHON MOTPEIIHOCTH), HO OOBIYHO OHH
TpeOyIOT 3HAYUTENBHBIX O0BEMOB ONEPATHBHOIN MaMATH

KOMITBIOTEpa U MOTYT ObITh Hed(p(EeKTHBHBIMU TIpH pe-
meHnn 6onpinux CJIAY. [IpubnnkeHHbIE UTEpPALIOHHBIE
METO/Ibl OOBIYHO TPEOYIOT CYIIECTBEHHO MEHBINE Omepa-
TUBHOIM NaMsTH, ITO3TOMY 4YacTO HCIOJIB3YIOTCS Ul pe-
IIEHUST CHCTEM YPaBHEHUH BBICOKMX IIOPSAKOB, XOTS
BpeMsl BBIYMCICHHH TIPH 3TOM MOXKET OBITh 3HAUYNTEIb-
HBIM. KpoMe Toro, [UIsf MHOTHX CYIIECTBYIOIIMX METOJO0B
pemennst CJIAY B Hacrosmiee BpeMs pa3pabaTBIBAIOTCS
MapauleNbHbIe PEeaNn3aliy JUIi KOMIBIOTEPHBIX CHCTEM
Kak ¢ O0IIeH, Tak M pacrpeeIeHHON TaMsThIO.

Shape

size
shapeCoefficient

calcJacobian()=0

calcShapeFunctionCoefficient()

calcShapeFunctionValue()=0
calcShapeFunctionDerivativeValue()=0

T

ShapelD2 Shape2D3 Shape3D4
Zﬁ [ | [ |
ShapelD3 Shape2D4 Shape2D6 Shape3D8 Shape3D10

PI/ICyHOK 1- I/Iepapxym KJIaCCOB, OIMMCBIBAOIIUX q)OpMy KOHEYHOI'O 3JICMCHTA

FE

shape
freedom

thickness

localMassMatrix

elasticParameters
localStiffnessMatrix

localDampingMatrix

generateLocalMatrix()=0

PI/ICyHOK 2-— I/Iepapxm{ KJ1aCCOB IJ_Ia6J'[OHOB, OIMMCBIBAIOIIHNX PA3JIMYHbIC TUIIBI KOHCYHBIX 3JIEMCHTOB
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Takum 00pa3oM, BO3HHUKAET 3a/1a4a pa3padoTKH TaKon
peanu3ali CHCTEM KOHEYHO-3JIEMEHTHOIO aHalu3a, B
KOTOPOH aJIFTOPUTMBI PEelICHHs 3a/1a4M C UCTIOIb30BaHUEM
MKD e 3aBucenn 0b1 oT Merona pemenus CJIAY. s
9TOTO TpezyiaraeTcsi 0000IMIEHHBI MOAX0, KOTAa METO.
pemenus CJIAY sBnsgercs mapaMeTpoM alroputMma pac-
yeTa 3aJa4y ¢ ucroiib3oBanueM MKD.

Jns aToro, B mepByro ouepenb, HyXKHO cO3/aTh adCT-
PaKTHBII Kiacc-peluaTellb, WHKAICYJIUPYIOIMH Bce He-
obxoxumele omepauuu st (GopmupoBanus CJIAY B
MKD: nobaBieHne sneMeHTa B MAaTpHIly; JOOaBIICHHE
3JIEMEHTa B BEKTOp CTOJOEI] MpaBoil 4acTu; ydera Kpae-
BBbIX YCJIOBUH U T.[I.

JuarpaMma nepapxuu KJIacCOB, PEaIU3yIOIIUX pella-
tens CJIAY, npuBeneHa Ha puc. 3.

3meck mapaMeTpoM Kiacca madnona Solver<T> sBs-
ercst 0000meHHbIi THH T, MHCTAaHIMPYEMBIH Kak peaju-
30BaHHBII B KaXIOM KOHKPETHOM pellaTesie KOHTeHHep
JUTS XpaHEeHUs1 MaTpubl KodpduuueHToB CIIAY.

Jlns ucrionb30BaHMs KIIAcCOB IIAOJIOHOB, MPOHM3BOA-
HbIX OT Solver<T>, npemnaraercs cieayromas uepapxu-
Yyeckasi CTpyKTypa, MHKAICYJIUPYIOIasl pa3IndHble alro-
putMel npuMmenerns MKD (puc. 4).

3neck abctpakTHbid kiacc FEM omuceiBaeT 06a30Bbie
it MKD atpuOyThl, Takue Kak: MapaMeTphl pacueTa;
KOHEUHO-3JIEMEHTHYIO CETKY; KOHEYHBII 31eMeHT, abcT-
PaKTHYIO DpoLEeNypY pacdera ! T.II.

IIpownsBoansie ot FEM Kitacchl 1abIoHOB peau3yroT
OIpeZieJICHHbIE BHJIBI pPacdyeToB (HArmpuMmep, JIMHEHHYIO
CTaTHKY) ¥ B Ka4eCTBE ITapaMeTpa MPHHUMAIOT MIa0JIOHBI
crenyrommx kinaccoB: pemarens CJIAY, mpom3BomHOTO

oT Solver; KOHEYHOTO 3JeMEHTa, Mmpou3BoaHoro ot FE;
(hopMBI KOHEYHOT'O 3JIEMEHTA, TPOU3BOIHOTO OT Shape.

4 JKCHEPUMEHTBI
Jdnst  u3ydeHHs  BO3MOXHOCTEH  MPEAJIOKEHHOTO
00O00IIEHHOTO TOAXOAAa K OpraHW3aliH KOHEYHO-

9JIEMEHTHBIX KJIaccoB Ha si3pike C++ OblIa MporpaMMHO
peanmu3oBana 6nbanorexka QFEM [23], ¢ moMoms0 KOTO-
poii OBUIO BBIITOIHEHO YHCICHHOE PEIICHHE Psiia MPaKTU-
YeCKHX 3a/1a4.

Bragane Obuta paccMOTpeHa TecToBas 3ajava O Ha-
XOXJICHUN TPOTHOOB KBaJAPATHOM IIACTUHBI C YKECTKO
3alIeMJICHHBIMM KpasiMHU, HaxXoAsuleics oI JAeicTBUEM
PaBHOMEPHO pacrpe/eIeHHON MOBEPXHOCTHON HArpy3KH.
beutn BEIOpaHBI CleAyIONIie mapaMeTphl MIIACTHHBI: CTO-
pona — 1 m; tonmmuua — 0,01 M; moayns FOunra — 203200
MIla; koapunment Ilyaccona — 0,27; Harpyska — 0,05
MH/™’.

B mpocreiiiiem ciayyae nporpamMma peLLIEHUS] TaKOM
3a1a4l ¢ Wcrnoib3oBaHueM Oubnuorekn QFEM mosker
OBITH peaTM30BaHa TAKIM 00pa3oM:

#include "fem/femstatic.h"
#include "analyse/analyse.h"
#include "solver/eigensolver.h"

// UHUImanu3anus CUCTEMBI COOOIIIEHHI
TMessenger *msg = new Tmessenger();
int main()

Solver

stiffnessMatrix: T
massMatrix: T
dampingMatrix: T
loadVector

setLoad()
solve()=0
setStiffness()=0
addStiffness()=0
setMass()=0

L

EigenSolver

OpenBLASSolver :

BoostSolver

solve() solve()

solve()

Pucynok 3 — O606meHnHas peanu3anus kiaccoB 1yt pemenust CJIIAY
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}

FEM
fe
mesh
results
parameters
setupFE()
calc()=0
Z> ! S: Solver, F: FE, H: Shape '
FEMStatic  ‘---p------===mmmmm e H
cale()
A
E S,F,H i E S,F,H i
FEMDynamic ‘---1---------- ' FEMPlastic ‘------------ -
cale() calc()

Pucynok 4 — [luarpamMma KJ1acCOB IIa0JIOHOB, PEANTU3YONINX pa3IndHbIe anropuTMel MKD

// KoHeuHOo-371eMEHTHAS MOJIEIH TIACTHHBI
matrix<double> x = {{-0.5, -0.5}, {0, -0.5},
{0.5,-0.5}, {0.5, 0},
{0.5, 0.5}, {0, 0.5},
{-0.5, 0.5}, {-0.5, 0},
{0,0}};
matrix<int> fe = {{0, 1, 8}, {0, 8, 7}, {1, 2, 8},
{2,3,8}, {3,4,8}, {4,5, 8}
15,6,8}, {6,7, 8}},
be = fe;
TMesh mesh(FEType::fe2d3p, x, fe, be);
TResults result;
TFEMParams params;
TFEMStatic<TEigenSolver, TShape2D3,
TFE2DP> fem("Plate", &mesh, &result);

params.addY oungModulus(203200);
params.addPoissonRatio(0.27);
params.addThickness(0.01);
params.addBoundaryCondition(Direction::X |
Direction::Y | Direction::Z, 0,
"x==-050orx=0.50ry=-0.50ory==0.5");
params.addPressureLoad(0.05);

s

fem.setParams(params);
fem.startProcess();

delete msg;
return 0;

B mpuBeneHHOM IpUMeEpe BBIMOJIHICTCS pacueT Ia-
CTHHBI, COCTOSIIEH W3 § JIMHEWHBIX TpeyroiapHbIX KD.
st pacuera MIacTHHBI, COCTOALUEH M3 YETHIPEXYTOJIb-

HeIXx KD, BBIIENpHBENCHHYIO MPOTrpaMMy HY)KHO Iepe-
JIeNaTh CIeIyIOnM 00pa3oMm:

matrix<int> fe = {{0, 1, 8, 7}, {1, 2, 3, 8},
{3,4,5,8},{5,6,7,8}};
TFEMStatic<TEigenSolver, TShape2D4,
TFE2DP> fem("Plate", &mesh, &result);

Pacuer naHHOM 3agaudl BBINOJHSJICS TaKKe NMPHU HC-
MOJIb30BaHUU CETKH, cocTosmel n3 2173 y3nos u 1046 KO
B (opMe KBaZpaTHYHOTO (IIECTHY3JI0OBOT0) TPEYTroJIbHHUKA,
a taxxe cetku u3 40401 y3ma u 40000 4eTbIpeXyronbHbIX
OWJIMHEHHBIX 3JIeMEHTOB. [loNydeHHOE pacIpeaeicHue
MPOTrrOO0B IIACTHHBI MIPUBEIECHO HA PHC. 5.

g +3.280E-03
+2.870E-03
+2.460E-03
+2.050E-03
+1.640E-03

B +1.230E-03

B +5.2008-04

B 1.042E-08

Pucynok 5 — Pacnpenenenue mporu6oB 1o IUIacTHHE
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PacueTHblii MakcHMalbHBIA MPOTUO IUIACTHHBI —
0.00343657 nns mecTUy3JI0BBIX TPEYTOJIBHBIX 3JIEMEHTOB
n 0,00327985 nna 4eThIpexyroyibHBIX 37eMeHTOoB. [lo-
TPEIIHOCTh MOJYYEHHOIO0 YHUCICHHOTO pe3ysbTaTra Mo
CPaBHEHHUIO C HMMEIOIIUMCSl AHAJIMTHYECKUM pEeIICHHEM
[24] cocraBnsieT 0,36%.

Crenyer ormetuts, uto pemenne CJIAY, Bo3zHHKar0-
mux npu ucnons3oBannu MKD, sBmseTca nocTaTodHO
CIIOKHOM 3a/auel, T.K. B CIydae HMCIOJIb30BaHUS CIICIH-
anpHBIX TUIOB KO MOTyT BO3HHKATh IJIOXO 00YCIIOBIICH-
Hble MaTpuipl. Ha mpakThke 3ayacTyl0 HE BCErza BO3-
MOJKHO 3apaHee BBIOpPAaTh ONTUMAJIbHBIH METOJ| PEIICHHUS
CJIAY, 4TO TPUBOAMUT K HEOOXOAMMOCTH IPOBEICHHUS
Pa3IMYHBIX BBIYUCIUTEIBHBIX SKCIIEPUMEHTOB U MOJI00PY
ONTUMAJIFHOTO MeTona pemieHus KoHkpeTHoit CJIAY.
[pemnoxkeHHplii  00OOMICHHBIA TOAXOJ K OIHCAHHIO
KJIacca, pPealu3yIoIlero KOHEYHO-3JIEMEHTHBIN pacuer,
IZle METOJ PEUICHUs] CHUCTEMBl YPaBHEHHH (haKTHYECKH
SIBIISIETCS] €TO MTapaMeTPOM, ITO3BOJISIET CYIIECTBEHHO YII-
POCTHTH 3a/1ady Mog00pa ONTUMAIBHBIX MAapaMETPOB pe-
maTens.

Tak, HanmpuMmep, NPH YHUCICHHOM pPAacueTe BBIMICOIH-
CaHHOH 3aJadm Ha KOMITbIOTEpe C mporeccopoMm AMD
Ryzen 7 2700X Eight-Core Processor 3.70 GHz n o0wbe-
MoM namstu 32 I'b mon ynpaenenuem OC Windows x64
P UCIIOJIB30BAHUU CETKH, cocTosueit u3 40401 y3moB u
40000 uersipexyronbHeix KO, Bpemsa pemenus CIIAY
pa3sHBIMH METOJAaMH MOJKET 3HAYMTENBbHO pPa3lIndaThCs
(tabm. 1).

Takum 00pazom, 0000IICHHAs peau3aus pemaTens
KOHEYHO-3JIEMEHTHBIX KJIACCOB MO3BOJISIET 0€3 U3MEHEHNUS
CTPYKTYpPBI OMOJIMOTEKH JIETKO JA0OaBISATh HOBBIC Peajlii-
3anuu metonoB pemenus CJIAY ¢ mocnemyromeii ontu-
MHU3alMe BbIOOpa MeTo/Aa pEUICHUS AN KOHKPETHOM
3aJa4H.

5 PE3YJIBTATDI

s BepuduKaluu MPEIIOKEHHOTO MOIX0Aa ObuI
BBITIOJTHEH YMCIICHHBIN aHAIN3 HANPSKCHHO-Ie)OpMUpPO-
BAHHOTO COCTOSIHUS TOHKOCTCHHOW TpPYOBI C JKECTKO 3a-
IIEMJICHHBIMU KpasMH, HaxXoZsledcss MoJ JAelcTBUEM
BHYTPCHHETO JIaBJICHUS.

3amada perranach IpU CICAYIOMAX MapaMeTpax: pa-
muyc Tpyosr — 1,99 m; mmuna — 4,014 M; ToMMMHA CTEH-
xu — 0,0369 m; momyne FOmra — 203200 Mlla; ko3¢ du-

uuenT [lyaccona — 0,27; paBHOMEpHO pacnpeaeaeHHas mo

BHYTpEHHEil I0BepXHOCTH Harpy3ka — 0,05 MH/m”.

PeSyHbTaTbI MPOBCACHHBIX JSKCIICPUMEHTOB MPHU HC-
MOJIb30BAHUU PA3iIWYHBIX TUNOB KD TpuBEACHH B
Tabm. 2.

Ha puc. 6 mpuBeneHo pacmpeseneHne paauaibHBIX
MporuOOB 1O TpyOe ¢ BH3yaln3aluen aeopMUpOBaHHS
KOHCTPYKIIAH IO/ JCHCTBUEM Harpy3KH.

