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Hayunblii xkypHaa «PaamodiiekTpoHnka, HHPOPMATHKA, yHpaBJieHHe»
(cokpauieHHoe Has3Banue — PUY) wu3maercs HaUMOHATBHBIM YHHUBEPCHTETOM
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PAJIOEJIEKTPOHIKA
TA TEJEKOMYHIKAIII

RADIO ELECTRONICS
AND TELECOMMUNICATIONS

PATNODJIEKTPOHUKA
N TEJEKOMMYHUKAIINHU

VIIK 621.39

KOMBIHOBAHUWM KPUTEPIII BUBOPY MAPIIPYTHU3AIIl HA OCHOBI
D2D TEXHOJIOT'II

Bynamenko A. B. — crapumii Bukiagad kadenpu TEOPETHYHHX OCHOB pajioTexHiku, HarioHanbHUil TexHIYHUN
yHiBepcuteT Ykpainu «KuiBchkuii nomitexHiyHuii iHcTUTYT iMeHi Iropst Cikopceskoro», Kuis, Ykpaina.

AHOTANIA

AkTyaabHicTb. Mepexi 5G 31aTHI MOKpaIIyBaTH iCHYIOUi IOCIYTH Ta 3a0e3MedyBaTi HOBY SIKICTh mociyT. Mepexi 3B’ s3ky 5SG
00’€eTHyIOTB B cO01 pi3HI pagioTeXHOIOril Ta TeXHoIOoril (ikCOBaHMX Mepexk 3B’S3KY, TOMY iX 4acTO Ha3MBAIOTh I'€TEPOTCHHIMH, 1110
MAKPECIIIoE IX PI3HUIIO Bix iHMUX Mepex. OJHUMH 13 OCHOBHUX OCOONMBOCTEH TaKMX MEpEeX € HaJIIUIBHICTD Ta yJIbTpa Mali 3a-
tpuMmkH. Came [HTEpHeT pedeil € 6a30BOIO CKIaIOBOIO KOHIENii HaamineHux Mepex. 3GPP npononye mnanyBatu mepexi 5G Bu-
XOZAUH i3 YMOBH, 10 B | KM? € OIHH MiNbifoH IpHCTpoiB. Takok Mepexi 38°13Ky 3 YIbTPa MATHMH 3aTPUMKAMH MAKOTh BETHKHil
BIUTMB Ha METOAM NOoOyIOBU Mepex, 0cobianBo st koHuenuii TakruiapHoro InTeprery. Taki Mepexi moTpeOyroTh AeleHTpatizarii
BHACJIJOK BUMOTH /10 3aTpuMKH B | Mc. Ile BUMarae HOBHX ITiIXOAIB T0OYIOBH MEPEX HOBOTO MOKOJIIHHS, 1110 € IPUYHHOIO PO3BH-
TKY HOBUX TEXHOJOTid. OIHIE0 13 TAKMX TEXHOJOTIH € TEeXHOJIOTis MpucTpiii-puctpiit D2D. L TeXHOIOTig 1a€ MOKIHUBICTD 3Me-
HIIWTH HaBaHTAXEHHS Ha AP0 MEPEXki 3aBASKH BUKOPUCTAHHIO 3HAYHOI A0 Tpadika Oe3mocepeJHb0 MixK MPUCTPOSMH 1 1a€ MOXK-
JIMBICTH 3MEHIIUTH 3aTPUMKY IPpH 3a0€3IIeUeHHI ITOCITyT MEpexKi.

Meta. Meta poboTH nomsrae B ToMy, 00 CTBOPUTH ONTUMAIBEHHH KOMOIHOBaHWH KpHUTepiii BUOOPY e(eKTUBHUX MapLIpyTiB
Tpadika y 6e3mpoBiHii Mepexi Ha OCHOBI TexHoJ0rii D2D.

Metoa. Barato cyyacHuX poOiT IPHUCBsIYEHO BUBYEHHIO TexHoorii D2D, ajge BOHM He € MOBHICTIO AOCIIPKCHUMH y TTHTaHHAX
BHBUCHHS MapuIpyTH3allii B Takux Mepexax. JJocuTh 00’€KTHBHHMM € IOCIIKEHHS MEpe, L0 NoOyIoBaHi Ha OCHOBI B3aeMOIIl
MPUCTPOIB MiXK co00r0 1o TexHouorii D2D, ockinbku Taki B3aeMo/ii BusBHIKCs eeKTuBHOIO TexHonorier. Ile, B cBotO 4epry, Bu-
Marae po3poOKy BiIIOBIZHUX METOMIB MapLIPyTH3aIlii y Mepexkax, 110 BUKOPHCTOBYIOTh TeXHOJoTii0 D2D, 0cobnmBo i3 BpaxyBaH-
HSIM BJIACTHBOCTI HaOMIIBHOCTI Mepex 5G. Y poOOTi 3alponoHOBaHMi KpUTEpiid BUOOPY MapIIpyTiB 3 BpaXyBaHHIM 3aBaj BCEpe-
JIMHI KaHAJIB, [0 YTBOPIOIOTH By31H Mepexi. Lleit kpurepiii noeanye B cobi BUOip MapmpyTiB 3a KPUTEPISIMH JOBKHHU Ta 32 KpUTe-
pieM MakcHMyMa IPOITyCKHOH 3/IaTHOCTI.

PesyabTaTn. Po3pobieHnii koMOiHOBaHUI KpuTepiii BUOOpy MapmpyTtH3awil Tpadika y 6e3mpoBiqHiil Mepexi, M0 BUKOPHUCTO-
Bye TexHouorito D2D. Pesynbratu JoCiKeHHs POLTIOCTPpOBaHi Ipad)iuHUMK JaHUMH.

BucHoBku. [IpoBezieHi H0CiKeHHs MiATBEPANIN PaLe3IaTHICTh Ta e()eKTUBHICTD PO3POOICHOT0 METO/Y Ta JO3BOJISIOTH pe-
KOMEH/IyBaTH HOTO JUIsl BAKOPUCTAHHS Ha MPAKTHUIII IPH BUOOPY MapIIpyTy i3 BpaXyBaHHSIM THX BJIaCTHBOCTEH Mepeixi, 110 B Haibi-
TBINIH cTeTeHi BifoOpakaloThes Ha SIKOCTI MapIIPYTY.

KJIFOYOBI CJIOBA: iaTepHeT pedelt, MpuCTpiii-mpucTpiif, MapIpyTru3aris, KiIacTepu3amis.

ABPEBIATYPH P, — IOTYXHICTb CUTHANY, L0 NIEPEJAETHCS i-M BY3-
3GPP — 3rd Generation Partnership Project;
5G — Fifth Generation of Mobile Networks; . ]
D2D — Device-to-Device; penoBui nommperis, Br; . .
SINR - Signal-to-Interference-plus-Noise Ratio. Py — 3aranbha HOTYKHICTh iHTepheperttii, mo po-
PMYETBCS By3JIaMU MEpeXi Ha BXOJI j-TO By3Ja;
HOMEHKJIATYPA Py — noTyXHICTb 3aBaJl Ha BXOJi j-T0 By3Ia, BT;

SINR;; — BIJHOLICHHs CHTHAIy [0 CyMiuli LIyMy Ta P
: 1

JIOM Ha BXOZ[i j-FO BYy3J1a 3 BpaxXyBaHHSM 3aracaHHs y ce-

— MOTYXHICTh iHTep(dEpeHIlii Ha BXO/i j-T0 By3Ja,
3aBaJil Ha BXOJI By3Ja NpuiiMaua j y BUIAJIKy npuiiMan-  Br;

HS CUTHAJTY BijI By3Jna i a

; — IHTeHCcuBHICTh Tpadika, MbiT/c;
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b, — TpoITycKHa 3JaTHICTh KaHay, 0iT/C;

Pepp; — cepemHs MOTYXHICTh CUTHAy, IO (opMy-
€TBbCSA i-M BY3JIOM;

a, — Tpadik piBHOI IHTEHCHBHOCTI;

a — 3aranpHud Tpadik, M0 00CIYrOBYETHCS BY3JIOM
MepexKi;

V — BIJITHOCHA IHTEHCUBHICTb.

BCTYII

Mepexi 3B’s3ky 5SG € TeTeporeHHUMH, OCKUTBKH IIe
TIPOSIBISIETHCS Y BUKOPUCTaHHI PI3HUX TEXHOJIOTIH Ha PiBHI
MEpex JIOCTYIy, Ta BUKOPUCTAHHS PI3HUX METOAIB MOOY-
JIOBU camMux Mepex. [ migBumieHHsT e)eKTHBHOCTI BHU-
KOPHCTaHHSI MEPEeKEBUX pecypciB y Mepexax SG BHKOpH-
CTOBYIOThH TexHOJOTiI0 D2D. Il TexHONOTIsA TUMTHCA Ha
TEXHOJIOT11 BcepeuHi Mepexi Ta 30BHI Mepexi. Bukopuc-
TaHHSI IPyTrOro METOAY AA€ MOXKJIMBICTb, 32 TIEBHUX YMOB,
OpraHi3yBaTH MEpeKy BEINKOTO MacIITaly.

O06’exTOM POOOTH € TPOIIEC MOUTYKY MapUIpyTy Tpa-
(ika Ha OCHOBI KOMOIHOBaHOTO METOJY 3TiTHO KPUTEPisIM
MapIIpyTy Ta JIOBXHHH.

IIpenmer po6oTH € KOMOIHOBaHHWN METOJ IOIITYKY
MapmpyTy Tpadika Ha OCHOBI KPUTEPiiB TOBXKUHHU Ta Ma-
KCUMYMY TIPOIYCKHOI 31aTHOCTI.

Meta po00OTH € CTBOPEHHS ONITUMAIFHOTO KOMOiHO-
BaHOTO KpHUTEPi0 BUOOpPY e(eKTHBHUX MapIIPYyTiB Tpa-
¢ika y 6e3mpoBinHiii Mepexi Ha ocHOBI TexHomorii D2D.

1 IIOCTAHOBKA 3AJJAYI

B3aemHumii BmimB  By3niB  Mepexi  0e3qpoToBOTrO
3B’SI3KY, 110 BUKOPHCTOBYIOTh OJMH 1 TOW K€ YaCTOTHHI
KaHaJl, MO>Ke MaTu MOJBIiHUI XapakTep. B nepiy gepry
BiH MPOSIBISIETHCS, SIKIIO TOTYXKHICTh CTOPOHHBOTO CHI-
Hasry abo 3aBaJy B TOYLl PO3MIILICHHS NeperaBada KOpH-
CHOTO CHTHAJY JOCHThH BEJIHKA, B PE3yJIbTaTi IepeaaBad
KOPUCHOTO CHTHAIIy OLIIHIOE CTaH CEPEe/IOBMINA SIK 3alHs-
THH Ta 4YeKae ii 3BUIbHEHHS. TaKuM YHMHOM, Ma€ MiCLe
BTpaTH y 4aci, TOOTO 30UTBIIYEThCS HABAaHTAXCHHS Ha
KaHal. 3 iHImoOro 00Ky, SIKIIO MOTYXKHICTh 3aBagl B I
TOYIll JOCHTh HEBENIMKA, TO MepeaaBad 3IIHCHIOE Tiepe-
Jlady KOPHCHOTO CHTHAJIy, a CHTHAJI BiJl iHIIOTO IpKepera
B TOYIll NMPHUHAOMY CTBOPIOE 3aBajy Ta MOHWXYE BiJHO-
IICHHS CUTHATY JI0 CyMIiIlli 3aBaji Ta mymy. B pe3ynbra-
Ti, 3MEHIIICHHS CIHIBBIIHOIICHHS CUTHAJY A0 IIyMY, IpH-
BOJUTH JI0 BHOOPY OLIBII MEHIIO! MIBUAKOCTI mepenadi
JAHWUX Y KaHaJi.

OCKINTbKM HAasIBHICTb CTOPOHHBOTO CHI'HANIY IPUBO-
JUTh 10 3MEHIICHHS IPOITYCKHOI 3JaTHOCTI KaHAIy MiX
BY3JIaMH, IO PO3TILIAIOTECS, TO MPH MOOYAOBI Mapmpy-
Ty HEOOXiHO MParHyTH 10 30UTBIICHHS MOTYXHOCTI KO-
PHUCHOTO CHTHAITy, 3MEHIIICHHIO CHEpPTii CTOPOHHIX CHUTHA-
7B B TOULi npuitManHs yepe3 SINR.

Aude cmiBBigHOIIEHHS SINR BpaxoBye MHUTTEBI abo ce-
penHI MOTY)KHOCTI Ta HE BpaxoBye Tpadik, 1o ¢Gopmy-
€TBCS BY3JIaMU MEPEXi, SIKHH BU3HAYAE CTEIIHb B3aEMHO-
ro BrumBy. Mane 3na4yenHst SINR Ge3 BpaxyBaHHs Tpadi-
Ka HE € NMPUYMHOI0 HU3BKOI SIKOCTI KaHamy. dakThune
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3HA4YEHHS MOTY>KHOCTI 3aBaau Oyjae HYJbOBE, SKIIO BY3-
JIM, 110 BPaxOBYIOThCA y cHiBBinHOIIEHHI SINR, He dop-
MytoTh Tpadik. Haiiripmia ainsgHka mapuipyTy BU3Ha4ae
NPOITYCKHY 3JaTHICTh IBOro Mapmpyty. OTxe, AiIIHKa
MapuipyTy, o Mae HaiMeHIne BigHoumieHHsS SINR Bu-
3HAYa€ HOro MaKCUMaJIbHY TPOIYCKHY 31aTHICTb.

VY pesynbrarti, 3a7a4a BUOOPY MapLIpyTy MOXKHA Kia-
cudikyBaTy K 3a1a9y ONTHUMI3allii, 10 MOJITae y BUOOPI
MapuipyTy i3 MakCHMaJbHOIO HPOITYCKHOIO 3JaTHICTIO,
10 BU3HAYAETHCS IUISHKOIO 3 MiHIMAJIBHOIO IIPOITYCKHOIO
3/IaTHICTIO

(max) _ . .
F; = R?leal);,-j {min(a € F;)} . (1)

2 OIJiAd JITEPATYPU

Mepexi 3B’s13ky 5G € TeTepOoreHHUMH, OCKUIBKH IIe
MPOSIBIIIETECSL Y BUKOPUCTAHHI PI3HUX TEXHOJIOTIH Ha
piBHI Mepex JOCTYITy, Ta BUKOPHCTAHHS PI3HUX METOIB
noOyA0oBH camMux mMepex. st miBUIeHHs! e)eKTUBHOCTI
BUKOPHCTaHHSI MEPEXEBUX pecypciB y Mmepexax 5G Bu-
KOPHUCTOBYIOTh TexHoJoriro D2D [1-8]. Lls TexHooris
JUTHTHCS HA TEXHOJIOTIT BCEPEIMHI MEPEXi Ta 30BHI Me-
pexi. BukopucranHsi Ipyroro MeToay A€ MOXKIIMBICTb,
3a TIEBHUX YMOB, OPTaHi3yBaTH MEpEXY BEIMKOTO Macll-
Taby [9-10].

Bukopucranns texnonorii D2D mae MOXIHBICTB TTO-
OynoBu Mepexi Ha 0a3i aOOHEHTCHKMX TEPMiHANIB, IO
MIATPUMYIOTh TaKy (pyHKITIOHANBHICTH. SKICTH (yHKIIIO-
HYBaHHS TaKOi MEpEeXi OIHCY€eThCS OCHOBHUMH ITapaMeT-
pamu, o € KPUTHIHUMH U peati3amii BU3HAa4eHUX I0-
ciyr. SIKIIo 1iIbOBOIO MOCIYrol Oyje JocTaBKa JaHUX
BiJl «peueit», TO HMOBIPHICTh JOCTaBKH ITOBIIOMJICHHS
CYTTEBO 3aJICKUTh Bil CTPYKTYPH JIOTIHYHOI Ta (i3MyHOT
Mmepexi [11]. 3miHa Qi3MYHOT CTPYKTYpH MOKIIMBA JIMIIIE
i3 BUKOPHCTaHHSM JIOJJaTKOBHX pECypCiB, a 3MiHa JOTi4-
HOI CTPYKTYpH 3a0€31euy€eThCs MPOTOKOIAMH MapLIpyTH-
3arii.

Sxicte 0OpaHumx MapmipyTiB 3abesmedye e(deKTHB-
HicTh MapmpyTu3amii Tpadika. [Ipu mpoMy KpuTepiit Bif-
0opy Mae BpaxOByBaTH Ti BIACTUBOCTI Mepexi, SKi B
HaOUIBIIi cTeneHi BimoOpaXkaroThCs Ha SKOCTI Mapii-
pyTy' . . . .

Ha sxicTh kaHamy MiX JBOMa CYyCIIHIMH BY3JaMHu
BIUIMBAE psifi (HaKTOpPiB, IO B CBOIO YEPry BILUIMBAIOTH HA
MOUIMPEHHST Pa/IioCUTHAITY Ta Horo oOpoOKy B mpuiiMadi.
Jlo HUX BIITHOCSTH BiJICTaHb, 110 BU3HAYAE 3aracaHHs CH-
THAJIy y CEPEAOBHII TOIIUPEHHS CyMIllli 3aBaj Ta HIyMy,
0 MaroTh MicIle B Toulli mpuitomy [12—-14]. B ymoBax
Mepexi BHUCOKOI HIITFHOCTI HaOLIpIIa KiJbKICTh 3aBaj
OyIe CTBOPIOBATHCS CYCITHIMH By3JIaMH MEpexi, o €
3aBagamMu BcepenuHi kanamiB [15—17]. Orxe, mpu mMapmi-
pytmzanii Tpadika y Oe3mpoBigHIE Mepexi HeoOXiTHO
BHU3HAYHUTH KPUTEPIH, [0 BPAXOBYE I1i (PaKTOPH.

3 MATEPIAJIX I METON
Anroputmu  Teopii TpadiB BUKOPHCTOBYIOTHCS IS
BUpinIeHHs i€l 3amavi. Beanmunny SINR BHKOpPHCTOBY-
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I0Th y SIKOCTI TIOYaTKOBOTO IapaMeTpa. AJIropuTM BUOO-
Py MapuipyTy 3aJIe)KHUTh BiJl MPOTOKOJIY MapUIPyTH3aIlil.
CdhopmyeMO aITOpUTM, IO BUKOPHUCTOBYE TPUBUMIPHY
omnepairito [14].

SINR;; = max {SINR;;,min(SINRy, SINR;;)},  (2)

['j 5
pe SINR; ue BIIHOLICHHs CHTHAIY 1O CyMilli WIyMy Ta

3aBaay Ha BXOJi By3Ja ImpuiiMaua j y BUIAIKy MpHAMaH-
HS CUTHAITy BiJi By3/a i, [II0 BU3HAYA€ThCA

SINR —1(i) B 3
i =l ®)
1

e P, — NOTYXHICTh CHUTHAJLy, IO NEPEIaeThes i-M By3-

JIOM Ha BXOJIi j-TO By3Ja 3 BpaxyBaHHSIM 3aracaHHs y ce-
penoBuIi MomMpeHHs, BT; Py — MOTYXHICTh 3aBag Ha

BXO[i j-To By31a, Br; P, — moryxHicTs iHTepdepeHii Ha
BXO/Ii j-TO By31a, BT.
OCKITbKY BUKOHYETHCSI yMOBa P, >> Py, 'y Mepexi Bi-

JTHOCHO BHCOKOI IIJIBHOCT1

eto
SINR; ~ 1g(——),1b, (4)
(i)

pe FBy;) — 3arajbHa NOTYXHICTH iHTepdepenuii, wo do-

PMYEThCSI By3JIaMH MEpEsXi Ha BXOJI j-TO By3Ja.

BenmunHa MoTYXHOCTI BioOpaxkae JHIIe TTOTSHIIHHY
MOJKJIMBICTB TIOTY>KHOCTI 3aBaJi, 32 YMOBH, IIIO BCi BY3JIH
Mepexi, [0 CTBOPIOIOTH 3aBay, OMHOYACHO 3HAXOAUTHCS
y craHi mepenadyi. Ajie MPakTHYHO HMOBIPHICTH TaKoi
CUTyalil € Hy/IbOBOIO. TakiMM YHHOM, LIl MOJIENb KOpPHC-
HA, OCKUIBKH Ja€ MOXJIMBICTh 3HAWTH MapIIPYTH, IO
MEHIIIE BCHOTO CXWJIBbHI 3aBajgaM. [IpumycTtumo, 1o Bif-
HomeHHss SINR € BHU3HAYaJIBHOIO BEJIMYMHOIO JUIA BCIX
JIUISHOK MapUIPYTiB, KOJH OOUPAETHCS MApIIPYT 3a KpH-
TepieM (2). Lle mMae Miclie, KO aKTUBHICTH BCiX BY3JiB
Mepexi CyBOpO OJHAKOBA Ta BU3HAYAETHCA TpadikoM, 110
CTBOPIOETHCS HUMH. TaKWM YHHOM, KOJH BiTIOBiTHHIMA
BY30II IIepeae NaHHi, TO BUHUKAE CHTHAJ 3aBajH, IMOBI-
PHICTb SIKOTO BU3HAYAETHCS

b =— &)

Ie a; — iHTeHcuBHicTh Tpadika, mbit/c; b;

— NIPOITyCKHA
3IaTHICTH KaHAIy, OiT/C.

Otrxe, y Mepexi 13 pi3HUMH DIBHAMH BEJIUYMHA p;
XapaKkTepu3ye CTyIiHb BIUIMBY 3aBaid, IO (OPMYETHCS
TIEBHUM BY3JIOM Ha MPOIYCKHY 3[aTHICTh JUISHKH Mapiil-
PYTYy.

Enepris curHaiy, o CTBOPIOETHCS i-M BY3JIOM Mepe-
xi

w; = p;BAt = Fopp At (6)
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ae Fegpy = piF; — CepeiHsl NMOTYXHICTb CHUTHAIY, LIO

(hOpMYEThCS i-M BY3JIOM.

VY pesynbraTi 3HaYE€HHS BiJHOIICHHS CHTHAI 10 CY-
Mili 3aBaju Ta mIymMy OyneMo po3IIJaTH SIK CepelHe
3HaYCHHS BeIM4MHH SINRcpp; . Taxum umHOM, KOpwuc-

TYIOUHCH IIUM BHPA30M Y 3a[adi BHOOPY MapuIpyTy, pe-
3yJNbTaT BUOOpPY MapIIpyTy 3 HAHOUIBIIOK MPOIYCKHOIO
3IaTHICTIO Oy/ie BU3HAYATHCS SIK BITHOLICHHS CUTHATY [0
cyMilli 3aBajgy Ta LIyMy, Tak i1 Tpadikom, mo OyB cop-
MOBaHHI By3JaMHU MEpexi.

OCKIJIBKH 'y APYTi MOJIeNi BCi 3HAUCHHS IHTCHCHBHO-
cTi Tpadika piBHI, TO BOHa EKBIBaJICHTHA MEPIIi 1 €
O1IbII 3araJIbHOIO.

[epma Monens iMOCTPY€E BHITAI0K, KOJIM HEOOXiTHO
BpaxoByBaTH Juiie BIuB SINR 6e3 BIummBy Tpadika. Lle
Ma€ Miclie y BHIAJIKy, KOJH BEJIMUUHY Tpadika HeoOXim-
HO TIPUIHSITH PiBHOIO IS BCIX BY3JIB Mepexi, 00 HeBi-
moMa BenmmunHA Tpadika, abo HEOoOXimTHO OpiEHTYBAaTHCS
Ha MiHIMaJBFHUH BIUIMB CYCiTHIX BY3JiB Mepexi, 00 iHTe-
HCHBHICTb Tpadika jysxe Benuka.

VY BUMajKy, KOJM IHTEHCHUBHICTh Tpadika By3JiB Me-
pexi Maia, To X BIUTMBOM MOYKHa 3HEXTYBATH, TOA1 BUpa3
SINR HeoOXiHO 3aMIHUTH MOTYXXHICTIO KOPHCHOTO CHI-
Hany F; Ta BHpiUlyBaTH 3ajady IOUIYKy MapuipyTy i3

BPaxyBaHHSIM 3aMiHH.

OCKIJTBKH OJTHOYACHE BUKOPHUCTAHHS JBOX KPHUTEPIiB
Ha KOXKHOMY KpOIli TPOUEAYpH TMOIIYyKY MapHIpyTy He
MOJKJIMBE, TO CHOPMYEMO YMOBY, 32 SIKO1 Oye oOupaTucs
OJIVH i3 HUX Ha MEBHOMY Kpoiui. TakuM 4mHOM, 1Ie Oyze
KOMOIHOBaHHH KpHUTEPIii

max{S,M},|S—M| >€;

SINR;; = @)

Ie
S =SINR;;, 8)
M =min(SINR;; , SINRy;). )

VY Bupasi (7) 3HaYCHHS BEIMYHMHU &) € KPUTHYHHM,
OCKUJIbKH Yy BHIAJIKy HOTO MepeBUIleHHsT HeoOXiaHO 30i-
JBIINTH KUTBKICTh TPAH3UTHUX By3IiB. bynemo BBaxary,
IO pillleHHs BHOOPY MOJATKOBOTO TPaH3UTHOTO BYy3ia
Mae Miclie TO/, KOJIH BeHMYHUHA &) IEPEBHIILY€E 3MCHIIICH-
Hs BenmuurHU SINR 17151 iHITHX BY3IIiB.

4 EKCIIEPUMEHTHN

Pesynbrati BHOOpY MapmipyTy MK JBOMa BY3JIaMU
Mepexi BIAMOBIAHO IO KPUTEPil0 MiHIMaIBHOI BiICTaHi
HaBe/eHI Ha puc. 1 a, BIATOBITHO KPUTEPIF0 MAKCUMYyMY
MPOITYCKHOT 3/1aTHOCTI Ha puC. 1 O, BIJNOBIIHO KPUTEPIIO
MaKCHMYMY MpPOITyCKHOT 3JaTHOCTI 13 BpaxyBaHHsIM 3aBa
Ha puc. | B, a BIINIOBITHO KPUTEPIIO MAKCUMYMY IPOITyC-
KHOT 3[ITaTHOCTI i3 BpaxXyBaHHSM 3aBaJl Ta IHTEHCHBHOCTI
Tpacdika Ha puc. 1 r.
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BukopucranHs IpocTHX KpUTepiiB BUOOPY MapiipyTy
[0 OJTHOMY i3 MapaMeTpiB MOKAa3ye, MO0 BOHU MiAXOIATh
JIMIIE JUIs OJep)KaHHs YacTKOBUX pimieHs. L{i kpurepii €
MAaJIOTIPUAATHUMH BHACTIIOK BEJIMKOi KUIBKOCTI TpaH3H-
TiB Ta ITHOPYBaHHS BIUIMBY 00OpaHOTO MaplupyTy Ha iHIII
By31u Mepexi. KomOiHOBaHMIT MeTonl BUOOPY MapIIpyTy
JTa€ MOXKIIMBICTD 3HAHTH KOMIIPOMIC MiX JOBXHHOIO Ma-
PHIPYTY Ta AKICTIO MapIIPyTy.

TakuM 4MHOM, ITapaMeTpru OOpaHOTO MAPIIPYTY 3Mik-
CHIOIOTh BIUTUB Ha Mepexy 3B s3Ky. KoxkHuUil 3 TpaH3UT-
HHUX BY3JIiB MapLIpyTy OOCIIyrOBy€ CTBOPEHHH HHM Tpa-
¢bik Ta TpaH3uTHU# Tpadik. OIUH By30] MOXKe PHHMATH
y4acTh B JIEKUTBKOX MapIIpyTax, a OT)Ke BeJIMYHHa Tpa-
¢ika, mo BiH 00ciayroBye, OyJe BU3HAYaTUCS KiJTBbKICTIO
MapIIpyTiB, B SIKUX BiH BUKOHYE POJIb TPAaH3UTHOI'O BY3-
na. Mopenb Mae Bci By3in, o GopMyIoTh Tpadik piBHOT
IHTeHCHBHOCTI @ , BEJIMYMHA V=a/a, € BiIHOCHA iH-
TEHCUBHICTb, /Ie ¢ € 3arajbHui Tpadik, mo odciyropy-
€THCS BY3JIOM MEPEXi.

5 PE3YJIBTATHU

Amnanizytoun puc. 1 a, 6 6auuMo, 10 JOBXKHUHA Mapll-
pyTy, 10 TO0yA0OBaHa 3a KPUTEPIEM MaKCUMyMy IIPOILyCK-
HOI 371aTHOCTI O1TbIIA, OCKIIBKYA MICTUTH OUIBIITY KUTBKICTh
TPaH3UTHUX BY3JIB (y MEpPIIOMY BHIAJKY iX 5, y Apyro-
My 13).

I3 puc. 1 B, T 6aunMo, 110 AOBXKWHA MapUIPYTy, L0
mo0yZioBaHa 3a KpUTEPiEM MaKCHMyMY HPOITYCKHOI 3/1aT-
HOCTI 3 ypaxyBaHHSAM iHTep(epeHIii Ta IHTeHCUBHOCTI
Tpadika MEHIIa OCKITBKA MICTHTh MEHIIY KUIBKICTH Tpa-
H3WTHHX BY3IiB (Y IEpIIOMY BHITAAKY iX 9, y npyromy 7).
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Pucynok 1 — Bubip MapuipyTiB 3a KpuTepieM: a — JOBXKHHH;
0 —MaKCHMyMy MPOIYCKHOI 3JaTHOCTI; B — MaKCUMYMy HPOITyC-
KHOI 3/IaTHOCTI 3 ypaxXyBaHHAM iHTep(epeHLil; I — MAKCHMYMY
MIPOITYCKHOI 34aTHOCTI 3 ypaxyBaHHAM iHTepdepeHIii Ta iHTeH-
CHUBHOCTI Tpadika
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TakuMm unMHOM, BpaxyBaHHs iHTepdepeHiii, 10 cTBO-
PIOIOTH CHTHAJIU BY3JIiB MEPEXi, CHJIBHO BIUIUBAE HA BU-
0ip Mapmpyty. Bubip AiISHOK i3 MaKCHMAaJIbHUM CITiB-
BigHOMmEHHAM S/NR BHUKJIMKAE y MapLIpyTi, 10 oOpaHui
3TiHO KPUTEPIIO BiACTaHI, B CEPEJHHOMY 301BIIYETHCS
KUTBKICTh TpaH3uTiB. Bemmunna SINR 00epHEHO mporop-
[iffHa BIICTaHI MK TEpeNaloYMH Ta NPUHMAIOYUMH
By3:amMu. [Ipy momyky pimeHHs HeOOXiTHO BPaxOBYBaTH
30UTBIICHHS KUTBKOCTI TPaH3MTIB, IO € HEraTUBHUM (aK-
TopoM. Po3risHeMo KOMOIHOBaHMN KpuTepiii BHOOPY
MapIIpyTy 3a MaKCUMAJIbHOIO TPOITYCKHOIO 3JIaTHICTIO Ta
MIHIMaJILHOO KIJIBKICTIO TPAH3HTIB.

TakuMm 9MHOM, HEOOXITHO OIIHUTH TPAHUYHE 3HAUCHHS
€, 30UIBIIEHHS SKOTO BHMAarae 30UIBIIEHHS KIUIBKOCTI

Tpam3utiB. Lle 3mificauMo TakuMm dmHOM. OCKUTBKH 30171b-
IIEHHS KUTBKOCTI TPaH3UTHHX BY3JIiB y MapIIPYTi 30UIBITYE
Tpadik, mo GOpMyeETbCs Y Mepexi, 1 BIAMOBIIHO MOTYXkK-
HICTh 3aBaJiyl JJIS IHIIUX BY3JIIB MEPEXi, MPU LLOMY 3MEH-
urytoun BifHotieHHs: SINR. Bubip 1071aTKOBOrO TpaH3MT-
HOTO BY3JIa Ma€ MiCILle Y BUITAJIKY, KOJH IlepeBara g, mnepe-

BUIILy€ 3MEHINICHHS BEMUYUHN SINR 11 THIINX BY3IIiB.
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Pucynok 2 — Bubip MapuipyTiB 3a KpUTEPisIMU: a — JOBXKUHH;
0 — MakCHMyMa IPOITyCKHOW 31aTHOCTI; B, T, T — KOMOIHOBaHIM
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Prcynok 3 — 3anexHOCTi: a — BiTHOCHOT BEJIMYMHY HABAHTAXKEHHS HA BY30J1 MEPEXi V Bill BEIMUMHU [IEPEBATH £ ;

6 — noTy>xHOCTI (KpuBa 1) Ta KUIBKOCTI TpaH3UTIB iHTepdepeHwii # (kprBa 2) BiJ 3MiHH IUIBHOCTI BY3JIiB Mepexi

Puc. 2 MICTUTD pe3ynbTaT MOJICIIOBAHHS MapIIPYTIiB
3TiIHO KPUTEPISIM JIOBKHHU, MaKCHUMyMY IIPOIYCKHOT
3IATHOCTI Ta KOMOiIHOBaHOMY KpHTepito. MiHiMaIbHHUHA
MapIpyT MICTUTh MiHIMalbHY KiJBKICTh TPAH3UTIB 3Tij-
HO puc. 2 a (5 TpaH3uTHHX By3iiB). Puc. 2 © imoctpye
MapHIpyT, 0 0OpaHui i3 BpaxyBaHHSIM IPOIYCKHOI 3/1a-
THOCTI 32 YMOBH pPIBHOCTI IHTEHCHBHOCTI Tpadika BCiX
By31iB (MicTuTh 19 Tpam3utHHX By3iiB). Puc. 2 B, T, I
MICTHTh MapHIPyT 3TiTHO KOMOIHOBaHOTO KPHTEPIf0, IO
Mae 14, 11 Ta 9 TpaH3WTHHX BY3IIB 3a YMOBH, IO
gg=1ab, ¢g =3 nb ta gy =5 nb BianosinHo. Takum

YUHOM, NpU 30UIBLICHHI 3HAYCHHS &) 3MEHIIYEThCs Ki-

JIBKICTh TPAH3UTHHX BY3iB Y KOMOiHOBaHOMY Kputepii. Li
pe3yJIbTaTH CBIYATH, IO MPOCTI KpUTEpii BHOOPY Malio
BUKOPUCTOBYIOTBCS 4epe3 BEIHKY KiJbKICTh TPaH3UTHUX
BY3JIiB, @ TAKOK ITHOPYBaHHS BIUIMBY OOpPaHOTO Maplil-
PYTY Ha iHII By31d Mepexi. OTke, KOMOIHOBaHUI METO/
BUOOpY MapIIpyTy Ja€ MOXJIMBICTh 0OpaTH KOMIIPOMiCHE
PIIIEHHS MiX SKICTIO MAapHIPYTY Ta HOTO JOBXUHOIO.