B +2.6238-05
+2.295E-05
+1.967E-05
+1.639E-05
+1.312E-05
+9.836E-06

+6.558E-068
+0.000E+00

e

Pucynok 6 — Pacnipenenenue nporu6os 1o Tpyoe

6 OBCYXJAEHUE

Kak BuaHO U3 Tabi. 2 NCHOIB30BaHUE PASTHYHBIX TH-
noB KD s 1aHHO# TeCTOBOM 3a/aun 1aeT pacXxoxkaeHUe
MeXay pesysibTatamu He Oosee 1,2%, 4TO MOXET CBHJE-
TEJILCTBOBATH O JIOCTOBEPHOCTH TIOJIyYEHHOTO PEIICHUSI.

[MpennoxeHHass CTPYyKTypa KJIACCOB IIA0JIOHOB, OIH-
ceiBaromux KO, mo cpaBuenuto c [19, 20, 22] no3Bosser
CYIIECTBEHHO YIPOCTHTH TPOIECC peaTu3alnuyl HOBBIX
THUITOB 3JIEMEHTOB 3a CUeT pa3JesieHusl X (Gopmbl U anro-
PUTMOB TIOCTPOEHHS JIOKATBHBIX MAaTpPHIl >KECTKOCTH,
Macchl ¥ JeMI(UPOBAHHUSI.

ITo cpaBuenmio c [18, 21] mpemnoxeHHast CTPYKTypa
KJIacCOB IIA0JIOHOB, Pa3Jelsonas arOpUTMbl IPUMEHE-
HusE MKD U cTpykTypsl NaHHBIX JUIsI XpaHEHHUs paspe-
JKCHHBIX MaTpull U PpEHICHHUA COOTBCTCTBYIOLIUX UM
CJIAY, nosBomser 6e3 u3MeHeHUs: CTpykTypsl 110 mo-
6aBisiTe HOBBIE MeTopb! pemennst CJIAY, uro naer Bo3-
MOXHOCTb, HAaIllpUMep, HCIOJIb30BaTh MapaieibHbIe
KOMITBIOTEPHBIE CHCTEMBI TIPH PEIICHUU 3a]ay BBICOKHX
MOPSIIKOB.

Tabnuna 1 — CpaBaenne metonos petenusi CJIAY

Meton Tun Bubnmnoreka Bpewmst pacuera, ¢
I'paaueHTHBIH cryck HWrepaunonHslit Eigen 1286
Meroz Jlaniora Wrepaunonsslit QFEM 870
LLT-¢daxropuzanus IIpsamoit Eigen 22
[psimoe LLT-paznoxxenue Ipsamoit Intel MKL 1

Tabnuna 2 — Pe3ynpTaThl YMCIICHHBIX 9KCIEPUMEHTOB

Tun KD KonnyecTtBo y3108 Koaunuectso KD MakcuManbHblil Porud, M
JIuHeHbIi TeTpasip 11845 34783 2,63181x10°°
KBanparuunslii TeTpa’ap 70317 34783 2,61435x10°
JIuHeiHbI 060J09eYHBII TPEYrOJIBHUK 28244 55984 2,65075x10°
Bununeiineiii 00071049eUHbIH 5100 5000 2,62280x107°
YETHIPEXYTOJIBHUK
KBagpatu4sslit 0607104eYHBIH 25752 12748 2,62033x10 3
TPEYrOJIBHUK
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Vcnonb3oBanue mpemiokeHHON apxuTektypel 10
JUId KOHEYHO-3JIEMEHTHOTO aHalMu3a M0 CPaBHEHHUIO C
[21], a Takke CO CTaHAAPTHBIMH OOBEKTHO-OPHUEHTH-
POBaHHBIMH WJIM (DYHKIIMOHAIBEHBIMH ITOJIXOJIAMH TO3BO-
JISIeT COKPATHUTh 3aTpaThl BpEMEHH KaK Ha caMy pa3padoT-
Ky Iporpamm, Tak ¥ Ha HOCJIEAYIOLIEe UX COMPOBOXKJE-
HHE, a IMEHHO: N00aBieHue HoBbIX THIOB KO, MeTonoB
pemenuss CJIAY, a Taxke alropuTMOB pELICHUS C IO-
motero MKD HOBBIX KJTaccoB 3a7ady.

IIpu »TOM HCIONB30BaHME OOOOIIEHHOTO MOAXO0na K
pa3lEeNeHNI0 JTaHHBIX M aJTOPUTMOB IO3BOJISIET YMEHbB-
IIUTh KOJMUYECTBO BO3HUKAIONIMX IMPU pa3pabOTKE OIIU-
OOK.

BbIBO/1bI

Pemena akryanpHas 3ajava co3gaHust 000OIIEHHON
APXHUTEKTYPHI MPOrPaMM JUIsi KOHEYHO-3JIEMEHTHOTO aHa-
JIM3a, TO3BOJISIONIEH yMEHBUIMTh 3aTpaThl BPEMEHH Ha
paspabotky I1O 3a cuer pazgeneHus CTPYKTYp AAHHBIX H
ITOPUTMOB MX Pa3pabOTKH, YTO JaeT BO3MOXKHOCTH TaK-
XK€ CHU3UTHh BEPOATHOCTH MOSIBICHUS OLIMOOK B IIPO-
IpPaMMHOM KOJI€.

Hay4yHasi HOBH3HA TOJTyYEHHBIX PE3yJIbTaTOB COCTO-
UT B TOM, YTO:

— BIIEPBBIC MPEIJIOKEH OOOOIICHHBIH MOAX0A K pa3-
paboTke KiaccoB, peanusyromux K3, B kotopsix (opma
JJIEMEHTa SIBJISIETCS NapaMeTpoM ajTOPUTMOB IOCTpOE-
HUSI JIOKAJIBHBIX MATPHIL )KECTKOCTH, MacChl U ieMIiupo-
BaHMS, YTO MO3BOJISIET 3HAUYUTEIBHO YIPOCTHTH MPOLIEAY-
py nob6aBieHust HOBBIX THUMOB KO K yke MMEIomuMcs H
YMEHBIIUTH BEPOSITHOCTH TOSIBIICHUS OMIMOOK B WX MPO-
TPaMMHOH pean3aliim;

— BIIEPBBIC MPEITIOKEH O0O0OOIIEHHBIN MOIX0A K pea-
mu3anmu nponenyps! pemenus CIIAY, mo3Bomnsiomuit 3a
CYET CO3JaHUS BBHICOKOYPOBHEBOH OOEPTKH AT pa3iaud-
HBIX METOZOB PEIICHHs CHUCTEM ypaBHEHHs YHU(DHIUPO-
BaTh CTPYKTYPHl NAHHBIX M QJITOPUTMBI Ul XPaHEHUS
OOJIBIINX Ppa3pEeKEHHBIX MATPHL, BO3HUKAIOIIUX MPU
npuMmeHennu MKD.

Takum 00pa3oM, BIEpBbIE NpEAIokeHa 0000IIeHHAs
apxurektypa 11O 1151 KOHEYHO-3JIEMEHTHOTO aHaN3a, B
kotopoil Tun u ¢opma KO, a Ttaxke merom penieHus
CJIAY sBnsroTcs MapaMeTpaMy alTOPUTMOB PEIICHUS
3ama4 ¢ ucrons3oBanreM MKD. Takoi 1moaxon mo3BoisieT
6e3 m3MeHeHust cTpykTypsl [IO u anropurmMoB pacueTra
J00aBIISITE HOBBIE CIIENMATM3UpOBaHHbIE THIIBI KO 1 Me-
tonsl pemerus CJIAY, npeaHasHadeHHBIE Kak JUIsd peliie-
HHSI HOBBIX KJIACCOB 33/1a4, TaK ¥ JUISl HCHOJIb30BaHUsI KOH-
KPETHBIX BO3MOXKHOCTEH BBIYMCIUTENHHON TEXHHUKH (Tia-
paJUIeNBHBIX BRIYUCIEHUS, ucnonb3oBanust GPU u t.11.).

IIpakTHYecKkasi HEHHOCTH TIOJyYEHHBIX PE3yJIbTATOB
COCTOHT B TOM, 4TO Ha si3bike C++ peasm3oBaHa OMOIHO-
TeKa KJIACCOB IIA0IOHOB IS PELICHUS PA3IMYHbIX 3a1a4
MEXaHMKHU (CTaThKa, JUHAMHKA, MIIACTHYHOCTH), a TAKXKe
MIPOBEJCHO OKCIEPUMEHTAIBHOE HCCICIOBaHNE, MOJ-
TBepAuBIIEe pabOTOCTIOCOOHOCTh HPEATIOKEHHBIX 0000-
IIEHHBIX MOAXOZOB IPH PEIICHUH psifia MPAKTHIECKUX
3amad. PazpaboranHoe I1O MoxeT OBITH PEKOMEHIOBAHO

I peHICHUS aKTyaJlbHBIX 3adad ITPOCKTUPOBAaHUA CO-
BPEMEHHOU TEXHUKH.

IlepcneKTUBBI JaJbHEHIINX HCCIECAOBAHMII COCTO-
AT B TOM, YTOOBI PacHIMPUTh BO3MOXKHOCTH pa3paboTaH-
HOW OMOJIMOTEKHM KIJIACCOB IUISi WCIIOJB30BAaHMS I1apaj-
JIETIbHBIX KOMITBIOTEPHBIX CHUCTEM Kak C OOmed, Tak u
pacrpeneneHHON TaMATBIO.
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AHOTANIA

AKTyanbHicTh. [ KOMIT FOTEpHOTO MOJIETIOBAHHS CKJIQJHHUX 00’ €KTIB 1 SBUII pi3HOI HIPHPOAN Ha NPAKTHII 9acTO 3aCTOCOBY-
I0Th YMCEIbHHH METOJ CKiHUEHHHX eleMeHTiB. Moro mporpamua peaiizauis (0COGIMBO Ul JOCIIIKEHHS HOBHX KJIACiB 3ajau) €
JOCHTb TPYIOMICTKHM ITPOLIECOM.

Bucoka BapTicTh po3poOKH MPOrpaMHOTO 3a0e3MeUeHHs 00YMOBIIIOE aKTyalbHICTh PO3POOKH HOBHX MiIXOJIB /0 MiJBUINCHHS
e(eKTHBHOCTI IpOrpaMmyBaHHs i CympoBoay (y T.4. 10JaBaHHSI HOBUX (yHKIIii).

Mera. Mera poGoTH — CTBOpEHHsT HOBOI e(EKTUBHOI apXiTEKTYypH NPOrpaM CKiHYEHHO-EIIEMEHTHOIrO aHalizy mpobieM
MaTeMaTHYHOI (Pi3UKH, IO JO3BOJISIE JIETKO PO3IIUPIOBATH iX (DYHKIIOHAIBHICTE IS PO3B’sI3aHHS HOBHX KJIACiB 3a1ad.

MeTton. 3anpomOHOBaHO METO PO3POOKH MPOTPaM IJIsl CKIHUCHHO-EIEMEHTHOTO aHalli3y 3 BHKOPHUCTAHHIM y3aralbHEHOTO MPo-
rpaMyBaHHS, IO J]A€ MOXJIMBICTH ICTOTHO CHPOCTHUTH apXiTeKTypy IIPOrpaMHOro 3a0e3nedeHHs i 3p0ONUTH HOro GBI 3pydHHIM IS
CynpoBoy i Moxudikarii 3a paxyHOK pO3AiJIeHHs aJlTOPUTMIB 1 CTPYKTYp JTaHUX.

3anponoHOBaHO HOBY apXiTEKTypa KJIAciB, sIKi peaji3yloTh CKIHYEHHO-EJIEMEHTHHH PO3paxyHOK, 10 J03BOJISIE JIETKO PO3IIUPIO-
BaTH (YHKIIOHAJBHICTH IPOTrpaM 3a PaxyHOK JOJAaBaHHS HOBHMX THIIB CKIHUCHHHX €JIEMEHTIB, METOMIB PO3B’S3aHHS CHCTEM
TiHIHUX anreOpalyHUX PiBHSHHS, MapasieIbHUX 00YHCICHB TOLIO.

Pe3yabTaTi. 3anponoHoBaHuii miaxin Oyjio mporpaMHO peasi3oBaHo y BUIUsiAl 0i0ioTexu kiaciB Ha MoBi C++. TIpoBeneHo psiz
00YHCITIOBATIBHUX EKCTIEPUMEHTIB, SIKi MiATBEPIUIN HOTO NMpale3IaTHICTh IPY BUPIICHHI HU3KH MPAKTUYHHUX 3a1ad.

BucHoBku. Po3pobnenuii miaxia Moxke OyTH BUKOPHCTaHUH SK I CTBOPEHHSI CHCTEM CKIHUEHHO-EIIEMEHTHOTO aHalli3y 3araiib-
HOTO TIPHU3HA4YCHHS 3 BiJKPUTOIO apXiTEKTypolo, Tak 1 JUIS peamizalii cremiajai3oBaHUX HPOrPaMHUX IAKETiB, OPIEHTOBAHHX HA
PO3B’sI3aHHS KOHKPETHUX KJIAciB 3a1a4 (MeXaHIK/ pyHHyBaHHS, €IacTOMEpiB, KOHTAaKTHOI B3a€MOIT 1 T.11.).

KJIFOUYOBI CJIOBA: MeTo CKiHYEHHUX €JIEMEHTIB, CKIHUCHHUH eJIeMeHT, 00’ €KTHO-Opi€HTOBaHE IPOrpaMyBaHHsI, y3araib-
HEHe MporpaMyBaHHsI, apXiTEKTypa NPOrpaMHOro 3a0e3IeueHHs!.
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ABSTRACT

Context. For computer modeling of complex objects and phenomena of various nature, in practice, the numerical finite element
method is often used. Its software implementation (especially for the study of new classes of problems) is a rather laborious process.

The high cost of software development makes the development of new approaches to improving the efficiency of programming
and maintenance (including the addition of new functions) urgent.

Objective. The aim of the work is to create a new effective architecture of programs for finite element analysis of problems in
mathematical physics, which makes it easy to expand their functionality to solve new classes of problems.

Method. A method for developing programs for finite element analysis using generalized programming is proposed, which
makes it possible to significantly simplify the architecture of the software and make it more convenient for maintenance and
modification by separating algorithms and data structures.

A new architecture of classes that implement finite element calculation is proposed, which makes it possible to easily expand the
functionality of programs by adding new types of finite elements, methods for solving systems of linear algebraic equations, parallel
computations, etc.

Results. The proposed approach was implemented in software as a class library in C ++. A number of computational experiments
have been carried out, which have confirmed its efficiency in solving practical problems.

Conclusions. The developed approach can be used both to create general-purpose finite element analysis systems with an open
architecture, and to implement specialized software packages focused on solving specific classes of problems (fracture mechanics,
elastomers, contact interaction, etc.).

KEYWORDS: finite element method, finite element, object-oriented programming, generic programming, software architecture.
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ABSTRACT

Context. One of the leading problems in the world of artificial intelligence is the optimization of complex systems, which is of-
ten represented as a nonlinear function that needs to be minimized. Such functions can be multimodal, non-differentiable, and even
set as a black box. Building effective methods for solving global optimization problems raises great interest among scientists.

Objective. Development of a new hybrid genetic algorithm for solving global optimization problems, which is faster
than existing analogues.