Puc. 3 micTuTh 3a7€XKHOCTI BiTHOCHOI BEJIMUMHHU Tpa-
¢iKy, 1m0 OOCIYrOBYIOTbCS BY3JIaMH BiJl BEIWYWHH BH-
rpanly g, Ta 3aJIeKHICTb OTYXKHOCTI Ta KUIBKOCTI TpaH-
3WTIB iIHTEp(EpeHIl BiJ] 3MiHHU LIIJILHOCTI BY3J1iB MEPEXKI.

I3 puc. 3 a 6aunmo, 110 31 30UTBIIEHHAM BETHYHHN €

BiTHOCHA BeNMYMHA Tpadika Vv, M0 0OCIYyTOBYETHCS BY3-
JIOM 3MEHIIYETHCS, IO ITOB’A3aHO i3 3MEHIICHHSM JOB-
KHUHU MapmpyTy. OTxe, B cepellHbOMY KOXKEH i3 BY3IIiB
Mepexi 00cIyroBye Bi 3 10 Maibke 8 MoToKiB Tpadika.

6 OBI'OBOPEHHSI

TakuM 4HMHOM, MOTYXKHICTh 3aBajH, BenuuuHa SINR
Ta XapaKTePHCTUKH MapIIpyTa, 3aJIeKaTh Bill B3aEMHOTO
pO3TalryBaHHS BY3JIiB MEPEiKi, [0 BU3HAYAETHCS KOHKpE-
THOIO peajti3amiero Mepexi. B MonenoBanHi BUKOpUCTAIN
ITyaCOHIBCHKY MOJIENb TOJS IJIsl OTIMCAHHS MEPEXi, 3pyd-
HO BUKOPWCTOBYBATH MIUIGHICThP KOPHUCTYBadiB, TOOTO
KUTBKICTh TepMiHAIB HA ONWHHIIO IUIONIi. B oMy BU-
MKy MOTYXKHICTh 3aBajii Ta JOBKMHA MapmpyTy OyayTh
3ajexarh BiJ| IIIBHOCTI By3JiB Mepexi. Ha puc. 3 6 Ha-
BEICHI 3aJICKHOCTI iHTepdepeHIii 31 3MIHOK IIIIBHOCTI
BY3JIIB MEPEXKi.

OpnepxaHi 3aJIe)KHOCTI TIOKa3yloTh, IO 31 3MEHILEeH-
HSIM IIJIBHOCTI KOPHCTYBadiB, 3MEHIIYIOTHCS CEpeIHs
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HOTY>KHICTD 3aBajl Ta CEpeAHs MOBXKHHAa MapmpyTty. Ta-
KAM YMHOM, B yMOBaxX MepeXi BITHOCHO HHU3BKOI IIijb-
HOCTI, e()eKTUBHIM 3ac000M TOOYIOBU Mepexi Oymae op-
raHi3allis MapUIpyTiB.

BUCHOBKH

VY poGoTi BUpilIEHO aKTyaJbHY 3aJady CTBOPEHHS OIl-
TUMAaJBHOTO KOMOIHOBaHOTO KpHUTEPil0 BUOOPY eeKTHB-
HUX MapmpyTiB Tpadika 3 ypaxyBaHHSM BIUIUBY 3aBaj
BCEpEeHI KaHaJliB HA eJIEeMEHTH MapIIpyTy Ta Ha elreMe-
HTH BCi€l Mepexi y 0e3nmpoBinHiil Mepeki Ha OCHOBI TeX-
Houtorii D2D.

HaykoBo10o HOBH3HOIO € Te, 1[0 PO3pOOJICHUIT KOMOI-
HOBaHUI MeToN BUOOpY MapmipyTu3anii Tpadika y 0e3-
MIPOBIHIA Mepexi, 1[0 BUKOPHCTOBYe TexHouyoriro D2D.
Kom6iHoBaHuMiT MeTOA Mo€aHye B 001 BUOIp MapupyTiB
3a KPUTEPIsIMU JIOBXHMHHU Ta 32 KPUTEPISIMH MaKCUMyMy
MPOMyYCKHOI 37MaTHOCTI. Bukopucrtanus texnonorii D2D
JIO3BOJISIE PO3IMIMPUTH MOXKIMBOCTI MEpEeXi 3a paxyHOK
pO3BaHTaXEeHHS J0Ii Tpadika i3 6a30Boi Mepexi.

I[pakTuyna WiHHICTH TOJIATAE y TOMY, IIO 3aIpoIIo-
HOBAaHWN METOJ 1a€ MOXJIMBICTH OyIyBaTh Mepexi, IIo
Ma€ HU3BKY LIJIBHICTH KOPUCTYBayiB, HOCHUTH BEIHKOTO
Macuitady, i3 Bukopucranus Texnosnorii D2D. Kpim Toro,
3aIPONIOHOBAHMH METOJ] TO3BOJISIE OTPUMATH KOMIIPOMIC-
He pIllIeHHs, 1[0 BPaXxoBYE SIKICTh 00PaHOTO MapIpyTy Ta
CTYMiHb BIUIMBY LLOTO DIlIEHHS Ha SIKICTh (PYHKIIOHY-
BaHHS MEPEKi.

IlepcnekTHBHICTL MOAATBIINX JOCHIAKEHD M10JISTae
y TOIIYKY Ta JIOCITIPKEHHI METOMIB BUOOpPY TPaH3UTHUX
BY3JIIB i3 BpaxyBaHHSIM TOTO, IO KOXKEH BY30J1 HE MOXeE
OyTH TpaH3UTHUM, OCKUIBKH Ha MPAKTHUII 1€ 3yCTPIIaeTh-
csl.

MNOJsIKN
PoboTa BukoHaHa Ha Ka)eapi TCOPETHUHHUX OCHOB pa-
nioTexHikun HaroHaJbHOTO TEXHIYHOTO YHIBEPCUTETY
Yxpainu «KuiBcbKkui NONMITEXHIYHUN IHCTUTYT iMeHi Iro-
pst CiKopChKOTOY.
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KOMBHAHUPOBAHHBIN KPUTEPU BLIGOPA MAPIIPYTU3AIIMA HA OCHOBE D2D TEXHOJIOTHIA
Bynamenko A. B. — crapumii npenogaBatens Kaeapsl TECOPETHUECKUX OCHOB PAJUOTEXHUKH HalnoHaNbHOrO TEXHUYECKOTO
yHHBepcHuTeTa YKpanHsl «KnueBckuii moautexHmdeckuit HHCTHTYT MeHH Uropst Cukopckoro», Kues, Yikpanna.

AHHOTAIUA

AxkTtyanbHocThb. Cetit 5G CIOCOOHBI YITyUIINTh CYHIECTBYIOIINE YCIYTH H 00€CIeUnTh HOBOE KadecTBO yciyr. Cern cBsizu 5SG
00BEUHSIOT B ceOe pa3IMIHbIC PaJHOTEXHOIOTHU M TEXHOJIOTHH (PUKCHPOBAHHBIX CEeTEl CBSA3M, IOITOMY HMX 4acTO Ha3BIBAIOT TeTe-
POTEHHBIMH, YTO MTOJYEPKHBACT UX PA3HUIly OT IPYrHX cereil. OMHUMI M3 OCHOBHBIX OCOOGHHOCTEH TaKUX ceTell sSBIeTCs CBepX
IUIOTHOCTh M YJIBTpa MaJble 3aiepkku. MiMenHno VHTepHeT Bemiel siBisieTcsi 0a30BOH COCTABIIIONIEH KOHLEMIMU CBEPXIUIOTHBIX
ceteit. 3GPP npejiaraet MIaHAPOBATH CeTH 5G MCXOIS U3 YCIOBHA, UTO B 1 KM SIBJISETCS OXMH MHIUTMOH ycTpoiicTs. Takxke ceTy
CBSI3H C YJIbTPa MaJBIMH 33A€PKKaMH UMEIOT OONBIIOE BIUSIHUE HA METOJIbI TIOCTPOEHHUS CeTel, 0COOEHHO AT KOHIEIIIMU TaKTHIb-
Horo UutepHera. Takue ceTu TpeOyIOT ACLEHTpAIM3ALUK Yepe3 TpeOOBaHUA K 3alepxkke B 1 Mc. DTo TpeOyeT HOBBIX MOAXOIOB
MIOCTPOCHUSI CETEH HOBOTO MOKOJIEHHS, YTO SBISETCS MPUINHOM Pa3BUTHS HOBBIX TexHONIOTHil. OHON M3 TaKWX TEXHOJOTHUII SBIISACT-
Cs1 TEXHOJIOTHS YCTpOUCTBO-ycTpoiictBo D2D (device-to-device). DTa TEXHONOTHS MO3BOJSIET YMEHBIINTh HArpy3Ky Ha SAPO CETH
Ornarozapsi NCIIOIB30BAHMIO 3HAYUTENBHOI NONMH TpaduKa HEMOCPEJCTBEHHO MEXTY YCTPOICTBAMH M HO3BOJISET YMEHBIIHTH 3a-
JEPKKY TIPH 00ECIICUCHNH YCIIyT.

Hean. Llens paboTsl 3akiroyaercs B TOM, YTOOBI CO3JaTh ONTHMAIbHBIH KOMOMHUPOBAHHBII KPUTEPHil BBIOOpA d((PEKTUBHBIX
MapIipyToB Tpaduka B OSCIPOBOIHOM CETH Ha OCHOBE TexHoyoruu D2D.

Metoa. MHorue coBpeMeHHbIe paboThl HOCBSMICHBI U3YyUeHUIO TeXHOoIorud D2D, HO OHM He HCYepNbIBAaOLINe B BOIIPOCAX HC-
ClIeIOBaHMsI MapIHIPyTHU3alUH B TaKuX ceTsX. J0CTaTOYHO OOBEKTUBHBIM SIBISIETCS HCCIENOBAHUS CeTel, MOCTPOEHHBIX HA OCHOBE
B3aMMOJICHCTBHS YCTPOUCTB MEXAy coOoi mo TexHomoruu D2D, mOCKOJBbKY Takue B3aMMOICHUCTBHSA OKa3aIHCh d(PEKTHBHOU TeX-
HOJIOTHH. DJTO, B CBOIO OUepellb, MPEAINOIaraeT pa3paboTKy COOTBETCTBYIONINX METOIOB MapUIPYTH3AHNU B CETSIX, HCIONIB3YIOMIINX
TexHoJoruto D2D, 0coGeHHO ¢ y4eToM CBOMCTBa CBEPX ILIOTHOCTHU cereil 5G. B pabote mpemioxkeH Kputepuii BEIOOpa MapuIpyToB ¢
YYETOM TIOMEeX BHYTPH KaHAJIOB, 00pa3yIOIINX Y3kl CETH. DTOT KPUTEPHI codeTaeT B ceOe BHIOOP MapIIpyTOB 110 KPUTEPHSIM JUTHHBI
U 110 KPUTEPUIO MAaKCUMyMa IIPOITy CKHOM CIIOCOOHOCTH.

Pe3yabTarsl. PazpabotanHblii KOMOMHUPOBAHHBIH KPUTEPHI BEIOOpA MapuIpyTH3aluy Tpaduka B OECIIPOBOIHOM CETH, KOTOpast
ucnoib3yeT TexHonoruto D2D. Pe3ynbrarsl nccaenoBanus NOKa3aHbl rpaUIeCKUMH JaHHBIMU.

BoiBoasbl. [IpoBeneHHbIE SKCIEPUMEHTBI MOATBEPAMIN paboTOCIOCOOHOCTh U 3(PEKTHBHOCTD Pa3pabOTaHHOTO METOoJa U I10-
3BOJISIFOT PEKOMEH/I0BAaTh 3TOT METOJ JUIsl HCIIOJIb30BaHMUS Ha MIPAaKTHKE B Pe3yJIbTaTe BHIOOpA MapIIpyTa C yIeTOM TeX CBOMCTB CETH,
9TO B OOJIBIIEH CTENEHH OTPa)KalOTCS Ha KaU4eCTBE MAPIIPYTa.

KJIFOYEBBIE CJIOBA: naTEpHET BElIeH, yCTPOUCTBO-YCTPOHCTBO, MapIIPyTH3ALMS, KJIaCTepH3aLus.
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COMBINED CRITERION FOR THE CHOICE OF ROUTING BASED ON D2D TECHNOLOGY

Bulashenko A. V. — Senior Lecture of the Chair of Theoretical Foundations of Radio Engineering National Technical University
of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine.

ABSTRACT

Context. 5G network is able to improve existing services and provide a new quality of services. 5G communication networks
combine various radio technologies and technologies of fixed communication networks, therefore they are often called heterogene-
ous, which emphasizes their difference from other networks. One of the main features of such networks is over-density and ultra-low
latency. It is the Internet of things that is the basic component of the concept of super dense networks. 3GPP suggests planning 5G
networks based on the condition that 1 million devices is 1 km® Also, ultra-low latency communications networks have a big impact
on networking methods, especially for the tactile Internet concept. Such networks require decentralization through 1 ms delay re-
quirements. This requires new approaches to building a new generation of networks, which is the reason for the development of new
technologies. One such technology is D2D (device-to-device) technology. This technology allows you to reduce the load on the core
of the network due to the use of a significant proportion of the traffic directly between devices and reduces the delay in providing
services.

Objective. The goal of the work is to create an optimal combined criterion for choosing effective traffic routes in a wireless
network based on D2D technology.

Method. Many modern works are devoted to the study of D2D technology, but they are not exhaustive in the study of routing in
such networks. It is objective enough to study networks built on the basis of the interaction of devices with each other using D2D
technology, since such interactions have proven to be effective technologies. This, in turn, involves the development of appropriate
routing methods in networks using D2D technology, especially taking into account the property of over-density 5G networks. The
paper proposes a criterion for selecting routes, taking into account interference within the channels forming the network nodes. This
criterion combines the choice of routes according to the length criteria and the criterion of maximum throughput.

Results. A developed combined criterion for selecting traffic routing in a wireless network that uses D2D technology. The results
of the study are shown in graphic data.

Conclusions. The experiments confirmed the efficiency and effectiveness of the developed method and allow us to recommend
this method for practical use as a result of route selection, taking into account those network properties that are more likely to affect
the quality of the route.

KEYWORDS: internet of things, device-device, routing, clustering.
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ABSTRACT

Context. P-i-n-diodes are widely used in a microwave technology to control the electromagnetic field. The field is controlled by
the formation of an electron-hole plasma in the region of an intrinsic semiconductor (i-region) under the influence of a control cur-
rent. The development of control devices on p-i-n-diodes has led to the emergence of integral p-i-n-structures of various types, the
characteristics of which (for example, switching speed, switched power level, etc.) exceed the similar characteristics of volume di-
odes. The properties of p-i-n-structures are determined by a number of processes: the diffusion-drift charge transfer process, the re-
combination-generation, thermal, injection, and the so on. Obviously, these processes should be taken into account (are displayed) in
the mathematical model of the computer-aided design system for control devices of a microwave systems. Integrated process ac-
counting leads to the formulation of complex tasks. One of them is the task of optimizing the shape, geometric dimensions and
placement of the injected contacts (an active region).

Objective. The goal of the work is the development of a mathematical model and the corresponding software of the process of a
microwave waves interaction with electron-hole plasma in an active region of the surface-oriented integral p-i-n-structures with
ribbon-type freeform contacts to optimize an active region shape and its geometric dimensions.

Method. The main idea of the developed algorithm is to use the conformal mapping method to bring the physical domain of the
problem to canonical form, followed by solving internal boundary value problems in this area for the ambipolar diffusion equation
and the wave equation using numerical-analytical methods (the finite difference method; partial domains method using projection
boundary conditions similar to the Galerkin method). The optimization algorithm is based on a phased solution of the following
problems (the shape and geometric dimensions of the active region are specified at each stage): a computational grid of nodes for the
physical regions of the problem is being found, in an active region the carriers concentration distribution is being determined and the
energy transmitted coefficient in the system under study is being calculated, which is used in the proposed optimization functional.
The extreme values of the functional are found by the uniform search method.

Results. The proposed mathematical model and the corresponding algorithm for optimizing the shape and geometric dimensions
of the active region (i-region) of integrated surface-oriented p-i-n-structures expands the tool base for the design of semiconductor
circuits of microwave frequencies (for example, similar to CST MICROWAVE STUDIO).

Conclusions. An algorithm has been developed to optimize the shape and geometrical dimensions of the active region of inte-
grated surface-oriented p-i-n-structures with in-depth contacts intended for switching millimeter-wave electromagnetic signals. The
universality of the algorithm is ensured by applying the method of conformal transformations of spatial domains. The example of the
application of the proposed algorithm to search for the optimal sizes of wedge-shaped (in cross-section) contacts of silicon structures
is considered.

KEYWORDS: conformal mapping method, parameter optimization, ambipolar diffusion process, wave process, microwave
electromagnetic field switches, integrated p-i-n structure.

ABBREVIATIONS E" is an amplitude of the i-th wave mode passing
EMW is an electromagnetic wave; through the p-i-n-structure in the electrodynamic tract;
EDM is an electrodynamic model; e,(cm) , h,gl) are the k-th eigenfunctions of the electro-
QHM is a quasi-hydrodynamic model; . o )
DDM is a diffusion-drift model. magnetic wave equation in a rectangular waveguide;

h is a contact depth;

NOMENCLATURE H isa magnetic field strength vector;
b is a p-i-n-structure substrate thickness; J is a density of control current (injection current);
d is a half period contact placement; Jnp 18 @ hole or an electron current density;
D,,D, are the diffusion coefficients of holes and k is a wavenumber;

L is a domains contour;

L,, Ly are the rectangular waveguide dimensions;
* . .

m,,, is an effective mass of an electron or a hole;

electrons, respectively;
e is an electron’s charge;

E is an electric field strength vector; n is an electron's concentration;
E" is an electrical component amplitude of the inci- N, is an alloying profile;
dent electromagnetic wave; p is a hole’s concentration;
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S is the surfaces of the domains;

Sy, Sy, S, are the surfaces of the waveguide, the metal
electrodes respectively;

T'is an energy transmission coefficient;

V or G are the domains of the solving problems;

w is a distance between p-i-, n-i-junctions;

a,, O, are the charge recombination coefficients at p-i-
or n-i-junction;

d is an accuracy;

dp, on are the concentrations unbalanced holes and
electrons;

A is a determinant of the Jacobi transformation ma-
trix;

¢ is a dielectric permittivity;

g, is a dielectric permittivity of a crystal grid;

€9 1s an electrostatic constant;

A is a wavelength in an unlimited medium;

A 1s a conformal invariant;

W, W, are the mobilities of a hole and an electron;

V,.» 18 a collision frequency;

T, 1, are the relaxation lifetimes of a hole and an
electron;

¢ is an electrical potential;

o is a circular oscillation frequency of an external
electromagnetic field.

INTRODUCTION

A microwave switch is an important element of a ra-
dar system. Semiconductor devices on the p-i-n-diodes
are widely used for the electromagnetic fields switching
[1, 2]. The switching process comes at the expense of
formation in the active regions of diodes (i-region) of the
electron-hole plasma (that shields the electromagnetic
field). This is due to the injection of charge carriers from
the contact (p-i, n-i) regions under a control current [1, 2].

The process of improving switches based on the p-i-n-
diodes led to the appearance of integrated p-i-n-structures
(specialized chip). Integrated surface-oriented p-i-n-
structure is a plate made of silicon or other similar mate-
rial, where a set of the injecting n-i and p-i junctions is
formed on one of the sides [3-5], see Fig. la. The ar-
rangement of the structure in a rectangular waveguide (in
the YOZ plane) for the electromagnetic field control is
shown schematically in Fig. 1b.

The basic characteristics of the microwave switch
(field attenuation level, switching time, frequency charac-
teristics) are determined by a kind, the geometry of the
structure and the injection contacts, the parameters of the
electron-hole plasma formed in the i-region (active re-
gion) of the p-i-n-structure. The study of switches proper-
ties at the design and optimization stage is based on a
number of mathematical models. In particular, electrody-
namic models (EDM), engineering approaches are used to
establish the electrodynamic characteristics of a system;
the equations of a quasi-hydrodynamic model (QHM)
describe the properties of material media [1, 2, 6, 7]. In
general formulation, the problem is complex, so different
approximations are used. For example, characteristics are
averaged; additional conditions are imposed on the proc-
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esses of formation of an electron-hole plasma (for exam-
ple, the influence of thermal effects is considered to be
insignificant), on the course of the wave process in the
system; the model ideas about the physical subdomains of
the system are used, etc. Such simplifications provide the
problem solving algorithm’s performance, permit a gen-
eral understanding about the behavior of the microwave
switches on the p-i-n-structures, but simplified mathe-
matical models do not allow to obtain adequate optimiza-
tion algorithms.

b

X

contact

Figure 1 — Schematic representations of the p-i-n-structure (a)
and the microwave switch (b)

The object of study is the processes in the semicon-
ductor microwave control devices.

The subject of study is the methods and the tools for
mathematical modeling of the physical processes in the
switching devices on integral surface-oriented p-i-n-
structures with an active region of an arbitrary configura-
tion.

The aim of the work is the development of the math-
ematical model of the process of interaction of microwave
waves with the electron-hole plasma of the active region
of switching semiconductor surface-oriented integral p-i-
n-structures, which taking into account, based on the use
of complex analysis methods, the arbitrariness of the
choice of the shape and geometric dimensions of the ac-
tive region, and the procedure for selecting the parameters
of the active region for ensuring optimal switching char-
acteristics of the respective systems.

1 PROBLEM STATEMENT
Let the active region of the integrated surface-oriented
p-i-n-structure be a chain of similar elements (region G;,
Fig. 1). The structure element is shown schematically in
Fig. 2. Under the action of the control current electrons
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and holes penetrate into the active region of the structure
through the injecting n-i and p-i contacts respectively
(circuit elements L, and Lp, Fig. 2) and significantly
change the electrodynamic characteristics of the active
region. The p-i-n-structure is installed in a rectangular
metal waveguide of the millimeter wavelength range. The
waveguide is disturbed by the main TF;, mode with spec-
ified characteristics (amplitude, frequency, phase).

A
¥ Li
W
Lo N d Fout
o | L p |
et A b
0o h\' b 2
\ .
p-i

Figure 2 — 2D model of element of integrated p-i-n-
structure (G domain, see Fig. 1b)

To assess the switching properties of an electrody-
namic system, it is necessary to find the energy transmit
coefficient in the switch:

Fout (J)(2 / ‘Ei”
1
i

2

-3

(1

at the presence and absence of a control current. Un-
knowns E{(J) are determined by solving an internal

electrodynamic boundary value problem for an infinite
rectangular metal waveguide with an inclusion (similar to
[8-10]). The electrodynamic characteristics of the active
region of the p-i-n-structure are described within the
framework of the application of the QHM of the flow of
the electron-hole current in semiconductors (similarly to
[1, 2, 6-7]). The electrodes system is assumed to be ide-
ally conducting.

One of the features of the problem is that the domain
G, in general case, non-canonical. It contains curvilinear
sections of its boundary (L, y=g » (x, w,h); L,

y=g, (x, w,h) — the sections of injection contacts). And

this makes it impossible to directly apply previously de-
veloped methods (for example [4,5]) for calculating the
system electrodynamic characteristics. In this case, an
important subproblem is to reduce the original problem in
the curvilinear domain to the corresponding problem in
the canonical domain using the developed special numeri-
cal procedure for conformal mappings. In addition, a con-
dition is set for the development of an algorithm for find-

ing the geometric dimensions (d —w, h ) of contacts for
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a given shape to ensure, in a certain sense, the optimal
characteristics of the corresponding technical system in
order to increase the efficiency of its operation.

Below is the corresponding mathematical formulation
of the problem described above.

2 REVIEW OF THE LITERATURE

The considered switches of the microwave field based
on the integrated p-i-n-structures are a new type of the
electrodynamic systems. The operation of the switches
based on the integrated p-i-n-structures is based on the
same physical principles as the operation of the traditional
microwave switches on the bulk p-i-n-diodes. Accord-
ingly, the similar mathematical models are used to for-
mally describe these devices. However, these types of
switches differ significantly in design and, accordingly,
switches based on the integrated p-i-n-structures have
characteristics that differ from the traditional switching
systems. Let's briefly review the basic mathematical mod-
els.

Physical phenomena occurring in p-i-n-diodes in sta-
tionary, non-stationary and transient modes of operation
can be studied in detail on the basis of a number of theo-
retical models. The diffusion-drift model (DDM) has be-
come classic. The scope of the model is limited by the
spatial characteristics of processes exceeding the relaxa-
tion lengths of the momentum and the energy of the
charge carriers. For a sufficiently wide class of radioelec-
tronics devices, this model provides good results. Such
mathematical models are based on continuity equations
[6, 71:

n = la’iv]n -
e

ot

on
* 9

Tn

2

the hole and electron current density equations:

Jp=en,pE—eD,gradp,

Jn= eunnE +eD, gradn ; 3)

and Maxwell's third equation:

div(sOSE):e(p—n+Nd), (E:—grad(p ). 4)

In the general case, the mobility and diffusion coeffi-
cients of electrons and holes are functions of the tempera-
ture and of the electric field strength p,=p (7, E),
w=w,(T, E), D,=D,(T, E), D,=D,(T, E). The relaxation
times rp*, rn* are also functions of temperature, concentra-
tion of holes, electrons and recombination centers. The
kind of these functions depends on the recombination
mechanism. In many practical cases only the Shockley-
Read recombination is considered.
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Since the p-contact (contour L,, see Fig. 2) provides
injection into the active region of holes only, and the n-
contact (contour L,) of electrons only, the system of equa-
tions (1-3) is supplemented by the boundary conditions in
the form:

euppEV—erZ—}\j—eappL =J,,

P
eunnEv+eDn%—eannL =0, &)

P
epppE\,—er%—eocppL =0,
eunnEV+eDnZ—:—eotnnL =J,, (6)
euppEv—er%—eocppL =0,

0
eunnEv+eDnZ—n—eocnnL =0. @)

0

The recombination coefficients (o, a,) are introduced
in a phenomenological way. J,=J is the injection current.
Ly is a contour of the surface of the integrated p-i-n-
structure; v is a normal vector to the L (L=L,UL,UL,UL;)
contour, which bounds a domain G.

The boundary conditions for the potential have the
form:

d, =U.d, =0. ®)

where U is a potential difference (voltage) between the
p-i-n-structure contacts.

Depending on the specific form of the boundary con-
ditions for solving the system of equations (2—4), the cor-
responding analytical methods (for example, the method
of separation of variables), combined analytical-numerical
methods (for example, the method of partial domains), or
numerical methods (for example, difference methods) are
used.

The results of solving of the system of equations (1-3)
with the boundary conditions (4—8) provide the opportu-
nity to obtain the complex function that determines the
dielectric permittivity €(x, y) (response to the action of an
external field) of the active region of p-i-n-structures [7]:

2
S(X,y,.]): SL —e_ Z(x$ys"-]) _ i?(x,y,.,]) ' (9)
€0 mn(ﬁ)—lvn) mp OJ—ZVP

The switch energy transmission coefficient (1) in the
electrodynamic tract is found by solving the system of
Maxwell's equations [8—10], which is written with respect
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to complex amplitudes, in each of the selected subdo-
mains L, I, IIT, IV (Fig. 1b) (EDM):

— /\_.
rotH,, =ioe E,,,

(10)

— N —
rotk,, =—-ionH,,,

where Em = Em (x,y,z), I:Im = I:Im (x,y,z) are vector func-

tions that determine the strengths of electric and magnetic
fields in the subdomains (m=1...4) of the electrodynamic
VANIVAN

system V (Fig. 1b); e,u are the dielectric and magnetic
permeability tensors of the medium, respectively. We
note that in this problem, each subregion is isotropic, in-
homogeneous, and nonmagnetic. It is reflected by a spe-
cific kind of tensors. The system of equations (11) is sup-
plemented by the boundary conditions at the surface S,, of
the waveguide and at the surfaces of the integrated struc-
ture metal electrodes S, S,:

,
v, E =0,
Sw7Sp 7Srl
. (an
v, 2 ~0,
a
$12S S,

where v is normal to surfaces S, , S, S.; ¢ is a local co-
ordinate along the normal to the surfaces. Relations (11)
take into account the ideal conductivity of the electric
current by the walls of a waveguide. They determine the
type of waves (modes) existing in the investigated re-
gions.

The “bonding” of the problem (10-11) solutions in the
partial regions is carried out by the projection boundary
conditions of the form [8—10]:

[z - EO 10 as o,
Sy

j[e,({'”),H(’") - H(’)st -0,
Sy

(12)

where S, 1is a cross-section surface of a rectangular
waveguide (domain V).

The boundary conditions (12) are written in the form
of a projection analog of the continuity condition of tan-
gential constituents £_and H_at the junction of subre-

gions. They are equivalent to the statement: the eigen-
functions of the subregion V,, are decomposed by the ei-
genfunctions of the subregion /; and vice versa.

The waveguide is perturbed by the rectangular wave-
guide main mode TEj, (the process parameters such as
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amplitude, oscillation frequency, phase, are given), which
propagates in the x-axis direction.

In addition, the solutions of the system (10) must sat-
isfy the perturbation and radiation partial conditions:

) -slee{ o) o 0]
@LM = %}[Cn* (x)(i’f’;))((yzz))ﬂ L)

where 4, (x),C, (x), B, (x) are functions that describe

the waves generated in the system, propagate along the x-
axis and in the opposite direction respectively.

Obviously, in order to obtain the basic characteristics
of microwave switches, the system of equations (10)
(electrodynamic problem) and (2—4) (diffusion-drift prob-
lem) with the corresponding boundary conditions must be
solved sequentially. Depending on the structure of the
commuting system the boundary conditions are specified
and simplifying assumptions are selected.

The problem of estimating the value of the energy
transfer coefficient of a switch on an integrated surface-
oriented p-i-n-structure with strip contacts is complicated
by the fact that the i-region of the structure in general case
non-canonical. The presence of a periodic lattice of elec-
trodes on the surface of the p-i-n-structure further compli-
cates the formulation and solution of the electrodynamic
problem. Known from literary sources (for example, [11])
computational schemes in such cases use a specific record
of the boundary conditions, which are presented in a
complex form.

A feature of this study is the use of conformal map-
ping [12, 13] reduce non-canonical regions of the electro-
dynamic system to the canonical form. This approach
takes into account the structural features of the switch in
the integrated form and provides an opportunity to obtain
a more universal algorithm for calculating the characteris-
tics of the corresponding technical systems.

3 MATERIALS AND METHODS

Using decomposition approach the set task is reduced
to a number of “subtasks”: 1) the problem of conformal
mappings and the reduction of the original problem to the
canonical domain; 2) to find the solution of the classical
diffusion problem in the canonical domain; 3) to find the
solution of classical electrodynamic problems in the con-
ditions of “gluing” their solutions; 4) construction of a
decision-making algorithm for optimizing parameters (the
width of the base (d-w) and the depression (h) of the elec-
trode are selected for a given shape).

1) One way to solve the problem of transforming
physical domains to canonical form is to use the confor-
mal mapping method [12—14] (the corresponding algo-
rithm is numerically implemented on a computer, which
ensures its universality).
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Due to the symmetry of the G domain (Fig. 3a) we
map its upper subdomain G’ with the boundary
0G'= ABCDE to the interior of the rectangle

G ={5.7):% <¥<i"0<F<0|  with

0G'= ABCDE (z=X+iy) (Fig. 3b) under unknown
(sought-for) functions X =Xx(x,y), ¥ =7y(x,y) and pa-

border

rameters Q, E.

The corresponding problem is to solve the Cauchy-
Riemann system

K _F K

=, —=-— (14)
ox 0Oy 0oy Ox
under the boundary conditions:
§| AB ~= N‘y=0,0<x<h+b = Xx,
X cp =55‘0<x<h,y:gn(x,w,h) =X,
y |AED =y |(x=h+b,0<y<d)u(y=d,h<x<h+b) =0,
7 5c :y|x=0,0<y<0.5w =0; (15)
ox ox
[ -dx+“dy=0, M eBC, NeAED.
oy Ox

MN

Y )
C* llllll anm [N ]] lgl C
Gr
D% EAE b2
H.‘_.{.* 0l2i-i,p5 Tup &

x,

b

Figure 3 — Physical domain G’ (a) and corresponding
parametric domain G (b)

As it is known [13], it is advisable to carry out inverse
conformal mappings G'— G’ when the points A4, B,
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C, D correspond to the points 4, B, C, D. Then the

problem is reduced to finding in G' the solutions
x=x(x,y), y=y(x,y) of the Laplace equations

o%x  %x
8326 6y2_0’
P2y oy (16)
X220, V() e@
&’
under the following boundary conditions
0<x(X,y)<h+b, y(X,y)=0, 0<y <Q,
x(xX,0)=h+b, 0<p(X,0)<0.5d, X« <X <Xy,
h<x(Z0)<h+b, p(X,00=05d, %0 <<%, (17)

0<x@7)<h ¥E5) = galt@ 7w k)
0<y<Q,
x(X,0)=0, 0<p(X,0)<0.5w, X« <

and the orthogonality conditions (which are simultane-
ously “connectedness” conditions) [13]:

&) o, 0<5<0,
ox
oy(¥,0) N e
0, x«» <x < s
6’)7 X xAE
xE0) . o o
0, <x<Xx, 18
& AESXSX (18)
D) | @ Do) 0@ s,
ox ox ox
YE,0) _ 0, %ue<I<%.
oy

The problem (16-18) is written in the form of a differ-
ence analogue [11,13], using the first-order (left and right)
difference schemes and the second-order central differ-
ence scheme in the form of:

2
Xij = ( Xitl, ) + X -1,/ +}‘ ( Xi,j-1 +xi,j+1))/(2(1+7”c))
2
Vij= (yi+1,j +Yi1, +7‘c(yi,j71 + Vi j+l ))/(2(1”%-)) (19)
(1<i<m,1<j<l)
OSXO’jSh'i‘b, yO’JZO, ]:O,l+1,
Xi0 =h+b, OSyl',o <0.5d, i=0,mAE,
thl-,o Sh‘i‘b, yi,0=0’5d7 i:mAE +l,m+l, (20)
Osxm+1,j Sha Ym+1,j =gn(xm+1,jawah)> j=0,l+1,
=0, 0<Y; 741 05w, i=0,m+1;

X l+1
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Xo,j =%, J=L1I,

Yio=Yi1, i=Lmyg,
Xi0=X1 i=myp+1,m,
agn (xm+1,j s W, h)
m,j ox

=11

@n

—X (merl,j_ym,j):O’

Xm+l, j

Yitsl =VYig, i=1m,

where m 4 is number of nodes in the AE section (is de-
termined in the process of solving the difference prob-

lem), x; ;= (5,5} vi; =55, ) (xi,.f=yi,_f)€ G,

conformal invariant A, for domain G = {()Ncl-,f/j):

Np=Xe+ibY,  i=0mtl Y =AY, j=00+1
AR =2 7™ Ayzi’ Ao =£~, m,l €N} is de-
m+1 [+1 Ay

termined from condition of “conformal similarity in
small” of the corresponding quadrilaterals of two domains
[12]:

A

(22)

a;.; +a; ,j+1
‘ (m+1)(l+1)zzb ’

i=0,=0"%i,j leJ

The following notations are used here:
a; j = \/(xi+1,j - xi,j)z + (yi+1,j - J’i,j)z >
bij = \/ (xi,j+1 - xi,./)2 + <yi,j+1 - yi,j)z :

2) The diffusion-drift problem (similarly to [6,7]) is
reduced to solving the system of the differential equations
(2-4) in domain G, G=G,UG.U (6G, N4G, ), G, = {(x):
0<x<h, g,(x. w,h)<y<g.(x,w,h)}, G, = {(x,y): h<x<h+b, 0<
y<d} with boundary conditions (5—7) on a closed contour
L= LC*D* ULD*E* ULE*E ULgp ULpe ULCC* boundi

ng domain G (Fig. 4). The transition from the three-
dimensional physical region of the problem to the two-
dimensional (G) is due to the homogeneity of the integral
p-i-n-structure along the OZ direction and the fulfillment
of the condition d<<Lj.