Methods. One of the crucial challenges for hybrid methods in solving nonlinear global optimization problems is the rational use
of local search, as its application is accompanied by quite expensive computational costs. This paper proposes a new GBOHGA hy-
brid genetic algorithm that reproduces guided local search and combines two successful modifications of genetic algorithms. The first
one is BOHGA that establishes a qualitative balance between local and global search. The second one is HGDN that prevents re-
exploration of the previously explored areas of a search space. In addition, a modified bump-function and an adaptive scheme for
determining one of its parameters — the radius of the “deflation” of the objective function in the vicinity of the already found local
minimum — were presented to accelerate the algorithm.

Results. GBOHGA performance compared to other known stochastic search heuristics on a set of 33 test functions in 5 and 25-
dimensional spaces. The results of computational experiments indicate the competitiveness of GBOHGA, especially in problems
with multimodal functions and a large number of variables.

Conclusions. The new GBOHGA hybrid algorithm, developed on the basis of the integration of guided local search ideas and
BOHGA and HGDN algorithms, allows to save significant computing resources and speed up the solution process of the global op-
timization problem. It should be used to solve global optimization problems that arise in engineering design, solving organizational
and management problems, especially when the mathematical model of the problem is complex and multidimensional.

KEYWORDS: nonlinear optimization, global minimum, randomized search heuristics, hybrid approach, genetic algorithm, de-
flation operator, guided local search.

ABBREVIATIONS

GA is a genetic algorithm;

BFGS is a Broyden-Fletcher-Goldfarb-Shanno algo-
rithm;

L-BFGS is a modification of the Broden-Fletcher-
Goldfarb-Shanno algorithm (with limited memory);

L-BFGS-B is an extended modification of the Broden-
Fletcher-Goldfarb-Shanno algorithm;

BOHGA is a best offspring hybrid genetic algorithm;

PSO is a particle swarm optimization algorithm;

HGDN is a hybrid genetic deflated Newton method;
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GBOHGA is a guided best offspring hybrid genetic
algorithm;

BH is basin-hopping, a technique for global optimiza-
tion;

DA is a dual annealing algorithm;

DE is a differential evolution, a population-based
metaheuristic search algorithm.

NOMENCLATURE
f (x) is an objective function;
Vi (x) is a gradient of a function f(x);

H(x) is a Hessian matrix f(x);
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X * is a global optimum of a function f(X);
X = (X,X2,...,X,) 1s a point of n-dimensional real

space, current position;

y is an improvement from the current positions to the
next;

le), k =1,K are deflation points of the function, local
optimums found at the current moment of the algorithm;

r is a radius around the deflation point;

I is an adjustable radius around the deflation point;

bx0 (X) is a bump-function (a smooth function with

compact support);
A € (1,2] is a parameter of the GBOHGA;

o is a coefficient for adjusting the shape of the bump
function.

INTRODUCTION

Today in the world of artificial intelligence one of the
leading problems is the optimization of complex systems,
which are reduced to many socio-economic, technical,
organizational and managerial tasks [1, 2]. It is often pre-
sented as a nonlinear function that needs to be optimized.
Problems of nonlinear optimization also arise in engineer-
ing design and in the fundamental sciences, such as in
physics, chemistry, molecular biology, and others [3, 4].
Numerical solutions to such problems can be associated
with significant difficulties because the objective function
can be multi-extreme, non-differentiable and, in general,
given in the form of a black box. In addition, each calcu-
lation of a function may require significant computational
resources.

Unfortunately, there is no universal method for deter-
mining the global solution of the nonlinear optimization
problem in the general formulation. Most traditional op-
timization methods are deterministic and local. They are
often unable to leave the areas of attraction of local opti-
mums. The use of the found local solutions may be insuf-
ficient because the global optimum can give a significant
advantage over local ones. But there is an alternative ap-
proach — the use of evolutionary methods of global opti-
mization and the deliberate introduction of an element of
randomness into the search algorithm. These methods are
based on the natural behavior of biological and physical
systems and are able to overcome the shortcomings of
traditional methods of “stuck” in the local optimum [5]. In
addition, randomness can serve the purpose of collecting
information about the behavior of the object of study and
management objectives. The advantages of such methods
are considered to be their increased speed; low sensitivity
to irregular behavior of the objective function and the
presence of random errors in calculating the function;
relatively simple internal implementation; low sensitivity
to the growing dimensionality of the optimization prob-
lem; the possibility of natural introduction into the search
process of learning and self-learning. Besides, within the
known random search schemes, new algorithms are easily
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built that implement various heuristic adaptation proce-
dures.

A popular representative of evolutionary strategies is a
genetic algorithm. In its classical form, it successfully
explores the search space but has a slow convergence. To
get rid of this shortcoming developed and widely used in
the practice implementations that combine genetic algo-
rithm and methods that in the process of their work use
local information about promising areas of search. Such
methods are called hybrid. One of the important issues in
them is the balance between their components, and one of
the well-known problems is the repeated exploration of
the same area with the repeated finding of the already
known local solution. Therefore, the development and
research of new effective methods and algorithms for
finding the global optimum of a multi extreme function
continues.

This paper presents a new hybrid genetic algorithm
GBOHGA for solving the global optimization problems,
which integrates methods that can solve the above prob-
lems. One way to balance the components of the algo-
rithm is to manage the proportion of the population that
should perform a local search. For this purpose, the
scheme laid down in the BOHGA method was used [6].
To prevent re-exploration of previously visited areas, the
idea of “deflation” of the function from HGDN [7] was
borrowed to “remove” already found solutions, but it is
proposed to use it to the objective function, which is ideo-
logically similar to guided local search [8] from combina-
torial optimization. In addition, a new adaptive scheme is
proposed to establish the size of the radius of the “defla-
tion” area in order to avoid the unsuccessful selection of
this parameter. As will be shown below, all this provides
significant savings in computing resources and speeds up
the algorithm, as it prevents the unnecessary use of local
search.

The object of study is the problems of global optimi-
zation.

The subject of study is local search methods and ran-
domized search heuristics for solving global optimization
problems, their computational characteristics, and condi-
tions of application.

The purpose of the work is to develop a new hybrid
genetic algorithm for solving the problem of global opti-
mization, devoid of the shortcomings of existing analogs.

1 PROBLEM STATEMENT
We will consider the problem of optimization in the
next statement:

f*=min f(x),
) M
where the feasible set is n -dimensional parallelepiped
Q={xeR", a; <x; <bj,i=1,n}. )

Since the aim of the research is to develop an algo-
rithm for solving the problem (1), (2) for the widest pos-
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sible class of objective functions, we will assume that the
function f(Xx) is continuous, but can be multimodal,

nonlinear, non-differentiable, have a ravine relief or high
computational complexity.

2 REVIEW OF THE LITERATURE

The variety of global optimization problems entails a vari-
ety of approaches to their solution [1, 9]. An extensive over-
view of such problems and methods is given in [10]. Many
studies are devoted to the study of the peculiarities of the use
of methods for specific problems of global optimization. Let
us recall only some of the known approaches, and review the
latest developments in this field, without claiming to be
complete.

There are so-called passive (non-adaptive) algorithms, in
which the calculation points of the objective function are
selected before the search from some a priori ideas about the
problem and can not be changed during the operation of the
algorithm. This approach usually requires a very large
amount of computation to obtain a reliable estimate of the
global solution. When using sequential (adaptive) schemes
for placing the calculation points of the function, both a pri-
ori and information about the problem obtained during the
search process are taken into account. Adaptive methods are
generally characterized by a denser placement of the points
of calculation of the function in the vicinity of the solution
and rarer outside of it. Consistent are, for example, branch-
and-bound algorithm, Bayesian methods, algorithms based
on interval arithmetic, methods of multiple local descent, and
many others [10]. Within the framework of interval analysis,
the technique of multiple partitioning is intensively devel-
oped, as well as more complex partitioning strategies based
on simplexes [11] and various auxiliary functions [12]. Each
of the techniques is common enough to solve different
classes of global optimization problems.

For many practical problems (solving systems of nonlin-
ear equations and inequalities, optimization of hierarchical
models associated with placement problems, service systems,
etc.), the assumption that the functions characterizing the
system of study are Lipschitz functions is typical. The devel-
opment of the theory and methods of numerical solution of
problems of this type is the subject of Lipschitz global opti-
mization [13, 14].

Special mention should be made of adaptive stochastic
search strategies, many of which underlie heuristic global
optimization algorithms (simulated annealing methods, ge-
netic algorithms, tabu search methods, and others). Different
strategies for approaching and relaxing the original problem
are also used, which involve the consistent construction of
auxiliary subtasks: their solution allows to improve the esti-
mation of the global optimum [15-17]. In [15, 16] methods
and algorithms for solving optimization problems are stud-
ied, which do not use information about the derivatives of
the objective function but require only knowledge of its val-
ues. In [15] a systematic comparison of existing implementa-
tions of such algorithms on a large set of test problems, con-
vex and nonconvex, smooth and non-smooth is presented.
The authors single out global solvers that are superior to
local ones, even for convex problems, and demonstrate ex-
cellent performance in terms of improving suboptimal solu-
tions.
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Geometric and information bases for the construction of
global optimization algorithms are considered in [16].

Here are some new ideas for speeding up the search so
that accelerated optimization methods automatically imple-
ment local behavior in promising regions and do not stop the
search process of a global minimum. The authors emphasize
that a reasonable combination of new and traditional compu-
tational steps leads to two dozen different global optimiza-
tion algorithms. All of them are studied and numerically
compared on three test sets of functions and applied prob-
lems.

For costly, in terms of computing resources, black-box
problems surrogate models are now widely used to reduce
computation time and effort in finding the global optimum.
Thus, in [17] a new global optimization method is proposed,
which uses an ensemble of surrogates and reduction of hier-
archical design. The search uses an ensemble of three repre-
sentative surrogate methods with optimized weights to select
promising sampling points, narrow the study space, and de-
termine the global optimum. The new proposed global opti-
mization method tested using eighteen representative func-
tions and two engineering design optimization problems,
demonstrated improved capabilities in identifying promising
search areas and reducing design space, as well as excellent
search efficiency and reliability in determining global opti-
mum. Fundamental problems that arise during global optimi-
zation based on surrogates from the point of view of the
practitioner, including the selection of concepts, methods,
techniques, and engineering applications, are discussed in
[18]. Providing a comprehensive discussion of the issues
raised, the paper explores the latest achievements in the
planning of experiments, methods of surrogate modeling,
criteria for filling and reducing the project space.

New sampling points are needed to increase the accuracy
of the surrogate model forecast. The decision-making strate-
gies for the following promising samples are called the fill-
ing criteria, the so-called adaptive sampling methods. The
filling criteria (which are conventionally classified as exploi-
tation, exploration, combined exploitation, and research)
may well guide the selection of new sampling points depend-
ing on the information from the optimization process to be
used. On the one hand, operating methods may focus on re-
gions located in the area of the best point that has been found
so far, but which may not even be stationary for the function.
This can only lead to a local approximation and a local opti-
mum. On the other hand, exploration and combined exploita-
tion usually explore rare regions or regions with high uncer-
tainty. However, only the use of exploration strategy can
lead to the depletion of computational resources when ap-
proaching the global minimum with a given accuracy. In
general, high accuracy is needed in potentially promising
regions. Therefore, the authors [19] propose to combine ex-
ploitation and exploration to balance competing goals be-
tween lower cost and more accurate assessment of the opti-
mal solution. The work focuses on parallel algorithms of
effective global optimization. Here, a multi-point fill crite-
rion is developed, which uses entropy to accurately measure
the uncertainty of the Kriging surrogate, and then balances
global exploration and the local exploitation of multi-point
selection criteria. A strategy for optimizing the decomposi-
tion of domains, which provides a small amount of training
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data, is also proposed. According to the authors, compared to
several other methods, it has an obvious advantage in solving
complex optimization problems in a large-scale parallel
computing environment.

Bayesian optimization, which is used to search for the
global minimum of computationally expensive black-box
functions when the evaluation of functions is costly and the
optimum can be achieved with a relatively small number of
evaluations, is becoming increasingly popular today. How-
ever, its application for multidimensional problems with
several thousand observations remains a difficult task, and
the improvement of appropriate methods and approaches is
an important area of modern research. Thus, [20] proposed
ensemble Bayesian optimization to simultaneously solve the
problems of large-scale observations, large dimensionality of
the input space, and the choice of batch requests that balance
quality and diversity. In [21] the authors proposed the
TuRBO algorithm based on a collection of local probability
models that provide local search trajectories that can be used
to quickly identify the best values of the objective function.
This approach is complemented by a so-called gangster strat-
egy, which distributes samples across trust regions, implic-
itly trading exploration and exploitation.

Therefore, deterministic methods have an advantage in
the guaranteed quality of the solution found, but the compu-
tational complexity of such methods is exponential in the
worst case. In fact, no method is better for the worst case of a
function than passive grid search. Because optimization
problems usually come from an arbitrary source and there-
fore tend to have unknown statistical characteristics, alterna-
tive approaches to solving such problems, including adaptive
search strategies and statistical modeling tools, are becoming
important tools, especially in the case of high-dimensional
problems.

Significant results show evolutionary strategies that
mimic biological and social models of evolution. Different
deterministic and stochastic algorithms can be built on the
basis of different evolutionary rules. This is evidenced, for
example, by the successful application of the genetic algo-
rithm to real problems in a wide range of industries [22].
Although metaheuristics are considered reliable, their con-
vergence slows down when solving complex problems, be-
cause they do not involve the use of local information about
promising areas of search. To combat this defect, the idea of
combining local search with various metaheuristic algo-
rithms is being increasingly introduced.

The following is a brief description of the genetic algo-
rithm, together with its modifications and methods of con-
structing hybrids based on it.

3 MATERIALS AND METHODS

The genetic algorithm is an iterative optimization method
based on the concept of natural selection known in genetics.
Variables that characterize the solution are represented as a
set of genes on a chromosome. For example, a point in N -
dimensional space can be encoded by a characteristic vector
X =(Xy5..., Xp) - GA operates with a finite set of solutions
(population), generates new solutions as different combina-
tions of parts of others, using operators such as selection,
crossover and mutation [22]. The new solutions are posi-
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tioned in the population according to their position on the
surface of the studied function.

At the beginning of the algorithm, initialization is per-
formed — the formation of the initial population randomly.
Next, the selection of chromosomes is done, which consists
of selecting those that will produce offspring for the next
population. Genetic operators that form a new population are
applied to the selected chromosomes. Crossover is a key
operator based on the assumed high probability that the new
solution obtained from two sufficiently good solutions of the
problem will be good or even better than the previous ones.
An important but still secondary role is played by the muta-
tion operator, which introduces new genetic material into the
population to maintain population diversity and prevents
losses that could occur due to the exclusion of any significant
gene as a result of crossbreeding.

The steps described above are repeated many times until
the algorithm’s stop criterion is met, for example, when the
already achieved value of the objective function does not
improve for some time. Or the operation of the algorithm can
be strictly limited by a predetermined duration or number of
iterations.

In order not to waste significant computing resources
when solving complex problems, after crossover and muta-
tion, an additional operator is used. It performs a local
search, starting in a certain area of the promising area. Such
algorithms are called hybrid. Methods and algorithms of
local search most often find the nearest extremum, and the
trajectory of their movement significantly depends on the
choice of the starting point and the nature of the target func-
tion.

The choice of local search method for inclusion in the
hybrid should be made taking into account the benefits and
costs of using each of the approaches. Genetic algorithm
operators also partially perform the role of local search with
relatively low computational cost compared to more accurate
local search methods. Therefore, it is rational to limit the
usage of a local search operator. A specific scheme for de-
termining individuals from the population to whom it is de-
sirable to apply local search is offered by the BOHGA [6].
The algorithm’s scheme proposes to perform a local search
only when the best representative of the offspring population
is also the best in the current parent population. When such
best offspring appear, it is very likely that such offspring will
explore a new area, and therefore local knowledge will be
used to accelerate the search for the most promising region.

However, in the described scheme, there can still be a re-
application of local search to individuals that fall into the
same area of gravity of the search space, so in order to pre-
vent unnecessary computational costs in [7], a deflated New-
ton modification was proposed that is a key idea of the
HGDN method. This hybrid uses a genetic algorithm as a
global search method and deflated Newton scheme as a local
search operator. This modification of Newton’s method ef-
fectively identifies several local optimums in the immediate
vicinity of the starting point and accordingly changes the
function. Here is the main idea of the method.

It is known that Newton’s method calculates the gradient
and Hessian of the objective function at the current point and
uses this information to predict the new location of the solu-
tion by solving the equation H(x)y = —Vf (x) . The deflated

Newton scheme is that Newton’s algorithm looks for station-
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— be the sta-

tionary points defined at the moment. Then other such points
can be found by applying the deflation of the gradient of the
function f by the formula:

ary points of function f(x). Let X%),X%,...,XO

Vi)

fhei

Vi, (%)=
3)

The deflated function has no roots in the found opti-
mums, and therefore, the local search method will no longer
be able to converge to these points. The principle of opera-
tion of this approach is shown in Fig. 1 [7]. Thus, in Fig. 1, a
the genetic algorithm applies the local search operator to
each individual of the population, and in the next iteration,
the same optimum is identified again. To combat this behav-
ior, formula (3) is used to calculate the gradient of the func-
tion, i.e. the roots are removed (Fig. 1,b), and therefore the
already found optimums cannot be identified again, and each
individual can find new optimums (Fig. 1, c).

Since the proposed deflation formula is often unreliable
in the computational sense, alternative deflation operators are
being developed [7, 23].

The localized operator proposed in [7], in order to affect
only the area close to the deflation, uses the bump-function
(smooth function with compact support) in the following
form:

X0i)?

1 Xpj =1 < Xj < Xgj +T1,

else,

with X as a deflation point. And the deflated function itself
has the form:
Vi (x)
1- bxo (X)
We will build a new global optimization algorithm that

combines the above-described BOHGA and HGDN hybrids,
as both seek to reduce the number of function evaluations by

foo (x)=

-~ &

hOantat - o=

a
Figure 1 — Demonstration of deflated Newton’s method [7]:

b

eliminating the useless use of the local search operator to
individuals who are either in non-promising regions or in the
same one.

In addition, we develop the idea of a guided local search
algorithm [8], which has successfully proven itself in
combinatorial optimization [24-26]. The latter was proposed
by Voudouris and Tsang and is a meta-heuristic method that
during the search process constructs penalties and uses them
to help local search algorithms get out of the minimum
already found, and even from almost horizontal areas.

As soon as the search algorithm falls within the local
minimum, the objective function is modified in a certain
way, and the local search works with this modified function.

In the new algorithm GBOHGA to modify the objective
function in the areas of attraction of already found local
extrema, we will use the bump-function introduced in

HGDN. That is, the function f(x) in these areas is replaced
by the following:

f(x)

fxo (X):TO(X).

®)

Thus, in this way, the algorithm forces the individual to
look for a new optimum elsewhere, preventing re-
convergence to the point X . However, with the long-term

operation of an algorithm with a highly multimodal function,
the set of local optimums found can become very large,
which affects both the amount of memory consumed and
computational costs. Besides, in practice, there is a question
of choosing a value for the parameter I that is responsible
for the size of the radius of the deflation point of the
previously found optimum. If you choose too small a value,
its positive effect on the algorithm will not be noticeable, in
addition, it can lead to a significant number of local
optimums in the same area of attraction of the search space.
On the contrary, choosing too large a value of this parameter,
we assume that the local search algorithm qualitatively
explored this region and provided the best possible solution
from it.

Although, of course, it may happen that this relatively
small area itself is very complex, and, therefore, such a
choice of the radius of deflation can cause premature
convergence of the algorithm.

C

a — the hybrid method applies local optimization to each individual. In

the next iteration, the same optima can be identified again; b — the gradient of the function is deflated at the optima of the function;
¢ — HGDN removes any identified optima after each iteration. Therefore, already found optima cannot be identified again
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To overcome this uncertainty, the new algorithm
proposes to use an adaptive scheme for selecting the value
of the parameter r, that responds to the frequency of
falling into the area of attraction of the local optimum.
Given the type of objective function, for each found point
x of the local optimum, a certain rather small initial
value ry is choosen. Next, in the case of repeated

convergence to the previously found optimum at a
distance less than or equal to Arj, from two points of the

optimum — new Xg and X(') save the one that corresponds

to the smaller value of the function, with radius r =Ar;.
The bump-function has the form:

ex —¢
2 K2
n e — (X —Xoi) ifHX XkH<r
— ’ A0 ks
b=t (L, ©
0 else.

In order not to perform a costly operation of local
search in those areas that are likely to be of no use, we
will use the BOHGA scheme of a selection of individuals
to which the deflation operator (5), (6) is applied with an
adaptive choice of parameter r. Thus, the scheme of the
GBOHGA is as follows.

GBOHGA algorithm

1. The operators of the genetic algorithm are deter-
mined; parameters I, o, A are set.

2. The initial population is randomly generated.

3. Evaluation of the objective function for each indi-
vidual of the initial population is performed.

4. A population of offspring is created using genetic
algorithm operators.

5. The objective function of each individual of the
population of offspring according to formulas (5), (6) is
estimated.

6. It is determined whether the best offspring individ-
ual among the offspring population is also the best among
the current parent population.

6.1 If not, go to step 7 (local search is not performed).

6.2 In the case of such a descendant, the local search
operation is applied only to it and the suitability of the

new solution xlé is estimated.

6.3 It is checked whether the new solution is similar to
any previously found. That is, whether the new solution

X(|§ is located at a distance less than Arj, from the i-th
previously found local optimum.

6.3.1 If not, then a new solution xg with a radius ry
is added to the set of

{(Xévrl)(xgvrzl---’(xg_lafk—l )}

local  optimums
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6.3.2 Otherwise, from the two points of the local op-
timum — the new X'é and X(') — we keep the one that

corresponds to the smaller value of the function, with a
radius r =Ar;.

7. It is decided which individuals to include in the next
population and which parents should also be left in the
new generation according to the elitist approach.

8. If the stop criterion is met, the procedure stops, oth-
erwise, the transition to step 4 is performed.

4 EXPERIMENTS

To test and compare the efficiency of the developed
and existing, the best for today, optimization algorithms
among the known modern artificial landscapes [27] se-
lected 33 functions with different properties in terms of
modality, separability, scalability, and landscape of the
valley. The choice of functions for testing is justified by
the following considerations.

Multimodal functions with many local minima form
one of the most complex classes of optimization problems
for many algorithms and are used to test the ability of the
algorithm to proceed from any local minimum. If the al-
gorithm has a poorly designed research process, it cannot
effectively investigate the landscape of functions and is
stuck at the local minimum. Also for algorithms, func-
tions with flat surfaces can cause difficulties, because
their invariance does not give the algorithm any informa-
tion to direct the search process to the minima (for exam-
ple, Stepint or Powell Sum).

Among the test functions, there are separable and non-
separable. Usually, it is much easier to optimize the for-
mer, since each variable of such a function is independent
of the others, it is possible to perform a sequence of n
independent optimization processes to find the optimal
value of the respective variables.

An important indicator of the effectiveness of optimi-
zation algorithms is the ability to overcome the problem
of dimensionality because it is known that with the in-
creasing number of parameters, the search space also in-
creases, and exponentially. Therefore, the set of test func-
tions includes functions with the ability to increase the
number of their components.

For some functions, the area containing global minima
is very small compared to the whole search space, for
example, Powell or Schaffer problems. For the last prob-
lem, the global minimum is very close to the local min-
ima. And if the algorithm does not have time to change
direction in functions with a narrow curved valley, or
inefficiently explores the search space, in the case where
the functions have several global minima, such an algo-
rithm will not be able to cope with these problems. The
choice of test functions is made taking into account the
variety of the functions’ hypersurfaces [28].

Table 1 contains a general description of a set of se-
lected artificial landscapes listed above. The list of all test
functions used in the work with their mathematical nota-
tion is given in the Table 2, and in Fig. 2 are presented the
landscapes of some of them.
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Table 1 — General characteristics of a set of artificial landscapes

A property that is typical for a function from Percentage of
the set of artificial landscapes functions in the set
continuity 91
differentiability 73
separability 36
unimodality 58
convexity 42

Table 2 — Artificial landscapes

n-1

f()= Z[IOO(XM “x2f (-1 }

i=1
—30<x <30, i=1Ln, x"=(L...0, f(x)=0

N Name, mathematical notation, optimal solution N Name, mathematical notation, optimal solution
1 | Ackley 1 11 | Schwefel 2.21
002 R h S cosme) f(x):lmgizgg]‘xi , —100< x; <100, i=1,n,
f(x)=-20e = g = +20+e . .
. . x =(0,0,...,0), f(x )=0
-35<x; £35, x =(0,0,...,0), f(x )=0
2 | Alpine 1 12 | Schwefel 2.22
n o n n .
f(x) =[x sin(x;)+0.1x;| .~ —10<x <10, i=1n, £ =3 [xi|+[]|xi| - ~100 < x; <100, 1=1n,
i=1 i=1 i=1
X" =(0,0,...,0), f(x")=0 X" =(0.0....0), f(x")=0
3 Chung Reynolds 13 | Schwefel 2.23
2 n
4 10 .
f(x):[inzj ,—100 < x; <100, F(0)=2%".-10<x <10, i=Tn,
i=1 i=1
x* =(0,0,..,0), f(x)=0 X" =(0,0,...0), f(x") =0
4 | Exponential 14 | Sphere
n _ n .
f(x):—exp(—O.SZij,—lgxi <li=1,n, f(x):in2 , 0<x <10, i=1n,
i=1 i=1
X" =(0,0,...,0), f(x") =1 X" =(0,0,....0), T (x")=0
5 | Griewank 15 | Step
2 n n
noxi X; .
f(x)= Y —]’[cos['_jﬂ,—loos xi <100, f0 =3 (x]). ~100<x; <100, i=1n,
i=14000 5 Wi =
X" =(0,0,..,0), f(x")=0 x* =(0,0,..,0), f(x")=0
6 | Hapy Cat 16 | Step 2
2® n ¥ (x 2., -100<x; < i=Ln
o= (4" -n)" |+ | oK+ 2oy, 100=3 L0357, 10023 <100 T=H
ni2 ia 2 =l
. . X" =(0.5,0.5,..,0.5), f (x")=0
-2<x; <2, o -real; X =(-L-1,...,-1),f(x )=0
7 | Periodical 17 | Step 3
) > x
n in — 2 ) 1 —
f(x)=1+ Y sin?(x; )—O.Ie[il . -10<x; <10, Fo _iZ;‘ X JJs 100<x; <100, T=Ln,
i=1 =
x5 = (0,0....,0), f (X*) -09 X = (0,0.,...,0), f(x*) =0
8 | Powell Sum 18 | Streched V Sine Wave
RN n-1 o 0.1
f(x): > X ,—1<x £1, i=1n, f(X):Z(Xi+l+xi2)4{s1n2{50(xi+l+Xi2) }+0.1}
i=1 i=1
X" =(0,0,..,0), f(x)=0 -10<x, <10, i=Tn, x" =(0,0,..,0), f(x")=0
9 | Rastrigin 19 | Sum Squares
n n .
f(X):10n+Z(Xi2—10cos(21'cxi )) f(X):Eli)(i2 ,—10<x; <10, 1=1,n,
i=1 i=1
—5.02<% <5.12, i =10, X" =(0,..,0), f (x) =0 X" =(0,0,...0), f(x")=0
10 | Rosenbrock 20 | Trigonometric 1

2

f(x)= i n— Zn:cos Xj +i(cos(X;j)—sin(X;))

i=1 j=1
0<x<m i=Ln, x*=(0,0,..0), f(x)=0
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Continuation of the Table 2

21 | Salomon

f(x) :1—co{2n\/§]+0.1 ix% ,
i=1 i=1

~100< x; <100, i=1,n, X =(0,..,0), f (X ) =0

28 | Trigonometric 2

f(x)= 1+Zn:85in2(7(xi —0.9)2)+ 651112[14(x1 —0.9)2]+
i=l

+(x —0.9)°
X" =(0.9,09.,...,0.9), f(x") =1

,—500<x; <500,i=1n

22 | Sargan

f(x)=in[x?+0.42xixj}

i=1 j#1

~100 < x; <100,

29 | W/ Wavy Function

f(x):l—%icos(kxi)e_xiz/z, K
i=1

— JIiiCHE YKCII0

—n<x <m i=Ln, X =(0,0,..,0), f(x")=0

i=Ln, X =(0,...,0), f(x')=0
23 | Schaffer F6

2 2
A -0.5
f(X)=Z S XI +XI+1

i=1 [1+0 001(X| +X|+1)]

S

30 | Weierstrass

N\ Ko ‘ Ko K
f)=Y| > a“cos@nb®(x; +0.5)—-n D a cosh")

i=1| k=0 k=0

i=1
x" =(0,0,...,0), f(x")=0

. ~0.5<x; <05, i=Ln, X =(0,0,..,0), f(xX')=0
~100< x; <100, i=Ln, X" =(0,..,0), f(x") =0
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o
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—2e il ~Hcosz(xi)
i=1
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27 | Schwefel 1.2

™=

2
i
f(x) = [ X3 ] ,—100<x; <100, i=1,n,

i=1\ j=1

u0), F(x)=0

*

x =(0,0
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—Zn: Xiz —Zn:sinz \/W

n
f(X)Z(-Zsinz(xi)_e ER= ,
i=1

~10<x <10, i=Ln, x" =(0,0,..,0), f(x") =

For all the problems consider an objective function
subject to bound constraints on the values of the variables.
All functions are scalable, which allows us to check the
behavior of algorithms in large-scale problems. Two-
thirds of all test functions are not separable, which is also
a challenge for most algorithms, but perhaps the most
difficult is multimodality, especially in multidimensional
spaces.

The testing was performed in comparison with other
popular evolutionary algorithms, including the BH, DA,
PSO, DE. For correct analysis, instead of independent
implementation of these methods, their open-source ver-
sions from the SciPy library were used.

A key aspect of developing a new algorithm is the de-
sire to reduce the required number of calculations of the
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objective function with an adequate level of reliability of
the algorithm. Instead of counting the number of calls to
the objective function, we can also use the physical time
spent on solving problems, but this characteristic strongly
depends on the quality of the implementation of the algo-
rithm and the level of hardware, and therefore it is less
universal.