The periodicity property of the integrated p-i-n-
structure gives possibility to consider the properties of
only the selected element of the structure (Fig. 4). In this
case, the conditions at the boundary of the elements (L;)
are defined as follow:

L-0 ~ "l+0° - ’
! oVl o V40
op op
Pl o=rl g | = (23)
L,-0 L+0 ov L0 ov 1,40
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Figure 4 — The physical domain of the problem

We use some additional conditions. 1) The stationary
process ( Op/0t=0, 0n/0t=0 ) is considered. This mode is
typical of the microwave switch: the stationary distribu-
tion of charge carriers is established in the structure when
the control current is supplied to the contacts (the switch-
ing time is much higher than the characteristic times of
the dynamics of charge carriers in a semiconductor). 2) In
general, the system of differential equations (2—4) is non-
linear. This fact significantly complicates the process of
problem solving and requires a detailed study of proper-
ties of the system and its solutions. However, if we as-
sume that the process of charge carrier propagation takes
place in a self-consistent field then the problem is greatly
simplified. This mode is often observed in p-i-n-structures
[4-7]. The terms containing the potential ¢ are removed
from the system (2—4) by substitution. We also use the
approximation p=n, which is valid for the larger (central)
part of the domain G, and the assumption 1,~1,. As a re-
sult, the problem is reduced to solving the ambipolar dif-
fusion equation [6,7] in the form:

n

An——=0, 24
D 24)
2DnDp . . . .
where D =———— is the ambipolar diffusion coeffi-
D,+D »
2 2
cient, A= — Tt The following notation is used:
ox~ oy
Dt = L%) .

Similarly, we obtain the boundary conditions at the
boundaries of the domain G (Fig. 4):

on J
at L s« 1 ——y, n, =——Y
¢D ov Tp |Lp 2er
on J
at Loy @+ —4vy, 0|, =——;
b ov ¥n |L,, 2eD

n

on
at L. and Ly E—ynho =0;
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at Lpg and L.« :n|L1_O :n|L1+0’

_on
L,-0 ov

on

™ 25)

L+0

where v, p» Y are charge recombination coefficients on

the injection contact regions and surface of structure.

In the canonical domains, the solution of equation (24)
with boundary conditions (25) is known. However, as it
was shown above, the optimization problem (15) requires
taking into account an arbitrary type of elements Lqp,
L c'D of the boundary of domain G (Fig. 4).

As a result of the change of coordinates x = x(?c,}),
y= y(?c,i), and the corresponding transformation of the

considered region (16—18), the mathematical model of the
process of ambipolar diffusion (24-25) of charge carriers

in the region G takes the following form:
*n o%n _n
&2 & IAHA

=0, (26)

where n(¥,7) is the concentration of charge carriers in

the active region of

N2 N2 2 2
Z:[a—xj + 8_x =(@j + @ is the determinant
ox Oy Ox oy

of the Jacobi transformation matrix.

p-i-n-structures,

Boundary conditions at G :

on J=
atL *Dx L —— — n — X ,
et =T, 2eD,
on Jx
atLep 0 —+vy, 0|, =—2—;
@ L, T 5ep
n
at Lcc* Ta LE*E N Ey_'yl’l|L0 = 0 5 (27)
on on
atLDETaLD*E*: }’l|L -0 =n|L 0 — = — .
: Bl Pl

The following difference analogue is used to solve
problem (26-27):

2
Migl,j =20 j 1+ A (”i,_i+1 =2n ;4 oy =

—-0.25n; ; ((x,-,jﬂ —x,-’j_l)z + (yi,j+1 — Vi, j-1 )2 )/ LZD): 0,

i:_msms j:19n9

Tomj Thomlj R Jx i=ln
AX P 2ep), 7T T
Mml,j ~Mm,j Jy T~
+Ynnm+1,_j = 2D > J =Ln,
n
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nj1—no P
—N—Yni,ozos IL=—=—myp,Myg ,» (28)
Ay
M+l —Min .
EEvoR— RS =0, i=-mm,
Ay

2
Nip1,0 =200+ 010+ A (2”1',1 —2n;0 -

—n;g ()/i,l _yi,0)2 /LZD )= 0,

i=—m,—mAE—1, i:mAE+l,m.

The formed system of linear algebraic equations (28)
is solved by stepwise fixing of n;; values at the boundary
and inside the domain. The condition for the completion

m+1,n+1 ( +1) ( )
L . . ,
of such an iterative process is 'ZO (n[, - j)<6
l,j:

where 7 is the iteration number.

3) The transmission coefficient of EMW (1) in the rec-
tangular cross-section waveguide, containing the inte-
grated p-i-n-structure (Fig. 1, b), is found by solving an
electrodynamic problem (10-13) in the region V =
{(x,3,2): —o<x<oo, 0<y<L,, 0<z<Ljp }. The solution algo-
rithm is based on the partial domain method [8—10]. Ac-
cording to this method, region V is divided into subdo-
mains so that the medium properties are constant within
the selected subdomains. There are four main subdomains
in this problem: V; = {(x,y,z): —00<x<0, 0<y<L,, 0<z<Lp },
VH = {(X,y,Z): O<X<h, OfySLA, OSZSLB }, I/III = {(X,y,Z):
h<x<h+b, 0<y<L,, 0=z<Ly }, Viv = {(x,y,2): h+b <x<wo,
0<y<L,, 0<z<Lp }, where I-st and IV-th have the same
properties.

Let the system be perturbed by the TFE,-mode (for this
type of waves E,=0, the electrical components of the field
are perpendicular to the propagation direction). The com-
ponents of the EMW field (complex amplitudes) are
known [8-10]:
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As a result of the interaction of EMW with the inte-
grated p-i-n-structure in the waveguide, the system of
TE,,, modes is perturbed. The components of the electro-
magnetic field in such modes are determined based on
periodicity property of elements of the integrated struc-
ture and the Maxwell’s system equations (10) under
boundary conditions (11). In the region V; the complex
amplitudes of the field components are described by the
following relations:

E,= (E}g exp(-ikVx) + Ely exp(ikl(l)x))sin gz +

o0
+ > Ely exp(a,,x)cosa,, ysin g2,
m=1

o0

_a .

E =- ZEllm — exp(aL,,x)sina,,ycos gz,
m=1 &1

H, = i(kl(l) (Ella' exp(—ikl(l)x) — Ella exp(ikl(l)x))sin g1z +
0

+ > 0ty Efy Xp(0L,y %) COS Oy y'SiN €12) (30)

m=1

o0

c _a .

H,=i— > By~ a1,y exp(0t,,X)Sin o,y c0s g2 ,
O =1 81

where amzﬂ; g1=n—l; k*=kP gt
d Lp
2 2 . .
k, :Tn €1, 3 kzﬁ; r is a sub-domain number;
®

e rv=1; &y is defined by function (9), which is averaged

within Vyy; w=1; E,  are the amplitudes of the modes

Im
P
Im

propagating along the OX direction, E; are the ampli-

tudes of modes propagating in the opposite direction to
OX. The structure of the solutions of the problem (10-11)
in the regions ¥y, Vv has a similar form.

The corresponding dependencies are also obtained as a
result of solving the second boundary value problem for

the Helmholtz equation (A | H, + szZ =0) relative the

strength of the field magnetic component vector H, in the
domain {(y,z): 0<y<L,, 0<z<Lp } [8-10], which is equiva-
lent to problem (10-11).

The main difficulties are caused by the solution of the
problem (10-11) in V7, which is characterized by hetero-
geneity and anisotropy. This domain consists of the metal
sub-regions of the injection contacts and semiconductor
cells (Gy) in which the electron-hole plasma is formed. It
is known [8-10] that there is no electromagnetic field in
metal (under ideal conditions, when the conductivity of
the metal tends to infinity). Thus, electromagnetic waves
do not penetrate into the volume of metal contacts. Re-
gions (Gy) are similar in shape to horn electrodynamic
systems (a kind of irregular waveguide). It is also known
[15, 16] that the search for solutions of the problem (10—
13) in the irregular waveguides is a complex problem.
One way for solving the problem is to convert the physi-
cal domain G to the canonical form, followed by a search
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for solutions to the system of Maxwell's equations in a
regular inhomogeneous waveguide. Since in the process
of solving subproblem 2 we encounter similar problems,
then, guided by the principle of unification, it is advisable
to applying for a unified approach to the transformation of
physical areas. Note, that transformation methods should
take into account the arbitrary shape of the injection con-
tacts.

For “bonding” solutions on the interfaces of subdo-
mains, it needs to use the projection boundary conditions
(12).

To search for the components of the electromagnetic
field in the V7 region, we use the conformal mapping of
its section in the XOY plane to a rectangle (an algorithm
similar to (16—18) is used). This approach allows us to
turn the section of the irregular waveguide Vy; into the

regular inhomogeneous waveguide I7H .

The statement of the problem (10—11) in the new co-
ordinate system (% =%(x,y),7 =%(x,y), z) for TE
modes (E,=0) takes the following form. We need to find
solutions of the Maxwell's equations system:

aHz@ aHz@_aHJ’_
X oy o oy Oz
OH , 8H éh aH 5~
0z & ox oy o
6Hy@+aHy@_aHx@_
&x ox dy ox X 0oy
=iweg, g0k,
OE, &% | O, &y _OE,

=ing,e0k,,

oH, & _
y oy

€2

=—iougH,,
& &y e CHetx
O, 8” OE, oy
——=iougH,,
E3 Gx 6‘)7 Ox
OE, 5‘ OE, oy
:_Z(DHOHZ’
K 6x @ ox
where Ey=Ey()~C,)7,Z), Ez:Ez(f’JN”Z)’

H, :Hx(;sy/’z)’ Hy ZHy(’)Z,)N/,Z), H, :Hz(fs;»z)

— required functions, which determine the components of

X :0
ag s,

(S| — a contour of the cross-section of the waveguide

EMW in the domain V;; under the conditions

region V).
The boundary conditions determine the form of the
desired functions of the problem as follows:

E. =0,

X

TRl {5 el

ooy 2ol
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H, ZZHy % )sm( . (ngco{z—zz} (32)
oo pzemi 2o fef )
ety

Note that functions (32) describe the process of EMW
propagation along the OX axis. The components of an
electromagnetic wave propagating in the opposite direc-
tion have a similar form. Substituting (32) into (31) turns
the system of partial differential equations (31) into a sys-
tem of ordinary differential equations:

155 2 sinp (7)-

n

3( (a5
f [z[ ol )

LLFe smmn(;))}sm(m@»w=o;

B

~| "o

{z[ o 5 o, 7))+

|
N\g'—'”‘g

. H”—sm( W7 ))—%FHEZ cos(B, (7))~

06y e0 Bt cos(B, (7)) cos(By ()5 = 0;

2 (il &

Iw (;(Fasm(ﬁn (y ))"'

2

15 T ol (5)- d’;’;%cos(sn( )+

A5 il 7)o il )|
y
Sl )N -0

[z[dgf* O inp () 2 B3 o )

N}

—’2—'”52; cos(B, (7)) + (33)

B

+iopgHE cos(B (7)) cos(B, (7)) = 0
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2 Do, (7)-
w ox

ng'—.t\)\g
7\
=M
VR
Q.
g.) l‘rJ
><|
@,
=
—
e
"?
=

—ieopo 1 sinB, (7)) sin(B (7)) = 0

w

T [z("m Z o)

ox

B L sinp, (7)+
+iopg T cos(B, (7)) cos(p (7)) =0,

where B, (7)= 22742 ) B R). £ (5). 135,

HJ* (%), HZH(%) - desired complex functions.

The system of differential equations (33) is supple-
mented by initial conditions of the form (12). Moreover,
in the x=0 plane, the given is the value of the complex

functions £ (0), £ (0), Hy(0), Hi (0, Hi(0),
determined from the boundary conditions of the form:

{esbfz {9

xsin(Lin_z(aa+(o)+Ela—(o))co{ d [y+ 2)) 34)

B n

sl ool o

where SL={( ,Z)i—%SJ’S%»OSZSLB}» Ef, (0),

Elz,f (0) — the amplitude incident on the 2nd boundary (in
the plane x=#) and reflected from the 2nd boundary of the

modes, and the value E12n+ (0) is calculated on the basis of

(34), E12,f(0) is found by solving a system of equations
similar to (33) with the initial conditions given for x=h
(E (1), (1) Hinp (1) H3,y (k). H 3 (), which in
turn are determined from equations similar to (34).

4) The microwave switch must, under absence of a
control current, ensure the maximum transmission of
EMW energy and the minimum transmission of energy if
it available. It is proposed to obtain the optimal character-
istics of the system under study based on the fulfillment
of the condition

(7, =0)-1(w7,j#0)>max . (39)

The geometrical dimensions ((d —#) — width, h -
depth) of the injecting contacts here have the meaning of
parameters, the values of which are set by the method of
direct enumeration of possible options (determination of
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ranges of optimal values on the basis of “trial measure-
ments” with subsequent refinement). In this case, the
shape of the profile of the contact areas is set by specify-

ing the functions y =g, (x, Vv,fz)y =g, (x, Vv,fz) and addi-
tional restrictions are imposed on the size of the region
G:0<w<d, 0sh<h+b.

4 EXPERIMENTS

On the basis of the proposed mathematical model, the
algorithm has been developed that allows a series of com-
puter examinations to be carried out. The input data for
the algorithm are the parameters of the EMW (wave of
the TE ) type, Ey = 1, f= 36 GGz), the dimensions of the
waveguide section ( L, = 7.2 mm, L, = 3.4 mm), the repe-
tition period of the elements of the p-i-n-structure (d=30
um), the thickness of the structure (h+b= 80 pwm), the
physical characteristics of silicon (are shown lower), the
accuracy of the subtasks solving of each stage (~).

The algorithm describing the iterative process of the
problem solving of reducing the physical region to the
canonical form, the diffusion-drift problem, the electro-
dynamic problem with the analysis of the information
received at the each stage, consists of the following steps.

The boundary of the studied region G’ is set using
functions y=g,(x,w,h) and values w, h, b, d, m and [ — the
partitioning parameters of the regions (Fig. 3); the accu-

racy 8, the values ¥: on the segment AB and ¥ —on CD

~%

(without loss of generality, we assume X+ =0, X =1),

the initial approximations of the coordinates of the
boundary, internal nodes and conformal invariants (using

formulas (19-20) and (22) respectively) are set; we calcu-
~% ~
late AY =~ —*

m+1

The partitioning step Ay of the domain 5’)‘, the pa-

rameter O, the coordinates of the internal nodes, the con-
formal invariants, and the boundary nodes are consistently

Aj:ﬂ

c

refined according to the formulas

O =(I+1)Ay , as well as in accordance with (19-22).

If the conditions for completing the iterative process
are not fulfilled [13], then the partitioning step of the re-
gion G'™* are refined, otherwise, a grid is constructed that
corresponds to an element of the integrated p-i-n-structure
with  the help of nodal points (x,,,y;)

j=0,n+1) taking into account the

(i=—m—-1m+1,

corresponding symmetry

(Xiem—1,j = Xms1i,j»
Viem—1,j = VYm+i-i,j)-

Then, by point-to-point fixing of values, the system of
linear algebraic equations (28) is solved.

The obtained distribution of charge carriers in the sub-

regions G; and G, are averaged and used to determine the
dielectric constant (9) of the active region.
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The next step is the solution of the electrodynamic
problem (33-34). The equations of type (34) form a sys-
tem of linear algebraic equations, which are jointly solved
with systems of equations of type (33). The solutions are
obtained as a result of an iterative process of solving a
system of equations of type (33—34). And the classical
computational methods of Runge-Kutta and Gauss are
used. The convergence of the process is proved experi-
mentally.

The general idea of the algorithm for determining the
optimal configuration of the shape and the size of the in-
jecting contacts is to sort through all possible sets of val-
ues welwy,wg] and h,elhg,hy] with steps
Aw=(wg —wy)/m,, and Ah=(hy —hg)/my, at which
the functional (35) takes the maximum value, where wy,
Wg, hp, hr are the predefined left, right, lower and upper
boundaries of the enumeration sections of the injecting
contact configurations, m,, m, is the number of split
points of the segments. The corresponding iterative step
of finding the energy transmission coefficient in the
switch is reduced to the sequential solution of subprob-
lems (19-22) (for conformal mapping), (28) (for finding
the distribution of charge carriers concentration), averag-
ing of the concentration separately in regions G, and G,,
calculating the permittivity by the formula (9), solving a
system of equations of type (33—-34) and functional (35).

5 RESULTS
We give two examples of mapping the grid of nodes
of the canonical domain to the physical domain of the
problem. In the case, when the boundary of the contact
region (p-i- and n-i- junctions) is determined by the pa-
rameters w=2, h=2, b=8, d=4 (relative units are used
here) and function y=0.5(x(d—w)/h+w), at the number of

partition nodes m=100, /=400 and X« =0, 5 =1, the

grid shown in Fig. Sa (wedge-shaped contact) is obtained.
If the shape of the contour CD is described by a function
of the form

y:0.5w—\/1—x2(1—(O.5(d—w)—1)2)/h2 +1 and

/=464, the grid of nodes is obtained as displayed in
Fig. 5b. The results of similar calculations for the cross-
section Gy of the active region Vj at m=50, /=36 and

m =50, [ =43 are shown in Fig. 5c¢ and Fig. 5d respec-
tively.

Fig. 6 shows the calculations results of the charge car-
riers concentration distribution for the case of determining
section CD in the form of a straight line segment
y=0.5(x(d—w)/h+w) for the following input data: m=100,

=400,  d=0.003024 cm,  5=0.0070928  cm,
w=0.0012096 cm, £=0.0009072 cm,
on on

a~ %% _)0’ e « U,
&|CcDUC D |C'C"UEE
7,=10° em™, v,=2-10° em™, =105, Jpiy=10"" A/em’,

Jnax=10 A/cmz, D,=25 cm?/s, D,=35 cm?/s.
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a

D* \D*
c d
Figure 5 — Examples of computational grids for an element of
the integrated p-i-n-structure G (a, b) and the cross-section Gy
of the region V' (¢, d) at the form of a contact in the form of a
straight line segment (contact region of a wedge-shaped shape)
(a, ¢) and an ellipse section (b, d)
C D

Figure 6 — Distribution of the concentration of charge carriers in
the active region of p-i-n-structures in various angles of view
(wedge-shaped contact region)
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For a given shape of the contact region
(=0.5(x(d—w)/h+w) wedge-shaped contact), the depend-
ences of the average concentration of electron-hole

plasma (<n> = L J. I n(x, y)dxdy ), the real and imaginary
VGi VGi

components of the dielectric constant (9) of the active

region of the integrated p-i-n-structure on the value of the
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parameters %, w, d are shown in Fig. 7 (parameters used:
g=11, ¢=3-10° m/s, e=1.610" C, £=8.85-10"" F/m,
©=226.95-10° rad/s, v,=25-10" s, v,=20-10" s,
m,=9.646-10" kg, m,=5.096:10"" kg).

Typical T (w,h, jf behavior depending on the values

of the parameters 4, w, d and the contact shape is shown
in Fig. 8.
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Figure 7 — Dependences of the average plasma concentration (a, b), the real (c, d) and imaginary (e, f) parts of the dielectric constant
of the active region on the parameters w (h=0.0024) (a, ¢, €) and & (w=0.0012096) (b, d, f) in the Gj (line with circle markers) and

G, (line with square markers) domains
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Figure 8 — Dependences of the EMW transmission coefficient in
the absence (line with circle markers) and presence (line with
square markers) of a control current on the parameters w
(h=0.0024) (a) and /& (w=0.0012096) (b); their difference is rep-
resented by a line with triangle markers

In the specific case of wedge-shaped contact shape, the
following optimal values were obtained: the base of the
wedge is d-w=~6.5 um, and the height is

h ~20 pm.

6 DISCUSSION

The numerical experiments results unquestioningly con-
firm the importance of the proposed approach of the confor-
mal transformation of the physical region (active region of
the integrated p-i-n-structure), which makes it possible to
extend traditional modeling methods to cases of complex
regions. In addition, there is an opportunity to optimize the
characteristics of the switches on the integrated tape-type p-i-
n-structures. We also note that the proposed numerical pro-
cedure of the conformal mapping method provides an opti-
mal choice of the computational grid. In this case, the ratio
between the parameters of dividing curvilinear quadrangular
regions can be carried out in a semi-automatic mode, for
example, when the corresponding constituent rectangles ap-
proach the squares.

The obtained results are consistent with the results of the
studies, which are reflected in [4-6]. Note that the proposed
algorithm differs from the existing ones in the accuracy of
the model and universality, which makes it possible to use it,
in particular, to solve the optimization problem.
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Undoubtedly, the proposed approach can be easily trans-
ferred to the cases of inhomogeneous media, media with
pronounced spatiality, cases of taking into account the dy-
namics of the medium, in particular, due to the inverse influ-
ence of the characteristics of the process on the characteris-
tics of the medium [17].

Note: this task on conformal mappings can also be used
to find the distribution of the potential lines ¢ and the field
lines y (X corresponds to the equipotential lines =¢(x,y),

¥ corresponds to the field lines y=y(x,))).

CONCLUSIONS

As a result of the present research, mathematical and
computer models of the process of interaction of microwave
EMW with electron-hole plasma of the active region of inte-
grated p-i-n-structures are obtained. The mathematical model
allows to obtain a number of important characteristics of the
switch: the EMW transmission coefficient through the
switching system at a high / low level of control current (the
structure insertion losses in the waveguide), the dielectric
permittivity of the active region of p-i-n-structures, charac-
terizes its electrodynamic properties; the distribution of
charge carriers in the active region is established as a result
of their injection from p-i and n-i junctions under the action
of a control current. The obtained characteristics are consis-
tent with the data obtained using the one-dimensional model
of the process of ambipolar diffusion of the model of averag-
ing the electrodynamic characteristics of layers of the inte-
grated structure.

The scientific novelty of obtained results is that the pro-
posed mathematical model takes into account the structural
features of the injected contacts of the integrated circuit,
which in essence is a p-i-n-structure, and in a certain sense is
universal. Such a result was achieved by using the method of
conformal mappings to reduce the physical areas of the prob-
lem to a canonical form. The approach proposed in this paper
allows to carry out a procedure for optimizing the shape and
geometric dimensions of an element of a p-i-n-structure and
injection contacts, in particular, with arbitrary sets of input
data of the switching system (operating frequency, type of
semiconductor material, etc.).

Prospects for further research. The constructed
mathematical model is characterized by an increased level of
detail of the processes in the system under study compared to
existing models and, accordingly, an increased level of com-
plexity, which, in turn, requires the attraction of significant
resources of computing systems. Therefore, this work pro-
vides an example of the application of the developed optimi-
zation algorithm for only one type of (wedge-shaped) injec-
tion contacts. The general optimization procedure requires a
separate, more detailed study. In addition, the questions of
the heating influence of the electron-hole plasma of the p-i-
n-structure by the control current and of the effect of the
shape and geometric dimensions of the injected contacts on
the heat balance of the system remain open. Obviously, these
factors must be taken into account when solving the optimi-
zation problems of microelectronics.
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VK 519.6:621.382.233
ONTUMIBALISA ®OPMMU I POSMIPY IHKKEKTYIOUUX KOHTAKTIB IHTETPAJIBHUX P-I-N-CTPYKTYP HA OCHOBI
BUKOPUCTAHHS METOAY KOH®OPMHUX BIJOBPA’KEHDb

Bomba A. 1. — n-p TexH. Hayk, npodecop kadenpu KOMIT IOTEPHUX HAayK Ta MPHKJIaJHOT MaTeMaTuku HallioHaibHOTO YHIBEPCUTETY BO-
JTHOT'O FOCIIOJIAPCTBA Ta MPUPOJAOKOPUCTYBaHHS, PiBHe, YKpaiHa.

Mopo3 L. I1. — kauz. ¢pus.-Mar. HayK, JOLUESHT Kadeapu iHPOpPMAaTHKU Ta MPUKIAJHOI MaTeMaTHKN PiBHEHCHKOTO JIepyKaBHOTO T'yMaHiTa-
pHOro yHiBepcurerty, PiBHe, YkpaiHa.

Boiiuypa M. B. — M.H.c. HayKOBO-10C/TiJHOT YacTUHK HallioHanbHOTO YHIBEpCUTETY BOAHOTO IOCIIOAPCTBA Ta MPUPOAOKOPUCTYBAHHS,
PiBHe, YkpaiHa.

AHOTALIA

AKTyaJIbHiCTh. P-i-n-/110/11 NIMPOKO BUKOPUCTOBYIOThCS y TEXHilll HAJBUCOKHX YacTOT JUIsl YIIPABJIIHHS €JIeKTPOMAarHiTHUM mosiem. Ke-
pyBaHHsI [OJIEM 3/IHCHIOETBCS 32 PaXyHOK ()OpMyBaHHs B 00J1aCTi BIACHOTO HAMIBIIPOBiAHKKA (i-001acTi) €IeKTPOHHO-IPKOBOI IIA3MHU ITif
J€I0 Kepyro4yoro cTpymy. PO3BUTOK KepylO4nX HPHCTPOIB HA p-i-n-[ioJax MPUBIB 0 HOSBU IHTETPAIbHUX P-i-N-CTPYKTYP Pi3HHUX THIIIB,
XapaKTEPUCTUKU SKUX (HAMPUKIAM, MIBHIAKOIiS, PiBeHb KOMYTOBAaHOI MOTYXXHOCTI TOINO) MEPEBUIIYIOTh AHAJIOTIYHI XapaKTEPUCTHKU
00’eMHHX Ji0/1iB. BracTHBOCTI p-i-n-CTPYKTYp BH3HAYAIOTh Psij MpoleciB: nudy3iiiHo-apeiidoBuil mpolec nepeHeceHHs 3apsiB, peKoMOi-
HaliliHO-reHepauiiiti, TeruIoBi, imkeKUil Tomo. OueBUaHO, 110 3a3Ha4Y€Hi MPOLEeCH MOBUHHI BPAXOBYBATHCh (3HAXOAUTH BiIOOPaXKEHHS) Y
MaTeMaTH4HIH MOJeNi CHCTEMH KOMIT IOTEPHOTO MPOSKTYBAaHHS KEPYIOUMX MPUCTPOIB HAJBUCOKOYACTOTHUX cUCTeM. KOMIUIEKCHE Bpaxy-
BaHHsI POLIECIB MPUBOINTH JI0 MIOCTAHOBKHU CKIaAHKX 3aaa4. OjHa i3 HUX — 33[a4ya onTuMizaiii (GopMH, TEOMETPHYHHUX PO3MIPIB Ta PO3Mi-
LICHHS 1H)KEKTYIOYMX KOHTAKTiB (aKTUBHOT 001aCTi).

Mera. [Tonsrae y po3poOLi MaTeMaTHYHOI MOJEII Ta BiANOBiJHOTO 1if IPOrpaMHOrO KOMIUICKCY HPOLECY B3aeMOIi HaBHCOKOYaCTOT-
HUX XBHUJIb 3 €IEKTPOHHO-AIPKOBOIO IIa3MOI0 B aKTHBHIi 00JIaCTi HAIMIBIPOBIJHUKOBUX KOMYTYIOUHX IMOBEPXHEBO-OPIEHTOBAHUX IHTErpa-
JIBHUX P-1-N-CTPYKTYP 3 KOHTAKTaMU CTPIYKOBOT'O THUITY /ISl TPOBEJCHHS MPOLEIYPH ONTUMI3aLil (POPMHU Ta TEOMETPUYHHUX PO3MipiB aKTHUB-
HOi o0nacri.

MeTtoa. OcHOBHA ies1 pO3POOIICHOrO aNrOPUTMY — 3aCTOCYBAHHS METOAY KOH(DOPMHHUX BioOpa)keHb [UIsl pUBEICHHS (i3n4HOi 00ac-
Ti 33124l 10 KAHOHIYHOTO BUIIISAAY 3 HOAANBIIAM PO3B’A3aHHAM Ha JaHiil 0071acTi BHYTPILIHIX KpaflOBUX 3a/1a4 ISl PIBHSIHHS aMOIMOIsSpHOI
nudy3ii Ta XBUILOBOTO PIBHSHHS YHCEIbHO-aHATITHYHUMHU METOAaMH (BUKOPUCTAHO METOJI CKIHYEHHMX PI3HMIIb, YACTUHHHUX 00OJacTel i3
3aCTOCYBAHHIM TMPOEKI[IMHUX I'PaHUYHMX YMOB, aHAIOr MeToay [anbopkiHa). B OCHOBI ONTHMI3aLifHOrO AJTOPUTMY JISKHTH MOETAITHE
po3B’si3aHHs (IIPH 33/IaHUX HA KOXKHOMY eTarti popMi Ta FeOMETPUYHHX PO3Mipax aKTUBHOI 00JIaCTi) HACTYIHUX 3a/ia4y: 3HAXOAUTHCS po3pa-
XYHKOBa CiTKa BY3MiB [ (i3uuHUX obacTeil 3a1adi, pO3paxoBYEThCS PO3IMOIINT KOHIIEHTPALIIT HOCIIB 3apsily B aKTHBHiil obsacti, 06uuc-
JIIOETHCS KOe(ILEHT Tepeadi eHeprii B J0CIIDKyBaHii cUCTeMI, KUl BXOJUTH B 3allpOINIOHOBAaHUI onTuMizauiiHuii gyHkuionan. Exkcrpe-
MaJIbHI 3Ha4eHHS (PYHKI[I0HATY 3HAXOAATHCS METOJIOM PIBHOMIPHOT'O MOIIYKY.

Pe3yabraTu. 3anpornoHoBaHa MaTeMaTH4Ha MOJENb Ta BiAMOBIAHHIA pe3yIbTATUBHUI alrOPUTM ONTHUMI3allii GOPMH Ta TeOMETPUIHUX
po3MipiB akTHBHOI 00nacTi (i-00acTi) IHTErpalbHUX MMOBEPXHEBO-OPIEHTOBAHHUX P-i-N-CTPYKTYP PO3LIMPIOE IHCTPYMEHTaJbHY 0a3zy s
MPOEKTYBaHH HAITIBITPOBITHUKOBUX CXEM HAJBHCOKHX 4acToT (aHayoriunux, Hanpukiag, CST MICROWAVE STUDIO).

BucnoBku. Po3po6ieno amroput™m onrtumizamii GopMH Ta IeOMETPUYHHX DPO3MIpIB aKTHUBHOI 0ONAcTi iHTErpalbHHX MOBEPXHEBO-
OpIEHTOBaHHUX P-i-N-CTPYKTYp 3 3ariMOJCHUMH KOHTAKTaMH, II0 MPU3HAYEHI /Ui KOMYyTallil eIeKTPOMArHiTHUX CHUTHAIIB MiTIMETPOBOTO
Jiana3oHy. YHIBepCaJbHICTh allrOPUTMY 3a0€3MEeUyEThCS 3aCTOCYBaHHIM METOJy KOH(POPMHHX BioOpa)keHb MPOCTOPOBHUX obnactei. Po3-
IJISTHYTO IPUKJIA]] 3aCTOCYBaHHS 3alIPOIIOHOBAHOI0 AJITOPUTMY U IONIYKY ONTHMAJIEHUX PO3MIpIB KINHOBHIHUX (B HONEPEYHOMY pO3pi3i)
KOHTAKTiB KPEMHI€BUX CTPYKTYP.

KJIFOYOBI CJIOBA: Meton koH(DOpMHHX BioOpa)KeHb, ONTUMI3aLlis apaMeTpiB, mporec aMOinoasipHoi andy3ii, XBUILOBUH MPO-
1ec, KOMyTaTop eJIeKTPOMArHiTHOTO MOJIs HQJIBUCOKUX YaCTOT, P-i-N-CTPYKTypa.

© Bomba A. Ya., Moroz I. P., Boichura M.V, 2021
DOI 10.15588/1607-3274-2021-1-2

27



e-ISSN 1607-3274 Pagioenexrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

YK 519.6:621.382.233
OonTUMM3ALIUS ®OPMbI U PASMEPA HH)KEKIITMUOHHbBIX KOHTAKTOB UHTET' PAJIBHBIX P-I-N-CTPYKTYP HA
OCHOBE UCIIOJIb30BAHUSI METOJIA KOH®OPMHBIX OTOBPAXKEHUI

Bom6a A. SI. — 1-p TexH. Hayk, mpodeccop kadeapbl KOMIBIOTEPHBIX HAYK W MPUKIAIHOW MaTeMaTnkid HallMoHaIbHOTO YHUBEPCHTETA
BOJHOTI'O X03sICTBa U MPUPOI0NI0Ib30BaHus, PoBHO, YKpanHa.

Mopo3 WU. I1. — xang. ¢us.-MaT. HayK, JOIEHT Kadeapsl HHPOPMATHKHU U MPHUKIIAJIHON MaTeMaTHKH POBEHCKOTO rocy1apCTBEHHOTO Ty-
MaHHUTapHOTO yHHUBepcuTeTa, PoBHO, YkpanHa.

Boiiuypa M. B. — M.H.c. HayyHO-HCCIIEI0BATENbCKOIO cekTopa HalmoHnanbHOro yHUBepcUTETa BOJHOTO XO35HCTBA U MIPUPOIOTIOINB30-
BaHus, PoBHO, YKpanHa.