In order to obtain reliable comparison results, the ex-
periment was performed 50 times with random initial
populations, and the results were averaged. Fig. 3 showed
the performance profiles for BH, DA, DE, PSO, and
GBOHGA on the test data set using function evaluations
as performance criteria.
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Figure 2 — 3d-Surface and Contour Map of some test functions:
a — Salomon Function; b — Xin-She Yang Function; ¢ — Hapy Cat Function

5 RESULTS

Fig. 3 shows that for the test set of problems
GBOHGA is the best algorithm in terms of performance,
followed by DA and DE. The GBOHGA algorithm re-
quires 3 times fewer evaluations of the objective function
than DA and 6 times less than DE. At the same time,
these algorithms tend to outperform GBOHGA, solving
more problems by 5% and 6%, respectively. A detailed
description of the results obtained in terms of each func-
tion is given separately in the Table 3. For each of the 5
optimization algorithms in the first column (u) is given
the average value of the number of calls to the objective
function for each of the 33 test functions based on the
results of 50 runs of the algorithm. The second column
(o), according to the same scheme, indicates the standard
deviation, and the third (%) indicates the success level
(values from 0.0 to 1.0) of the algorithm on this problem,
which characterizes the robustness of the algorithm. The
results of this table are also summarized for all functions
and given in the last line. For greater clarity, in Fig. 4 a
comparison of algorithms by their performance is demon-
strated. Thus, GBOHGA is in 62.5% of cases faster than
competing algorithms.

When solving optimization problems with 25 vari-
ables, the GBOHGA algorithm is still the best in terms of
performance, and it can only compete with DA, which
solves 3% more problems from the test suite, but con-
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sumes 5 times more computing resources (see Table 4 for
more details). In terms of performance speed, GBOHGA
shows even better results than in the previous experiment,
namely in 69.7% of cases GBOHGA is faster than com-
peting methods.

Obviously, with the increase in the number of vari-
ables, GBOHGA shows not worse, but even better results
compared to other methods.

It should be noted that when designing the algorithm,
separately, ten different crossover operators were com-
pared, of which the best results were found by a discrete
crossover. Also, five mutation operators and two selection
operators were tested and it was shown that the best com-
bination is the rank selection with the non-uniform muta-
tion.

Further, in combination with the genetic algorithm,
seven different methods of local optimization were used.
According to the obtained results, the advantage is attrib-
uted to quasi-Newton methods (L-BFGS-B turned out to
be the best option).

Therefore, the above-mentioned operators were cho-
sen as the key components of the proposed hybrid algo-
rithm, other parameters of the genetic algorithm were
chosen arbitrarily, just as all competing algorithms were
performed without prior optimization of parameters, ie the
values were chosen either arbitrarily or most used.
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Table 3 — Mean () and standard deviation (o) of the number of function evaluations and success rate (%) on the results of 50
runs for each function from the test set for each method

Function BH DA DE GBOHGA PSO
name 1 o % n o Y% n c % 1! c % 1! c Y%
Ackleyl 14692 | 560 | 0.0 | 10701 | 131 | 1.0 | 20829 | 3097 | 0.96 | 4022 | 1050 | 0.76 | 53297 | 3732 | 0.0
Alpinel 119324 | 7602 | 0.88 | 11347 | 538 | 1.0 | 17643 | 1118 | 1.0 | 4602 | 627 | 1.0 | 72846 | 14714 | 0.16
Chung 8712 154 | 1.0 | 10356 | 43 | 1.0 | 15525 554 | 1.0 | 2444 | 224 | 1.0 42601 | 2534 | 1.0
Reynolds
Exponential 3572 44 | 10 | 10032 | 5] 1.0 968 97 | 1.0 | 2688 | 1931 | 1.0 | 43793 | 2147 | 1.0
Griewank 10105 | 305 | 0.0 | 10376 | 96 | 0.04 | 20303 | 5524 | 0.2 | 3184 | 884 | 0.36 | 54546 | 10131 | 0.0
HappyCat 27875 | 5363 | 0.0 | 10857 | 311 | 0.0 | 69822 | 8046 | 0.0 | 4054 | 1407 | 0.0 | 108498 | 6777 | 0.0
Periodic 5659 52| 0.0 | 10038 | 6] 0.0 | 14710 | 3839 | 0.04 | 2628 | 485 | 0.34 | 47473 | 2551 | 0.0
PowellSum 20654 | 470 | 1.0 | 10255 | 39 | 1.0 | 17677 | 536 | 1.0 | 2258 | 198 | 1.0 | 40994 | 3348 | 1.0
Rastrigin 15567 | 1078 | 0.48 | 10366 | 82 | 1.0 | 12508 | 2928 | 0.8 | 3587 | 692 | 1.0 | 54366 | 3089 | 0.0
Rosenbrock 31886 | 13068 | 0.34 | 10480 | 101 | 1.0 | 42053 | 9270 | 0.94 | 2838 | 424 | 1.0 | 92979 | 5267 | 0.02
Salomon 19196 | 5393 | 1.0 | 10453 | 124 | 0.02 | 15849 | 1596 | 0.0 | 3140 | 797 | 032 | 41447 | 2331 | 0.0
Sargan 5864 111 | 1.0 | 10057 | 7| 1.0 | 16165 | 667 | 1.0 | 2394 | 274 | 1.0 | 53666 | 3147 | 1.0
SchafferF6 18194 | 3525 | 0.0 | 10860 | 255 | 0.06 | 26292 | 5890 | 0.0 | 3764 | 797 | 0.24 | 62897 | 14239 | 0.0
2?:;11111:; 12213 | 5943 | 076 | 10348 | 29 | 1.0 | 16150 | 625 | 1.0 | 2468 | 231 | 1.0 42139 | 2148 | 1.0
Schwefel 36485 | 1342 | 0.0 | 10811 | 233 | 0.0 | 15537 | 538 | 1.0 | 2841 | 287 | 0.0 | 204860 | 9943 | 1.0
Schwefel12 7494 52 | 1.0 | 10088 | 14 | 1.0 | 25597 | 837 | 1.0 | 2375 | 261 | 1.0 | 54120 | 3811 | 1.0
Schwefel220 125013 | 1957 | 1.0 | 11077 | 409 | 1.0 | 15243 | 548 | 1.0 | 3481 | 414 | 1.0 | 73152 | 5418 | 0.98
Schwefel221 93100 | 6074 | 1.0 | 11548 | 409 | 1.0 | 18376 | 698 | 1.0 | 4100 | 982 | 0.98 | 69960 | 4544 | 1.0
Schwefel222 115859 | 11836 | 0.46 | 12324 | 568 | 1.0 | 15709 | 511 | 1.0 | 4943 | 635 | 1.0 | 74771 | 8138 | 0.94
Schwefel223 16868 | 686 | 1.0 | 10450 | 41 | 1.0 | 16888 | 577 | 1.0 | 2393 | 148 | 1.0 | 32622 | 1430 | 1.0
Sphere 921 67 | 1.0 | 10013 | 0] 1.0 | 36873 | 1075 | 1.0 | 3524 | 472 | 1.0 | 21472 | 307 | 1.0
Step 707 000 | 10091 | 16| 1.0 2775 | 320 | 1.0 | 3835 | 786 | 0.46 | 27776 | 650 | 1.0
Step2 707 000 | 10093 | 17 ] 1.0 2830 | 406 | 1.0 | 3556 | 756 | 0.6 | 27970 | 760 | 1.0
Step3 707 000 | 10101 | 20| 1.0 2764 | 282 | 1.0 | 3958 | 705 | 0.56 | 27786 | 613 | 1.0
StrechedVv 12512 | 3271 | 0.0 | 11485 | 513 | 0.0 | 70214 | 8716 | 0.0 | 4868 | 2056 | 0.02 | 70630 | 21089 | 0.0
SineWave
SumSquares 8757 103 | 1.0 | 10069 | 4 | 1.0 | 15352 | 558 | 1.0 | 2427 | 225 | 1.0 | 48238 | 2280 | 1.0
Trigonometricl 1334 | 381 | 0.96 | 10211 | 97 | 0.74 | 19919 | 4577 | 0.94 | 2379 | 312 | 0.8 | 21115 | 317 | 1.0
Trigonometric2 | 61209 | 2235 | 0.0 | 12641 | 477 | 1.0 5823 | 686 | 1.0 | 6383 | 1432 | 0.58 | 99812 | 22224 | 0.28
WWavy 6590 | 1751 | 0.0 | 10340 | 76 | 1.0 | 13221 907 | 1.0 | 3454 | 592 | 1.0 | 52355 | 8667 | 0.0
Weierstrass 67323 | 2585 | 0.0 | 13265 | 471 | 0.0 | 75201 0| 0.0 | 8846 | 2923 | 0.0 | 54581 | 13629 | 0.0
Whitley 44508 | 3693 | 0.0 | 11484 | 448 | 032 | 14540 | 3778 | 0.14 | 3895 | 706 | 02 | 71142 | 12189 | 0.02
XinSheYangN3 1152 | 237 | 0.0 | 10289 | 53 | 0.54 282 42 | 0.16 | 2330 | 61 | 0.02 | 30334 | 12807 | 0.32
XinSheYangN4 | 7806 | 1467 | 0.0 | 10080 | 27 | 0.0 | 14059 | 1027 | 0.0 | 2414 | 310 | 0.04 | 41851 | 6388 | 0.02
g:;gig;y“ 27956 | 36013 | 0.45 | 10697 | 836 | 0.69 | 20839 | 18627 | 0.7 | 3517 | 1631 | 0.64 | 58063 | 34567 | 0.54
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6 DISCUSSION

Therefore, based on the results of numerical experi-
ments of solving known global optimization problems,
the proposed GBOHGA algorithm demonstrated the fol-
lowing advantages:

— due to the reduction in the number of evaluations of
the objective function, the performance speed of the algo-
rithm is higher compared to any other considered evolu-
tionary algorithm (almost 70% of problems with 25 vari-
ables were solved faster using GBOHGA than using other
solvers);

— by the criterion of reliability, GBOHGA is better
than the basin-hopping algorithm and particle swarm op-
timization in problems with 5 variables;

— by the criterion of the robustness of solving prob-
lems with 25 variables, the algorithm is better than three
of the four other solvers among the considered.

The work [29] shows the importance of the develop-
ment and wide applicability of mobile neural networks.
Such networks, as a rule, have parameters, the choice of
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which is necessary to achieve the minimum value of the
loss function. Genetic algorithms (including ours) have
the potential to improve the quality of such neural net-
works.

CONCLUSIONS

The paper proposes a new hybrid genetic algorithm
GBOHGA, an optimization scheme that combines ele-
ments of BOHGA and HGDN methods and which inte-
grates the strengths of local search with powerful global
search capabilities. The advantage of the proposed
method can be considered the simplicity of its implemen-
tation, as the key operators of the genetic algorithm and
local search methods remain unchanged. Due to the pre-
vention of a significant part of the unnecessary use of the
local search operator, significant savings were achieved in
the number of evaluations of the objective function and
execution time of the algorithm, which made the method
competitive with other widely used methods of global
optimization.
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Table 4 — Mean value and standard deviation of the number of function evaluations and success rate after 10 runs for each function
with 25 variables from the test set for each method

Function BH DA DE GBOHGA PSO

name 1! [ % n [J Y% 1! [J % 1! [ % n [J Y%
Ackleyl 69614 696 | 0.0 | 57876 | 690 | 1.0 | 375609 32 | 00 | 12222 | 3230 | 1.0 | 89650 | 4805 | 0.0
Alpinel 679007 | 9705 | 0.9 | 106564 | 13930 | 1.0 | 375921 0| 1.0 | 42749 | 11233 | 1.0 | 96936 | 5266 | 0.0
Chung 71201 | 74140 | 0.9 | 53552 193 | 1.0 | 327326 | 17048 | 1.0 3446 74 | 1.0 | 112826 | 7586 | 0.0
Reynolds
Exponential 19350 162 | 1.0 | 50222 39 | 1.0 19226 | 2552 | 1.0 4270 | 1350 | 1.0 | 78228 | 4271 | 0.0
Griewank 95882 260 | 1.0 | 50921 208 | 1.0 | 71432 | 72252 | 0.3 2934 | 464 | 1.0 | 84713 | 4532 | 0.0
HappyCat 117521 | 2317 | 0.0 | 54454 | 1293 | 0.0 | 377231 852 | 0.0 7539 | 2368 | 0.0 | 105716 | 4896 | 0.0
Periodic 27205 47 | 00 | 50248 46 | 0.0 | 375531 000 2925 | 291 | 0.0 | 83399 | 6435 | 0.0
PowellSum 126551 | 2321 | 1.0 | 52819 | 342 | 1.0 | 375401 0 1.0 2572 153 | 1.0 | 50547 | 5022 | 1.0
Rastrigin 206042 | 6159 | 0.0 | 55903 | 872 | 1.0 | 375658 25 | 0.0 7739 | 2091 | 1.0 | 98980 | 5377 | 0.0
Rosenbrock 299921 | 43662 | 0.1 54974 | 505 | 1.0 | 288349 | 141600 | 0.9 7858 | 1246 | 1.0 | 114993 | 9423 | 0.0
Salomon 34913 | 12131 | 0.8 | 54005 | 2108 | 0.0 | 340540 | 39914 | 0.0 5742 | 1442 | 02 | 45660 | 3652 | 0.0
Sargan 50216 | 60667 | 0.9 | 50315 59 | 1.0 | 375401 0 1.0 3862 | 973 | 1.0 | 112947 | 5184 | 0.0
SchafferF6 338304 | 36814 | 0.0 | 106756 | 10820 | 0.1 | 384706 | 4170 | 0.0 | 52606 | 11817 | 0.8 | 96166 | 7029 | 0.0
Schumer 17080 | 2347 | 0.0 | 54072 | 205 | 1.0 | 372626 | 5500 | 1.0 3277 128 | 1.0 | 108191 | 9569 | 0.0
Steiglitz
Schwefel 188737 | 9032 | 0.0 | 53854 | 1343 | 0.0 | 328746 | 10168 | 1.0 5557 | 1477 | 0.0 | 82255 | 5516 | 0.0
Schwefel12 68272 | 10944 | 09 | 52554 | 339 | 1.0 | 377137 227 | 1.0 5503 | 721 | 1.0 | 103254 | 4828 | 0.0
Schwefel220 695733 | 6717 | 1.0 | 56755 | 2396 | 1.0 | 329758 | 14548 | 1.0 | 10814 | 1445 | 1.0 | 99846 | 9536 | 0.0
Schwefel221 498875 | 17899 | 1.0 | 75031 | 4684 | 1.0 | 375785 89 | 1.0 | 26047 | 7896 | 0.3 | 88771 | 7744 | 0.0
Schwefel222 341734 | 107144 | 0.0 | 73008 | 4702 | 1.0 | 366096 | 8306 | 1.0 | 23501 | 8166 | 1.0 | 116924 | 18060 | 0.0
Schwefel223 34150 | 39015 | 03 | 55713 | 296 | 1.0 | 375401 010 3638 160 | 1.0 | 96984 | 9145 | 0.0
Sphere 5043 236 | 1.0 | 50053 0| 10 | 375427 010 7031 | 2890 | 1.0 | 25165 | 1330 | 0.9
Step 2727 000 | 51316 109 | 1.0 | 58713 5417 | 1.0 9532 | 2276 | 1.0 | 37924 | 1620 | 0.0
Step2 2727 000 | 51233 101 | 1.0 | 60326 | 7288 | 1.0 9625 | 2363 | 0.9 | 40472 | 3364 | 0.0
Step3 2727 0] 00 | 51462 113 | 1.0 | 57626 | 6490 | 1.0 8432 | 2868 | 0.8 | 45182 | 5523 | 0.0
StrechedV 266810 | 83587 | 0.0 | 149045 | 41857 | 0.0 | 381953 1510 | 0.0 | 28011 | 41761 | 0.0 | 95680 | 5320 | 0.0
SineWave
SumSquares 134815 | 12197 | 02 | 50775 95 | 1.0 | 329988 | 14109 | 1.0 4710 | 1188 | 1.0 | 96382 | 5384 | 0.0
Trigonometricl | 52392 | 35191 | 0.6 | 52520 | 753 | 0.0 | 101946 | 96678 | 0.1 4426 | 1028 | 0.0 | 50013 | 24921 | 0.4
Trigonometric2 | 345622 | 12423 | 0.0 | 153122 | 17328 | 1.0 | 227821 | 45852 | 10 | 58542 | 11799 | 0.5 | 154987 | 15666 | 0.0
WWavy 81105 | 4064 | 0.0 | 54506 | 487 | 1.0 | 375991 123 | 00 | 10902 | 1623 | 1.0 | 80479 | 6991 | 0.0
Weierstrass 309193 | 12501 | 0.0 | 101761 | 5373 | 0.0 | 375921 0| 0.0 | 41843 | 26637 | 0.0 | 65630 | 17056 | 0.0
Whitley 267065 | 168786 | 0.0 | 79505 | 3630 | 02 | 333035 | 46053 | 0.0 | 19983 | 1315 | 0.0 | 145926 | 7956 | 0.0
XinSheYangN3 | 6185 941 | 0.0 | 54670 165 | 0.0 2814 486 | 0.0 4129 79 | 00 | 23832 | 551 | 0.0
XinSheYangN4 | 6515 1496 | 0.0 | 55450 | 432 | 0.0 | 373601 5692 | 0.0 2956 126 | 0.0 | 30242 117 | 0.0
Total average: | 165552 | 190266 | 035 | 65909 | 28012 | 0.68 | 292213 | 133191 | 0.58 | 13483 | 17486 | 0.65 | 83603 | 33631 | 0.07