AHHOTADIUA

AKTyaJ’IbHOCTb. P-i-l‘l-Z[I/IOZ[BI ITUPOKO HUCIIOJIB3YIOTCSA B TEXHUKE CBEPXBBICOKUX YAaCTOT I YIPABJICHUSA 3JIEKTPOMAIrHUTHBIM IIOJIEM. anaBne-
HHE TI0JIeM OCYLIECTBILIETCS 32 cYeT (POPMHUPOBAHUS B 00JACTH COOCTBEHHOTO HOJIYIPOBOAHMKA (i-007TaCTH) 3IEKTPOHHO-IBIPOYHON IIIa3Mbl MOX
JIEWCTBUEM YIIPABJISAIOIIETO TOKA. Pa3sBUTHE yHPaBISAIONIMX YCTPOWCTB HA P-i-N-IH0/aX HPUBEN K MOSBICHUIO HHTETPAIBHBIX P-i-N-CTPYKTYp pa3iny-
HBIX TUIIOB, XapaKTEePHCTUKH KOTOPBIX (HapHMep, OBICTPOACHCTBIE, YPOBSHb KOMMYTHPYEMOI MOIITHOCTH U T.J.) IIPEBHIIIAIOT aHAIOTHYHBIC XapaK-
TEPUCTUKH OOBEMHBIX JAM0J0B. CBOMCTBA P-i-N-CTPYKTYP ONPEACIISIOT Pl MPOLEeCCoB: MM (dy3nOHHO-APer(OBBIN MpoLiece MepeHoca 3apsioB, pe-
I(OM6I/IHaIII/IOHHO-FCHepaHHOHHLIe, TCIUIOBBIC, MHXCKIIUU U TOMY HO,HOﬁHOC. O'-ICBI/I,HHO, YTO YKa3aHHBIC MPOLECCHI JOJKHBI YUYUTBIBATHCA (HaXOHI/ITL
OTpa)KeHI/Ie) B MaTeMaTHYECKOI MOJCIN CUCTEMBI KOMIIBIOTEPHOI'0 MPOCKTUPOBAHUSA YIIPABJISIOMINUX yCTpOﬁCTB CBEPXBBICOKOYACTOTHBIX CHCTEM.
KomrmiexcHbri Y4YET NPOLECCOB NPUBOAUT K ITIOCTAHOBKE CIIOXKHBIX 3a1a4. OZ[Ha W3 HUX — 3aJa4a ONTHUMH3AINH (bOpMBI, TEOMETPHUUCCKUX PasMEPOB U
pa3MelieHNs] MHKEKIMOHHBIX KOHTAKTOB (aKTHMBHOM 001acTH).

IIE.]'lb. 3akiIo4acTcs B pa3pa60TKe MaTeMaTHYECKOM MOJCIN U COOTBETCTBYIOIIETO el MIPpOrpaMMHOI'0 KOMITJIEKCa MIporecca BBaHMOHeﬁCTBHﬂ
CBEPXBBICOKOYAaCTOTHBIX BOJIH C 3HeKTp0HHO-I[LIp0‘IHOﬁ I1a3MOM B aKTHUBHON oOJiacTH TIOJTYIIPOBOTHUKOBBIX KOMMYTHUPYIOIIUX ITOBEPXHOCTHO-
OPHEHTHUPOBAHHBIX UHTETPAIBHBIX P-I-N-CTPYKTYP C KOHTAKTAMHU JICHTOYHOTO THIIA JUIsl POBEICHUS IPOLEIYPbl ONTUMHU3ALMU (POPMBI U TEOMETPHU-
YECKUX pasMEpoOB aKTHBHOM 001aCTH.

MeTtoa. OcHoBHas Hjes pa3pabOTaHHOrO AJITOPUTMA — IIPUMEHEHHE METO/1a KOH(POPMHBIX OTOOPaKESHHIA /IS TPUBEICHUS (PU3UIECKOI 00acTn
3aJ]a4 K KaHOHWYECKOMY BHJY C MOCIIEIYIOIIUM PEIICHHEM Ha JaHHOH 00JacTH BHYTPEHHMX KPAeBbIX 33/1a4 JUIl YpPaBHEHHs aMOUMONSPHON aug-
(1]}’31/[1/1 1 BOJIHOBOT'O YpPaBHCHHSA YHUCIICHHO-aHAJIUTHYECKUMU METOJaMU (PICHOJ'IIBOB&H METOJ KOHCYHBIX pa3HOCTeﬁ, YacTHBIX O0yacTeil ¢ IIpUMEHE-
HHUEM NIPOCKIMOHHBIX TPAHUYHBIX yCJ'[OBPIﬁ, aHaJior MertoJa FanepKHHa). B ocHoBe ONTUMHU3ALUOHHOI'O aJITOPUTMaA JIC)KUT IIOOTAITHOE PEIICHUE (le/l
3aJJaHHbIX HA KaXX0M 3Tane (Gopme U reoMEeTpHYECKUM pa3MepaM aKTUBHOH 00JIacTH) CIEAYIOIIUX 3a]a4: HaXOJMUTCS PacyeTHas CEeTKa y3JIOB IS
(I)I/IBI/I‘ICCKI/IX obacreit 3a/la4yy, paCCYUTBIBACTCS paCpEACICHNE KOHIIEHTPAalnu HOCHTEIIEeH 3apsaa B AKTUBHOM 06J'IaCTI/I, BBIYHUCIIACTCA KOBd)(iJPIL[I/ICHT
nepeaavyy SHEPruu B HCCHGZ{yeMOI}’I CUCTEME, BXOZ[S[H_H/Iﬁ B HpeZ[JTO)I(eHHLIﬁ 0HTHMH3aHHOHHBIﬁ beHKI_U/IOHaJ'[. BKCTpeMaIIBHBIe 3HAYCHUS beHKI_II/IOHa-
Jia HaXOATCA METOAOM PaBHOMEPHOTO ITOUCKA.

Pe3ym,TaTl,1. HpeI[J'IO)KCHHaﬂ MaTeMaTu4CCKas MOJCIb U COOTBGTCTBy}OIlII/Iﬁ pe3yHBTaTHBHLIﬁ AJITOPUTM ONITUMHU3ALUU (IJOpMI)I " reomMeTpuic-
CKHX pa3MepoB aKTHUBHOH o0nactu (i-00JacTH) MHTETPabHBIX MMOBEPXHOCTHO-OPHEHTUPOBAHHBIX P-i-N-CTPYKTYp PACIIUPSET MHCTPYMEHTAIBHYIO
0a3y JU1sl IPOEKTUPOBAHUS MOJTYIIPOBOJHUKOBBIX CXEM CBEPXBBICOKUX YacTOT (aHanorun4usix, Hanpumep, CST MICROWAVE STUDIO).

BblBOleI. Pa3pa60TaH AJITOPUTM ONTUMH3ALIUN (IJOpMLI U TeOMETPUYIECCKHUX pasMEpPOB aKTMBHOU 00JacTu HUHTETPAJIBHBIX ITOBEPXHOCTHO-
OPUEHTUPOBAHHBIX p-i-n-CprKTyp C yFIIy6IIeHHI>IMI/I KOHTaKTaMH, NPEAHA3HAUYCHHBIX JII KOMMYTAllUX 3JIEKTPOMAarHUTHBIX CUTHAJIOB MUJIIIUMETPO-
BOTO JiMana3oHa. YHUBEPCAIbHOCTh ANIrOpUTMa 00ECIeynBaeTCsl MPUMEHEHHEM MeTOo/la KOH(OPMHBIX OTOOPaKEHHUH MPOCTPAHCTBEHHBIX 00IacTeil.
PaCCMOTpeH TIPpUMEP MPUMEHEHUS NMPEMIOKEHHOTO aJIrOpUTMa Il TIOMCKAa ONTUMAJIBHBIX Pa3sMEpOB KHI/IHOO6pﬁ3HLIX (B TOTIEPEYHOM pa3pese) KOH-
TAKTOB KPEMHHEBBIX CTPYKTYP.

KJUIFOYEBBIE CJIOBA: meton KOHGOPMHBIX OTOOpaXeHHI, ONTHMH3ALMS apaMeTpoB, polece aMOunoysipHol Auddy3un, BOIHOBOIT mpo-
LECC, KOMMYTATOP SJIEKTPOMArHUTHOTO MOJISI CBEPXBBICOKUX YaCTOT, p-i-n-CprKTypa.

JITEPATYPA / TUTEPATYPA 11. Samarskii A. A. The Theory of Difference Schemes /

1. Pozar M. Microwave Engineering / M. Pozar. — New York : Wiley, A. A. Samarskii. — Boca Raton : CRC Press, 2001. — 786 p. DOL:

2010. - 736 p. 10.1201/9780203908518.
2. Kwok K. Complete Guide to Semiconductor Devices / K. Kwok. — 12. Fuchs B.A. Functions of a complex variable and some of their

New York : Wiley-Interscience, 2002. — 740 p. applications / B. A. Fuchs, B. V. Shabat. — Pergamon Press, 1964. —
3. Microwave silicon windows for high-power broad-band switching 458 p. DOI: 10.1016/C2013-0-01663-5.

applications / [K. E. Mortenson, J. M. Borrego, P.E. Bakeman, 13. Bomba A. Ya. Nonlinear Inverse Boundary-Value Problems of

R. J. Gutmann] // IEEE J. Solid-State Circuits. — 1969. — Vol. 4. — Conformal Mapping with a Controlling Potential / A. Ya. Bomba, S.

No. 6. — P. 413-421. S. Kashtan, V. V. Skopetskii // Cybernetics and Systems Analysis. —
4. Koshevaya S. V. Fast wideband modulators on p-i-n structures / 2004. — Vol. 40 (1). — P. 58-65. DOI: 10.1023/B:

[S. V. Koshevaya, Ya. I. Kishenko, M. I. Smoilovskii, and CASA.0000028100.70341.57.

V. A. Trapezon] // Izv. Vyssh. Uchebn. Zaved., Radioelektron.; 14. On a method of image reconstruction of anisotropic media using

Radioelectron. Commun. Syst. — 1989. — No. 10. — P. 14-23. applied quasipotential tomographic data / [A. Ya. Bomba, M. T.
5. Comparison of Volume and Integrated P-I-N Modulators in Kuzlo, O. R. Michuta, M. V. Boichura] // Mathematical Modeling

Millimeter Wave Range / [S. Koshevaya, 1. Moroz, V. Grimalsky et and Computing. — 2019. — Vol. 6 (2). — P. 211-219. DOIL

al] // International Journal of Infrared and Millimeter Waves. — 10.23939/mmc2019.02.211.

2005. — Vol. 26, No. 3. — P. 387-408. 15. Katsenelenbaum B. Theory of Nonuniform Waveguides /
6. Sze S. Physics of Semiconductor Devices / S. Sze, K. Kwok. — New [B. Katsenelenbaum, L. Marcader del Rio, M. Perreyaslavets et

York : Wiley-Interscience, 2006. — 815 p. al.— IEE  Series, London, 1998. - 272p. DOL
7. Grundmann M. The Physics of Semiconductors / M. Grundmann. — 10.1049/PBEWO044E.

Berlin, New York: Springer, 2006. — 689 p. 16. Bomba A. Mathematical Modeling of Electromagnetic Fields in
8. Collin R.E. Foundations for microwave engineering / R. E. Collin. — Irregular Waveguide / A. Bomba, 1. Moroz // 2019 IEEE 20th

New York : Wiley IEEE Press, 2001. — 944 p. International Conference on Computational Problems of Electrical
9. Shestopalov V. P. Resonance Wave Scattering, Vol. 2: Waveguide Engineering (CPEE), 15-18 Sept. 2019. — Lviv-Slavske, 2019. —

Discontinuities / V. P. Shestopalov, A. A.Kirilenko, and P. 1-4. DOI: 10.1109/CPEE47179.2019. 8949094.

L. A. Rud’. — Kiev : Naukova Dumka, 1986. — 216 p. [in Russian]. 17. Bulavatsky V.M. Fractional Differential Analog of Biparabolic
10. I’insky A. S. Propagation, diffraction and dissipation of Evolution Equation and Some Its Applications / V. M. Bulavatsky //

electromagnetic waves / A. S. Il'insky, A. Ja. Slepjan, Cybernetics and Systems Analysis. —2016. — Vol. 52. — P. 737-747.

G. Ja. Slepjan. — London, UK : The IEE and Peter Peregrinous Ltd. DOI: 10.1007/s10559-016-9875-5.

Publ., Electromagnetic Waves (Series 36), 1993. — 275 p.

© Bomba A. Ya., Moroz I. P., Boichura M.V, 2021
DOI 10.15588/1607-3274-2021-1-2

28



e-ISSN 1607-3274 Papioenexrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

UDC 51-74, 517.968.21

APPROXIMATE SOLUTIONS FOR THE KOLMOGOROV-WIENER
FILTER WEIGHT FUNCTION FOR CONTINUOUS FRACTIONAL
GAUSSIAN NOISE

Gorev V. N. — PhD, Assistant of the Department of Information Security and Telecommunications, Dnipro Univer-
sity of Technology, Dnipro, Ukraine.

Gusev A. Yu. — PhD, Associate Professor, Professor of the Department of Information Security and Telecommuni-
cations, Dnipro University of Technology, Dnipro, Ukraine.

Korniienko V. I. — Dr. Sc., Professor, Head of the Department of Information Security and Telecommunications,
Dnipro University of Technology, Dnipro, Ukraine.

ABSTRACT

Context. We consider the Kolmogorov-Wiener filter for forecasting of telecommunication traffic in the framework of a continu-
ous fractional Gaussian noise model.

Objective. The aim of the work is to obtain the filter weight function as an approximate solution of the corresponding Wiener-
Hopf integral equation. Also the aim of the work is to show the convergence of the proposed method of solution of the corresponding
equation.

Method. The Wiener-Hopf integral equation for the filter weight function is a Fredholm integral equation of the first kind. We
use the truncated polynomial expansion method in order to obtain an approximate solution of the corresponding equation. A set of
Chebyshev polynomials of the first kind is used.

Results. We obtained approximate solutions for the Kolmogorov-Wiener filter weight function for forecasting of continuous
fractional Gaussian noise. The solutions are obtained in the approximations of different number of polynomials; the results are ob-
tained up to the nineteen-polynomial approximation. It is shown that the proposed method is convergent for the problem under con-
sideration, i.e. the accuracy of the coincidence of the left-hand and right-hand sides of the integral equation increases with the num-
ber of polynomials. Such convergence takes place due to the fact that the correlation function of continuous fractional Gaussian
noise, which is the kernel of the corresponding integral equation, is a positively-defined function.

Conclusions. The Kolmogorov-Wiener filter weight function for forecasting of continuous fractional Gaussian noise is obtained
as an approximate solution of the corresponding Fredholm integral equation of the first kind. The proposed truncated polynomial
expansion method is convergent for the problem under consideration. As is known, one of the simplest telecommunication traffic
models is the model of continuous fractional Gaussian noise, so the results of the paper may be useful for telecommunication traffic

forecast.

KEYWORDS: Kolmogorov-Wiener filter weight function, continuous fractional Gaussian noise, Chebyshev polynomials of the

first kind, telecommunication traffic forecast, method convergence.

NOMENCLATURE
T is the time interval along which the input data are
observed;
k 1is the time interval for which the forecast should be
made;
h(t) is the Kolmogorov-Wiener filter weight function;

H is the Hurst exponent;
S (¢) are the Chebyshev polynomials of the first kind

which are orthogonal on the time interval ¢ € (0,7) ;
R(t) correlation function of fractional Gaussian noise.

INTRODUCTION

The problem of telecommunication traffic forecast is a
topical problem of telecommunications. Traffic in tele-
communication systems with data burst transfer is a self-
similar process [1]. It should be stressed that self-similar
processes take place in a huge variety of different systems
(see, for example, [2]), and their forecast is investigated
not only for telecommunication traffic, but also for other
systems (see, for example, [3, 4]).

One of the simplest models of self-similar telecom-
munication traffic is the model where the traffic is con-
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sidered to be a fractional Gaussian noise [1]. In [5] it is
stressed that it is reasonable to consider traffic as a con-
tinuous random process because of a large amount of da-
ta. So, in a simple model the traffic can be treated as a
continuous fractional Gaussian noise.

Fractional Gaussian noise is a stationary random proc-
ess, so the Kolmogorov-Wiener filter may be used in or-
der to investigate the traffic forecast. This paper is de-
voted to the obtaining of the weight function of the corre-
sponding filter. In this paper we consider only the case
where the Hurst exponent H >0.5.

The weight function under consideration obeys a
Fredholm integral equation of the first kind [6]. We pro-
pose to use the truncated polynomial expansion method in
order to obtain an approximate solution of the correspond-
ing integral equation. The correlation function of frac-
tional Gaussian noise, which is the kernel of the consid-
ered integral equation, is a positively-defined function [7],
so the proposed method should be convergent.

The obtained results may be important for forecasting
of telecommunication self-similar traffic.

The object of study is the Kolmogorov-Wiener filter
for continuous fractional Gaussian noise.
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The subject of study is the weight function of the
corresponding filter.

The aim of the work is to obtain the corresponding
weight function as an approximate solution of the Fred-
holm integral equation of the first kind. Also the aim of
the work is to show the convergence of the truncated
polynomial expansion method for the problem under con-
sideration.

1 PROBLEM STATEMENT
As is known [6], the Kolmogorov-Wiener weight
function obeys the Wiener-Hopf integral equation

j‘d'ch(r)R(t—r)zR(t+k). (1)

The correlation function of continuous fractional Gaus-
sian noise for H > 0.5 is as follows [7]

R(f)=2H (2H-1)&"

2H-2
U

; 2)

where o is the process variance. After substitution of (2)
into (1) one can obtain

'[dth(‘t)|t—‘t|2H72 = (t+k)2H_2, 1(0,T), (3)

where the fact that £ >0, and obviously ¢t+k>0, is
used. The problem is to obtain the function %(t) as an
approximate solution of the integral equation (3).

2 REVIEW OF THE LITERATURE

As is known, traffic in telecommunication systems
with data burst transfer is a self-similar process, and one
of the simplest self-similar traffic models is the model of
fractional Gaussian noise [1]. Fractional Gaussian noise
is a stationary random process [7], so its forecast may be
obtained on the basis of the Kolmogorov-Wiener filter.
According to [5], the traffic is considered as a continuous
random process, which is reasonable in case of a large
amount of data.

In the case of a continuous process the Kolmogorov-
Wiener weight function obeys a Fredholm integral equa-
tion of the first kind [6]. An exact analytical solution of
such an equation meets difficulties, so we use the trun-
cated polynomial expansion method in order to obtain an
approximate solution of the corresponding equation.

In our previous papers [8—10] we investigated the cor-
responding method for the case of fractal processes with a
power-law structure function. In [8] we used polynomials
which are orthogonal on the time interval ¢ € (0,7) with-

out weight, and in [9, 10] we used the Chebyshev poly-
nomials of the first and second kind, respectively. It was
shown that the behavior of the method convergence is
identical for all the polynomial sets investigated in [8—
10], and the method is not necessarily convergent for frac-

© Gorev V. N., Gusev A. Yu., Korniienko V. 1., 2021
DOI 10.15588/1607-3274-2021-1-3

30

tal processes with a power-law structure function. The
reason is as follows. The method convergence is guaran-
teed [11] if the kernel of the corresponding integral equa-
tion is a positively-defined function. As can be seen from
eq. (1), the kernel of the integral equation under consid-
eration coincides with the correlation function of the ran-
dom process under consideration. The correlation func-
tion of a fractal random process with a power-law struc-
ture function is not a positively-defined function, so for
that case the method convergence is not guaranteed.

But, as is known [7], in the case where H > 0.5 the
correlation function of fractional Gaussian noise, in con-
trast to the correlation function of a process with a power-
law structure function, is a positively-defined function. So
the truncated polynomial expansion method should be
convergent for the problem under consideration. In this
paper a set of Chebyshev polynomials of the first kind is
used.

3 MATERIALS AND METHODS
In the framework of the truncated polynomial expan-
sion method [8—10] the function /%(t), which is the solu-

tion of the integral equation (3), is sought as a truncated
orthogonal polynomial series

W)=Y g"s, (x), (4)

m=0

where [ is the number of polynomials and g are coef-
ficients multiplying the polynomials. The function #(t)

in the form (4) is the solution in the /-polynomial ap-
proximation.

The polynomials S, (t)should be orthogonal on

1€ (0,7T) . In this paper this set is constructed on the basis

of the Chebyshev polynomials of the first kind. As is
known [12], the explicit expressions for the Chebyshev
polynomials of the first kind are

[m/2] :
T, (x)=2 G/ (¥ =1) 2 5)
j=0

where [y] is the integer part of y and

2 m!

As is shown in [9], the following orthogonality rela-
tion is valid:

2y T
1|7, | —=-1 =—A43, ,
j m(T jw(y)dy 2 n mn (7)
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2 \V2
B 2y 3 m,n=0;
W(y)_(l (T 1j ] > A _{Tc/2,n¢0, ®)

and
5 - 1,m=mn; 9
mn O,m¢n, ()

is the Kronecker delta. So, the polynomials
2t
S ()=T|=-1

are orthogonal on ¢ € (0,7) with the weight w(¢), and

(10)

they may be used in the expansion (4).
By substituting (4) into (3) one can obtain

2H-2 )ZH 2

-1 =(r+k

jdrs (11)

m= 0

and by multiplying both sides of (11) by S, (¢) and inte-
grating over ¢ one can obtain the following set of linear
algebraic equations

zgm mn = n 031_1’ (12)
m=0
where G, are the so-called integral brackets
L 2H-2
, = [ [atdss, (1), ()= (13)
00
and the coefficients B, are calculated as
f 2H-2
B, =[dxs, (t)(t+k)" (14)
0

the functions S, (¢) are taken from (10).

Let us discuss the properties of the integral brackets
(13). First of all, if we interchange the integration vari-
ables in (13), we obtain

TT
= [[atdzs, (1), ()= ={r >t} =
oToT (1 5)
= [[drds, (z)S, ()|e-"" =G,,.
00
so the integral brackets obey the property
G,, =G, (16)

Let us make the following change of the variables:
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27 2t
G =qx=—-lLy="-1;=

s [Zi2),

7
T 1 2H-2
S (y+ N|Tx Ty .
" 2 2 2
On the basis of (13) and (17) one can see that
T? ¢ Ix Ty 2=
G =—||dxdyT, (x)T — =
:{x—>—x,y—>—y}= (18)

2H-2

% ¢ ¢ Ix Ty
:TI I dxdyT, (—x)Tm (—y) S

-1-1

As can be seen from (5), the following property is

valid:
T, (-x),ni2;
= 1
2 (x) {—Tn (cx)n2. (19)
which leads to the fact that
T T =-T (-x)T. (-
()T, (v)=-T,(—x)T, (-»)., 0

if m,n are of different parity.
So on the basis of (20) and (18) it can be seen that

G,=-G,=>G, =0, 21
if m,n are of dlfferent parity. @

So the integral brackets obey the properties (16) and
(21). This fact significantly reduces the computing time,
because by a straightforward calculation one should cal-
culate G,, only for m>n where m, n are of the same
parity.

The algorithm of the weight function calculation is as
follows. First of all, one should calculate the integral
brackets G, and the coefficients B, (see (13) and (14)).

mn

Then the set of linear algebraic equations (12) for the co-
efficients g!!' should be solved. The approximate solution

of the integral equation (3) in the / -polynomial approxi-
mation is given by expression (4). In this paper the corre-
sponding numerical results are obtained with the help of
the Wolfram Mathematica package.

4 EXPERIMENTS
Of course, an interesting question is whether the pro-
posed method is convergent. The kernel of the integral
equation (3) is a positively-defined function, so the trun-
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cated polynomial expansion method should be convergent
for the problem under consideration.

In order to check the convergence of the method we
numerically compare the left-hand and the right-hand
sides of the integral equation (3) for different numbers of
polynomials. The integral on the left-hand side of eq. (3)
is numerically calculated with the help of the Wolfram
Mathematica as

.T[dth(r)|t—r|2H_2 = jdth(r)(f—r)ZH_z +
0 ) 0 (22)
+j dth(r)(r—t)wiz.

The numerical investigation is made for the set of pa-
rameters

=100, k=3, H=0.8. (23)

In what follows the comparison of the left-hand and

the right-hand sides of the integral equation (3) is illus-

trated by graphs where the dotted line illustrates the graph

for the left-hand side and the solid line illustrates the
right-hand side.

0 20 40 80 g0 00

Figure 1 — Comparison of the left-hand and right-hand sides of

eq. (3) for parameters (23) for the one-polynomial
approximation

=

0 20 40 80 80 o0

Figure 2 — Comparison of the left-hand and right-hand sides of

eq. (3) for parameters (23) for the three-polynomial
approximation
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As can be seen from Fig. 1 and Fig. 2, the approxima-
tions of a small number of polynomials are not accurate.

However, as can be seen from Fig. 1 — Fig. 7, the ac-
curacy of coincidence of the left-hand and the right-hand
sides of the integral equation (3) increases with the num-
ber of polynomials.

0 29 40 80 &0 100
Figure 3 — Comparison of the left-hand and right-hand sides of
eq. (3) for parameters (23) for the six-polynomial approximation

o = e e s e
Figure 4 — Comparison of the left-hand and right-hand sides of
eq. (3) for parameters (23) for the nine-polynomial
approximation

0 20 40 80 ED 00
Figure 5 — Comparison of the left-hand and right-hand sides of
eq. (3) for parameters (23) for the twelve-polynomial
approximation
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0 2w e 20 oo

Figure 6 — Comparison of the left-hand and right-hand sides of

eq. (3) for parameters (24) for the fifteen-polynomial
approximation

0 20 40 B0 20 100

Figure 7 — Comparison of the left-hand and right-hand sides of
eq. (3) for parameters (24) for the nineteen-polynomial
approximation

So one can conclude that the proposed method of
truncated polynomial expansion is convergent for the
problem under consideration.

5 RESULTS

The Kolmogorov-Wiener filter weight function for
forecasting of fractional Gaussian noise is investigated as
an approximate solution of the corresponding integral
equation (3). The truncated polynomial expansion method
based on the Chebyshev polynomials of the first kind is
used.

The results are investigated up to the nineteen-
polynomial approximation. The approximations of higher-
than-nineteen polynomials are not investigated because
the Wolfram Mathematica package is not able to calculate
them adequately. It is shown that the method is conver-
gent, i.e. the accuracy of coincidence of the left-hand and
the right-hand sides of (3) increases with the number of
polynomials. However, it should be stressed that the ap-
proximations of small numbers of polynomials are not
accurate, and one should use the approximation of a rather
large number of polynomials.
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6 DISCUSSION

This paper is devoted to the investigation of the Kol-
mogorov-Wiener filter weight function for forecasting of
continuous fractional Gaussian noise. As is known [1],
one of the simplest models of telecommunication traffic
in systems with data burst transfer is the model of frac-
tional Gaussian noise. So the results of the paper may be
useful for telecommunication traffic forecasting.

The integral equation for the corresponding weight
function is the Wiener-Hopf integral equation (1) which
can be expressed in the form (3). In fact, we deal with the
Fredholm integral equation of the first kind. The weight
function is obtained with the help of the truncated poly-
nomial expansion method. In this paper the method is
based on the Chebyshev polynomials of the first kind
which are orthogonal on the time interval ¢ € (0,7) .

The numerical investigation is made for the parame-
ters (23). The approximations up to the 19-polynomial
one are investigated. The approximations of small num-
bers of polynomials are not accurate, but it is shown that
the approximation accuracy increases with the number of
polynomials, the approximations of rather large numbers
of polynomials are rather accurate. So the method con-
vergence is illustrated for the parameters (23). The kernel
of the integral equation (3) is a positively-defined func-
tion, so, according to [11], in the framework of the prob-
lem under consideration the truncated polynomial expan-
sion method should be convergent not only for the pa-
rameters (23), but also for other numerical values of the
parameters.

CONCLUSIONS
The Kolmogorov-Wiener weight function for forecast-
ing of fractional Gaussian noise is investigated as an ap-
proximate solution of the corresponding Wiener-Hopf
integral equation. The truncated polynomial expansion
method is used, the Chebyshev polynmials of the first
kind orthogonal on ¢ € (0,T) are chosen.

The scientific novelty of the paper is the fact that in
contrast to the previously investigated model [8-10], the
method convergence is shown for the model of fractional
Gaussian noise.

The practical significance is that the obtained results
may be applied to the telecommunication traffic forecast
in systems with data burst transfer.

Prospects for further research are to investigate an
exact analytical solution of the corresponding integral
equation.
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HABJWXKEHI PO3B’SI3KH JJISI BATOBOI ®VHKIIIT ®LIbTPA KOJIMOTI'OPOBA-BIHEPA JIJI1 HETEPEPBHOT' O
DOPAKTAJIBHOI'O TAYCCOBOI'O IIYMY

T'opeB B. M. — kaua. ¢us.-mMat. HayK, acucTeHT Kadeapu 6e3neku iHdopmarii Ta TerekomyHikamii, HarioHaapHUN TeXHIYHUIMA
yniBepcutet [[ninposceka [lonitexnika, JHinpo, Ykpaina.

I'yceB O. 0. — kana. ¢us.-Mar. Hayk, JoUeHT, npodecop kadenpu Oesmnexu iHpopmauii Ta TerekoMmyHikanii, HamioHaapHuit
TexHiYHU# yHiBepcuteT [Hinposcbka [lomitexnika, Juinpo, Ykpaina.

Kopnienko B. 1. — 1-p TexH. Hayk, nmpodecop, 3aBigyBau kadenpu Oe3meku iHpopmalii Ta TerekomyHikamiid, HamionansHwMiA
TexHIYHUH yHiBepcuTeT JJHinpoBcrka [lomiTexnika, JHinpo, Ykpaina.

AHOTAIIA

AxTyanbHicTs. PosrisnyTo ¢instp Koimoroposa-Binepa 1t mporHo3yBaHHs TeleKOMYHIKaliiHOTo Tpadiky B paMKax MoJei
HETIepepBHOTO (PaKTaILHOTO rayCCOBOTO LIyMy.

Meta po6otu. Metoro poboTH € OTpUMaTH BaroBy (QYHKIIO (QijgbTpa sk HaONMKEHUI PO3B 30K BiANOBIIHOTO iHTETPAILHOTO
piBusiHs Binepa-Xomnda. MeTtoro poboTH TakoX € moka3aTu 30DKHICTh 3a[POIIOHOBAHOTO METO/IY PO3B’sI3aHHS JAHOTO PiBHSIHHS.

Merton. InTerpansHe piBHsSHHA Binepa-Xomnda Ha BaroBy (QyHKLit0 QibTpa € iHTErpadbHUM piBHSAHHAM PpeAronbsMa Meprioro
poay. Mu BHKOPHCTOBYEMO METOJ OOIpBaHOTO PO3BHHEHHS 332 OPTOTOHAIBHHUMH MOJIHOMaMH 3 METOI0 OTPHMAaTH HaONMKEeHHH
PO3B’SI30K BiIOBiTHOTO piBHAHHA. BrkopucTaHo noixinomu Yebuiiesa nepmoro poxay.

Pe3yasTatn. Hamu otpumano HaOmmkeHi po3B’si3ku st Barosoi ¢yHkii ¢inerpa Koamoroposa-Binepa 1yt mporao3yBaHHS
HEMEePEepPBHOro (hpaKkTaIbHOrO TayCCOBOrO IMyMy. PO3B’S3KM OTPUMAHO y HAONMKEHHSX PI3HOI KiIBKOCTI MOJIIHOMIB, Pe3yJIbTaTh
OTPUMaHO 0 HAOJMKEHHS JeB’SITHAALTH IOJIIHOMIB BKIIOYHO. [TokasaHo, 1o U1 3ajadi, 110 pO3IISIAETHCS, 3alPOIIOHOBAHUI
METOo[ € 301KHUM, TOOTO TOYHICTh CIIBIAAiHHS J1iBOT Ta MPABOI YACTHH IHTErPaIbHOTO PIBHSHHS 3pOCTAE 31 3pOCTOM KiIBKOCTI MOJTi-
HoMmiB. Taka 30DkHiCTh Mae Micie, 60 KopemsiiiHa GpyHKLis (HpaKTaIbHOTO raycCoBOTrO HIyMY, sIKa € SIIPOM BiAMOBIAHOTO iHTErpa-
JHHOTO PIBHSHHS, € TO3UTUBHO BU3HAYECHOIO (PYHKILIEIO.

BucnoBku. Barosa ¢ynkuis ¢inerpa Konmmoroposa-Binepa 11t mporHO3yBaHHS HEMEPEPBHOTO (PPAKTAIBHOTO T'ayCCOBOTO IITy-
My OTpHUMaHa Sk HaOJWKeHHH PO3B’S30K BIIIOBIAHOTO iHTErpalibHOro piBHsAHHA Ppenronbpma MEpLIOro Poay. 3arporOHOBaHHUN
MeToj] 00ipBaHOT0 PO3BHHEHHS 32 OPTOrOHAILHUMH IIOJIIHOMaMH € 30DKHHUM JUIs 3a1adi, 0 PO3IIIIAAETECS. SIK BiOMO, ORHIEIO 3
HANMPOCTIMIMX MOJIETCH TEICKOMYHIKAIIHHOTO TpadiKy € MOJeb HeMepepBHOIO (PPaKTaIbHOTrOraycCoBOro IyMy, TOX PE3yJIbTaTh
CTaTTi MOXYTb OyTH KOPHUCHHMH JJIsl IPOTHO3YBAaHHS TeJIEKOMYHIKaLiitHOro Tpadiky.

KJIFOYOBI CJIOBA: Barosa ¢yukuis ¢insrpa Konmoroposa-Binepa, HepepepBHuil GpakTanbHuil rayciB urym, noniHomu Ye-
OuILIeBa NEpLIOro POy, NPOrHO3yBaHHs TpadiKy, 301KHICTH METOY.
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MPUBJIWKEHHBIE PEINEHUA JIJISI BECOBOM ®YHKIINHA ®UJIbTPA KOJIMOT'OPOBA-BUHEPA JIJIS
HEITPEPBIBHOI'O ®PAKTAJIBHOI'O TAYCCOBA IIYMA

T'opeB B. H. — kaun. ¢us.-Mar. HayK, acCHUCTEHT Kadenpbl 6e30nacHOCTH HHGOPMALUK U TeIeKOMMYHHUKalui, HarmonansHbIi
TexHuueckuil ynusepcutet [Inenposckas [lonutexnuka, J{nenp, Ykpauna.

I'yceB A. O. — kana. ¢u3.-Mat. Hayk, JOLEHT, mpodeccop Kadeapsl Ge3omacHOCTH MHPOPMAIMH U TeJIeKOMMYyHHKanuid, Ha-
LIMOHAJIbHBIM TeXxHuueckuil yHuBepcureT Juenposckas Ilonutexnuka, /{uenp, Ykpauna.

Kopuuenko B. U. — 1-p TexH. Hayk, npodeccop, 3aBenyronmii kadeapsl 6e3omacHocTH HHGOPMAMY U TeIeKOMMYHHKAIHH,
Hanyonansuelil Texuuueckuil yausepcurer J{nenposckas [lonurexnuka, Juenp, Ykpausa.

AHHOTADIUSA

AkTtyansHocTh. Paccmorpen ¢uibtp Koamoroposa-Bunepa uisi nporHo3upoBaHUs TeJIEKOMMYHHKAUHMOHHOTO Tpadduxa B
paMKax MOJIEIH HEMPEPHIBHOTO ()PaKTaILHOIO TayccoBa IIyMa.

Leas padotbl. Llenpio paboThl ABIAETCS NOITYYUTHh BECOBYIO (GYHKIHMIO GHIBTpa KaK MPUOIIKEHHOE PEIICHHE COOTBETCTBYIO-
IIEr0 MHTETPaNbHOro ypaBHeHHs Bunepa-Xonda. Taxke menpio paboTsl SBISIETCS MOKa3aTh CXOAUMOCTb MPEII0KEHHOTO METOAa
pelIeHNs COOTBETCTBYIOIIETO YPaBHEHHUSI.

Metoa. UnterpansHoe ypaBHeHne Bunepa-Xomnda Ha BecoByI0 (QyHKIHMIO (GHIBTpa SBISICTCS HWHTETPANBHBIM YpaBHEHHEM
®penronsma nepsoro poaa. Mbl UCIONBE3yeM MeTOJ] 000PBAHHOTO PA3JIOKEHUSI 0 OPTOTOHAJIBHBIM MOJIWHOMAaM, YTOOBI ITOIY4HUTh
NIPUOJMKEHHOE pellIeHHe COOTBETCTBYIONIEr0 ypaBHeHus. Vcronb30BaHb! oianHOMEl YeOblieBa mepBoro poja.

Pe3yabTatsl. [lomyuensr npubimKeHHbIE PEIIeHNUs 11 BecoBoi GyHKunu Gpuinstpa Konmoroposa-Bunepa asst mporHo3uposa-
HMS HEIPEphIBHOTO ()paKkTaJbHOrO rayccoBa IliyMa. PeleHus mosy4eHs! B MPUOMKEHNSAX Pa3IMYHOTO YHCIIA TOJIHHOMOB; PE3yJib-
TaThl TOJIyYEHBI BIUIOTH 10 IPHOIIDKEHHUS AEBATHAAATH TOMUHOMOB. IToKka3aHo, 4To AJIst paccMaTprBaeMOH 3aJady IPeI0KEHHBIH
METO/I SIBISI€TCS CXOASAIINMCS, T.€. TOYHOCTh COBIIAACHHUS JIEBOH U IIPABOI YacTeH HHTETPAIbHOTO YPABHEHUSI PACTET C YBEIHICHHEM
YHCJIa TIOJIMHOMOB. Takasi CXOAMMOCTh UMEET MECTO, IOTOMY YTO KOPPEISIHOHHAs (QYHKIUS (paKTaILHOTO rayccoBa IIyMa, KOTo-
past ecThb SIAPOM COOTBETCTBYIOIIETO HHTETPAIBHOTO YPaBHEHHS, SIBIISICTCSI MOJIOKHUTEIBHO ONPEIeNICHHOH (QYHKINCH.

BriBoabl. BecoBas ¢ynkums ¢unsrpa Konmoropoa-Bunepa 1iisi IpOrHO3MpOBaHMS HENPEPHIBHOTO ()PAKTATLHOIO IayccoBa
IIyMa IoJIy4eHa KaK MPHOIMKEHHOE PEellIeHHEe COOTBETCTBYIOLIEr0 MHTErpalibHOro ypaBHenus ®Openronsma mnepsoro poxaa. Ilpen-
JI0>KEHHBII METOJ] 000PBAaHHOTO Pa3/I0KEHHUS 10 OPTOTOHATBHBIM MOIMHOMAM SBIISETCS CXOIAIIMMCS IJIsl pacCMaTPUBAEMOH 3a/adu.
Kax n3BecTHO, OZHOI U3 NPOCTEHIIMX MOJIeTIeil TelIeKOMMYHUKAlMOHHOTO Tpady(huka sBISeTCS MOJENb HENPEPBIBHOTO (hPaKTaIBbHO-
TO rayccoBa IIyMa, TaK 9TO Pe3yNbTaThl CTATH MOTYT OBITH IOJIE3HBI IS IPOTHO3UPOBAHMUS TEIEKOMMYHHKAIIOHHOTO Tpadduka.

KJIFOUYEBBIE CJIOBA: BecoBas ¢yHkuus ¢unbrpa Kommoroposa-Bunepa, HenmpeprIBHBIN (paKTadbHBIA rayccoB IIyM, IO-
nHOMBI YeObIIeBa NepBoro poja, porHo3upoBanue Tpadduka, CXoMUIMOCTb METOAA.
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ABSTRACT

Context. Self-Timed Circuits, proposed by D. Muller on the rise of the digital era, continues to excite researchers’ minds. These
circuits started with the task of improving performance by taking into account real delays. Then Self-Timed Circuits have moved into
the field of green computing. At last, they are currently positioned mainly in the field of fault tolerance. There is much redundancy in
Self-Timed Circuits. It is believed that Self-Timed Circuits approaches will be in demand in the nano-circuitry when a synchronous
approach becomes impossible. Strictly Self-Timed Circuits check transition process completion for each gate’s output. For this, they
use so-called D. Muller elements (C-elements, hysteresis flip-flops, G-flip-flops). Usually, Self-Timed Circuits are designed on
Uncommitted Logic Array. Now an extensive base of Uncommitted Logic Array Self-Timed gates exists. It is believed that Self-
Timed Circuits are not compatible with FPGA technology. However, attempts to create self-timed FPGAs do not stop. The article
proposes a Self-Timed Lookup Table for the Self-Timed Uncommitted Logic Array and the Self-Timed FPGA, carried out either by
constants or utilizing additional memory cells. Authors proposed 1,2 — Self-Timed Lookup Table and described simulation results.

Objective. The work’s goal is the analysis and design of the Strictly Self-Timed universal logic element based on Uncommitted

Logic Array cells and pass-transistors circuits.

Methods. Analysis and synthesis of the Strictly Self-Timed circuits with Boolean algebra. Simulation of the proposed element in
the CAD “ARC”, TRANAL program, system NI Multisim by National Instruments Electronics Workbench Group, and layout design
by Microwind. The reliability theory and reliability calculations in PTC Mathcad.

Results. Authors designed, analyzed, and proved the Self-Timed Lookup Table’s workability for the Uncommitted Logic Arrays
and FPGAs. Layouts of the novel logic gates are ready for manufacturing.

Conclusions. The conducted studies allow us to use proposed circuits in perspective digital devices.

KEYWORDS: Self-Timed, Lookup Table, Simulation.

ABBREVIATIONS
LUT is a Look up Table;
CDNEF is a Canonic Disjunctive Normal Form;
DNF is a Disjunctive Normal Form;
ST is a Self-Timed;
STC is a Self-Timed Circuits;
SSTC is a Strictly Self-Timed Circuits;
FPGA is a Field-Programmable Gate Array;
IPI RAN is an Institute of Informatics Problems
(Russia);
ULA is an Uncommitted Logic Array;
XOR is an exclusive OR.

NOMENCLATURE
F, is a logic function to realize;

F, is the dual logic function to realize;

i is the first math index;

j is the second math index;

k is the quantity of the conjunctions in DNF;
| is the number of circuit’s levels;

n is the quantity of the input variables;

S; is the configurable constant;

X is an input variable;
o is the negation index.

INTRODUCTION

STC was proposed as a “fast” alternative to the
synchronous computing paradigm, as a subspecies of
asynchronous circuits [1]. In the USSR, until its
liquidation, the STC topic was actively developed by Dr.
Victor  Varshavsky’s research group [2]. The
Varshavsky’s group’s members Dr. Marakhovsky V.B. in
St. Petersburg Polytechnic University [3, 4], and
Dr. S. Alex Yakovlev in the University of New Castle [5,
6], pick up the “STC banner”. In Russian Federation, a
research group from the Institute of Informatics Problems
of the Federal Research Center “Computer Science and
Control” of the Russian Academy of Sciences investigates
now STC problems [7, 8]. Automation and Telemechanic
Department (Perm National Research Polytechnic
University, Perm, Russia), Software Computing Systems
Department (Perm State University, Perm, Russia) are
science partners of the IPI RAN in STC direction since
1995. STC trend is active in world science [9-13]. We use
such concepts as speed-independent circuits, semi-
modular or/and distributive  quasi-delay-insensitive
circuits [7, 8]. As this area developed, it turned out that in
some cases, the claimed increase in speed does not occur
due to too large hardware costs increase. Therefore, we
have aimed primary efforts at evaluating energy
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efficiency in terms of gain in front of synchronous
solutions. However, this direction became problematic
after the development of synchronous Tri-Gate transistors
[14]. Currently, STCs are positioned in the fault-tolerant
solution segment. However, as we approach the molecular
level of electronics and develop quantum computing,
where quantum effects affect, it becomes clear that there
is no alternative to STCs [15].

Nevertheless, this direction’s development is
constrained by the relatively high complexity of design
based on ASIC or ULA. Synchronized FPGAs greatly
simplify the design by configuring functions by so-called
LUT [16, 18] and connections. In this regard, attempts to
develop self-synchronous FPGAs do not stop [18-20].
However, configurable STC LUT gates are not
thoroughly investigated. Therefore, a detailed review of
constructing STC LUT, modeling, and evaluation is
relevant.

The study object is the throughput strictly self-timed
circuits, consisting of double combinational channels,
indicators, and C-elements [4, 5].

The purposes of the work are to analyze and give a
synthesis of the universal throughput strictly self-timed
element for the ULAs and FPGAs.

1 PROBLEM STATEMENT
Given: Throughput or combinational, not universal
STC. F,(X;,X,,...X,) is the logic function to realize. In a
k N
typical case, we have DNF F, (X, X,,...X,) = vV &(X*, ).
jetizt
dual

F, (X, Xy5...X,) is a function,

k Nj —

F, (X, Xy,...X,) = &1_v1(X°iij ). There are 2NAND or 2
j=li=
NOR indicators and C-elements [4, 5].

It is required: to design universal STC in CDNF,
which is configured by special constants §;;i =1,2":

2" n

F (X, Xy, X,) = ,—V:Ii‘%(sixcii);

2" n

Fz(Xl,Xz,...xn) = y1861(six5ii)'
j=ti=

It is needed to design a new element’s architecture
based on ULA and LUT FPGA logic elements and
perform functional and layout simulations in NI Multisim
by National Instruments Electronics Workbench Group
and layout design by Microwind of the proposed element.
An additional important task is a semi-modularity check
by special software TRANAL. It is necessary to estimate
new technical decision by reliability methods and perform
calculations in PTC Mathcad.

2 REVIEW OF THE LITERATURE
Fig. 1 shows the current traditional synchronous
throughput logic [13] in the so-called Register Transfer

Level (RTL). Due to Input-Output Latches (RGs), we can
parry the negative transition processes (glitches).

X1
-4 RG
] Input F(x1,..xn) ré |
c1 Output
ﬁ Clock c2

Figure 1 — Traditional synchronous throughput logic

First clock impulse C1 fixes an input vector. Then the
logic function is calculated after that second clock
impulse C2 is coming. Therefore, the frequency must
accord to the worst case, significantly reducing the
circuits’ speed, unfortunately. Asynchronous circuits
work according to real delays but require complicated
design procedures to find all transition processes’ hazards.
One kind of asynchronous circuit is the so-called STC. It
uses a request-and-acknowledge handshake protocol [7, 8,
10, 13]. The block AND (Fig. 2) receives a dual-rail input
vector from previous gates only by request from C-
element fixing (2NOR+NOT) indicator’s transition
termination and C-element’s transition completion.

—

— AND |__IF(x1,..xn)
Block

- F(%1,..%0)

From previous gates

|— - C-element
l

Figure 2 — ST throughput logic

In the working phase, F, =F2 due to 1=0; in the so-
called spacer phase,F, =F,, for example,F, =F, =1
and I=1. Therefore, we have such sequence: initial state,
the C-element’s output = 0, this is a spacer, then I=1 and
C-element is set in 1. Then the unit receives the first dual-
rail input vector, I=0 and C-element is set to 0 after
calculation. Then process repeats.

C-element forms a signal acknowledging the input
vector’s readiness of the next gates. So in a typical case,
block AND must receive an enable signal from the last C-
element when calculations end in all strings of gates.

SST (semi-modularity circuits) throughput logic
indicates all inputs too (Fig. 3). Each pair of the dual-rail
outputs of the AND block needs an indicator, which
activates an additional C-element. Main C-element
receives the input transition completion signal and forms
the total completion signal for input and output
transitions. If the transition process does not complete, for
example, due to failures, the main C-element does not
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generate such a signal, increasing digital circuits’
reliability.
X1
% — —
& __laAnD JF(x1...xn)
%j‘n_ Block |
2 X1
§ x|
4 -
i -
g X, - F(X1...Xn)
£ F

Figure 3 — SST throughput logic

Paper [13] proves STC’s effectiveness in the
viewpoint of speed and energy dissipation. Article [19],
according to the authors, considers a hazard-free self-
timed LUT. They talk about asynchronous FPGA.
However, this is not correct.

The same discrepancy exists in [18], describing the
handshake protocol of FPGA Speedster22i (Achronix).
Paper [20] proposes ST Delay Sensor for Field FPGAs. It
describes the sensor, which is just asynchronous, and the
logical function calculations are not asynchronous. We
have not found universal SST logic elements (LUTs) in
the available sources [1-20].

3 MATERIALS AND METHODS

Universal implementation of a self-timed unit
calculating logical functions is possible based on so-
called LUT.

LUT [15-17] for n variable or 2" function generator is
n—to—1 multiplexor. It is easy to see that the dual
multiplexer is implemented using dual settings.
Elementary dual-channel generator, or single variable X
2-to—1 multiplexor, configurable by S constants, is
described by expressions (1):

F,(5,5,X) =S, XV §,X;
- (1)
F,(S,8,X) =So XV SiX.

Indeed accordingly to Boolean algebra (common
gluing law), we have :
F1(5,5,X) =S, X v §,X =
(go \/X)(g1 V;)Zgoa V§0;V51X= )

SoXV SiX.

Fig.4. shows single variable LUT with dual channels
based on 2AND-20R-NOT gate. One NOT gate provides

X variable, next two NOT gates provide So,S:1 for the

dual channels (Fig. 4). Table 1 shows the truth table of the
1-LUT with dual channels.

T re

TV

TV

CoAzmol D
Figure 4 — Single variable 1-LUT with dual channels
Table 1 — Table of thel-LUT with dual-channel simulation

M | 50| SL| X | F1 | F2
1 0| 0| 0 1 0
o | o 1 1 0
2 1 0o | 0 | 1 0
1| 0 1 0 1
37 (o (|t 0 1
0 1 1 1 0
4 [1 1] 0 0 1
1| 1 1 0 1

Table 1 confirms the realization of any single variable
logic function. Dual outputs allow checking unit
operation. Using three 2AND-20R-NOT gates, we get 2-
LUT with dual channels, presented in Fig. 6.

= e
o — &
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Figure 5 — 2-LUT with dual channels (two levels)

Fig. 5 confirms that new 2AND-20R-NOT gate-level
i provides inversion of the transmitted constant. If a
number of levels is an even (I=n), constants S inversion is
not required to get on F1 the same S; o = 0. If the number

is an odd, it is required. © = 1,8 according to expression

Q).

s%;0 =1if[(2i —=1) =n]=true;
o =0if [2i =n]=true.

€)
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The “indication” is the most critical STC procedure.
For the SST LUT design, based on Figs. 4, 5, it is
required to indicate input variables X and 2AND-20R-
NOT gates’ outputs. The configurable constant is not
indicated. Therefore, SST LUT design needs special gates
and D. Muller C-elements [7, 8]. Dual-rail variables are
also used. We use Russian CAD “ARC,” USA system NI
Multisim by National Instruments Electronics Workbench
Group and layout design by Microwind, the foundation of
reliability theory and reliability calculations in PTC
Mathcad. For the semi-modularity checking, TRANAL
program of the IPI RAN is used [7].

4 EXPERIMENTS

Let us propose ST-LUT for the 2AND-20R-NOT
base (for ULA) and based on traditional pass transistor
LUT (for FPGA) accordingly to Fig. 3. Figs. 4, 5 show
proposed ULA implementation based on 2AND-20R-
NOT LUT with dual channels. Using additional
C-elements (hysteretic triggers, H-triggers) and indicators
2NAND+NOT, we get Fig. 6 after the experiment.

spsod 2000 cyces Famesklp O ogra TRARGL ~

WS RRTEE e

Figure 6 — 1-LUT2AND-20R-NOT based, successful
semi-modular checking experiment in TRANAL program

So semi-modular of the 1-LUT2AND-20R-NOT
based is proved. The task is to consider and design 2-
LUT2AND-20R-NOT based and propose standard rules
of construction n-LUT2AND-20R-NOT for ULA. Next,
let us try to implement I-LUT-ST based on pass
transistors (FPGA technology) [15, 17]. Early, authors
proposed 1-LUT-ST based on pass transistors using p-
MOS pass transistors for the spacer sub circuit (Fig. 7).

X X
s1=f(1) f(x)
s0=f(0) ™ . |
-

Figure 7 — First variant of the 1-LUT-ST based on pass
transistors using p-MOS spacer sub circuit (single channel)

Static logic simulation in Multisim [21] was correct,
but dynamic layout simulation in Microwind [22]
demonstrated “bad” waveforms (Fig. 8).

‘ Figﬁre 8 — XOR realization waveform diagréms of the first
variant 1-LUT-ST layout simulation

It was decided to unify the transistors and introduce a
spacer chain of n-MOS transistors. Fig. 9 shows a new
design. Fig. 10 shows a new 1-LUT-ST layout simulation
and confirms the decision correctness. However, it may
seem that such an option (Fig. 10a) is not better than the
option shown in Fig. 4 (2AND-20R-NOT gate). Indeed,
we have ten transistors (Fig. 9a) versus eight (Fig. 10).

X X
additional NOT
gates
sl=f(1) f(X)
s0= f(0) ™ [
Lttt

spaser sub circuit
Figure 9 — New pass transistor circuit for 1-LUT-ST (single
channel)

However, the performance decreases compared to
Fig. 6 slightly: the maximum delay increases by the one
transistor delay in the output NOT gate.

We did a triple simulation of proposed novel logic
elements in the CAD “ARC,” TRANAL program, system
NI Multisim by National Instruments Electronics
Workbench Group, and layout design by Microwind.
Using the described experiments, we got the following
new results.
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Figure 10 — New 1-LUT-ST simulation for the XOR
function: a —new 1-LUT-ST layout; b — “good” waveforms of
the new 1-LUT-ST, marking operational and spacer phases

5 RESULTS

We perform functional simulation in CAD
“Multisim.” Fig. 11 shows the proposed 1-LUT-ST pass
transistor simulation in CAD “Multisim.” The main
circuit consists of transistors Q1 (not X) and Q2 (X) (Fig.
11a). Spacer circuit consists of transistors Q3 and Q4. In
the not (X=X=0) case, the spacer circuit transmits zero
level to the output of the 1-LUT-ST (Fig. 11a).

Fig. 11b presents the XOR(X1, X2) waveform of the
2-LUT-ST.

In the study, the authors set the features of alternating
types of indicators for 2-LUT (ULA) relatively 1-LUT
(Fig. 12 a). The type of spacer on the next layer changes;
accordingly, the types of indicators also change. Besides,
the block for receiving variables also changes. If the first
layer contains AND cells, then the second one contains
OR cells. Here such regularity was found: in the first
layer, the indicators of inputs are 2NOR cells and output
AND cells; in the second layer, on the contrary, input
indicators AND cells, and output 2NOR cells.

A TRANAL program was used (Fig. 12b) to evaluate
semi-modularity, the results of which confirm strict self-
timing of proposed circuit (Fig. 12c¢).

Fig. 12d shows successful results of the 1-LUT-ST
pass transistor TRANAL simulation.

The TRANAL simulation of the
successful, too (Fig. 12 e).

2-LUT-ST was

Out

Figure 11 — “Multisim” simulation: a) 1-LUT-ST; b) XOR
waveform of the 2-LUT-ST

Fig. 12 f shows the proposed layout. Fig.
demonstrates the waveform of the 1-LUT-ST.

Fig. 12h shows the XOR waveform of the 2-LUT-ST.
Table 2 shows comparisons of the LUT-ST-ULA and
LUT-ST pass transistor (p.t.) by power consumption P
(uW), area S (um”2), delay T (ps) and number of
transistors N (pieces).

12¢g

Table 2 — Comparison by area S, power consumption P, delay T
and number of transistors N

Gate Number of arguments
n=1 n=2 n=3
LUT-ST- | P=159,7 uW P =418,8 P =930,2
ULA uw uw
S =159,7 S=418,8 ym™2 | S=930,2 um"2
um”2
T=34ps T=35 ps T=40 ps
N=46 pcs N=139 pcs N=355 pcs
LUT-ST | P=35,64 pW P =100 P =207
p-t. uw uw
S =123,7 S =402,4 pm"2 S =1092
um”2 pm”2
T=52ps T=99 ps T=154 ps
N=61 pcs N=149 pcs N=362 pcs
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|

h

Figure 12 — Results of the proposed gates simulation: a — 2-LUT-ST-ULA model in “ARC” CAD; b—- TRANAL-program;
¢ — successful results of the 2-LUT-ST-ULA TRANAL simulation; d — successful results of the 1-LUT-ST pass transistor
TRANAL simulation; e — successful results of the 2-LUT-ST pass transistor TRANAL simulation; f— 1-LUT-ST layout; g —
waveform of the 1-LUT-ST (s0=0, s1=1) ; h — XOR waveform of the 2-LUT-ST (s0=0, s1=1,s2=1, s3=0)

Comparison shows that LUT-ST-ULA is preferable to
LUT-ST p.t. in terms of power consumption. This is
because LUT-ST-ULA uses CMOS technology to
implement a multiplex tree. Nevertheless, implementation
2 is preferable from the point of view of work under
conditions of exposure to charged particles, since the
configuration is set “rigidly”.

6 DISCUSSION
Investigation of the proposed LUT-ST in Fig. 12, 13
allows for calculating its reliability. The failure-free
operation probability (A — is single transistors failure rate,
t — is time, a — is the Weibull distribution coefficient) of
the entire circuit is shown by expression (4).

P(t)=e ", “)

Taking into account
expression (5).

duplication, we can get
(12t -(6)- 1" H(6) At* N7 L -(34)At"
P e =le +2e (1-e )e NG

Using transistors quadding [22, 23] only for the H-
trigger we can get expression (6) and curves, displayed in
Fig. 14.

a2t (Ot (1 A6) Mt N Q2 MA
PI—LUT—STQ =[e +2e (-e )]e (6)

'[e-(4«12)~k><t" + 26-(3-12)«)vtﬂ (1 _ e-(l2)-)vt“ )]

[ |
0.98]
096 \\
” \\
—(46) A 1" 0.9: N S|
€
-— N\,
.9|
Pllutst (t) \ \
-_— N
Pllutstq (t) ’ \
0.86 \
0.84]
0.8
0.
0 10 20 30 40 50

Figure 14 — Channel duplication reliability P~ (t)in

comparison with P (t) and g0t :A=10",a=1,5.

1-LUTSTQ

This way much improves reliability. Thus, Fig. 13
proves that the probability of uptime is increased by
about 20% of the maximum possible gain (up to 1).
However, in the authors’ opinion, due to considerable
redundancy of quadding and fundamental Mead-Conway
restrictions [24], the sliding backup option is more
perspective. However, this requires buffers with three
states, and consideration of such issues is expected in
further studies.

© Tyurin S. F., Skornyakova A. Yu., Stepchenkov Yu. A., Diachenko Yu. G., 2021

DOI 10.15588/1607-3274-2021-1-4

42



e-ISSN 1607-3274 PagioenekrpoHika, inpopmatuka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

CONCLUSIONS

Therefore, we propose advanced LUT by adding two
NOT gates and an additional tree branch for the ST
throughput logic realization. We found that such an
implementation is preferable in the number of transistors
than the 2AND-20R-NOT implementation. We
developed the layout of the proposed unit. We performed
a corresponding simulation, which confirmed the
performance of the proposed LUT-ST with a hysteretic
trigger. The developed LUT improves FPGA’s reliability
by monitoring the transition’s completion, and no clock
generator is required. Besides, the developed LUT
provides ultra-low voltage operation. Such approaches are
supposed to ensure the operation of nano-electronic
structures under conditions of quantum uncertainty.

The scientific novelty of obtained results is that the
proposed universal gates open a new STC subclass.

The practical significance of the obtained results lies
in the fact that the proposed gates’ functional and layout
simulation confirms their effectiveness. Furthermore, the
proposed gates create the base for advanced self-timed
FPGA:s.

Prospects for further research are to study the
problem of checking out and diagnosing proposed
universal self-timed gates. Also, it is advisable to develop
LUT for a larger number of variables (3, 4, 5, 6, 7).
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CAMOCIHXPOHHMIT TEHEPATOP ®YHKIIN JJI BMK 1 ILTIC

Tropin C. ®@. — 3acnyxennii BuHaxignuk Pociiicekoi ®enepanii, 1-p TexXH. Hayk, npodecop, nmpodecop kadenpu aBTOMATHKH i
TeneMexaniku [IepMChKOTro HaliOHAIBHOTO TOCIIAHUIIBKOTO MOMITEXHIYHOTO yHiBepeuTety, [lepmb, Pocis.

npodecop kadeapu MaTeMaTHIHOrO 3abe3neueHHs OOUYUCITIOBANBHHX CHCTEM I[lepMCHKOrO [ep:KaBHOTO HAlliOHAIBHOTO
JOCIITHAIIBKOTO YHiBepcureTy, [lepms, Pocist.

CxopusikoBa A. FO. — xaHz. TexH. HayK, iHKeHep-KOHCTPYKTOp [lepMChKOi HayKOBO-ITPOMHCIIOBOT PHIIago0y 1iBHOT KOMITaHii,
Iepms, Pocis.

CremuenxoB FO. A. — xaHI. TexH. HayK, Ha4aJIbHUK BiJAUTy IHCTHTYTYy mpoGiieM iHdopmarnku, Pocilicbka akamemis Hayk,
Mocksaa, Pocist.

Hpstuenxo FO. I'. — xaHA. TexH. HayK, HAYaJbHUK CEKTOpa IHCTUTYTy mpoliem iHpopmaruku, Pociiiceka akamemis Hayk,
Mocksa, Pocist.

AHOTAUIA

AxTyanbHicTb. CaMOCHHXPOHHI cxemu, 3amnpornonoBani 1. Mamiepom Ha 30pi nudpoBoi epu, NPOAOBKYIOTh XBUIIOBATH YMH
pocmigaukiB. Lli cxemum crapTyBaiam i3 3aBIaHb MiABUIICHHS INPOAYKTHBHOCTI 3 YpaxyBaHHAM pEAIbHHX 3aTpUMOK. [loTim
CAMOCHHXPOHHI CXEMH NepeHluIn B 00JacTh «3eNCHUX» OOYHCICHB 1, HAPEUITi, B JaHUH Yac MO3HMLIOHYIOTHECS B OCHOBHOMY B
o0nacTi BIIMOBOCTIHKOCTI. ¥ CaMOCHHXPOHHHX CXEeM 0araro HaJMIpHOCTI. BBakaeThCs, MO MiIXOMUW CAMOCHHXPOHHHX CXEM
OyIyTh 3afisHi B HAHO CXEMOTEXHHIIl, KOJIM CHHXPOHHMH MiAXiJ cTaHe HeMOXJIMBHM. CTPOro CaMOCHHXPOHHI CXEMH aHaIli3yIOTh
3aKiHYCHHS IEPEeXiJHOTO MPOLECY Ha BHXOJAaX KOXKHOTO BEHTHIIS, BUKOPHCTOBYIOYM Tak 3BaHi eneMeHTH Maiiepa (C-eneMeHTH,
ricrepe3ucHi Tpurepy, G-tpurepu). 3a3Bu4ail caMOCIHXPOHHI CXEMH PO3POOIISIOTHCS I 0a30BUX MATPHYHUX KpUCTaAiB. € BelIHKa
0a3za CaMOCHHXPOHHHX CXeM 0a30BHX MATPUYHUX KPHUCTaTiB. BBakaeThCsi, 110 CAMOCHHXPOHHI CXEMH HECYMICHI 3 TEXHOJIOTIEO
FPGA. Ane cripobu ctBoperHsi camocuHxpoHHuX [IJIIC He HmpUIHHAIOTHCS. Y CTaTTi HPOHNOHYEThCS CAMOCHHXPOHHHH TeHepaTop
(hyHKUIH 7151 CAMOCHHXPOHHHX CXeM 0a30BHX MAaTPHYHHUX KPUCTATIB Ta caMOcHHXpOoHHUX FPGA, koH]irypamis SKuX 301HCHIOETBCS
a00 KOHCTaHTaMH, ab0 3a JONMOMOTOI0 JIOJATKOBHX EIIEMEHTIB mam’aTi. ABTopu 3ampomnonyBanu 1,2 — LUT-camocHHXpOHHHH 1
OIIMCANIN Pe3yJIbTaTH MOJICITIOBAHHS.

Meta. Mertoro nmanoi poGOTH € aHami3 i NPOEKTYBaHHS CaMOCHHXPOHHOIO YHiBepcajbHOTrO JorigHoro ememeHra LUT-
CaMOCHHXPOHHUI, 3acHOBaHOro Ha enemeHTax BMK i Ha cxemax mepenadi TpaH3UCTOPIB.

MeToan. AHani3 i CHHTE3 CTPOr0 CAaMOCHHXPOHHHX CXEM 3a JOIOMOrolo OyieBoi anreOpu. MoJeroBaHHs 3alpOIIOHOBAHOTO
enementra B CAIIP «Kouer», nmporpamoro TRANAL, cucremax NI Multisim Bix National Instruments Electronics Workbench
Group i Tononorignoro npoekryBanns Microwind. Teopist HazgiliHocTi i BianosiaHi po3paxynku B CKA Mathcad.

PesyabTaTn. ABTOpPH PO3pOOWIH, MpOaHATI3yBaJlK 1 JOBENW TNPaNe3JaTHICTh CAMOCHHXPOHHOTO TeHepaTopa (QYHKIIH st
0a3oBux MatpuaHuX KpuctaiiB i g [IJIIC. Tomosnorii HOBHX JOTIYHHX €JIEMEHTIB TOTOBI IO BUTOTOBJICHHS.

BucnoBkn. IIpoBeneHi NOCHIKEHHS MO3BOJSIOTH BHKOPHCTOBYBATH 3allPOIIOHOBAHI CXEMH B IEPCHEKTHBHUX IHU(POBHX
TIPUCTPOSIX.

KJIFOUYOBI CJIOBA: caMOCHHXPOHHUH, FreHepaTop QYHKIIIH, MOAEITIOBaHHSL.

YK 004.93
CAMOCHWHXPOHHBI TEHEPATOP ®YHKIIUM JJ151 BMK U IJTUC

Twopun C. ®. — 3acmyxeHHBI u300perarens Poccuiickoit depepanun, A-p TexH. HaykK, mpodeccop, mpodeccop kKadeaps
aBTOMATHKH U TeeMexaHuku [1epMcKkoro HaMOHATBHOTO NCCIIEA0BATENBCKOTO MOTUTEXHUIECKOT0 YHUBEpcHTeTa, Ilepms, Pocens.
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AHHOTAIUA

AxTyanbHocTh. CaMOCHHXPOHHBIE CXEMEI, npemiokenHsle J[. Mamnepom Ha 3ape u(ppPOBOH 3pbI, MPONOIKAIOT BOJIHOBATDH
YMBI HCCIeZoBaTeNed. DTH CXeMBI CTapTOBAIM C 33/1ad INOBBIMICHAS NPOU3BOAUTENBHOCTH C YUE€TOM pEalbHBIX 3aJepikeK. 3aTeM
CAMOCHHXPOHHBIE CXEMBI HEPEILIH B 00JIaCTh «3EJICHBIX» BBIUMCICHUH W, HaKOHEl, B HACTOSINEEC BpPEMs IO3HLUOHHUPYIOTCS B
OCHOBHOM B O00JaCTH OTKa30yCTOMYMBOCTH. B CaMOCHHXPOHHBIX CXe€MaX MHOro HU30bITOYHOCTH. CUMTAaeTCs, YTO IOJXOMIBI
CAMOCHHXPOHHBIX CXeM OyayT BOCTpeOOBaHBI B HAaHO-CXEMOTEXHMKE, KOTJa CHHXPOHHBIH MOAXOJ CTaHOBUTCS HEBO3MOXKHBIM.
CTporo caMOCHHXPOHHBIE CXEMBI AHAIM3UPYIOT OKOHYAHHE MEPEXOIHOT0 MPOIEcca Ha BBIXOAAX KaXKIOTO BEHTHIIS, UCTIOMb3Ys TaKk
Ha3pIBaeMble dyeMeHTh Mamnepa (C-3JeMEHTHI, TUCTepe3HucHble Tpurrepsl, G-Tpurrepbl). OOBYHO CaMOCHHXPOHHBIE CXEMBI
pa3pabateiBatoTcst I 0a30BBIX MATPHYHBIX KpHCTALIOB. MMeercss oOmmpHas 06a3a CaMOCHHXPOHHBIX CXEM 0a30BBIX MaTPHUYHBIX
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kpuctainoB. CuHuTaeTcs, YTO CAMOCHUHXPOHHBIE CXeMbl HecoBMecTuMbl ¢ TexHonorued FPGA. Ho mnombeitku cosjnaHus
camocuaxponubelx [IJIMC He mnpekpamarorcs. B cratee mnpemaraercss CTPOro CaMOCHHXPOHHBIM TeHepartop (GyHKIUMH Uist
CAMOCHHXPDOHHBIX CXe€M 0a30BBIX MAaTPUYHBIX KPUCTAUIOB M caMOCHHXpOHHbIX FPGA, KoH(pHIrypupoBaHHE KOTOPBIX
OCYyILIECTBIAETCS JTUO0 KOHCTaHTaMHM, JIMOO ¢ IOMOIIBIO JONOJHUTEIBHBIX sueeK maMsATH. ABTopbl npemnoxunu 1,2 — LUT-
CaMOCHHXPOHHBIH U ONHUCANIN pe3yIbTaThl MOAEIUPOBAHHSI.

Heas. Llensio nanHO# paboTHI ABIAETCS aHAIN3 M NPOEKTHPOBAHHE CTPOTO CAMOCHHXPOHHOTO YHHBEPCATBHOTO JIOTHYECKOTO
anementa LUT, ocHoBanHoro Ha snementax bMK u Ha cxemax u3 nepeaaromux TpaH3uCTOPOB.