According to the results of testing on a set of 33 func-
tions with different landscapes, the proposed algorithm
showed high results in terms of performance, and it is
important to emphasize that the greatest benefits from its
use can be obtained in problems of large dimensionality
of search space.

The practical value of the work lies in the possibility
of using the developed algorithm to solve global optimi-
zation problems that arise in engineering design, solving
organizational and management problems, especially
when the mathematical model of the problem has a high
dimensionality.

The direction of further research is the analysis of
the duration of local search, necessary to find a global
solution to the optimization problem with acceptable ac-
curacy, as well as the choice of truncation criterion in the
proposed scheme.
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AHOTAIIA

AxTyanbHicTh. [IpoBiHOI NPOGIEMOIO B CBITI LITYYHOTO iHTENEKTY € ONTUMI3allis CKIaIHUX CHCTEM, L0 HEPiJKO MOIAETHCS
y BTV HeNiHiHOT (QyHKIIT, iKYy HeoOXiqHo MiHiMi3yBaTH. Taki (GyHKUIT MOXKYTh BUSBUTHCS MYyJbTUMOJAIBHUMY, HEAU(DEPEHLIi-
HoBaHUMH, i HaBiTh, 3a7aHUMHU y Gopmi YopHOI ckpuHbKH. [I00yn0Ba eeKTUBHUX METOMIB PO3B’sA3aHH 3a4a4 TII00aIbHOI ONTHMI-
3amii i CbOro/iHI BUKJIMKAB 3HAYHUIT IHTEpeC cepesl HayKOBIIiB.

MeTta. Po3poOka HOBOTO TiOpHIHOTO TEHETHYHOTO aNTOPUTMY PO3B’sI3aHHS 3a7adi 6e3yMOBHOI rI00AFHOI ONTHUMI3aMii, IIBHI-
II0TO 3a ICHYIO4i aHAJIOTH.

Metoan. OHUM 3 BaXIIMBUX BUKJIHKIB, 3 IKUMH CTHKAIOTHCS TiOPUIHI METOIH IIil 9ac po3B’s3yBaHHA 3aj1ad HeliHiiHOI rioba-
JBHOI ONTHMI3alii, € pamioHaJbHE BUKOPHUCTAHHS JIOKAJILHOTO ITOLIYKY, OCKUIBKM HOTO peali3amis CyNpOBOJDKYETHCS JOCTATHBO
KOLITOBHUMHU OOYMCIIIOBAIFHMMH BUTpaTaMu. B paHii po0oTi 3amporoHOBaHWI HOBMH TiOpUIHHMN TI'€HETUYHHMH alropUTM
GBOHGA, sixuii BiATBOPIOE KEPOBAHUIT JIOKAIBHUI TOIIYK, | HOEJHYE BI YCHIMIHI MOAN(IKAIil TeHETHYHUX AJITOPUTMIB, Hepiia 3
skux BOHGA BcTaHOBIIO€ SIKiCHHI OajaHC MiX JIOKQIbHUM Ta riiobanbHuM mourykoM, apyra — HGDN — 3anobirae noBTopHOMY
JOCII/DKEHHIO paHillle BXke po3BifaHol obsacTi momrykoBoro npocropy. OkpiM 1poro, 0yio 3ampornoHoBaHo MoaudikoBany bump-
(YHKIIIO Ta aJalTUBHY CXEMY BH3HA4YEHHs i mapaMmeTpy — pamiycy obmacti «aedusamii» mineoBoi QyHKIIT B OKOJI BXe 3HAIIEHOTO
JIOKaJIbHOTO MiHIMyMY — 3a]UT IPUCKOPEHHS POOOTH alTOPUTMY.

PesyasTatn. Pobory GBOHGA 3 iHmMMH BiTOMUMH CTOXaCTHYHUMH IIOIIYKOBUMHM €BPHCTHKaMH Ha Habopi i3 33 TecToBHX
¢GyHKIiH B 5 Ta 25 BUMipHOMY IIpocTopax. Pe3ynbraTti 004HCIIOBAIBHAX €KCIICPIMEHTIB CBITYATh PO KOHKYPEHTHY CIIPOMOKHICTD
GBOHGA, 0c006:11B0 B 337a4ax 3 MyJbTUMOJAIbHUMH (DYHKIIISIMH 1 BEIUKOKO KUTBKICTIO 3MiHHHUX.

BucnoBku. Hoswuii riopuaunii anroputm GBOHGA, po3po0Oiennii Ha ocHOBI iHTerpaii i1eif kepoBaHOTO JIOKAJIBHOI'O MOIIYKY i
anroputMiB. BOHGA ta HGDN, no3Boisic 3Ha4HO €KOHOMHUTH 00YHCITIOBAJIbHI pEeCypcH Ta IPUCKOPIOBAaTH PO3B’sI3aHHsI 3a1a4i IJ10-
anpHOI onTHMizarii. Floro BapTo 3acTOCOBYBAaTH I PO3B’A3aHHS 334 [MOGATHHOI ONMTHMI3AIL, 10 BHHUKAIOTH B IHKCHEPHOMY
MIPOEKTYBaHHI, BUPIIICHHS OpraHi3aliifHO-yIPpaBIiHCEKUX Mpo0iIeM, 0COOIMBO KOJIM MaTeMaTHYHa MOJEIb 33/1a4i € CKIaIHOO 1 Ma€e
BHCOKY PO3MIpHICTb.

KJIIOYOBI CJIOBA: HenmiHiliHAa onTHMi3aris, II00aIbHAN MIiHIMYyM, CTOXAaCTHYHI ITONIIYKOBI €BPUCTHKH, TIOPHIHUH MiAXil,
TeHETUYHHH aNropuTM, oriepatop Aeduisiii, KepoBaHHH JIOKAIBHAI MOMIYK.

VJIK 004.023
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Aspamenko C. €. — maructp kadeapsl CHCTEMHOrO aHaiW3a M yNpaBieHHs HanuoHAaIbHOTO TEXHHYECKOTO YHHBEpCHTETa
«JlHEeTIpOBCKast MOJUTEXHUKAY, iHKeHep 1o MamuHHOMY 00yuenuio, COMPARUS.UA, [laenp, Ykpaunna.

Kempak T.A. — kaHA. TeXH. HayK, 3aBeAYIOMUH Kaepoi CHCTEMHOTO aHAIM3a U yIpaBlieHns: HarmoHaIbHOTO TEXHUYECKOTO
yHHUBepcuTera «JlHenpoBckas noauTexHuka», JJnenp, Yxpausa.

Kopsimkuna JI. C. — kaun. ¢us.-mMat. HayK, JOIEHT Kadeapbl CHCTEMHOr0 aHaln3a U ynpasieHus HalmoHanbHOro TeXHUUECKO-
ro yHuBepcurera «JlHenpoBckas oJIMTeXHuKay, JlHenp, YkpauHa.

AHHOTAIUA

AxTyanbHocTb. OHON M3 BEIyIINX MPOOJIEM B MHUPE HCKYCCTBEHHOTO MHTEJIICKTA SIBIISICTCS ONTUMM3AIMNS CIOKHBIX CHCTEM,
HEpeJIKO MpeCTaBIsieMas B BUJE HEIMHEHHOH (yHKINH, KOTOPYIO HE0OX0IMMO MUHUMH3UPOBaTh. [Ipu 5TOM (yHKIMN MOTYT OKa-
3aThCsl MHOTO9KCTPEMAIbHBIMY, HETJIAAKAMH, U JTaKe, 3aJlaHHBIMU B (hopMe depHoro simuka. I[locrpoenue 3¢h)(eKTHBHEIX METOIOB
pELIeHHs TAKUX 3334 ¥ CETOIHS BBI3bIBACT 3HAYMTEIIBHBII HHTEPEC B HAYYHOM COOOIIECTBE.

ILeanb. PazpaboTka HOBOro rHOPUIHOTO F€HETHYECKOTO AJITOPUTMA PEIICHUs 3aJa4yd INI00aNbHOM ONTUMHU3ALNK, KOTOPHIH 110
CKOPOCTH MPEBOCXOAUI OBl CYLIECTBYOMINE aHATOTH.

Metoa. OHUM U3 BaXHBIX BBI30BOB, C KOTOPBIMU CTAJIKUBAIOTCS THOPUAHBIE METOJBI MPU PELIEHUM 3a/au HEIUHEHHON Tilo-
0anbHOM ONTHMU3ALNH, SBISIETCA PAMOHAIBHOE NCIIOIh30BAHIE JTOKATBHOTO TIONCKA, OCKOJIBKY €0 PEeaIN3alis COMPOBOXKIACTCS
BBICOKMMH BBIYHCIHTEIFHBIME 3aTpaTaMd. B maHHOW paboTe MpeuioyKeH HOBBIM THOpUAHBIN reHeTndeckuit anroputMm GBOHGA,
KOTOPBIH BOCHPOU3BOAUT YIIPABIISIEMBIN JIOKAIBHBIA MOMCK, M OOBEIUHSCT ABE YCIEIIHbIe MOAN(HUKAIIMY TCHETHIECKUX alrOpUT-
MoB, niepBat — BOHGA — ycTaHaBiMBaeT Ka4eCTBEHHBIH OalaHC MEXTY JIOKAIBHBIM U TI00aIbHBIM MoMcKoM, BTopas — HGDN —
HpeIOoTBpAlIaeT HOBTOPHOE MCCIIEIOBAHIE PaHee y)Ke pa3BelaHHbIX obacTeil IOUCKOBOro npocrpaHcTBa. Kpome sroro, must ycko-
peHus paboThl aNrOpUTMa MpeIokeHa MoAU(GHUIMPOBaHHas bump-QyHKIUS W aJanTHBHAs CXeMa OIpeleeHHs ee rapaMerpa, a
HMEHHO, pPajinyca 00JacTH «Ae(IsIu» LeneBoi GyHKINN B OKPECTHOCTH YK€ HalIEHHOTO JIOKAJIbHOTO MUHUMYMa.

PesyabTatsl. [IpoBeneno cpaBuenue paborst GBOHGA ¢ npyrumu U3BECTHBIMU CTOXaCTHYECKUMH TOMCKOBBIMH 3BPHCTHKAMU
Ha Habope u3 33 TecTOBBIX QYHKIMHA B 5 1 25 MEPHOM MPOCTpaHCTBaX. Pe3ynbTaThl BEIYMCIUTENBEHBIX SKCIIEPUMEHTOB CBUICTEIIBCT-
BYIOT O KOHKYpeHTHO#l cmocodHoctn GBOHGA, 0co0eHHO MpH pelieHnd 3a7ad ¢ MyJIbTUMOJANBHBIME (DYHKIHSMA U OOJNBLIAM
KOJIMYECTBOM HEPEMEHHBIX.

BriBoasi. Hossrit rubpunnsiii anroputm GBOHGA, pa3paboTaHHEIA Ha OCHOBE MHTETPAIMX HIEH YIPaBIIEMOro JIOKAIEHOTO
noucka u anroputMoB BOHGA u HGDN, no3Bossier 3HaYUTEIbHO S3KOHOMUTh BBIYMCIMTEIIBHBIE PECYPChl M YCKOPSTH pellCHHE
3ama4u r1o0aIbHOM ontuMu3anuy. Ero neiaecoo0pa3Ho NpiuMeHsTh ISl pelieH s 3a4a4 IJI00aIbHOH ONTHMH3AIMY, BOSHUKAIOIINX B
HWHXXEHEPHOM NPOEKTHPOBAHUM, PEIIEHUS] OPraHU3alOHHO-YIIPABIEHUECKUX MPoOJIeM, 0COOEHHO KOrja MaTeMaTHYecKas MOJENTb
3a1a4u SIBJISIETCS CI0XKHOM U UMEET BBICOKYIO Pa3MEPHOCTb.

KJIFOYEBBIE CJIOBA: HenuHeiiHas ONTUMHU3aNus, TII00ATbHBI MUHUMYM, CTOXaCTHYECKHE TTIOMCKOBBIE ABPUCTHUKHU, THOPH-
HBIU TIOIXO/1, TEHETUYECKUH AITOPUTM, OTIEpaTop ACIIALINH, YIIPABIIEMBIi TOKaIbHBIN TTOHCK.
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ABSTRACT

Context. The rapid development of science and technology predetermines a significant expansion of the fields of application of
UAVs different purposes. The key to the effective use UAVs is high-quality training of operators, an important element of which is
the PPS of candidates, in particular, the assessment of their sensorimotor reactions. This can be achieved by selecting and justifying
appropriate criteria.

Objective. The goal of the work is the justification criteria for estimating the time sensorimotor reactions of a small UAV
operator by analyzing the density distribution of statistical data.

Method. A method has been developed to determine criteria for evaluating the time of sensorimotor reactions a small UAV operator
based on the accumulation statistical material and its mathematical processing based on the results of a field experiment. The method allows
to estimate numerical characteristics the distribution of the average reaction time in three modes: training production, in the conditions
overload, in the conditions of overtraining and to obtain a generalized estimation. It was possible, by analyzing the occasional non-
interruptible values, which take values within a certain range of values, to establish standards against which the obtained values the
sensorimotor reaction time of the small UAV operator are compared and a decision is made on their suitability for training.