MeToabl. AHaNU3 W CHHTE3 CTPOTO CAMOCHHXPOHHBIX CXEM C ITOMOIIbI0 OyieBoi anreOpsl. MozenupoBanue MmpeIosKeHHOTO
anementa B CAITP «Kosuer», nporpamme TRANAL, cucremax NI Multisim ot National Instruments Electronics Workbench Group
1 TOIoJIOTHYecKoro npoekrupoBanus Microwind. Teopust HagesxxHOCTH 1 cooTBeTcTBYOoIIME pacueThl B CKA Mathcad.

Pe3yabTaThl. ABTOpBHI pa3pa0oTany, NPOAHAIM3MPOBAIM M JIOKa3aiM pPabOTOCHOCOOHOCTH CaMOCHHXPOHHBIX T'€HEPaTOpPOB
¢yHKUMi 11 6a30BbIX MaTpU4HBIX KpucTaiioB u A [IJIMC. Tononoruu HOBBIX JOTMYECKUX JIEMEHTOB TOTOBBI K M3TOTOBJICHUIO.

BoiBoabl. IIpoBesieHHbIE MCCIENOBAHMS IO3BOJIAIOT MCIIOJIB30BaTh MNPEIOKEHHBIC CXEMbl B IEPCHEKTHBHBIX IH(PPOBBIX

ycTpoiicTBax.
KJIFOYEBBIE CJIOBA: caMOCHHXpOHHBIN, TeHepaTop QpyHKIHH, MOIETUPOBAHHE.
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MATEMATHUYHE
TA KOMIPIOTEPHE MOJAEJIIOBAHHA

MATHEMATICAL
AND COMPUTER MODELING

MATEMATHUYECKOE
N KOMIIBIOTEPHOE MOJAEJIMPOBAHUE

VJIK 004.3

MATEMATHUYHI MOJEJI MPOAYKTUBHOCTI KJIACTEPHOI
CUCTEMMH HA BA3I RASPBERRY PI 3B+

Ba6uyxk C. M. — KkaHA. TeXH. HayK, JOLEHT, IOUEHT Kadeapu KOMIT'IOTEPHHUX CHCTeM 1 Mepex IBaHo-
@paHKIBCHKOTO HAI[IOHAIBHOTO TEXHIYHOTO YHIBEPCUTETY HATH i1 Tazy, M. IBaHo-DOpaHKiBCHK, YKpaiHa.

I'ymeniok T. B. — kaH/. TexH. HayK, JOLEHT KadeapH KOMIT IOTEPHUX CHCTEM 1 Mepexk [BaHo-DpaHKIBCHKOTO Halli-
OHAJILHOTO TEXHIYHOTO yHiBepcuTeTy HaTH 1 ra3y, M. IBaHo-DpaHkiBCcbk, YKpaiHa.

PomaniB I. T. — cTyzseHT kadenpu KOMIT IOTEPHUX CUCTEM i Mepex IBaHo-DpaHKIBCHKOTO HAIIOHAJIBHOTO TEXHIY-
HOrO yHiBepcuteTy HadTH i razy, M. IBano-®pankiBcbk, YKpaiHa.

AHOTANIA

AKkTyanabHicTb. JIns BupinieHHs 0araTb0X HayKOBHX 3a1ad Ta A poOOTH 3 CKIaJIHMMU MPUKIaTHAMHU 3aBIaHHIMH HEOOXiqHi
BHCOKOTIPOJAYKTHUBHI OOYHCIIOBaJbHI CHUCTeMH. PaHime peanpHy mapaiienbHy OOpoOKy MAaHHX MiATPUMYBATH TUIBKH CYyTep-
KOMIT IOTepH, AOCTYII A0 SKHX € Ay>kKe OOMEXKEHUM 1 YCKIaJHeHUM. B maHwii 4ac OZHUM i3 OUIAXiB BUPIMIEHHS JaHOI MpoOieMu €
1o0y10Ba HEBEIMKHUX JICIIEBNX KJIacTepiB Ha 0a3i ogHOIIATHUX KoM '1oTepiB Raspberry Pi.

Meta. Po3poOutn KOMIUIEKCHHH KpHUTEpii e(heKTUBHOCTI POOOTH KIACTEPHOI CHCTEMH, KUl OM Mir HaJIe)KHIM YHHOM OXapak-
Tepu3yBaTH poOOTy TaKOl CHCTEMHM Ta 3HAMTH 3aJeKHOCTI MPOJYKTHBHOCTI K1acTepHOI cucteMu Ha 6a3i Raspberry Pi 3B+ Bix kijb-
KOCTI IUIaT B Hill IPH Pi3HUX CUCTEMaX OXOJIOKEHHSI.

Metopa. 3amporoHOBaHO 3aCTOCOBYBATH HPH aHAI3i HEBENMKHX KJIACTEPHHX KOMIT IOTEPHHX CHCTEM KOMIUICKCHHUN KpuTepii
edeKTUBHOCTI poOOTH KJIACTEPHOT CHCTEMH, SIKUi Oy/ie BpaXxOBYBaTH 3arajibHy NMPOIyKTHUBHICTb KJIACTEPHOT KOMIT IOTEPHOI CHCTEMH,
MPOIYKTHBHICTh OJJHOTO OOYHCITIOBAIBHOTO EIEMEHTY B KJIACTEpHili KOMII IOTEPHiil CHCTeMi, CIIOYKMBAHHS EIEKTPOCHEPTii KiIacTep-
HOI0 CHCTEMOIO, CIIO)KMBaHHS €JICKTPOCHEPTii 3 PO3paxyHKy Ha OAWH OOYHCIIOBAJBHHUII €IEMEHT, coOiBapTicTh obOumcieHHS 1
I'dprnormnc kmacTepHOIO KOMIT IOTEPHOIO CHCTEMOIO, 3aralibHy BapTiCTh KJIACTEPHOI KOMIT FOTEPHOT CHCTEMH.

PesyasTaT. Po3pobiennii KOMIUIEKCHHH KpHUTEpid e(eKTUBHOCTI poOOTH KIIaCTEpHOI CHCTEMH BHKOPHCTAHO IPH CTBOPEHHI
JOCIIiTHOT KiacTepHol cucTeMu Ha 0a3i ogHOIUIaTHHMX KoMmm'loTepiB Raspberry Pi 3B+. Takox po3poGiieHO MaTeMaTHYHI MOJeNi
3aJIe)KHOCTI IPOAYKTHBHOCTI HEBEIMKOI KIacTepHOI cucTeMu Ha 0a3i opHoIIaTHUX KoMm totepiB Raspberry Pi 3B+ B 3anmexxHocTi
BiJl KUIBKOCTI IUIAT B Hiil IPH Pi3HUX CUCTEMaX OXOJIOKEHHSI.

BucnoBku. [IpoBeseHi eKCIepUMEHTH i ATBEPAMIN AOLIIBHICTh BUKOPUCTAHHS PO3POOICHOr0 KOMIUIEKCHOTO KpHUTepito edek-
THUBHOCTI pOOOTH KJIACTEPHOI CUCTEMH Ta JO3BOJISIIOTH PEKOMEH/yBaTH HOro 10 BUKOPUCTAHHS HA MPAKTHLI PH CTBOPECHHI HEBEIH-
KHX KJIACTePHUX cUCTeM. [lepcreKTHBY NOAaIbIINX AOCIIIKCHB OIATAI0Th Y BU3HAUYEHHI BarOBUX KOE(]ILli€HTIB CKITaJOBUX €lIeMe-
HTIiB KOMIIIEKCHOTO KPHUTEPil0 eheKTHBHOCTI pOOOTH KIACTEPHOI CHCTEMH, a TAKOX B EKCIIEPUMEHTAIFHOMY BHBUCHHI 3alPOMIOHO-
BaHMX BaroBUX KOe(iIlieHTiB.

KJIIOYOBI CJIOBA: kiactep, knactepHa cucrema, Raspberry Pi 3B+, maremaTnuHa Mojieib, IPOXYKTUBHICTH KOMIT IOTEPHOL
CHCTEMH, KpUTEpill ePeKTUBHOCTI.

ABPEBIATYPU F(t) — 30BHIITHI BIUTMBY,
USB — Universal Serial Bus; /1(?) — 3aBaHHs SKE BUKOHYETHCS;
/f>(f) — TemniepaTypa HaBKOJHMIIHBOTO CEPEOBUILA;
/f3(f) — iH1II (paKTOPH HABKOJIMIIHBOTO CEPEAOBHIIIA;
Ke— xommexkcHul KpuTepiii e(heKTUBHOCTI poOOTH
HOMEHKJATYPA KJIACTEPHOI CUCTEMH;

. . P — KUIBKICTB TIPOLIECOPIB B KOMIT FOTEPHII CUCTEMI;
— e(eKTHBHICTh BUKOPUCTaHHS KJIAacTEpHOI CHC- i
S — NPUCKOPEHHS KIIACTEPHOI CHCTEMH,
!

[IK — nepconanbHu KOMIT I0TED;
CIIA — Crionyueni Llltatn AMepuki.

E P
TEMHU;

© Babuyk C. M., I'ymentok T. B., Pomasnis 1. T., 2021
DOI 10.15588/1607-3274-2021-1-5

46



e-ISSN 1607-3274 Papioenexrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

T, — Yac BUKOHAHHSI 3aBJJAHHS CKaJISIPHOIO EOM;
T, — Yac BUKOHAHHS 3aBJAHHJ KJIACTEPHOIO CHCTe-
al

MOI0;

X(f) — rpyna napameTpis, 10 AiFOTh Ha BXOAi 00 €KTa;

x1(#) — KijBbKICTH OOYMCITIOBAILHUX €JIEMEHTIB B KJac-
TEpHIi KOMIT IOTEpHIH crcTeMi;

Xo(f) — THTI OOYUCITIOBATIBHOTO €JICMEHTA,

x3(f) — THTIl CHCTEMHU OXOJIOKEHHS,

Y(#) — noka3HuKH Tpotiecy 00UHCIICHB;

yi(f) — 3arampHa TPOAYKTHBHICTH
KOMII ' FOTEPHOI CHCTEMH;

15(f) — TPOIYKTHBHICTH OJHOTO OOYHCIIOBAIFHOTO
eneMeHTy (Hampuknaz, wiata Raspberry Pi 3B+) B kiac-
TEpHI KOMIT FOTEpHIH chcTeMi;

y3(f) — CIIOKUBAHHS €JIEKTPOCHEPTii KJIaCTEPHOK CHUC-
TEMOI0;

4(f) — CIIOXKMBaHHS €IEKTPOEHEPrii 3 po3paxyHKy Ha
OIVH OOYHCITIOBAIBHUM eJNeMEHT (HamlpHKIax, IulaTy
Raspberry Pi 3B+);

ys(t) — cobiBapticte obuucnenas 1 ['drmorc kmactep-
HOIO KOMIT' FOTEPHOIO CHCTEMOIO;

y6(f) — 3arasbHa BapTiCTh KIACTEPHOI KOMII FOTEPHOT
CHCTEMH;

V1 Vas Vss Vs Vs» Vo — YCEPEIHEH] 3HAYCHHS PE3YIIbTa-
TIB €KCIIEPUMEHTAJIBHUX JOCIIIKEHb 10 KOXXHOMY 3 I10-

Ka3HHUKIB V15 V2535 V4555 Ve

KJIACTEPHOT

BCTYII

Jnst BupimenHs 6aratboX HayKOBHX 3a/ad Ta Ul Po-
00TH 3 CKIAIHUMH TIPUKIAJHAMHU 3aBJAHHIMH HEOOXiIHi
Cy4acHi BUCOKOTIPOAYKTHBHI 00YHCITIOBANBHI cuctemu [ 1].

HayxoBi, mporpaMicTé i THM OiTBIIE CTyIEHTH Pif-
KICHO MalOTh MOJXKJIMBICTH HPAIFOBATH 3 BHCOKOIPOIYK-
TUBHUMHU OOYHCIIIOBAIEHHMH CHCTEMaMH 1 3aIlyCKaTH Ha
HHUX CBOi mporpamu. Sk NpaBuilo, Taki OOYMCIIOBaJIbHI
CHUCTEMH LIJIOA000BO BXKE 3aiHATI IHIIMMHU MPOrpaMaMu
BiJl YpsAIiB Ta BENMKHX KOMHaHiil 1 T.1. Jlyke Baxko
3HAlTH MOJJIMBICTH IIPALIOBATH 3 TAKUMM CHCTEMaMH:
NOTPiOHO Hamepea HHCAaTH 3asBYy 1 cTaBaTH B 4yepry Ha
OYiKyBaHHS JIOCTYITy 1O pOOOTH 3 BHCOKOIIPOIYKTHBHOO
00YHUCITIOBAIBHOIO CHCTEMOIO.

st Toro, 1o 6 3a0e3nevnTH MakCUMaIbHO e(DeKTHB-
HE BHKOPHCTAaHHS BHCOKOBAPTICHUX MOTY)XKHHX 0O4YHMC-
JIIOBAJILHUX CUCTEM HeoOXilHa po3poOKa MpOrpaMHOTO
3a0e3MneueHHs, Ke 3a0e3MeUnTh MAaKCHUMaJIbHE po3Mapa-
JIeTIeHHS] BUKOHaHHS 3aBiaHb. J[11 po3poOHMKa Takoro
MIPOTPaMHOT0 3a0e3MeUeHHs Jy)Ke BaKJIMBO IEPEBIpUTH
yx OyAe CTBOPCHWH NPOrpaMHUHA MPOLYKT HAIC)KHHM
YMHOM TMpalIOBaTH B peajbHOMY 0araTonpoLecOpHOMY
cepenoBuIli, Y eeKTHBHO OyIyTh pO3MapajieltoBaTHCh
3aBIaHHS.

O0’€KkTOM JOCTIZKEHHSI € KJIACTEPHI CUCTEMU Ha 0a-
31 oiHOIIATHUX KoMIT toTepiB Raspberry Pi 3B+.

IpenmeToM HocCTimKeHHs € S)CKTHBHICTh Ta MPOJTY-
KTUBHICTh KJIACTEPHUX CHUCTEM Ha 0a3i OJIHOIUIaTHUX
koM ' rorepiB Raspberry Pi 3B+.
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MeTo10 pod0TH € BU3HAYCHHS KPUTEPitO e(EeKTUBHO-
CTi pOoOOTH KJIACTEPHOI CUCTEMH Ta PO3poOKa MaTemaTH-
YHHUX MOJIENIEd 3aJIe)KHOCTI NMPOAYKTHBHOCTI KIIACTEPHOI
cucremu Ha 6asi Raspberry Pi 3B+ Bix kinbkocTi miar B
Hill IPH PI3HUX CHCTEMaX OXOJOKEHHS.

1 IOCTAHOBKA 3AJIAYI

KnactepHi cuctemu, siK IPaBHIO, COPOIICHO OIHCY-
10Th (pyHKII€TO:

y1=fx1).

Jlyist aHaizy KjlacTepHOI CUCTEMH B JaHHMW 4ac BHUKO-
PHCTOBYIOTH KpUTEPii €heKTUBHOCTI Ta MPUCKOPEHHS.

[TpuckopeHHsi, ke OTPUMYIOTH IPH BUKOPHCTaHHI
KJIaCTEPHOI CHCTEMH 3 MapaleIbHIM OOUNCIICHHSIM JUIS X
00YHCITIOBAYiB, B TOPIBHSIHHI 3 IMOCTIJIOBHHM BHKOHAH-
HSIM O0YHCIICHb, BU3HAYAIOTH 32 POpMYIIOro [2]:

X
EdexTHBHICTS BHKOPHCTaHHS KJIACTEPHOI CHCTEMH,

sKa 3a0e3rnevye napanesibHi 004YMCICHHS NPU BHUPIILIEHH]
3a/1a4i, BU3HAYAE€ThCS BiTHOMEHHM [2]:

[TpoGnema BUKOPHUCTAHHSI ICHYIOYOTO MaTeMaTHYHOTO
amapary Juis OIHCY KJIaCTEpHHX CHCTEM, SIKi 3abe3redy-
I0Th TapajelbHi OOYHCIEeHHS, NOJSIra€ B TOMY, IO
MiABHUINEHHS MIPUCKOPEHHS, 3a3BU4ail, Moxe OyTh 3a0e3-
MEYCHO 3a PAaxXyHOK 30iJbIIEHHS 4YHCIa OOYMCIIOBAYiB,
110 IPU3BOIUTS, 5K MPABIJIO, 1O MaJiHHA €(EeKTHBHOCTI.
I, HaBmakw, miABHWINEHHS E€(PEKTUBHOCTI JOCATAETHCA B
0araThbOX BHIAJKaX MPH 3MCHIICHHI YKCIa 00YHCIIOBAYIB
(B rpaHMYHOMY BHWIIQJIKy iJeajibHa €(EeKTHUBHICTh IpU
BUKOPUCTAHHI OJTHOTO 00uuctoBaya) [2].

B 3B’513Ky 3 BUILIEBKAa3aHNUM, aKTyaJIbHOIO MIPOOIEMOIO
€ TIOIIYK TaKoro KPUTEPito e(peKTUBHOCTI pOOOTH KiacTe-
pHOT cuctemH, sIKMH OU MIT HaJEKHUM YHMHOM OXapaKTe-
pusyBatu poboTy Takoi cuctemu. [ HpOro HEOOXiIHO
BU3HAYUTH BCl MapaMeTpH, SKi AiOTh Ha BXOJI KiacTep-
HOi CHCTEMH X1, X3, ..., X,, IOKa3HUKHU IPOIECy 0OYnC-
JICHB Y1, V2, ..., Yy TA MAaTEMATHIHI MOJICII, SKi OIMUCYIOTh
iX B3a€MO3B’A30K, 30KpeMa, 3aJICKHICTh MPOAYKTHBHOCTI
KJIACTEPHOI CHCTEMH BiJ KITBKOCTI OOYHCIIOBAYiB B Hii
IPH Pi3HUX CHCTEMAaX OXOJIOKEHHS.

2 OTJISA ] JITEPATYPU

B nanwuii 9ac pi3HI BUCOKOTEXHOIOTIYHI KOMIAaHIi CBi-
Ty MPOBOJIATH POOOTHU B HATIPSIMKY CTBOPEHHSI KJIaCTepiB
Ha 6a3i omHOIUIaTHUX KoM toTepiB Raspberry Pi.

Ha xoudepenmii Oracle OpenWorld 2019, sika BinOy-
nack y BepecHi 2019 poky, kommanis-opranizarop Oracle
MpeacTaBuia Kiactep, 1mo ckiagascs 3 1060 omgHomiat-
HUX KoMmm '1otepiB Raspberry Pi 3B+. Ilmatu Raspberry Pi
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3B+ Oynu BcTaHOBIJEHI B CTiliKy, B MoayJsix 2U. ¥V koxk-
HoMmy Mozyni 2U Oyio po3minieHo 21 oqHOmIaTHUN KOM-
m’rorep Raspberry Pi 3B+.

B enextponHomy OronetHi «New Atlasy (USA), sikuit
NpUALISE OCOOJIMBY yBary HOBHM TEXHOJIOTISIM 1 SKHH
Mae 6sm3pko 280 000 mianucHUKIB 1Mo BcboMy cBitTy Paul
Ridden Bka3zas, 110 cyrnepKkoMII I0TEpH, SIK PABUIIO, JyKe
BEJIMKI 1 Jy’Ke JJOpoTi, 1 BOHM CIIOXKHMBAIOTh TyXe Oararo
€JICKTPOCHEPTIT JUIs KUBJIEHHs 1 oxonoukeHHs. Y Hartio-
HanbHIA Jloc-Anamochkiit maboparopii (CIIA) ekcrorya-
TyeThCs OOUH 13 10 HAMMOTYXKHIMHUX CYMEPKOMII IOTEPiB
y cBiti — Trinity. Hlykaroun OinbIn JgemeBui crocid mo-
3BOJIUTH PO3POOHMKAM CTBOPIOBATH Ta TECTYBAaTH BHCO-
KONPOIYKTHBHE NpOrpaMHe 3a0e3NeueHHs I Cylep-
komi’orepa Trinity, Hamionanena naGoparopis Jloc-
Arnamoca 3BepHyJacs 0 AaBCTPAJIHChKOI KOMIIaHIil
BitScope 3 mpoxaHHSM PO3pOOMTH TECTOBHH CTEH] Ha
6a3i omHOIIIaTHUX KoM toTepiB Raspberry Pi. B pe3yib-
Tari OyJso cTBopeHo kiactep 3 1000 By3iiB (0IHOIUIATHUX
komir'totepiB Raspberry Pi 3). Bapricte Takoro MiHi-
knmactepa cknagae go 150 tuc. mon. CHIA. 3BugaitHo 11e
3HAYHO MEHIIE YMM KOINTye CyrepkoMm orep Trinity,
ajie BCe OJHO IyK€ MOpOro, i mpuadaTH TaKWid KiacTep
3MOK€ JOCHTH HEBEIHMKA KUIBKICTh Ty>KE€ BETHKHX IOCIi-
JHUX OpraHi3arfii.

Bimomi Takox po3poOku kiactepiB Ha 6a3i 64 Ta 128
oJHOIUIATHUX Komil totepiB Raspberry Pi: npoekr Iridis-
Pi (ynuBepcuter Cayrremnrona: 64 Raspberry Pi), mpo-
ekT resin.io (128 Raspberry Pi) [3—-10].

IMpodecop S. J. Cox (Faculty of Engineering and the
Environment, University of Southampton, Southampton,
UK), Simon J. Cox, James T. Cox, Richard P. Boardman,
Steven J. Johnston, Mark Scott, Neil S. O’Brien B mparti
"Iridis-pi: a low-cost, compact demonstration cluster"
BKa3aJiy, 110 CTBOPEHHS KJIACTEPHUX KOMII IOTEPHHX CHC-
TeM Ha 0a3i omHOIUTaTHHX KoM rotrepiB Raspberry Pi B
JO3BOJISIE OJIEPKATHU JCUIEBY KIacTepHy cuctemy [3].

TakuMm 9WHOM, JemmIeBi KJacTepHI CHUCTeMH Ha 0asi
OJTHOIUIATHUX KoMI'totepiB Raspberry Pi € ineanmbHum
pecypcoM Juisi TECTyBaHHs IMPOTrPaMHOTO 3abe3NedeHHs
SIKE PO3POOIIETHCS ISl CYIIEPKOMIT TOTEPIB.

[TincymoByrouM BHUIIEBKa3aHE MOXKHA BiIMITHTH, IO
HalpsIMOK PO3pOOKH KiacTepiB Ha 0a3i OJHOIUIATHUX
koMIT'totepiB Raspberry Pi € akTyallbHUM HampsMKOM
PO3pOOKH AJIbTEPHATHBHOI TEXHIYHOI 0a3u I pO3pOOKH
1 TeCTyBaHHS MPOrpaM sKi B MOJANBIIOMY 3abe3redarhb
mapajeibHi pO3paxyHKH B TOMY 4YHCII Ha Cymep-
KOMIT FoTepax. BaxIMBUM HampsiMKOM po3poOKH i Jocii-
JUKEHHSI TAKMX CUCTEM € BU3HAueHHs KOH(Irypauii Janux
cHucTeM, fKa 3a0e3MeYnTh Kpamly MpOIyKTUBHICTh Ta Bij-
TMIOBIJTHO Kpauly e(peKTHBHICTb.

IIpemmeToM mocmimkeHHS B Teopil KOMII IOTEPHUX
CHCTEM € KOMII'IOTEePHI CHCTEeMH B aCIEKTaxX iX MPOIyK-
TUBHOCTI, HagiHOCTI 1 BapTOoCTi [11].

AHami3 KOMII'FOTepHUX CUCTEM — I1€ BU3HAYCHHSI Blia-
CTHBOCTEH, AKi BIACTHBI CHUCTEMi Y KJacy cucrteM. Tu-
MOBa 3aJla4ya aHali3y — II¢ OI[iHKa MPOJYyKTHBHOCTI 1 Ha-
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JUAHOCTI CHCTEM 13 3aJlaHOI0 KOH(Iryparfi€r, pexumMom
(hyHKLIOHYBaHHS 1 poOOYMM HaBaHTakeHHsM [11].

IMpu excrmyaranii KOMI'IOTEPHUX CHCTEM BHHHKAE
HEOOXIHICTh Y MiIBHUINEHHI iX €(EKTHBHOCTI NUIIXOM
nigoopy KoH}iryparii i pexxuMy QyHKIIOHYBaHHA. Y IIHX
BUTIAIKAX BapTO OIIIHUTH MOXIUBHHA e(eKT, A 4Yoro
HEOOXigHI Mozeni MpOAYKTHBHOCTI cuctemu. [loOymosa
MOJIETIi CHCTEMH Ha OCHOBI HasIBHUX JAHHX IIPO CHCTEMY
Ta eKCHEePUMEHTAIBHUX JaHUX Ha3UBA€THCS ineHTH(iKa-
mieto  cucremu  [11].  Tlopsmox  inenTudikamii
KOMIT'FOTEPHOI CHCTEMH OXapakTepH30BaHO B Ipaii
JlapioHoBa A. M., Maiioposa C. A., Hosikosa I'. I. «BbI-
YHCIIUTEIbHBIE KOMIIJIEKCHI, CUCTEMBI U ceTh». Binnosin-
HO JI0 MPUPOIH JOCTIDKYBAaHUX SIBUIL AJIS IX MPEACTaB-
JICHHSI TIPOIIOHYETHCS (YHKI[IOHaIbHA MOJETb, IO iX
ommcye. Ilpomec cTBOpeHHS Takoi MOJAETI HAa3WBAETHCA
(YHKIIOHANIBHOIO 1eHTU]IKALlEI0 cucTeMH. SIK QyHKIII-
OHaJIbHI MOJIETI MOXKYTh BUKOPHUCTOBYBATHCS Pi3HI MaTe-
MaTu4Hi cucreMu — qudepeHuianbHi W anredpaiuHi piB-
HSHHS, IO aJEKBaTHO IPEJCTaBIAIOTh JOCITIJDKyBaHi
acniektu [11].

Takum 9rHOM, PO3pOOKa MAaTEeMaTHIHUX MOJeENeH 3a-
JIEKHOCTI TMPOAYKTHBHOCTI KIACTEPHOI CHCTEMH Ha 0as3i
Raspberry Pi 3B+ Bix KiNbKOCTI TIaT B Hifl IpH pi3HUX
CHCTEMaX OXOJIOKCHHS € BAXJIMBHM KPOKOM Ha IILIAXY
MiZBUINCHHS €(DEKTUBHOCTI KJIACTEPHUX CHUCTEM Ha 0a3i
Raspberry Pi 3B+ nuisixom minbopy xongirypauii i pe-
UMY (DyHKLIOHYBaHHS, SKMHM 3a0e3meunTh OUThII Hpo-
JIYKTHUBHY POOOTY KJIaCTEpHOI CUCTEMH.

Boerogin B.B. ta BoeBoxin Bn.B. B cBoiit mpami «Ila-
paJuteNIbHBIE BBIYMCICHUS» BKa3ylOTh, IO KOMIT IOTEPH
MOCTIHO BIIOCOKOHATIOIOTHCSA 1 iX TOJIOBHHUH BEKTOP PO3-
BUTKY NPOAYKTUBHICTh, TOOTO MOKJIHBICTH BUKOHYBAaTH
OlpIIy KIMBKICTH omepamii 3a oauHUIEo vacy [12]. Ta-
KOX B JaHiil mpaii aBTOpaMH BiAMideHO, 1m0 €PEeKTHB-
HICTh POOOTH KOMIT'FOTEPHOI CHCTEMU L€ BiHOIIEHHS
peanbHOl MPOAYKTUBHOCTI 10 IMIKOBOI MPOJIYKTUBHOCTI
[12]. BoeBoxin B. B. Ta BoeBonin Bn. B B yka3asiii mparri
TaKOX BKa3yIOTh III0 MOTPiOHO OLIHIOBATH €(EeKTUBHICTH
poboTH  TpOrpaMHO-allapaTHOTO  CEpeloBHINA  Ha
(hikcoBanoMy Habopi TectoBux mporpam (benchmark),
sKuii OyB c(hopMOBaHUIT Ha OCHOBI pi3HMX KpUTepiiB [12].
BpaxoByroun ocTaHHE TBEpHKEHHS OyIIO TPHAHATO
pIIICHHS IOCIIIXKYyBaTH CTBOPEHY KIACTEpHY CHCTEMY Ha
6a3i ogHOmIaTHUX KoM totepiB Raspberry Pi 3B+ mix
yac BukoHaHHs Tecty «High performance challenge
benchmark», sikuif BHKOPUCTOBYETHCS IJIsl TECTYBaHHS
CYIIEpKOMII FOTEPIB.

I'eprens B. I1. B npaui «BbICOKONPON3BOIUTENEHBIE
BBIYMCIIEHHUS Ul MHOTOSIIEPHBIX MHOTOIPOLIECCOPHBIX
CHCTEM» B SIKOCTi KPHTEpiiB poOOTH KIACTEPHUX CHCTEM
BUKOPHCTOBY€E TPHUCKOPEHHS Ta eEeKTHBHICTH [2]. ABTOD
TaKOXX BKa3ye, 10 CIIPOOH MiABUIIEHHS SKOCTI IMapajeib-
HUX OOYHCIICHb 10 OAHOMY 3 JaHUX TOKa3HUKIB (IIPHCKO-
peHHIO 200 e(eKTHBHOCTI) MOXKe TMPHBECTH JI0
MOTIPIICHHS CUTYyAIlil 3a 1HIIUM MOKa3HUKOM, a/DKE JaHi
MOKa3HUKH SIKOCTI MapalellbHUX OOYHUCIICHb € Cyleped-
nuBUMH. SIK pe3ynbrar, po3poOka METOJIB MapajieIbHUX
obuncinenp  yacTo  mepexbavae  BHOIp  AESKOTO
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KOMIIDOMICHOTO ~BapiaHTy 3 ypaxyBaHHAM OaxaHHX
NOKa3HUKIB TPUCKOpeHHs1 1 edekTuBHOCTI. Kpim Toro,
I'eprens B.I1. Bka3sye, mio mpu BHOOPI HAJIEKHOTO Mapa-
JIETBHOTO CHOCO0Y BHPILIEHHS 3aBIAaHHS MOXE BUSIBUTH-
Cs KODHCHOIO OIliHKa BapTOCTI OOYHCIEHb, SKa
BH3HAYAETHCS K AOOYTOK Hacy IMapasieIbHOrO PilllCHHS
3a1adi i 9nuciia BUKOPUCTOBYBAaHUX MPOIIECOpiB [2].
OcraHHIM YacoM 3aMOBHHMKM KOMIT IOTEPHUX CHCTEM
SK yHIBEpCAIBbHHUX TaK i BHCOKOIPOIYKTHBHHUX CTaBISATh
nepes po3poOHMKaMU BUMOTH, 10 O BOHM Majd ICBHI
TEXHIYHI XapaKTEePHUCTHKU Ta BiIMOBiJald MEBHUM EKO-
HOMIYHHUM BHMOTaM. SIK IIPUKJIa] MO>KHA HaBECTH 3aMOB-
neHns HarionaneHoto Jloc-AaMOCBHKOI0 JTab0paTopiero
(CIIIA) B aBcrpaiiicekoi koMnanii BitScope po3poOkn
TECTOBOTO CTEHAY Ha 0a3i OIHOIIATHUX KOMII FOTEPiB
Raspberry Pi. ToMy akTyaJbHOIO HayKOBOIO 3aJayero €
PO3poOKa KOMIUIEKCHOTO KPHUTEPito epeKTHBHOCTI poOOTH
KJIACTEPHOI CHCTeMH, SIKHH OyZe BpaxOBYBaTH BCi acIek-

TH, SKi BaXJIHWBI UII 3aMOBHHKIB 1 KOpPHCTYyBadiB
KOMII'FOTEPHUX CHUCTEM.
3 MATEPIAJIX 1 METO/IA

Sk npaBwiIo, IPH aHATI31 KIACTEPHUX KOMIT FOTEPHUX
CHCTEM, SIK KPHUTEPii e()EeKTUBHOCTI iX POOOTH BHKOPH-
CTOBYIOTh NPOJYKTHBHICTH X pOOOTH Ta IHKOJIU IPUCKO-
peHHs. 3BUYalHO, MPOAYKTHUBHICTH 1 MPUKOPEHHS KIac-
TEPHOi KOMIT'IOTEPHOI CHCTEMH € OJIHHMH 3 BaKIMBHUX
MOKa3HUKIB, siKi ii xapakTepusyrotb. IIpore, edekTus-
HICTh KJIACTEPHOI KOMIT FOTEPHOI CHCTEMH XapaKTepu3y-
FOTb 1 iHIII TTOKA3HUKH.

B pesymnbrari MpoBeIeHNX JOCIHIIKEHb BCTAaHOBJIEHO,
0 IS aHAJl3y 1 XapaKTePHCTUKH HEBEIHMKHX KIIacTep-
HUX KOMIT IOTEPHHUX CHCTEM Kpallle 3aCTOCOBYBATH KOM-
IUIEKCHUN KpuTepiii ePeKTHBHOCTI POOOTH KiacTepHOI
CHCTEMH, SIKMH OyZe BpaxoBYBaTH 3arajibHy IPOAYKTHB-
HICTh KJIACTEPHOI KOMII'IOTEPHOI CHUCTEMH, MPOIYKTHB-
HICTh OJIHOTO OOYHCITIOBAILHOTO CJIEMCHTY B KJIACTCPHIN
KOMIT'IOTEpHIl CHCTEeMi, CIIO)KMBAHHS EJICKTPOEHEPTil
KJIACTEPHOIO CHCTEMOIO, CIIOXXKMBAaHHS EJICKTPOSHEpTii 3
PO3paxyHKy Ha OJIMH OOUYHUCIIOBaJIbHUI eleMeHT, coliBa-
PTICTB 00YHCICHHS 1 ['dmoric KIJIaCTEPHOIO
KOMIT IOTEPHOIO CHCTEMOIO, 3arajbHy BapTICTh KiacTep-
HO1 KOMII'FOTEpHOI CUCTEMHU.

MosxHa BUAUIATH TPU TPYIH MapaMeTpiB, AKi Xapak-
TEPU3YIOTh TIPOLeC POOOTH KIACTEPHOI KOMI IOTEPHOI
CHCTEMU.

Jo mepmoi rpynu mapamerpiB X(f), mo JifoTh Ha
BXOJi 00’€KTa, MOXHA BiJHECTH KiJILKICTH OOUMCIIIOBATIEL-
HHUX €JIEMEHTIB B KJIACTEPHIH KOMII IOTEpHIi cucremi
x1(f), TMII OOYMCIIOBAIILHOTO eNeMEHTa X,(f) (TexHIuHi
XapaKTEepPUCTUKN OOYUCIIIOBAJILHUX €JIEMEHTIB BIUIMBA-
IOTh Ha MOKAa3HUKH POOOTH KJIACTEPHOI CHCTEMH B ILILIO-
My), THII CHCTEMH OXOJIOJDKCHHS X;3(¢). B momampmomy,
mapameTpu x(f), x,(¢), x3(f) Oyaemo BBakaTH KOMITOHEH-
TaMH BEKTOpa BXiJHUX KEPYIOUNX BIUIUBIB:

X (1) = X[x,(0), x, (1), x; ()] (D
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Hpyry rpymy ckmagaroTh 30BHiImHI BIumBH F(f): 3a-
BJIaHH: sIKe BUKOHYEThCA f(f), TemrepaTypa HaBKOJIMII-
HBOTO cepeioBHIIA f>(f) Ta 1HII (HaKTOPU HABKOJIHMIIHBO-
ro cepenoBuina f;(f):

E@)=FL/A(0, 1,0, ;)] 2

Jo Tperboi rpynH BiIHOCATBCS HOKa3HUKH MPOLECY
obOuncnens Y(f): 3araqpHy NPOAYKTHUBHICTh KJIACTEPHOL
KOMII'FOTepHOI cHUCTeMH )(f), TPOAYKTUBHICTH OJHOTO
OOYHCITIOBAIBHOTO ~ €IeMEHTYy  (HampuKiax,  IUIaTH
Raspberry Pi 3B+) B kiactepHiii KOMIT IOTepHIiil cucTemi
(), CIIOKUBAHHS EIIEKTPOCHEPTii KJIACTEPHOIO CHUCTE-
MOIO Y;3(?), CIIO)KMBAHHS €JIEKTPOEHEPTii 3 PO3paxyHKy Ha
OIMH OOYMCIIOBAJIBHUM e€NeMEHT (HamlpHKiIal, IulaTy
Raspberry Pi 3B+) y4(f), coGiBapticth oOumcienns 1
I'baonc kinacTepHOIO KOMII'IOTEPHOIO CHCTEMOIO Vs(f),
3arajibHy BapTICTh KIACTEPHOI KOMII'IOTEPHOI CHUCTEMH

Ye():
Y(@) =Yy, (1), y,(0), y3(), 4 (2), y5(2), 5 ()] - (3)

3Bakal04M Ha BHWIIECKa3aHe, TIMOTETHYHY MOJEIb
MpoIeCy OOYUCICHh MOXKHA MTOJATH Y BUIJISIL:

Y(0) =Y[X (@), F(1)]- “)

BumieBkazaHi MoKa3HUKH Mporiecy OOYHCICHb OibIn
MOBHO XapaKTEPU3YIOTh PE3YJNbTaTH POOOTH KIACTEPHOI
KOMIT FOTEPHOI CHCTEMH YUM HPOCTO NPOAYKTHBHICTB il
po0OTH, a KOMIUIEKCHUIT KpUTepiii eheKTHBHOCTI podOTH
KJIaCTepHOI CHUCTEeMH, sIKUil OyJe iX BpaxoByBaTH, Mae
BUTJIS;

Ke=Y[¥,7,:Y3, Y4 ¥5: V] 5)

BukopucraHHs KOMIUIEKCHOTO KPUTEPil0 e(EeKTHBHO-
CTI poOOTH KJIACTEPHOI CHCTEMH IPH JOCITIDKEHHS TaKol
CHUCTEMH JI03BOJIMTH OTPUMATH OLIBII 00’ €KTHBHY iH(O-
pMarIifo mpo 00’ €KT TOCIiIHKCHHS.

OCKiTBKM  3araibHa TNPONYKTUBHICTH  KIIACTEPHOI
KOMIT'FOTEPHOI CHCTEMH € BaXXJIMBUM €JIEMEHTOM KOM-
IUIEKCHOTO KPUTEPit0 e(PeKTUBHOCTI POOOTH KiIacTepHOL
CHCTEMH, B AaHiil poOoTi OyII0 TOCTiIKEHO NaHWi MOKa3-
HUK Ta pO3POOJCHO MaTeMaTH4HI MOJENI 3aJIC)KHOCTI
MPOJIYKTUBHOCTI HEBEJIMKOI KJIACTepHOI cucteMH Ha 0asi
onHOIMIaTHUX Komi toTepiB Raspberry Pi 3B+ B 3amex-
HOCTI BiJi KUIBKOCTI IJIaT B HIM NPH PI3HUX CHCTEMax
OXOJIOJIKEHHSL.

4 EKCIIEPUMEHTH

JI1s1 BUKOHAHHS JOCTiPKEeHb POOOTH KIacTepHOI chc-
TeMHd Ha 0a3i OJHOIUTaTHHX Komil'torepiB Raspberry Pi
3B+ Oyna cTBopeHa cuctema 300paxkeHa Ha PUCYHKY 1.

CrBOpeHa st IOCHi/PKeHb KilacTepHa cucremMa Ha Oa-
31 ofHOIIaTHUX KoMl totepiB Raspberry Pi 3B+ ckiana-
€TBHCH 3:

— 4-x omHOTUTaTHUX KoMIT 10TepiB Raspberry Pi 3B+
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— rirabiTHOTO HeKepoBaHoro komyraropa D-Link
DGS-1005A ;

— Onoky >xuBsieHHs1 60 W3

— xynepa DeepCool XFAN 120 L/W .

OCHOBHI XapaKTEPUCTHKH OTHOIUIATHHX
koM 'rorepiB Raspberry pi 3B+ , Ha 6a3i sxux moOynoBa-
HO KJIacTep:

— npouecop Cortex-A53 3 gacroroio 1,4 GHz;

— omepatuBHa am’ate 1 I'6aiit LPDDR2;

— Gigabit Ethernet.

i node1

ush power network switch

Pucynok 1 — KnacrepHa cucrema Ha 6a3i OZHOIUTATHHX
xomrt ' forepiB Raspberry Pi 3B+

JKuBnenns: ogHOIUTaTHUX KoMil'toTepiB Raspberry Pi
3B+ B kiacrepi 3aiiicHioeThes yepe3 USB-hub, skwuii miz-
KIIIOYCHUH 710 MEPEXi eIEKTPOKUBIICHHS uepe3 OJI0K JKu-
BJICHHS.

OnnorutatHi koM totepu Raspberry Pi 3B+, 3 BcTa-
HOBIICHOIO oOIllepamiifHoo cucrtemoro Raspbean Stretch,
00’eTHaHI B KJIACTEpP 3a JOMOMOTOO TirabiTHOTO HEKepo-
BaHoro komytartopa D-Link DGS-1005A. Bapticth cTBO-
peHoro kmactepa (YOTHPH OJHOIUIATHUX KOMIT IOTEPH
Raspberry Pi 3B+, komyratop, OJ0K >KHUBJICHHS, KyJep,
MIPOBOJM) CTAaHOBUTH 10 155 non. CHIA.

5 PE3YJIBTATU

3 METOIO JIOCATHEHHS IOCTaBJICHOI MeTH OYJo MpoBe-
JCHO eKCIIEPUMEHTH 3 BU3HAYCHHS MPOLYKTHBHOCTI Kila-
CTEpPHOI CHCTEMH Ha 0a3i OJHOIIATHHX KOMIT IOTEPiB
Raspberry Pi 3B+ mpu pi3aux kigpkocTsax miat Raspberry
Pi a TakoXX HpH PI3HHX CHCTEMax OXOJOKEHHS 1Mo 49
eKCIIEPUMEHTIB Ul KOXHOi KoHGirypauii. TecTyBaHHsS
MIPOLYKTUBHOCTI PO3pPO0OJICHOT KIACTEPHOI CHCTEMH ITIPO-
BOAMJOCH 3a jomomoror Ttecty «High performance
challenge benchmark» [13].

Ha pucynky 2 300pakeHO rpadiku BU3HA4eHOI TIpo-
OYKTHBHOCTI CTBOPEHOI YOTHUPHOXIUIATHOI KJIacTEPHOI
cucTteMd Ha 0a3i OJHOIIATHHX KoMIT'toTepiB Raspberry
Pi 3B+ mpu pi3HUX THUMax OXOJOMKEHHA IiaT (6e3 oxo-
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JIO/PKCHHA, ITaCUBHC OXOJIOIKCHHS, aKTUBHC OXOJIOJXKCH-
Hs 3a nornomororo kysepa DeepCool XFAN 120 L/W).
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Pucynok 2 — [IpoyKTHBHICTB Ki1acTepa 3 YOTHPHhOX OHOILIAT-
Hux Komir otepiB Raspberry Pi 3B+ 3 pisHumu cucremamu
OXOJIOMKECHHS

Ha pucynky 3 300paxkeHo rpadiku BU3HAYEHOI TpO-
JYKTUBHOCTI CTBOPEHOI TPHUILIATHOI KJIACTEPHOI CHCTEMHU
Ha 0a3l omHOIUIATHUX KoMm 'totepiB Raspberry Pi 3B+
NPU Pi3HUX THUIIAX OXOJIOJPKEHHs IuiaT (0e3 OXOJIO/KEeH-
HA, MMaCHMBHC OXOJIOMKCHHs, AKTHBHC OXOJIOJXKCHHS 3a
nonomoroio kyinepa DeepCool XFAN 120 L/W).
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Pucynok 3 — IIpofyKTHBHICTE KJIacTepa 3 TPhOX
OJIHOIIIATHUX KOMIT'10TepiB Raspberry Pi 3B+ 3 pisaumu
CHCTEMaMH OXOJIOJKCHHS

Ha pucynky 4 300paxeHo rpadiku BU3HaYeHOI Hpo-
JYKTUBHOCTI CTBOPEHOI JIBOILIATHOI KJIACTEPHOI CUCTEMHU
Ha 0a3i onmHOIDIATHUX Komil toTepiB Raspberry Pi 3B+
MIpU PI3HUX THIAX OXOJIOJKCHHS IIaT (0e3 OXOJOIKEH-
Hs, TIACHUBHE OXOJIOMKEHHS, aKTHUBHE OXOJOMKEHHS 32
noromoroio Kynepa DeepCool XFAN 120 L/W).
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PucyHok 4 — IIpoayKTHBHICTb KJIacTepa 3 IBOX OJHOIUIATHUX
koM 1oTepiB Raspberry Pi 3B+ 3 pisHuME cucremamu
OXOJIOJDKEHHS

Ha pucynky 5 300paxkeno rpadikn BH3HaueHOI Hpo-
QYKTHBHOCTI ONHOIDIATHOTO KoMIT foTepa Raspberry Pi
3B+ mpu pi3HHX THIAX OXOJOMKEHHA 1aT (0e3 0Xouo-
IDKCHHS, [IAaCHBHE OXOJIO/KCHHS, aKTHBHE OXOJIOKEHHS
3a nonomororo kynepa DeepCool XFAN 120 L/W).
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Pucynok 5 — IIpolyKTHBHICTB OZTHOTO OJHOILIATHOTO

koM toTepa Raspberry Pi 3B+ 3 pisHumu cuctemamu
OXOJIOKEHHS

ITicnst mpoBeNCHHS EKCIIEPUMEHTIB OYJIO 3IiHCHEHO
OTIPAIIOBaHHS OTPUMAaHUX B HUX pe3yibTaTiB. B Tabim-
mi 1 HaBeleHO cepeaHi 3HAYCHHS NMPOAYKTHBHOCTI Kiac-
TEPHUX CHCTeM Ha 0a3l OJHOIUIATHUX KOMII FOTEPIiB
Raspberry Pi 3B+ 3 pi3HOIO KiJIBKICTIO IUIAT Ta 3 PI3HUMH
CHCTEMaMH OXOJIO/IKESHHSI.
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Tabnuus 1 — CepezHi 3HaUCHHSI IPOLYKTUBHOCTI KIIACTEPHUX
cucteM Ha 0a3i oJHOIUIATHUX KoMl foTepiB Raspberry Pi 3B+ 3
i3HOIO KIJIBbKICTIO [UIAT Ta 3 PI3HUMH CHCTEMaMH OXOJIOPKCHHSI

Kinbkicts Cepenni 3HaueHHs npoayktuBHoOcTI (I'dionc)
mwiat IIPY Pi3HHUX TUIIAX CUCTEM OXOJIOKEHHS
Ra§pberry 6e3 oxoio- 3 HAaCHBHUM 3 aKTHBHUM
Pi3B+ JDKESHHS OXOJIOJDKCHHSIM | OXOJIOJDKEHHSIM
1 0,807116 0,851778 0,980047
2 0,88222 0,898496 1,034144
3 1,179257 1,246531 1,647265
4 1,37011 1,394486 1,827639

3aNnexKHICTh CEepPeHBOI MPOIYKTHBHOCTI KIACTEPHOI
cHUCcTeMH Ha 0a3i OJHOIUIATHUX KoM 'rotepiB Raspberry
Pi 3B+ Biag KiTbKOCTI TakWx KOMITIOTEPIB B HiM TpH
PI3HUX CHCTeMaX OXOJOKEHHS MMOKa3aHa Ha PUCYHKY 6.

Ha pucyHky 6 BUIHO, IO MPOJYKTUBHICTH KIACTEPHOT
cHUCcTeMH Ha 0a3i OJHOIUIATHUX KoM 'rotepiB Raspberry
Pi 3B+ 3 macUBHOIO CHCTEMOIO OXOIOHKEHHS IEII0 BHUIIA
(®Big 2% nmo 6%) TPOAYKTUBHOCTI TaKoi X KIaCTEPHOL
cUcTeMH, ajie 0e3 CUCTEMU OXOJIO[DKEHHS. TakuM YMHOM
3aTpaTh Ha TACHBHY CHUCTEMY OXOJIO/DKEHHS HE Ial0Th
3HAYHOI'O MPHUPOCTY B MPOJYKTUBHOCTI HEBEIIMKOI KJIac-
TEPHOI CUCTEMU.
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KineKicTe nnat Raspberry Pi 3B+ B Knacrepi
MNpoAyKTUBHICTE cucTemu Bes oxonoaMeHHn
seves [IDOAYKTUBHICTE CUCTEMM 3 NACUBHUM OXONOAMEHHAM
— [TPOAYKTUBHICTE CUCTEMM 3 AKTHBHMM OXONOIMKEHHAM

PucyHok 6 — 3aexHicTh CepeaHbOl MPOLYKTHBHOCTI
KJIACTEPHOI CUCTeMH Ha 0a3i OJHOIUIATHHX KoMIT toTepiB Rasp-
berry Pi 3B+ Bizx KinbKOCTI TAKUX KOMIT'IOTEpIB B Hiif 1IpH
PI3HHX CHCTEMaX OXOJIOJDKCHHS

[TponyKkTUBHICTH KacTepHOI cUcTeMH Ha 0a3i OJHO-
IUTaTHUX KoMl toTepiB Raspberry Pi 3B+ 3 akTuBHOMNO
CHCTEMOI0 OXOJIOJKCHHSI 3HAYHO BHUINA MPOXYyKTHBHOCTI
TaKAX CaMHX KIACTePHHX CHUCTEM Oe3 CHCTEMH OXOJIO-
JOKEHHST a00 3 CHCTEMOI0 IMACHBHOTO OXOJIOMKEHHS (Bif
15% no 40%). Ilpu yomy OCOOJIMBO 1i€ MEPEBUILEHHS
BiguyTHe npu 3—4 1uiatax (MIepeBUILEHHS B IPOJIYKTHB-
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HocTi Big 31% no 40%, a npu 2 miarax NepeBUILEHHS B
npoaykTuBHOCTI Bix 15% no 21%). Takum uuHOM, 3aTpa-
TH Ha aKTHBHY CHCTEMY OXOJIOJKCHHS JAIOTh BIIUYTHUHA
MIPHUPICT MPOAYKTUBHOCTI pOOOTH HEBEIHKOi KIACTEPHOT
CHCTEMHU.

Ipuckoperns (speedup), MO OTPUMYETHCS MIPH BUKO-
PHUCTaHHI ITapajelbHOTO ANTOPUTMY UIS p TPOIECOpiB, B
MTOPIBHSAHHI 3 TOCIIJOBHAM BapiaHTOM BHUKOHaHHS O0YH-
CJICHb BU3HAYAETHCS, K BIHOIICHHS Yacy PIilICHHS 33/a-
4i ckasipuoro EOM 10 yacy BUKOHAHHS MapajeibHOro
anroputMmy [2].

3 MeTOr0 BU3HAUEHHS IMPUCKOPEHHS po3po0iIeHoi Kira-
CTepHOI cucTeMu OyJI0 POBEACHO 10 49 eKCIepuMEeHTIB
i 9ac SKUX 3a7ada 3 3HAXODKEHHS KIIBKOCTI MPOCTHX
yrcen B 3aaanomy miarmazoni (10000) [14] BupimryBanachk
Ha 3BUYalfHOMY NE€PCOHAIILHOMY KOMII'IOTEpi 3 MPOLeco-
pom AMD Ryzen 5 3 wactororo 3,6 [Ty (Baprictio 360
non. CIIIA) Ta Ha CTBOPEHOMY KJIacTepi 3 YOTHPMa OIHO-
IJIaTHUMH KoMIT fotepamMu Raspberry Pi 3B+ (koskHa
miata 3 ogHuM nporecopom Cortex-AS3 3 wacrororo 1,4
I'T) 3 akTHBHEM OXOJIOMKEHHSM (BapTicTiO A0 155 moi.
CHIA). Pe3ynbTaTd eKCIIEpUMEHTIB BimoOpaxkeHi Ha
puc. 7.
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Homep eKcnepumeHTy

++ s+ Po3poBAeHHil KNACTEP 3 YOTMPME OAHONAETHUMK KOMN' HOTEPaMK
Raspherry Pi 3B+ (kowHa niata 3 ogHum npouecopom Cortex-A53 3
YyacTotol 1,4 [TL) 3 aKTUBHKUM OXONOLKEHHAM

MK 3 npouecopom AMD Ryzen 5 3 yactotoio 3,6 [Ty,

Pucynok 7 — Yac BUKOHaHHS 3a7a4i 3 3HAXOIKCHHS KITBKOCTI
HPOCTHX YUCEN B 3a7aHOMy Iiara3oni (10000)

B pesyunbrari omnpaifoBaHHsI €KCIIEpUMEHTAIBHUX Jla-
HHUX BCTaHOBJICHO, IO CEepPelHild Yac pilmieHHs 3aaadi 3
3HAXOJPKEHHS KIIBKOCTI MPOCTHX YUCEN B 3aJaHOMY Jlia-
maszoni (10000) [14] Ha 3BUYAHHOMY NEPCOHAILHOMY
koMIT’totepi 3 mpomecopom AMD Ryzen 5 3 gacrororo
3,6 I'Ty cranoBuTh 0,56 cCeKyHIH, a HA CTBOPEHOMY KJIac-
Tepi 3 YOTUpPMAa OJHOIUIATHUMH  KOMIT IOTEpaMHU
Raspberry Pi 3B+ (koHa Iutata 3 OJHHM IIPOIICCOPOM
Cortex-A53 3 wacrororo 1,4 I'T1) 3 akTMBHHM 0XOJO-
JUKeHHSIM cTaHOBUTH 0,15 cexyHau.

[IprckopeHHsT po3paxoBaHO Y BIJIOBIAHOCTI 3 Ipa-
ueto 'eprens B. I1. «BpicOkONpOU3BOAUTENbHBIE BHIYKC-
JICHUS JUTI MHOTOSICPHBIX MHOTOIIPOIIECCOPHBIX CHCTEM)
cTaHOBHUTH 3,7. KpiM Toro, po3poOiieHuil KitacTep Aere-
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BIIMH BiJl 3BUYAITHOTO MEPCOHAIILHOIO KOMIT [oTepa B 2,3
pazu.

EdexTuBHICTE PO3pOOIICHOT KIACTEPHOI CHUCTEMHU 3
YOTHpPMa OJHOIUIATHHMH KoMil'rorepamu Raspberry Pi
3B+ 3 aKTUBHUM OXOJIOJDKESHHSIM pPO3paxoBaHa y BiAIO-
BimHOCTI 3 mparero ['eprenst B. 1. «Bricokonpon3Boan-
TEJIbHBIC BBIYUCIICHHUS [Tl MHOTOSIEPHBIX MHOTOMPOLIEC-
COPHBIX CUCTEM» CTaHOBHTH 0,925.

BuiieBkazani pe3ynbTaTH CBiI4aTh, 110 PO3POOICHUI
kiactep eheKTUBHHI B 3ajavax, siki MOXKHa po3napalie-
JIUTH 1 BIATIOBIAHO 320€3MCUNTH MapajieabHi 00YNCICHHS.

BcraHoBneHa MareMaTHYHa MOJEIb 3aJI€KHOCTI HPO-
JYKTUBHOCTI KilacTepHOi cucreMu Ha 0a3i Raspberry Pi
3B+ Bix KuUIbKOCTI IUIAT B Hill HpW BIACYTHIH cucTeMi
OXOJIOJKEHHSI Ma€ (hOpMy MOTIHOMA TPETHOTO MOPSIIIKY:

¥, =-0,0547x; +0,4391x; —0,8593x, +1,2821. (6)

I'padiune BimoOpaxeHHs po3pobIeHOT MaTeMaTHYHOT
MOJIEIi 3aJIEKHOCTI MTPOLYKTUBHOCTI KJIACTEPHOI CHCTEMHU
Ha 0a3i Raspberry Pi 3B+ Big KUIBKOCTI miaT B Hil mpH
BIJICYTHIf CHCTEMi OXOJOIKEHHS 300pa’keHO Ha PHCYH-
Ky 8.
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Kinekicte nnat Raspberry Pi 3B+ B knacrepi

Pucynok 8 — I'padiune BioOpaxeHHsT po3po0OIeH0] MaTeMaTH-
YHO1 MOJEJI1 3aJICKHOCT1 IMMPOAYKTUBHOCT1 KJIACTEPHO1 CUCTEMU
Ha 6a3i Raspberry Pi 3B+ Bij kijbKoCTI IUIaT B Hill IPH BifCyT-
HIN CUCTEM1 OXOJIOKCHHSA

B tabnuui 2 HaBe#eHO pe3yNbTaTH aHaNi3y CepelHbOl
NPOJYKTUBHOCTI KiacTepHol cucteMn Ha 06a3i Raspberry
Pi 3B+ 3 pi3HOIO KUIBKICTIO IUTaT BU3HAYEHOI B pe3yJbTa-
Ti TIPOBENEHHsI €KCIICPUMEHTIB, a TaKOXK 3HAYEHHS IIPO-
JIYKTHBHOCTI KJIACTEPHOI CHCTEMH B 3aJIC)KHOCTI BiJ KiJlb-
KOCTI IUIaT B Hill, SIKe 3HAMIeHe 3a pe3yIbTaTaMHd O0YHC-
JIEHHS TIPU BHUKOPHUCTAHHI PO3poOJIEHOI MaTeMaTHYHOL
mozei (6).
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Tabnuus 2 — [NopiBHSAHHS 3HaYEeHb POJYKTHBHOCTI

KJIACTEPHOI cUCTeMH 6e3 CHCTEMH OXOJIODKSHHSI OTPUMAHUX ITi[

4ac eKCIEPUMEHTY Ta 3 BUKOPHCTAHHIM PO3p00IeHOT
MaTeMaTHyHoi Mozei (1)

Kinb- Cepenne 3Ha- 3HaYeHHS TToxuoOka, Ilo-
KICTb | YEHHS MPOIYK- MIPOJIYKTHB- I'tonc XH0-
IaT | THUBHOCTI KJac- | HOCTI KJlacTep Ka,
Rasp- | TtepHoi cucremu HOI CUCTEMH %
berry 3HaiiieHe 3a 3HaileHe 3
Pi pe3ynbTaramMmu JIOTIOMOT'0F0
3B+ TIPOBEJCHHS pozpobaeHoi
€KCIIePUMEHTIB, | MaTeMaTHYHOI
I'utone mozeni (1),
I'nomnc
1 0,807116 0,807200 0,000084 | 0,01
2 0,88222 0,882300 0,000080 | 0,01
3 1,179257 1,179200 0,000057 | 0,01
4 1,37011 1,369700 0,000410 | 0,03

MaremaTiyHa MOJENb 3aJISKHOCTI HPOJYKTHBHOCTI
KJacTepHol cucremu Ha 6a3i Raspberry Pi 3B+ Bix kinb-
KOCTI TJIaT B HIM NPH MAaCHUBHIN CHCTEMI OXOJOIKCHHS
Mae GopMy MOJIIHOMA TPETHOTO MOPSIKY:

y, =—0,0836x; +0,6521x7 —1,3245x, +1,6078.  (7)

B Tabnuui 3 HaBeneHO pe3ynbTaTh aHaTi3y CepeiHbOl
MIPOYKTUBHOCTI KJIacTepHOI cucreMu Ha 0asi Raspberry
Pi 3B+ 3 pi3HOIO KIIBKICTIO IUIAT BH3HAYCHOI B
pe3yibTaTi MPOBEACHHS EKCIEPUMEHTIB, a TaKOX 3Ha-

YEeHHS  NPOAYKTUBHOCTI  KJIACTEPHOI  CHCTEMH B
3aJI€)KHOCT] BiJ KIUJIBKOCTI IUIaT B Hi, sSKe 3HalAeHe 3a
pe3ynpTaTaMu oOurcIeHHS npu BHKOPHCTaHHI

po3pobienoi matematnaHol Mozeni (7).

Tabmuns 3 — [lopiBHAHHS 3HaYSHb TPOAYKTUBHOCTI KJIacTEpHOT
CHCTEMH 3 TTACHBHOIO CHCTEMOIO OXOJIO/PKEHHS OTPUMAHUX MiJ|
4ac eKCIEepPUMEHTY Ta 3 BUKOPHCTaHHIM pO3po0IeHoT
MaTeMaTH4Ho1 MoJieti (7)

Kinb- CepenHe 3Ha- 3HaueHHs IMoxubxa, Tlo-
KiCTh YEHHS IPOJY- | TPOTYKTHUB- I'omnc xuOKa,
iaT KTHBHOCTI HOCTI KJ1ac- %
Rasp- KJIaCTePHOT TepHOL
berry CUCTEMHU CUCTEMHU
Pi 3HANICHE 3a 3HalIeHe 3
3B+ pe3ysibTaTaMu | JIONOMOIOK
MIPOBEACHHS po3zpo0ie-
eKCIIEPHMEH- HOI Mate-
TiB, I'ponc MaTU4HOI
Mozeni (2),
I'omnc
1 0,851778 0,851800 0,000022 0,002
2 0,898496 0,898400 0,000096 0,01
3 1,246531 1,246000 0,000531 0,04
4 1,394486 1,393000 0,001486 0,11

MaremMaTH4Ha MOJETH 3aJISKHOCTI MPOTYKTHBHOCTI
KIacTepHoi cuctemu Ha 0a3i Raspberry Pi 3B+ Bix kinb-
KOCTI TIaT B Hill IpW aKTUBHIN CHCTEMi OXOJOIKEHHS
Mae (HopMy IOJIHOMa TPETHOTO MOPSIIKY:

3 =—0,1653x +1,2713x% —2,6027x, +2,4767 . ®)
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B tabnuii 4 HaBe#eHO pe3yNbTaTH aHaNi3y CepelHbOT
NPOJYKTUBHOCTI KiacTepHol cucteMu Ha 6a3i Raspberry
Pi 3B+ 3 pi3HOIO KUIBKICTIO IUIaT BU3HA4YeHO! B
pe3ynbTaTi MpPOBEICHHS CKCICPUMEHTIB, a TaKOX 3Ha-

YCHHS  NPOJYKTUBHOCTI  KJIACTEPHOI  CHCTEMH B
3aJIEKHOCTI Bifl KIIBKOCTI IUIAT B Hil, SIKE 3HaMeHE 3a
pe3yibraramu 00YHCIIEHHS npu BUKOPHUCTaHHI

po3pobiieHoi MaTeMaTuaHOI Moteni (8).

Tab6uuist 4 — [TopiBHSIHHS 3HAYEHB [IPOLYKTHBHOCTI KJIACTEPHOT
CHCTEMH 3 AKTUBHOKO CHCTEMOIO OXOJIOKEHHS OTPUMAHKX ITijT
Yac eKCIIEPUMEHTY Ta 3 BUKOPHCTAHHSIM PO3pOGIICHOT
MaTteMaTuaHol Mozei (8)

Kinb- CepenHe 3Ha- 3HaueHHs TToxuoOka, Ilo-
KicTh YEHHS TPOJIyK- TIPOTyKTHEB- I'thioric XHUO-
miaT THUBHOCTI KJIac- HOCTI KJac- Ka,
Rasp TCpHO’l‘ CHUCTEMU TepHOI CHC- %
berry 3HalijieHe 3a TEMH 3Haii-
Pi pe3yabTaTaMu JICHE 3 JI0T10-
3B+ MPOBEICHHS MOT0I0 PO3-
eKCIepUMeH- pobieHoi
TiB, MaTeMaTH4-
T'pronc HOT MoJiei
(3), I'pnonc
1 0,980047 0,980000 0,000047 | 0,005
2 1,034144 1,034100 0,000044 | 0,004
3 1,647265 1,647200 0,000065 | 0,004
4 1,827639 1,827500 0,000139 | 0,007

3 Tabuuup 2—4 BUAHO, O 3HAYEHHS MPOJIYKTHBHOCTI
KJIaCTEPHOI CHUCTEMM B 3aJIeKHOCTI BiJ KUIBKOCTI IUIaT
Raspberry Pi 3B+ B Hux oOuucieHi 3a JOIOMOIOI0 po3-
poONeHNX MoJeNel BiIPI3HAIOTHCS BiJl CEpeaHIX 3HaYCHb
MPOJYKTUBHOCTI KJIACTEPHOI CHUCTEMH 3 BIIIIOBiIHOIO
CHUCTEMOIO OXOJIO/DKEHHS, SIKi OynHM OTpUMaHi eKCIepH-
MEHTaJIHHUM IUIIX0M, MakcuMyM Ha 0,11%.

6 OBTOBOPEHHSI

[ Toro, mo 6 MiHIMI3yBaTH WMOBIPHICTh MPUHHATTA
pilieHp Ha 0a3i HEJOCTOBIPHHMX BHIIAIKOBO-IIOMHIIKOBHX
JaHUX, OyJI0 MPOBEICHO BEIMKY KUIBKICTH OTHOTHITHHX
jociiaiB (1o 49 ofMHOTUIHUX JOCIIIB MPU OJHAKOBIN Ki-
JIBKOCTI IUIaT B KJIAcTepi 1 MpH Til camii cucTeMi 0xoJo-
JUKEHHST). AHaJi3 3HaYCHb BCIX JOCHITIB (puc. 2 — puc. 5)
CBIJTUUTB, 1110 3HAYHUX «BHKUAIBY» Pe3ysbTaTiB He Mae. J{is
MOJAJIBIINX TEOPETUYHMX JOCIIPKEHb Ul KOXKHOTO Bapi-
aHTy pOOOTH KJIACTEPHOI CHCTEMH 3a KUIBKICTIO IUIaT Ta
THIIOM OXOJIOJDKSHHS B ITOJAIBIIOMY BUKOPHCTOBYBAJIOCH
yCepeaHeH] 3HaueHHs TOKa3HUKa MPOTYKTUBHOCTI Ki1acTe-
PHOI CHCTeMH TpW AaHii KUTBKOCTI IIaT Ta JAaHOMY THIII
CHCTEMH OXOJIOJDKEHHS. BuineBkasaHe maio 3a0e3nequnTa
MaKCUMaJIbHO WMOBIPHO AilicHy iH(popMaliiiHy 6a3zy 1po
peasbHy MPOMYKTHUBHICTh KJIACTEPHOI CHCTEMH Ha 0asi
OJHOIUIaTHUX KoMl totepiB Raspberry Pi 3B+.

3 pesyunbTartiB nocmimkeHs (Puc. 6, Puc. 8) BumHo, mo 3
MOMEHTY JI0ZIaBaHHS YETBEPTOI IUIATH HPOAYKTUBHICTH
KJIacTepHOI cucteMu Ha 0a3l OJHOIUIATHHX KOMII IOTEpIB
Raspberry Pi 3 B+ nounnae nagatn. TakuM 4YMHOM MO>KHA
CTBEP/KYBaTH, 10 U TaKOl KJIACTEPHOI CUCTEMH OITHU-
MaJIbHUM 32 MOKa3HHKOM IPOXYKTUBHICTH/KINBKICTh ILIAT
€ KUTbKICTh miaT — 4. 1[fo KUTBKICTh PI3HUMH YHHOM, SIK
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aKTyaJbHY U1 KJIACTEPHUX CUCTEM TaKOTO THITY SIK JOCHi-
JOKYBABCs BI[3HAYAOTH 1 iHIII qocmigauku [1, 3—10].

BigMiHHICTIO, OTPHUMaHHMX I Yac IOCIIIKEHb pe-
3yJIBTATIB, € T€, IO 3MiHa MPOJYKTUBHOCTI KIIACTEPHOI
CUCTEMHU BiJ] KUIBKOCTI BY3JIiB JIJIsl CTBOPEHOTO HAMH KJia-
crepy Ha 0a3i opHOIUIATHUX KoM 'totepiB Raspberry Pi
3B+ mae ¢opMy MOTIHOMA TPETHOTO MOPSIIKY, a HE Mpsi-
MoJTiHiitHy, sk 3a3Haueno B [10]. MimoBipHo, Ha pe3yibTa-
TH JOCIiIKeHb i Ha Monenb [10] MOTiio BIUIMHYTH BHKO-
pUCTaHHS IHINOTO MEpEeKeBOro  OOJNagHaHHA IS
00’eTHaHHA B KJIACTep OAHOIUIATHUX KOMII foTepiB Rasp-
berry Pi 3B+ (a1 qpoToBOTO 3B’SI3Ky BUKOPHUCTOBYBABCS
Mmepexesuii komytarop HPE OfficeConnect 1920S Series
Switch JL385A, a mis 6e3aporoBoi mepexi Wi-Fi Buko-
pucroByBaBcsi Mapiipytuzatop Keenetic Giga KN-1010).
Kpim Toro, B 1aHOMY IOCHTIPKCHHI HE BKA3aHO CKUIBKH
MIPOBOAMIIOCH EKCIIEPUMEHTIB IPH PIZHUX KUIBKOCTSIX
IIaT B Ki1acTepi (MOXIMBO KUTBKICTh TAKUX €KCIEPHMEH-
TiB OyJla HEBENUKOIO, 1 BUMAIKOBI «BUKHUINY, IKi MOXYTh
MaTH MiClle IPH MTPOBEICHHI eKCIIEPHMEHTIB MOTJIH Hera-
THUBHO BIUIMHYTH Ha OTPHMaHi HUMHU pe3yJbTaTd , a 3ro-
JIOM 1 Ha pO3p00IIeHY MOJIEIb.