Results. We obtained statistical series for the modes of assessment: skill development, under obstacle conditions, under
conditions skill restructuring. For a visual representation of the series the corresponding histograms the distribution of the average
reaction time duration were constructed. In order to eliminate the representativeness error, statistical series alignment was carried out
by selecting a theoretical distribution curve for each series, which displays only essential features of the statistical material. For this
purpose, we approximated the histogram of distribution by the polynomialf fourth degree. The interval theoretical density of
distribution, in which the time sensomotor reaction of an arbitrary person is considered normal, with a given probability reliability
such event — 0.95 has been established. To verify the effectiveness of the proposed method, algorithms for estimating the
sensorimotor reaction time of a small UAV operator in three modes have been synthesized and the corresponding software that
implements the proposed algorithms has been developed.

Conclusions. The criteria for evaluating the sensorimotor reaction time for UAV operator to a visual stimulus using specialized
software were substantiated. This allowed the previous PPS training candidates to take into account the requirements to the motor
skills of the small UAV operator and the specificity his movements. The conducted experiments confirmed the validity of decisions
made. Prospects for further research may include expansion of testing modes with justification for appropriate evaluation criteria.

KEYWORDS: evaluation criteria, small UAV operator, sensorimotor reaction time, distribution density.

ABBREVIATIONS m; is a mathematical expectation
PC is a personal computer; sensorimotor reaction time estimates;

of mean

PPS is a professional psychological selection;
UAYV is an unmanned aerial vehicle;
USB is an Universal Serial Bus.

NOMENCLATURE

an 1S a value of the minimal sensorimotor reaction
time operators in M-th testing mode;

b, is a value of maximum allowable operator’s
sensorimotor reaction time in m-th testing mode;

f(t) is a distribution density of average reaction time
duration;

fu(t) is a distribution density of average reaction time
duration in m-th testing mode;

K is a coefficient on 9-th point scale;

m is a number of evaluation modes of sensorimotor
reaction, m=3;
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n is a number of people being tested;

t is a time interval;

tmn 1S @ sensorimotor reaction time of n-th operator in
m-th testing mode;

Ty is a normative operator’s sensorimotor reaction
time;

Tm is a measured operator’s sensorimotor reaction
time;

X (t) is a number of people whose reaction time falls
within the time interval t;

o is a standard deviation of mean sensorimotor
reaction time estimates;

N
o is an estimation of standard deviation of mean

sensorimotor reaction time estimates.
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INTRODUCTION

To date, the list of industries where UAVs are used is
rapidly expanding. The effectiveness of their application
depends both on the technical characteristics the UAV
and on the actions operators. Today, methods research
technical systems allow successfully establishing the laws
of occurrence device failures and methods of their
forecasting. This makes it possible to design and
manufacture optimal devices, of which the onboard
equipment for UAVs is completed.

At the same time, it has been established that one of
the causes reduced effectiveness of small UAV
application is insufficient operator professional reliability
[1-5], which is understood as the reliability, accuracy and
timeliness their actions aimed at performing the task
during UAV control [6]. Operator’s professional
reliability directly depends on his psycho-physiological
qualities, high manifestations which is one factors of
operators’ reliable work [7, 8]. The main direction to
ensure the necessary level of reliability operators is the
formation of their professional suitability, which is
understood as the availability human psychophysiological
and psychological properties, which correspond to a
particular profession and provide sufficient efficiency of
professional activity [6, 7]. The process of professional
suitability formation involves creating a system for
professional selection and training for a certain profile of
operator activity (methods, tools, programs, criteria,
simulators and the like) [6, 9]. An important component
in this system is the professional psychological selection
(PPS) of candidates for training, which consists in
carrying out a set to ensure the quality selection the
candidates, by assessing the compliance of the level
development necessary psychophysiological qualities and
personality properties with the requirements of
professional activity [10, 11]. One of main stages PPS
small UAV operators is evaluation evaluation of their
sensorimotor  reactions, which involves the use
specialized complex (hardware, hardware-software,
software). The efficiency of this process largely depends
on the selected criteria for evaluating the obtained
reaction time on the small UAV operator.

The object of study is the process evaluation of
sensorimotor reaction time a small UAV operator.

The subject of study is the method of evaluating
criteria for the sensorimotor reaction time of a small UAV
operator.

The purpose of the work is to improve PPS quality
of small UAV operators by evaluating their sensorimotor
reaction time.

1 PROBLEM STATEMENT
To estimate the level of operator fatigue for different
activity profiles, their readiness for action and fitness for
professional activity, the results of sensomotor reaction
duration measurement (a single discrete movement an
operator to the appearance (cessation of action) a
stimulus) are used [12-19]. The use methods for
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measuring the duration is based on the fact that each
elementary motor response is the result of a complex
interaction different human brain systems. Reaction
duration is a manifestation of both individual peculiarities
a nervous system and a person’s state at a given moment.
Depending on the profile of professional activity, the
purpose and conditions of the study, the type of reaction
being monitored, different complexes (devices) for
evaluating the operator’s sensorimotor reactions are used.
At the same time appropriate methods of processing and
evaluating measurement results are used [14, 15].

The development for computing technology has led to
the use specialized software products for the evaluation of
sensorimotor reactions operators for different activity
profiles, in particular UAV operators [16, 19]. The use
such systems involves performing a certain action using
the keyboard, manipulator, external devices in response to
stimuli that are displayed on the monitor.

Taking into account current trends, we will evaluate
the sensorimotor reaction time of small UAV operators,
according to the scheme, which is shown in Fig. 1.

i PC :
Operator |{ Visual stimulus | Monitor i
Remote I Special i
controller E{> software i

Figure 1 — The scheme for evaluating the time of sensorimotor
reactions by small UAV operators

The result of measuring the time of sensorimotor
reactions is an amount of data:

[ti, ti, .., tinl,
[ta1, to, ..., Ton],
[tm17 tm23 ey tmn]'

In this case, the task of justification criteria for
estimating the sensorimotor reaction time the small UAV
operator is to find such values a, i by, for which the
condition is met

by
[ fm(thit =0.95. (1)

am

2 REVIEW OF THE LITERATURE
As yet, little is known about the specific demands on
operating UAV personnel. The different unmanned aerial
systems that are currently in use differ in operational
concepts and control systems [11].
Analysis of published shows that to assess the required
abilities and skills from cognitive, psychomotor, physical,
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sensory and interactive/social domains needs to take into
account the specifics of small UAV operator activity.

Thus, in the study the factors that affect the stable work
and fatigue of the operator several UAV used the task of
observing signals and counting symbols for 2-th hours. The
subjective states were assessed with the Dundee Stress
State Questionnaire [17]. This approach requires a lot of
time to conduct the study, process and evaluate the
results.

The psychomotor reaction time operator MQ-1
Predator was evaluated using the MicroCog test. The
analyses in this study were generated using SAS software,
version 9.3 (SAS Institute, Cary, NC), taking into account
daily assessments and dividing into two groups based on
threshold. To determine which aptitudes were predictive
of high performers, stepwise binary logistic regressions
were used to retain predictor effects titrating from
p <0.05 to p <0.30, by incremental units of 0.05 [16].

When evaluating psychomotor reactions for operators
of military UAVs, the specifics of activities (UAV
operators and sensor/payload operators), concepts of
operation and control system of UAVs, in particular
Heron 1 in the German Air Force and LUNA, KZO and
Aladin in the German Army [11].

Consequently, it is possible to take into account the
specifics a small UAV functioning when evaluating the
operator’s sensorimotor reaction time, by selecting and
justifying the appropriate criteria. It is important that the
criterion can be applied to estimate reactions, which are
measured on the same complex, which was used to obtain
output data for its justification. This will allow for static
errors that may differ between complexes (stimulus
output time, inertia of hardware levers, duration of
response arrival, and the like).

3 MATERIALS AND METHODS
The most common approach to substantiating the
criteria and standards for evaluating sensorimotor
reactions is the accumulation for statistical material and
its mathematical mathematical processing [16, 11, 18—
20]. To get the necessary data, we developed a program

complex in LabVIEW, which allows estimating
sensorimotor reaction time in the modes: skill
development, under obstacle conditions, and under

conditions of skill rearrangement. The program provides
formation of visual stimuli and displaying them on the PC
monitor depending on the testing mode, reading and
processing of hardware data, processing of measurement
results and archiving of obtained data. The appearance of
the program working window is shown on Fig. 2.

In order to substantiate the criterion for evaluating the
sensorimotor reaction time by a small UAV operator, a
control group of 67 students was selected. It should be
noted that the students had no skills of UAV piloting. As
a result of testing the selected persons with the help of the
developed complex, statistical data was obtained
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concerning the average time of sensorimotor reactions of
each person in conditions a skill, obstacles, rearrangement
skill. The sensorimotor reaction time is a random
continuous value that can take a value from a certain
interval. In order to establish a norm against which to
compare the values obtained and decide on the suitability
of candidates for study, let us estimate the numerical
characteristics of the data obtained in each of the three
modes.

W Jata obcrexenta
Hanawrysarms J -+ TMosam

1 Mpisenie, ima, no-BaTekosi
proiicTika “7 rectysarinm J

© 06 C ¢

~

/ -
2= LN
Light signals to Light signals
create interference of the red color

[ 1,

Light signals
of green color

Figure 2 — The external appearance a working window

To this end, let us construct statistical series for the
three evaluation modes (Table 1). To do this, divide the
entire range of obtained values into intervals and count
the number X;, alues that fell into each i-th interval [21].

On the basis these statistical series, histograms for the
distribution of the duration of the average reaction time

(Fig. 3).

Table 1 — Statistical series of obtained values

cci(n(cti)itlirclntl}sleof X() in the X(t) in the
ts the skill cpndmons of context of Asklll
, development disadvantages, | restructuring,
the person ’ the person the person
0.8-0.9 2 1 3
0.9-1.0 1 1 5
L.0-1.1 1 1 >
11-12 17 9 Z
1.2-1.3 10 13 s
1.3-1.4 6 11 10
1.4-1.5 9 g 2
1.5-1.6 3 7 :
1.6-1.7 4 7 )
1.7-1.8 1 7 ;
1.8-1.9 1 1 >
1.9-2.0 0 1 T
2.0-2.1 0 0 :
2.1-2.2 1 0 I
22-23 1 0 i
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Figure 3 — Histograms showing the distribution of average reaction times:
a —in conditions of skill development; b — in conditions of obstacles; ¢ — in conditions of skill reconstruction
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In the given statistical distributions there is an error of
representativeness. That is why during processing this
statistical material there was a decoupled task on
statistical series alignment, which consisted in selection of
theoretical distribution curve for each series, which will
display only essential features of statistical material and
not randomness, connected with insufficient volume of
experimental data [21]. For this purpose, the histogram of
the distribution was approximated by a fourth-degree
polynomial in Microsoft Office Excel. As a result, we
obtained theoretical densities of the distribution of the
average reaction time — f(t) (see Fig. 3).

A priori, most researchers assume that the distribution
of sensorimotor reaction times is close to normal.
However, the obtained plot for the density distribution of
the mean reaction time has an asymmetry, which agrees
with numerous experimental works, in which it is shown
that the distribution of reaction times has a significant
positive asymmetry in most cases [18, 20, 22]. This
phenomenon has a convincing explanation: reaction times
are characterized by the presence a rigid lower limit,
determined by the physiological capabilities of the person
and the complex on which the study is conducted, while
the upper limit varies over a wide range and is usually
associated with the features tested [18].

Determination of the distribution law with the density
values that are presented in Fig. 3 and the calculation its
parameters requires additional research.Therefore, taking
into account the need to determine the standard for the
upper limit of measured values only, in our further
calculations we restrict ourselves to the data that describe
the right branch of the distribution density relative to its
mode, to the data describing the right branch of
distribution density relative to its mode. With increasing
of observations, this branch will approach corresponding
branch of normal law distribution density [21] with
mathematical expectation m, which is equal to the
modality of the distribution. In this case formula (1) it
will look like

TN
[ fm(thit =0.48.
m;

Probability of a random variable distributed according
to the normal law in the interval m+Ty will have a value
of 0,48 if

Th=mi+20. 2)

To obtain an estimate of the standard deviation we use
the expression [21]

3
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Using the level statistical data, which are described by
the theoretical graph of the density distribution of the
average reaction time, we performed calculations for
expressions (2), (3) and obtained standards for the upper
limit of measured values of the duration of sensorimotor
reactions by small UAV operators in conditions: skill
development, obstacles, skill restructuring (Table 2).

Table 2 — Results of the calculations

Values of the indicators
indicator in the in the face of | in the context
development | obstacles, s of skill
of a skill, s restructuring, s
mg 1.22 1.33 1.30
N 0.33 0.29 0.4
(e}
Tn 1.88 1.91 2.10
4 EXPERIMENTS

Based on the results obtained, the sensorimotor
reaction time for candidates to study the appropriate
training program and to master the specialty UAV
operator in the PPS was evaluated. It should be noted that
candidates were pre-selected for the level of general
training, motivation to study, experience in UAV piloting.
The total number of persons in the training groups was
208 persons.

During the evaluation, the developed software
package was used (see Fig. 1). As the hardware that
provides specific movements in response to stimuli was
used a UAV control panel, which is connected to the PC
through the USB interface. The task of the candidates was
to respond as quickly as possible with movements using
the control levers to the flashes of light signals that are
located in the program window. The light signals light up
until the right movement was made.

In the right square there are 8-th red light signals that
need movements of the right arm control panel. In the left
square there are eight green light signals, which need to
perform movements with the left manipulator of the
control panel.

When evaluating the sensorimotor reactions by small
UAYV operators under conditions a skill is developed, the
light signals that are located in the squares light up. The
light signals can be extinguished by making a movement,
with the appropriate remote control arm, in the direction
the light signals that lit up.

When evaluating the sensorimotor reactions by small
UAV operators under obstacle conditions, together with
the light signals that are located in the squares, the light
signals located on the outer perimeter, which are designed
to create obstacles (distracting visual signals), are lit. It is
possible to extinguish the light signals by making a
movement, with the appropriate remote control arm, in
the direction of the light bulb, which is lit in the squares.
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The peculiarity in evaluating sensorimotor reactions of
small UAV operators in conditions of skill rearrangement
is the need to make mirror movements by manipulators of
the remote control in response to the ignition light signals.
That is, when red light signals, which are located in the
right square, ignite, it is necessary to respond with
movements of the left manipulator, when green light
signals, which are located in the left square, ignite, it is
necessary to respond with movements of the right
manipulator.

In each test mode 50-th flashes are performed.
Hardware calibration is performed before testing begins.
Evaluation results are recorded in a text file that can be
reviewed in a Microsoft Office Excel or Word
environment.

5 RESULTS
According to the results of the experiment, the
distribution of candidates by time of testing is plotted,
which is shown in Fig. 4.

$X(t)

NavE
08 10 12 14 1,6 18

Figure 4 — Distribution of candidates by time of testing: 1 — in
conditions of skill development; 2 — in conditions of obstacles;
3 — in conditions of skill restructuring

In order to obtain an integral assessment for
candidates’ suitability for study, the results obtained from
all tests, including sensorimotor reaction time, were
reduced to a single 9-th point scale. For this purpose, the
coefficient was calculated by the expression

K =10/

m

The transition to the 9-th grade scale was carried out
according to Table 3.

Table 3 — Grading standards with a 9-point scale
score | L (2 ]34 56 7 [8 ]9

K 717181911011 [ 12]13]2>13
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The final score was derived as the arithmetic mean
value of the scores obtained in the three test modes. If a
fractional number was obtained, it was rounded to a
whole number. Candidates who scored less than 5-th
points in total were considered unfit for further study,
there were 4 such out of 208 examinees. According to the
results of other tests (spatial operation of geometrical
grudges; memory for visual grudges; long-term
concentration of attention under difficult conditions,
responsibility and neatness) these persons turned out to be
fit for study. According to the results from the study, they
successfully passed the examinations. According to the
instructors’ evaluations, the marked persons had a slightly
harder time mastering practical skills from piloting.

6 DISCUSSION

The results show that those who were pre-selected for
the level a general training, motivation to study got better
indicators of sensorimotor reaction time, in comparison
with the control group. At the same time, we can conclude
that the sensorimotor reaction time cannot be regarded as
the only indicator of candidates’ suitability for the
training program for small UAV operators. It is
reasonable to use reaction time estimation as an additional
factor during PPS. The obtained distribution densities of
the average reaction time duration need additional study.

It is necessary to investigate the causes of the nature
of failures at certain hour intervals in the conditions of
obstacles and skill restructuring. Based on the results of
the accumulation of statistical material, it is advisable to
refine the criteria for evaluating the sensorimotor reaction
time of a small UAV operator.

In further research, it is advisable to increase the
number of criteria for evaluating the operator’s
sensorimotor reaction time. This will make it possible to
introduce additional levels of candidate suitability:
suitable, suitable with restriction, conditionally suitable,
unsuitable, and so on.

CONCLUSIONS

The methods of justification criteria for evaluating the
sensorimotor reaction time of a small UAV operator have
been further developed in this work. This allowed
improving the quality of PPS of UAV operators.

For the first time, specialized software has been
developed, the implementation of which allowed to
increase the efficiency and simplify the procedure for
evaluating study candidates. The proposed approach
ensured that the peculiarities involved in the functioning
the small UAV and the specifics of the operator’s nimble
movements were taken into account.

Improved the process of integral assessment the
candidates’ suitability for training according to the results
obtained by passing many tests, by reducing the obtained
estimates the sensorimotor reaction time of the small
UAYV operator to a single scale.
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AHOTAIIA

AKTyanabHicTh. CTpIMKHI PO3BUTOK HAyKH Ta TEXHIKH 3YMOBIIOE 3HA4HE PO3IIUPEHHs cdep 3actocyBanHs brJIA pisHOro
MpU3HAYCHHs. 3amopyKol e(eKTHBHOrO BHKOpHcTaHHS BmJIA € sKicHa MiATOTOBKA ONEpaTopiB, BAXKIMBHM EIIEMEHTOM SIKOi €
npodeciiinnit ncuxonoridnuii Binbip (IIIIB) kanampaTiB, 30Kpema, OLIHIOBaHH] iX CEHCOMOTOpHHX peakuii. Lle MoxHa
3a0€3MeYnTH UIIXOM BUOOPY Ta OOTpyHTYBaHHS BiIIIOBIIHIX KPUTEPIiB.

Meta. MeTtoro po6oTH € 00TpyHTYBaHHS KPHTEPIiiB OLIHIOBAaHHS Yacy CEHCOMOTOPHHUX peakiliii omeparopa manux brJIA musxom
aHaJTi3y NIUTBHOCTI PO3MOALTY CTATHCTHYHHX JTAHUX.

Mertoa. 3anponoHOBaHO METOJ, IO JO03BOJIMB BH3HAYUTH KPHUTEPIii OLIHIOBAHHS 4Yacy CCHCOMOTOPHHX PEaKIiil oreparopa Majux
BrJTA Ha OCHOBI HAaKOIMYEHHS CTATHCTHYHOTO Marepiany Ta foro MareMaTHHOro 0OpoOJIeHHs 3a pe3yabTaTaMu MMPOBE/ICHHS HATYPHOTO
eKCIeprMEeHTy. MeToJ1 J03BOJISIE OLIHUTH YHCIIOBI XapaKTEPUCTHKK PO3MOALTY TPHBAIOCTI CEPEHBOIO Yacy peakiil y TPhOX pPekKHMax:
BHUPOOJICHHS HABHYKH, B YMOBAX IEPEIIKO/], B YMOBax HepeOy/10BH HaBUUKH Ta OTPUMATH y3arajbHEHY OLIHKY. Baaiocs, 1uIsxoM aHasisy
BHIIQIKOBUX HEHEPEPBHUX BEJIMYMH, LI0 NPUHMAIOTh 3HAYEHHSA 3 AEAKOrO INMPOMDKKY 3HAYCHb, BCTAHOBUTH HOPMATHBH, 3 SKHMHU
MOPIBHIOIOTHCS] OTPHMAaHI 3HAYCHHST Yacy CEHCOMOTOPHOI peakiil oreparopa Maiaux BriJIA Ta npuiiMaeTsest pitlieHHs 00 X MPHAATHOCTI
JI0 HABYAHHS.

PesyabTaT. Y poOoTi OTpUMAaHO CTaTUCTUYHI PAIU UL PSKUMIB OLIHIOBAHHS: BUPOOJICHHS HAaBUYKH, B YMOBAaX MEPEIIKO, B
yMoBax nepeOynoBM HaBHYKH. JJIT HAOWHOTO NPEACTABIEHHS PSAIB MOOYIOBAHO BIMIOBIMHI TiCTOrpaMH PO3MOIUTYy TPHUBAIOCTI
CEepeHbOr0 Yacy peakiii. 3 METOI YCYHEHHS NOMMJIKH PEHpEe3CHTATHBHOCTI 3[iHCHCHO BHUpPIBHIOBaHHS CTaTHCTHYHHX DSIIB
LIJIIXOM Hi00pY VISl KOXKHOTO PSIy TEOPETHYHOI KPUBOT PO3IOALTY, 10 BiIoOpa)ae JHIIE CyTTEBI PHCH CTaTHCTUYHOTO MaTepiay.
Jlnist boro 31ilCHEHHa alpOKCUMAIlisl FiCTOrpaMy PO3IO/LTY ITOJIHOMOM YETBEPTOro CTyHeHs. BCcTaHOBIIEHO iHTEpBa TEOPETHYHOT
LIJTBHOCTI  PO3MOALNTY, IMOMAaJaHHS B SIKMH 4Yacy CEHCOMOTOPHOI peakiii JOBiNBHOI 0cOoOM BBaXae€ThCs HOPMOIO, MPH 3ajaHi
iMoBipHOCTI mocToBipHOCTI Takoi momili — 0,95. Jlns mepeBipku Ii€BOCTI 3ampONOHOBAHOIO METOAY CHHTE30BaHO AaJIrOPUTMHU
OILIIHIOBAaHHS Yacy CEHCOMOTOpPHOI peakmii omepatopa Mamux BmJIA y Tppox pexxumax Ta po3poOieHO BiAMOBigHE MpOrpamHe
3a0e3MedeHHs], 10 peasi3ye 3anponoHOBaHi alTOPUTMH.

BucHoBku. OGIpyHTOBaHO KpHUTEpii OLIHIOBaHHS 4Yacy CEHCOMOTOPHOI peakuii omeparopa BrnJIA Ha 30poBHil MOJpasHHK 3
BUKOPHCTAHHSIM CIeliali3oBaHOro mporpamHoro 3abesmneueHHs. Ile mo3Bonuino mpoBoaut nomepensiii IMTIB kanguaaTiB Ha
HABYAHHS 3 ypaxyBaHHSIM BHMOI O MOTOPHKH orepatopa Maimux bnJIA i crneuudiku ioro pyxie. IIpoBeneHi ekcrepuMeHTH
MATBEPAMIN OOIPYHTOBAHICTh NPHUHHATHUX pilleHb. [IepCHEeKTHBH MOJANBIIMX JOCHI/UKEHh MOXYTh BKJIIOUYATH DPO3LIMPEHHS
PEKHUMIB TECTYBaHHs 3 OOTPYHTYBaHHSIM BiIOBITHUX KPUTEPIiB OL[IHIOBAHHSL.

KJIFOUYOBI CJIOBA: kputepii orintoBanHs, oneparop Maiux briJIA, yac ceHCOMOTOPHOI peakiil, IUIbHICTh PO3MOIITY.
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KPUTEPHUA OIIEHKH BPEMEHHA CEHCOMOTOPHOM PEAKIIMA ONTEPATOPA MAJIBIX BILTTA
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Toxap A. H. — xaHaugaT TEXHUUYECKUX HAyK, HAYaJbHUK HAy4YHO-HCCIEI0BATENbCKOro oTAena, JKUTOMMpPCKUI BOEHHBIN
uncturyT umenu C. I1. Koponesa, )Kuromup, Ykpauna.

Jlodoga P. WM. — HayuHBIl COTpYJHHMK HAy4HO-UCCIEIOBATEIbCKOrO OTAeNa, KUTOMHpPCKMH BOEHHBI HMHCTUTYT HMEHHU
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AHOTAIIS

AKTyanbHOCTh. CTpEMHTENBHOE PAa3BUTHE HAYKM M TEXHHUKH IPUBOAUT K 3HAYHUTEIBHOMY PACIIMPEHUIO cep MpHUMEHEHHs
BbnJIA paznuuHoro HasHaueHus. 3anoroM 3¢ QexTuBHOro Ucnoyb3oBaHus brJIA sBiseTcs KauecTBEHHAs NMOArOTOBKA ONEPATOPOB,
BaXHBIM DJIEMEHTOM KOTOPOH sABJsIeTCS MpodheccroHanbHbIN neuxonornueckuid otoop (I110) xkaHaMIaTOB, B YaCTHOCTH, OIIEHKA MX
CCHCOMOTOPHBIX PEaKIHid. DTO MOKHO 00E€CIEUNTh IIyTeM BBIOOpa 1 000CHOBAHHS COOTBETCTBYIOLINX KPUTEPHEB.

Lean. Lenpro paboTs! sABIETCS 000CHOBAaHNE KPUTEPUEB OLIEHKH BPEMEHH CEHCOMOTOPHBIX Peakuui omepaTopa Manbix brJlA
IIyTEeM aHaJIM3a IIOTHOCTH paclpeieNIeH s CTATUCTUYECKUX JaHHBIX.

Merton. [IpemnoxeH MeTos, KOTOPBIiT O3BOJIMI ONPEAEIIUTH KPUTEPHUH OLIEHKH BPEMEHN CEHCOMOTOPHBIX PEaKIHii oneparopa MaibIx
BrJIA Ha OCHOBE HaKOIUICHHS CTAaTHCTHYECKOr0 Marepuaya M ero MaTeMaTH4ecKod oOpaboTKHU IO pe3yJbTaTaM IPOBEACHHS] HATypPHOIO
JKCIepuMeHTa. MeToJ1 MO3BOJISET OLEHUTh YUCIIOBbIE XapaKTEPUCTUKU PACTIpeIeIeH s TPOJOIKUTEIBHOCTH CPETHETO BPEMEHH PEaKLIN
B TPeX PE&KHMax: BEIPAOOTKH HABBIKA, B YCIOBHSX ITOMEX, B YCIIOBHSAX MEPECTPOHKH HABbIKA U TIOTYIUTh 0OOOIIEHHYIO OIIEHKY. Y 1aoch,
MyTeM aHalM3a CIyYalHBIX HENPEPHIBHBIX BEIMYHH, MPHHAMAIOIINX 3HAYECHMS] W3 HEKOTOPOrO MPOMEXKYTKA 3HAUCHWI, yCTaHOBUTH
HOPMATHBBI, C KOTOPHIMH CPaBHHMBAIOTCS IOJMyUCHHBIC 3HAYCHMS BPEMEHH CEHCOMOTOPHOH peakmuy omeparopa Maiblix brmJIA n
TIPHHAMAETCS PEIICHHe 00 MX MPUTOTHOCTH K 00yICHHIO.

Pe3yabTatel. B pabore momydeHBl CTaTHCTHYECKHE PSIBI JUIS PEXKUMOB OLCHKU: BBIPAOOTKM HABBHIKA, B YCIOBHSX IIOMEX, B
YCIOBHSIX II€PECTPOWKM HaBblka. I HamISAHOTO MPEJCTaBICHUS PSAIOB IIOCTPOCHBI COOTBETCTBYIOIIME THMCTOIPAMMEI
pacnpeneneHuss MpOJOJDKUTENBHOCTH CpefHero BpeMeHH peakuud. C  Lenbl0  yCTpaHEHHS! OIIMOKM pPenpe3eHTaTHBHOCTH
OCYIIECTBICHO BBIPABHHBAHHE CTATHCTHYECKHX PAIOB MyTeM MoAbopa Ul KaXIOro psaa TeOpeTHUecKoil KpUBOH pacrpeneneHus,
KOTOpas OTPakaeT TOJIBKO CYIIECTBEHHbIE YepThl CTATHCTUYECKOTO Marepuana. J[jis 3TOro ocyllecTBICHA amMmpOKCHMAIuUs
THCTOTPaMMBI pacIipe/ie/IeHUs TOJTMHOMOM YETBEPTOM CTENEHHU. Y CTAHOBJIEHO MHTEPBANl TEOPETUIECKOI! IIIIOTHOCTH PACNpeieeH s,
MONaJlaHue B KOTOPBIM BPEMEHH CEHCOMOTOPHOW peaklUy MPOU3BOJILHOTO JIMIA CYUTAETCS HOPMOM, NMPH 3aJaHHON BEPOSTHOCTU
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JAOCTOBCPHOCTHU TaKOI'O cOOBITUS — 0,95 Z[J'ISI IIPOBEPKU JIECTBEHHOCTH NPECAJIOKCHHOI'O METOAa CHUHTE3UPOBAHBI aJITOPUTMBbI
OILICHKHU BpPEMCHU CeHCOMOTOpHOfI pCaKknuu oreparopa MalibIx brJIA B TpEX peKUMax H pa3pa60TaH0 COOTBETCTBYIOLICC

POrpaMMHOE 00eCIeUeHIE, PEeaTH3yIOIIee MPEUI0KCHHbIC alrOPUTMBI.

BriBoasl. OGOCHOBaHbBI KPUTEPUH OLIEHKH BPEMEHH CEHCOMOTOPHOMW peakimu oneparopa BriJIA Ha 3puTenbHBIN pa3apakuTesb
C HCMONB30BAaHUEM CIIEIMANU3UPOBAHHOTO MPOrPAaMMHOrO obOecredeHus. OTO MO3BONWIO MPOBOAUTH mpeaBaputensHbiid IO
KaHIUIaTOB Ha 00yUYeHHE ¢ yuyeToM TpeOOBaHMUi K MOTOpHKe oreparopa Manbix brJIA u cnermduke ero amkenuii. [IpoBeeHHbIe
9KCTIEPUMEHTHI TOATBEPJAWIN OOOCHOBAHHOCTH NPHHHMAEMBIX pEIICHHH. I[lepCreKkTHBBl AANBHEHIINX HCCIEAOBAHUH MOTYT
BKJIIOYATh PACIINPEHNE PEKUMOB TECTHPOBAHHS C 00OCHOBAHHEM COOTBETCTBYIOIINX KPHTEPHEB OIICHKH.

K/IIOYEBBIE CJIOBA:

pacnpeaciiCHus.
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