B mpami 10 mochimHUKK BUKOPUCTOBYIOTH AKTHBHY
BEHTWJIALIIO €JIEMEHTIB KJAacTepiB, JesiKi JOCITiJHUKU
CTBOPIOBAIU KJIacTepH 0€3 CUCTEM OXOJIoKeHHs [3], ane
B IIpOIIECi aHaNi3y JITEepaTypHHUX JDKEpesl He BUSBICHO
JIOCITIJPKEHb TIPO BIUIMB CHUCTEMH OXOJIOJUKEHHS Ha IIPO-
JQYKTHBHICTh KJIACTEPHOI CHCTEMH Ha 0a3l OIHOIUIATHUX
komm’rorepiB Raspberry Pi 3B+. [IpoBeaeHi B 1iit poboTi
JOCIIDKeHHS OyJIM TaKOXX HampaBjicHI Ha BHSBJICHHS
BIUTMBY THILy CHCTEMH OXOJIO/KEHHS Ha IPOIYKTHUBHICTh
KJIACTEPHOI CUCTEMH.

BHUCHOBKHA

Jlane nocrmimpkeHe crpusTAMe OLIbIl e(EeKTHBHOMY
CTBOPEHHIO KJIACTEPHUX CHUCTeM Ha 0a3i OJHOIIATHHX
komrr totepiB Raspberry Pi 3B+.

HaykoBa HOBH3HA OTpUMaHUX pPe3yJIbTaTIB IOJISTAE
y BU3HAYEHHI KOMIUIEKCHOTO KPHUTEPiI0 e(pEeKTHBHOCTI
poOOTH KJIaCTEPHOI CUCTEMH Ta B pO3pOOIll MaTeMaTH4-
HUX MOJEJIeH 3aJeKHOCTI MPOJYKTUBHOCTI KJacTepHOI
cucremu Ha 6a3i Raspberry Pi 3B+ Bix kinbkocTi miar B
Hill IpY PI3HUX CHCTEMAax OXOJIOPKEHHSI.

IMpakTHyHe 3HAYEHHS OTPHMAHHMX PE3YJbTATIB I10-
jsirae B OOIPYHTYBaHHI CTPYKTYPH KJIACTEPHOI CHCTEMH
Ha 0a3i omHOIIATHWUX Komir toTepiB Raspberry Pi 3B+,
sIKa JI03BOJINTh OTPUMATH TaKy CUCTEMY 3 KpallUM IOKa-
3HMKOM IPOMYKTHBHICTh / KUIBKICTH IUTAT. PesymbraTu
JOCITIKeHb TIOKa3aJId, 1o 116 Mae OyTH KIIAaCTEpHA CHC-
TeMa 3 4YOTHpPMa OJHOIUIATHUMH  KOMI IOTepamu
Raspberry Pi 3B+ 3 akTUBHUM 0XOJIOKCHHAM. Biamogi-
JHI pekoMeHpallii 0a3yrThCs Ha pe3yibTaTax CKCIepH-
MEHTIB Ta iX aHami3i. [IpoayKTHBHICTH KJIacTEpHOI cuC-
TeMH Ha 0a3i onHOIUIaTHUX Komil'rorepiB Raspberry Pi
3B+ 3 macHBHOIO CHCTEMOIO OXOJIOKEHHS JIeIIO BHINA
(Bim 2% mo 6%) TPOIYKTHBHOCTI TaKOi X KJIACTEPHOL
cHCTeMH, alie 6e3 CUCTeMH OXOJIO[DKEHHS. TakuM YHHOM,
3aTpaTH Ha MACHBHY CHCTEMY OXOJIOJDKCHHS HE [al0Th
3HAQYHOTO MPUPOCTY B MNPOJYKTUBHOCTI HEBEIHKOI

© Babuyk C. M., I'ymentok T. B., Pomasnis 1. T., 2021
DOI 10.15588/1607-3274-2021-1-5

54

KJacTepHol cucteMu. [IpOJAyKTHBHICTD KJIACTEPHOI CHC-
TeMH Ha 0a3i omHOIUIATHUX Komi'totepiB Raspberry Pi
3B+ 3 aKTHBHOIO CHUCTEMOIO OXOJIO/XKEHHS 3HAaYHO BHILA
NPOJXYKTUBHOCTI TaKUX CaMUX KIIaCTEPHUX CHCTEM 0e3
CHCTEMH OXOJIOJDKEHHSI a00 3 CHCTEMOIO NTaCHBHOTO 0XO-
nmomkeHHs (Bix 15% mo 40%). OcoOauBo 1ie mepeBUIICH-
HA BiguyTHe mnpu 3—4 1utarax (MIEPEBUINECHHS B
npoayktuBHOCTI Bix 31% mo 40%, a mpu 2 uratax mepe-
BHIIIEHHS B MPOMYKTUBHOCTI Bin 15% mo 21%). Takum
YIHOM, 3aTPaTH Ha aKTHUBHY CHCTEMY OXOJIOJUKCHHS Ja-
IOTh BIMYYTHHH TPHUPICT MTPOAYKTHBHOCTI PoOOTH
HEBEJIMKOT KJIACTEPHOT CUCTEMU

EdexruBHicTh 1 npUCKOpeHHST PO3p00JIeHOI KilacTep-
HOi CHCTEMH 3 YOTHpPMa OJHOIUIATHUMU KOMI IOTepamu
Raspberry Pi 3B+ 3 akTHBHUM OXOJIOJKEHHSIM PO3pPaxo-
BaHi y BinoBigHOCTI 3 mparieto ['eprens B. I1. «Breicoko-
MIPOU3BOUTEIFHBIC BBIYMCICHUS IS MHOTOSICPHBIX
MHOTOITPOIIECCOPHBIX CHCTEM» CTAaHOBJATH BIAIMIOBIIHO
0,925 1 3,7. Kpim Toro, po3pobieHnii KiacTep JCIIeBITHIA
BiJl 3BHUAHHOTO MEPCOHAIHHOTO KOMIT IOTEpa B OUIBII SIK
JIBa pasu.

BureBkasaHi pe3yabTaTd CBi4aTh, 0 PO3POOICHHI
Kiactep eeKTHBHHUI B 3ajayax, siki MOKHa po3napajie-
JIUTH 1 BIATIOBIAHO 320€3MEUNTH NMapajieabHi 00YNCICHHS.

IlepcnekTHBY MOAATBIIMX AOCTIIMKeHb MOJIATAIOTH
Yy BH3HAYEHHI BaroBHX KOEQIili€HTIB CKJIAJI0BHX €JIEMEH-
TiB KOMIUIEKCHOTO KPHUTEPil0 ePEeKTHBHOCTI pOOOTH
KJIACTEPHOI CHCTEMH.
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MATEMATHYECKHWE MOJEJH ITPOU3BOIUTEJILHOCTH KJIACTEPHOM CUCTEMBI HA BA3E
RASPBERRY PI 3B +

Bba6uyk C. M. — kaHa. TeXH. HAyK, AOIEHT, JOICHT Kaeapbl KOMIBIOTEPHBIX CHCTEM U ceTeil MiBaHO-DpaHKOBCKOTO HAIHO-
HaJIbHOT'O TEXHUYECKOTO yHUBEPCUTETa He(TH U rasa, r. ViBano-dpaHkoBck, YKpauHa.

I'ymeniok T. B. — xanj. TexH. HayK, JOIEHT KadeIpsl KOMIIBIOTEPHBIX CHCTEM U ceTel /BaHo-DpaHKOBCKOTO HAIOHAIBEHOTO
TEXHUYECKOT0 YHUBEPCUTETa He(TH M ra3a, T. ViBano-OpaHKOBCK, YKpauHa.

PomanuB M. T. — cryneHT Kadeapsl KOMIIBIOTEPHBIX cCHCTeM M cereil lIBaHO-DpaHKOBCKOr0 HAMOHAJIBHOIO TEXHUYECKOTO
yHHUBepcuTeTa He(TH U rasa, . FIBano-®paHkoBck, YKpauHa.

AHHOTADIUSA

AKTyaJIbHOCTD. [IJIs peleHnss MHOTHX HAay4YHBIX 3a/ad U ISl pPabOThI CO CIOXKHBIMHU MPUIIOKEHUSIMH HY>KHBI BBICOKOIIPOU3BO-
JIUTENIbHBIE BHIYUCINTEIbHBIE CHCTEMBI. PaHee peanbHylo napauielibHy0 00paboTKy JaHHBIX HOANEPKHUBAIN TOIBKO CYHNEPKOMITBIO-
TEpHI, TOCTYII K KOTOPBIM O4YeHb OTpaHHYeH. B HacTosmee BpeMst OJHUM W3 ITyTeH pelIeHHs: JaHHOH MPOOJIEMBI SBISETCS. OCTpOe-
HHE HEOOJBIIHNX JICIIEBBIX KJIACTEPOB Ha 6a3e OHOILIATHBIX KOMIIBbIOTEpOB Raspberry Pi.

Heas. Pa3paborats KOMILIEKCHBIH KpuTepuil 3G HeKTHBHOCTH pabOThI KIACTEPHOH CUCTEMBI, KOTOPBIA ObI MOT JIOJDKHBIM 00pa-
30M OXapakTepU30BaTh PabOTy TAaKOW CHUCTEMBl M HAMTH 3aBUCHMOCTH IIPOM3BOJUTENBHOCTH KIACTEPHOW CHCTEMBI Ha 0aze
Raspberry Pi 3B+ ot konuuecTBa miar B Heil IPH pasiHYHbIX CHCTEMaX OXJIaXICHHS.

Metoa. IlpennoxeHo MPUMEHATh NMPU aHANN3€ HEOONBIINX KIACTEPHBIX KOMIBIOTEPHBIX CHCTEM KOMIUIEKCHBIH KpuTepuit
3¢ PEKTHBHOCTH PaOOTHI KJIACTEPHON CHCTEMBI, KOTOPBIH OyAET YUUTHIBATH OOLIYIO MPOM3BOAUTEIFHOCTD KIACTEPHOW KOMIBIOTEP-
HOH CHCTEMBI, IPOM3BOAUTEIHFHOCTh OJHOTO BBIYUCIHMTEIBHOIO JJIEMEHTAa B KJIACTEPHOM KOMITBIOTEPHOH cHUCTeMe, MOTpeOieHne
JIEKTPOIHEPTUH KJIACTEPHOH CHCTEMOMU, HOTPeOICHHE 3IEKTPOIHEPTHU U3 pacueTa Ha OIWH BBIYMCIHMTEIBHBIN JJIEMEHT, Ce0ecTOH-
MocThb Bbruucienus 1 ['dutornc kacTepHOl KOMITBIOTEPHOH CHCTEMO#, OO0 CTOMMOCTD KJIACTEPHOH KOMITBIOTEPHON CUCTEMBI.

Pe3yabTaThl. PazpaGoTaHHbIil KOMILIEKCHBIH KpuTepui 3G deKTHBHOCTH pabOTHl KIACTEPHON CHCTEMBI MCIOIB30BAHO IIPH CO3-
JaHUK JKCIIEPUMEHTAIBHOM KIIaCTepHOH cHucTeMbl Ha 06a3e OAHOIUIATHBIX KoMibioTepoB Raspberry Pi 3B+. Takxe pa3paboTaHbi
MaTeMaTH4eCKHe MOJIETIH 3aBUCUMOCTH MPOU3BOANTENBHOCTH HEOONBIION KIACTEPHON CHCTEMBbI Ha 0a3e OHOILUIATHBIX KOMIIBIOTE-
poB Raspberry Pi 3B+ B 3aBHCHMOCTH OT KOJIMYECTBA IUIAT B HEH NP Pa3INYHBIX CUCTEMAaX OXJIaXKICHHS.

BriBoasl. [IpoBeneHHbIC SKCIEPUMEHTHI TOATBEPAMIN IIEIECO00PA3HOCTh UCIIONB30BAHMS Pa3pab0TaHHOTO KOMIUIEKCHOTO KpH-
Tepus 9QPEKTUBHOCTU PAOOTHI KIACTEPHON CHCTEMBI M ITO3BOJISIIOT PEKOMEH/IOBATh €T0 K MCIIOIb30BAHUIO HA IPAKTUKE IIPH CO37a-
HUH HeOOJBIINX KJIACTEPHBIX CHCTEM. IIepCreKTHBE JaIbHEHIINX HCCIIeIOBAaHMI 3aKIII0YAIOTCS B ONIPEAEICHHN BECOBBIX KO H-
IIMEHTOB COCTABHBIX JIEMEHTOB KOMIUIEKCHOTO KpUTEpHUs d(P(PEeKTHBHOCTU pabOTHI KIACTEPHON CHCTEMBI, a TakKe B AKCHEPHMEH-
TAJILHOM U3Y4EHHH MPEIOKEHHBIX BECOBBIX KO (UIIMEHTOB.

KJIIOUEBBIE CJIOBA: xnacrep, knacrepHas cucrema, Raspberry Pi 3B+, maremaTnueckass Mojeib, MPOU3BOJUTEILHOCTD
KOMITBIOTEPHO CHCTEeMBbI, KpuTepuit 3phexTHBHOCTH.
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ABSTRACT

Context. High-performance computing systems are needed to solve many scientific problems and to work with complex applied
problems. Previously, real parallel data processing was supported only by supercomputers, which are very limited and difficult to
access. Currently, one way to solve this problem is to build small, cheap clusters based on single-board computers Raspberry Pi.

Objective. The goal of the work is the creation of a complex criterion for the efficiency of the cluster system, which could
properly characterize the operation of such a system and find the dependences of the performance of the cluster system based on
Raspberry Pi 3B+ on the number of boards in it with different cooling systems.

Method. It is offered to apply in the analysis of small cluster computer systems the complex criterion of efficiency of work of
cluster system which will consider the general productivity of cluster computer system, productivity of one computing element in
cluster computer system, electricity consumption by cluster system, electricity consumption per one computing element, the cost of
calculating 1 Gflops cluster computer system, the total cost of the cluster computer system.

Results. The developed complex criterion of cluster system efficiency was used to create an experimental cluster system based
on single-board computers Raspberry Pi 3B+. Mathematical models of the dependence of the performance of a small cluster system
based on single-board computers Raspberry Pi 3B+ depending on the number of boards in it with different cooling systems have also
been developed.

Conclusions. The conducted experiments confirmed the expediency of using the developed complex criterion of efficiency of the
cluster system and allow to recommend it for use in practice when creating small cluster systems. Prospects for further research are to
determine the weights of the constituent elements of the complex criterion of efficiency of the cluster system, as well as in the
experimental study of the proposed weights.

KEYWORDS: cluster, cluster system, Raspberry Pi 3B +, mathematical model, computer system performance, efficiency
criterion.
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ABSTRACT

Context. An application of the method of a “jumping frogs” search algorithm to construct optimal experiment plans for cost
(time) in the study of technological processes and systems that allow the implementation of an active experiment on them
is proposed.

The object of study are optimization methods for cost (time) costs of experimental designs, based on the application of
a “jumping frogs” search algorithm.

Objective. To obtain optimization results by optimizing the search of a “jumping frogs™ search algorithm for the cost (time)
costs of plans for a full factorial experiment.

Method. A method is proposed for constructing a cost-effective (time) implementation of an experiment planning matrix using
algorithms for searching for “jumping frogs”. At the beginning, the number of factors and the cost of transitions for each factor level
are entered. Then, taking into account the entered data, the initial experiment planning matrix is formed. Then, taking into account
the entered data, the initial matrix of experiment planning is formed. The “jumping frogs” method determines the “successful frog”
by the lowest cost of transitions between levels for each of the factors. After that, the permutations of the “frogs” are performed. The
“frog” strives for the most “successful” and, provided it stays close, remains in the location. Then the gain is calculated in
comparison with the initial cost (time) of the experiment.

Results. Software has been developed that implements the proposed method, which was used to conduct computational
experiments to study the properties of these methods in the study of technological processes and systems that allow
the implementation of an active experiment on them. The experimental designs that are optimal in terms of cost (time) are obtained,
and the winnings in the optimization results are compared with the initial cost of the experiment. A comparative analysis
of optimization methods for the cost (time) costs of plans for a full factorial experiment is carried out.

Conclusions. The conducted experiments confirmed the operability of the proposed method and the software that implements it,
and also allows us to recommend it for practical use in constructing optimal experiment planning matrices.

KEYWORDS: optimal plan, jumping frogs search algorithm, optimization, experiment planning, cost, win.

ABBREVIATIONS
MSRF is a mixed solid rocket fuel,;
SRF is a solid rocket fuel.

t; is a time of the i-th factor of the studied process;

b;; is an unknown coefficients of the mathematical
model;

Y;is a process optimization criteria.
NOMENCLATURE

k is a number of object factors introduced into the
study;

t is a program run time, s;

B is a winnings;

N is a number of experiments in the planning matrix
of the experiment and the matrix of costs of transitions
between the levels of factors;

X is a levels of factors;

C) is a total cost of the experiment, conv. units;

ty is a total time of the experiment, h;

C;;jis a cost of the transition from the i-th experience
to the j-th, conventional units;

t;;1s a time of the transition from the i-th experience to
the j-th, conventional units;

C; is a cost of the i-th factor of the studied process;
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INTRODUCTION

The most important part of scientific studies are
experiments. This is one of the main ways to get new
scientific knowledge. The basis of this method is
an experiment, representing a scientifically delivered
experience or observation of the phenomenon under
precisely taken into account conditions, allowing
to monitor its progress, to control it, to recreate it every
time when these conditions are repeated. From ordinary,
passive observation, the experiment is distinguished by
the active influence of the researcher on the phenomenon
being studied.
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Planning an experiment is a section of mathematical
statistics that studies methods for organizing a set of
experiments with different conditions to obtain the most
reliable information about the properties of the object
under investigation in the presence of uncontrolled
random perturbations. The use of experimental planning
makes the experimenter’s behavior purposeful and
organized, significantly contributing to the increase of his
labor productivity and the reliability of the results
obtained. An important advantage of the method is its
universality, suitability in the vast majority of areas of
research.

The object of study is the technological processes
and systems that allow the implementation of an active
experiment on them.

The subject of study is the optimization method for
cost (time) costs of experiment plans, based on the
application of a “jumping frogs” search algorithm.

The purpose of the work is the development of a
method and software for optimization of plans for a full
factorial experiment using the search algorithm for
“jumping frogs”.

1 PROBLEM STATEMENT

Experimental research methods are widely used
to optimize production processes. One of the main
objectives of the experiment is to obtain the maximum
amount of information about the influence of the factors
studied on the production process. Further,
a mathematical model of the object under investigation is
constructed. At the same time, it is necessary to obtain
models with minimal cost and time costs. This is
especially important in the study of long and costly
processes. The task of optimizing plans at a cost (time) of
the experiment is NP-complete, i.e. for its solution takes
time and a large number of computations, rapidly growing
with increasing dimension of the problem. Therefore, a
complete search of all possible solutions is difficult. In
this connection it is necessary to find solutions using
approximate algorithms.

The task of optimizing the design of experiments on
cost costs is NP-complete, i.e. for its solution, it takes
time and a large number of calculations, rapidly growing
with increasing dimension of the problem. Therefore, a
complete enumeration of all possible solutions is difficult.
In this regard, it is necessary to find solutions using
approximate  algorithms, for example, such as
an algorithm of optimization by a swarm of particles.

1. Total cost of the experiment:
k N k
CO = ZCI + ZZCU — min .
i=1 j=li=1
2. Total experiment time:

k. Nk
to=D.t;+ ) > t; > min.

=l j=li=l
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2 REVIEW OF THE LITERATURE

Combinatorical optimization methods are known
[3-8], but they are not used for constructing multivariate
experiment plans that are optimal in cost and time costs.
There are also known examples of constructing multi-
factorial design of an experiment described in, based on
the use of the following optimization methods: analysis of
permutations; sequential approximation method; branch
and bound method; random search (permutation of rows
of the planning matrix); simplex method; ant algorithm;
genetic algorithm; annealing method; greedy algorithm;
swarm of particles; jumping frogs [12]; monkey
search [13]; search for a school of fish [16].

The effectiveness of the use of these methods is shown
in the study of various technological processes, devices
and systems. These methods have both advantages and
disadvantages. For example, with a large number of
factors, a complete search of all the rows of the
experiment planning matrix requires a considerable length
of time, while other methods make it possible to obtain an
optimal experiment design for a limited number of factors
k. With a large number of factors, the optimization results
only approach the optimal experimental design. To solve
the problem of constructing optimal experimental designs,
it is advisable to use the “jumping frogs” method
developed by the authors to compare optimization results.
Based on this method, the technological process of
manufacturing SRF was investigated and optimized.

All these methods have both advantages and
disadvantages. For example, with a large number of
factors, a lot of time is required for a complete search of
all the rows of the planning matrix, and other algorithms
allow obtaining an optimal experiment plan for a limited
number of factors £. With a large number of factors, the
optimization results are approximated to the optimal
experiment plan. In view of this, it is advisable to use the
search algorithm for “jumping frogs” by a school
to compare the results. Optimization of experiment cost
plans full (time) costs by exhaustive search at the current
level of computing techniques can only be solved for the
number of factors k& < 3. Therefore, the problem of
reduction many plans for a multivariate experiment with
minimum number of transitions of factor levels to search
for the optimal cost (time) the cost of its implementation.

There are methods based on the determination of the
content of liquid-viscous components, the effect of
products on the physicochemical properties of MSRF [3].
In well-known sources [4], mathematical models of the
influence of the fractional composition of the SRF on the
characteristics of MSRF are not given explicitly.

3 MATERIALS AND METHODS
A method and software for optimizing the plans for a
full factorial experiment on cost (time) costs using the
search algorithm for a “jumping frogs” has been
developed. The essence of the application of the search
algorithm for “jumping frogs” is as follows:
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Step 1. At the beginning of the work, the number of
factors k is introduced.

Step 2. Enter the cost of transitions between levels for
each of the factors.

Step 3. Depending on the selected number of factors,
an experiment planning matrix is constructed.

Step 4. Calculation of the initial cost of the
experiment.

Step 5. Generation of the cost matrix of transitions
between levels for each of the factors.

Step 6. Sorting the indices and generating an array of
indices for the cost of transitions between levels for each
of the factors.

Step 7. Rearrangements in the columns in accordance
with the array of indices for the cost of transitions
between levels for each of the factors.

Step 8. Enumerating between all blocks of columns
(“memeplexes” in which the “frog” moves).

Step 9. Determining the starting point for further
enumeration, based on the least sum of the cost of
transitions between levels for each of the factors.

Step 10. Performing a search within the column block
in which the “frog” is located by the minimum value of
the sum of the costs of transitions between levels for each
of the factors.

Step 11. Go to the next row of the planning matrix and
compare with the previous one. A search is performed in
the column block with the lowest value of the sum of the
costs of transitions between levels and the establishment
of the corresponding block (interchanging in the planning
matrix of the experiment).

Step 12. Construction of an optimal experiment
planning matrix.

Step 13.
the experiment.

Step 14. The calculation of the magnitude of the gain
B as the ratio of the initial cost of the Cj,;; experiment to
the cost of implementing the optimal planning matrix of
the experiment Coy.

Calculation of the total cost of

C

B= init
Copt

Step 15. Calculation of the time t spent on optimizing
the design of the full factorial experiment using the
“jumping frogs” method.

4 EXPERIMENTS

Practical experiments implemented in this article were
carried out as part of the study of the technological proc-
ess of manufacturing solid rocket fuel (hereinafter
referred as SRF). Existing types of mixed solid rocket fuel
(hereinafter referred as MSRF) have a specific
impulse of < 250 s, with an average pressure in the com-
bustion chamber p, = 70-100 atm. and the degree of ex-
pansion of the nozzle (the ratio of the nozzle exit cross-
sectional area to the critical nozzle cross-sectional area,
hereinafter referred to as S,/Sy,) S./Si: < 10, however, the
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modern space-rocket industry requires the creation of
MSREF recipes with an increased impulse of > 265 s.

The work presented in this article was performed to
optimize the formulation with a thermodynamic
estimation of parameters, which consists in finding the
optimal formulation of solid rocket fuel with optimization
criteria: specific impulse, fuel density.

The following components were used to model the
formulation: product 28, aluminium powder A-4, product
14 and binders based on modified rubber of the type with
technological additives. The use of such substances in the
manufacture of SRF allows you to create formulations
with a high level of energy and acceptable performance
characteristics at the stages of manufacturing SRF,
product operation, etc. It is also necessary to measure the
pressure in the combustion chamber of the engine.

The binder content is taken in the amount of 11%,
since the results of laboratory studies have shown that
such a quantity of binder is necessary to achieve the
required rheological characteristics of the mixture in the
manufacture of SRF. However, the use of modern
substances in the manufacture of binders for SRF allows
to increase the degree of filling of SRF with solid
substances, due to a decrease in the content of
liquid-viscous components to 10% — 9% — 8%, which
theoretically allows us to expect an increase in specific
impulse by 1% — 2% — 3%. In this case, it is necessary
to monitor performance at an acceptable level. Since the
basic formulation has a relatively low oxygen balance, an
equivalent increase in the degree of SRF filling with sol-
ids, due to a decrease in liquid-viscous components,
should be performed in favor of an oxidizing agent
(product 28).

We take energy components in such quantity:

— product 28 — 35% — 70%;

— aluminum A-4 — 9% — 44%;

— product 14 — 10% — 45%.

The range of variation of energy components is 35%,
which is necessary for the formation of experimental
plans and allows you to cover a wide range of SRF reci-
pes. The approach used to optimize the prescription com-
position of SRF is based on the construction of
optimal experimental plans and allows one to determine
with high accuracy the optimal composition of SRF
according to optimization criteria.

The experimental design was optimized using this
method. A full factorial experiment was conducted to
study the formulation with thermodynamic evaluation of
the parameters, on the basis of which recommendations
were made regarding the influence of the formulation on
the energy characteristics of the rocket engine and
component content. Mathematical models are constructed,
the coefficients of which characterize the influence of the
recipe content on acceptable operational characteristics at
the stages of manufacturing SRF.

We determine the factors by which it is possible to act
on the optimized object. The choice of factors is a very
crucial step in preparing for the planning of
an experiment, the success of optimization depends on
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their successful choice. Factors affecting the energy
characteristics of the MSRF were selected: X, is the
content of the product 28 component; X is the content of
the aluminium component A-4; X; is the content of
component product 14.

The polynomial model of the process under study,
which we will use at the first stage of the planning of the
experiment, is an incomplete quadratic function:

Y =bo+ b X; + bXo+ bsX5+ b X X, + bisX X5 +
+ b3 X5X3 + b 123X X0 X5,

where by, by, by, bys, b3, by, biz; are the unknown coeffi-
cients of the mathematical model.

The first stage of planning an experiment to obtain a
mathematical model is based on varying factors at two
levels: “+1” — the upper limit of the range of component
content; “—1” is the lower limit of the range of component
content. The process optimization criteria are as follows:
Y, — specific impulse, s; Y, — density, kg/m3. Based on the
results of the experiment, we will find the values of the
unknown coefficients of the model and the optimal ratios
of the components. The planning matrix of the initial
experiment is given in table 1.

Table 1 — Initial experiment planning matrix

Initial plan
Experience Destination of factors
number X, X, X5
1 -1 -1 -1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 -1
5 -1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1

The costs of changing the values of factor levels in the
study of energy components by specific impulse are given
in table 2. The natural values of the levels of factors in the
study of energy components depending on the content of
the binder components are given in table 3. The cost of
changing the values of factor levels in the study of energy
components by fuel density are given in table 4.

Table 2 — Costs of changing factor level values in the study of
energy components by specific impulse

Cost of Designation of factors
chan-

ging va- [ The content of | The content of | The content of | The content of
lues of | the binder com- | the binder com- | the binder com- | the binder com-
lfact?r ponents 11% ponents 10% ponents 9% ponents 9%
evels,

conv. | X; | Xo | X | Ko | X | X | Xo [ Ko | X | X | X | X
units
from
“-1” |15.8]10.5({11.5{16.5|10.5[11.5|16.8|10.5|11.5|17.2(10.5[11.5
to “+1”
from
“+1” [27.0(32.5(33.5|27.4(32.5|33.5/28.0(32.5|33.5|33.6(32.5|33.5
to “-1”
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Table 3 — Natural values of factor levels in the study of
energy components
Destination of factors
The content of the binder components 11%

Factor levels

Xi X X3

Product 28, % | Aluminium A-4, % | Product 14, %
“1” 35 9 10
“+1” 70 44 45

Destination of factors
The content of the binder components 10 %

Factor levels

X X, X5

Product 28, % | Aluminium A-4, % | Product 14, %
“1” 36 9 10
+1” 71 44 45

Destination of factors
The content of the binder components 9 %
Xi X X3

Factor levels

Product 28, % | Aluminium A-4, % | Product 14, %
“—1” 37 9 10
“t+1” 72 44 45

Destination of factors
The content of the binder components 8 %

Factor levels

Xy X, X5

Product 28, % | Aluminium A-4, % | Product 14, %
“1” 38 9 10
“+1” 73 44 45

Table 4 — Costs of changing factor level values in the study of
energy components by fuel density

Cc?sn()f Designation of factors

ngegs‘c]»af- Thtiec%r;rtlzr;trof The content of | The content of | The content of

factor components the binder com- the binder the binder com-

levels 1p1°/ ponents 10% | components 9% |  ponents 9%
) 0

conv.

wits | X1 [ X [ X [ X | X | X | X | X [ XXX X

from

“-1” |13.8(9.5110.5(14.5| 9.5 |10.5{14.8| 9.5 [10.5[15.2] 9.5 [ 10.5

to +1

from

“+1” [25.5|31.5(32.0|24.8( 31.5 [32.0{26.0(31.5]|32.0(31.5|31.5|32.0

to“_1”

5 RESULTS

A method and a program have been developed
optimization of plans for a full factorial experiment using
the search algorithm for a “jumping frogs”. Their
operability and efficiency on some examples of research
of systems and technological processes are proved.

The search for the optimal or close to the optimal plan
obtained by this method is realized in a short time of the
account. It is shown that in order to optimize the plans for
a full factorial experiment, it is expedient to use the
method of searching for a “jumping frogs” by research in
objects with the number of factors 2 <k < 4.

The optimal experimental design and research results
are given in tables 5-8.

The optimal experimental design and research results
for the content of the binder components of 11% are
presented in table 5.

For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 5. The
initial cost of the experiment is 515 conv. units The gain
and cost of implementing the optimal experimental design
obtained as a result of optimization using the “jumping
frogs” method are shown in table 10.
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Table 5 — Optimal experimental design and research results
(binder content 11%)

Specific impulse Density

Expe- Designation of Experi- | Designation of

rience factors ence factors

number| X, X, X5 Y, |number | X; | X, | X5 | Y,
1 +1 -1 -1 ]260.65 1 +1 -1 -1 1.76
2 +1 -1 +1 |218.03 2 -1 +1 -1 1.94
3 +1 +1 +1 [260.73 3 +1 +1 -1 1.70
4 +1 +1 -1 |257.66 4 -1 -1 +1 1.85
5 -1 +1 -1 [261.37 5 +1 —1 +1 1.73
6 -1 +1 +1 |249.26 6 —1 +1 +1 1.81
7 -1 -1 +1  |264.68 7 -1 -1 -1 1.80
8 -1 -1 -1 [261.20 8 +1 +1 +1 1.75

The optimal experimental design and research results
for the content of binding components of 10% are
presented in table 6.

For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 6. The
initial cost of the experiment is 548 conv. units The gain
and cost of implementing the optimal experimental design
obtained as a result of optimization using the “jumping
frogs” method are shown in table 10.

Table 6 — Optimal experimental design and research results
(binder content 10%)

Specific impulse Density
Experi- | Designation of Experi- | Designation of
ence factors ence factors

number | X, X, Xs Y, number | X X | X5 Y,
1 -1 +1 -1 [267.88 1 —1 +1 -1 [ 1.79
2 -1 +1 +1 |225.87 2 +1 -1 -1 1.93
3 +1 +1 +1 [268.34 3 +1 +1 -1 | 1.83
4 +1 +1 -1 [267.44 4 -1 -1 +1 | 1.77
5 +1 -1 —1 [268.84 5 -1 +1 +1 | 1.72
6 +1 -1 +1 [258.84 6 +1 -1 +1 | 191
7 -1 -1 +1 |271.85 7 -1 -1 -1 1.76
8 -1 -1 -1 |268.57 8 +1 +1 +1 | 1.72

The optimal experimental design and research results
for the content of the binder components of 9% are
presented in table 7.

For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 7. In
this case, the initial cost of the experiment is 570 conv.
units The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the“jumping frogs” method are shown in table 10.

The optimal experimental design and research results
for the content of the binder components of 8% are

presented in table 8.
Table 7 — Optimal experimental design and research results
(binder content 9%)

Specific impulse Density
Experi- | Designation of Experi- | Designation of
ence factors ence factors

number | X, | X, X5 Y, [ number | X; | X5 | X5 | Y,
1 -1 -1 +1  [268.14 1 -1 -1 +1 1.72
2 +1 -1 +1  [227.63 2 -1 +1 -1 1.93
3 +1 +1 +1  [269.99 3 -1 +1 +1 1.75
4 -1 +1 +1 269.22 4 +1 -1 -1 1.73
5 -1 +1 -1 [269.89 5 +1 -1 +1 1.72
6 +1 +1 -1 [262.12 6 +1 +1 -1 1.73
7 +1 -1 -1 [271.83 7 -1 -1 -1 1.76
8 -1 -1 -1 [269.26 8 +1 +1 +1 1.72
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For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 8. In
this case, the initial cost of the experiment is 610 conv.
units. The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

Table 8 — Optimal experimental design and research results
(binder content 8%)

Specific impulse Density
Experi- | Designation of Experi- | Designation of
ence factors ence factors

number | X, | X, | Xj Y, number | X; | X, | X5 | Y,
1 -1 +1 -1 |267.90 1 +1 -1 —1 1.72
2 -1 +1 +1  |228.75 2 -1 | -1 +1 | 1.93
3 +1 +1 +1 |271.45 3 +1 | -1 +1 | 1.75
4 +1 +1 -1 ]269.71 4 -1 | +1 -1 | 1.75
5 +1 -1 -1 ]270.64 5 +1 | +1 | -1 | 1.76
6 +1 -1 +1 1265.79 6 -1 | +1 | +1 | 1.70
7 -1 -1 +1 |271.50 7 -1 | -1 -1 | 1.75
8 -1 -1 -1 |269.58 8 +1 | +1 +1 | 1.73

The experiments carried out confirmed the efficiency
of the “jumping frogs” method. The coefficients of
mathematical models and the optimal ratio of components
are given in table 9. They indicate the influence of factors
on optimization criteria.

6 DISCUSSION

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 5. The initial cost of the experiment is 475 conv.
units The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 6. The initial cost of the experiment is 500 conv.
units The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 7. The initial cost of the experiment is 526 conv.
units. The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 8. The initial cost of the experiment is 552 conv.
units. The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.
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Table 9 — Mathematical models and optimal component ratios

C.r terion Mathematical model coefficients Optimal ratios
optimization components
The content of the binder components 11%
by = 90.625; by =13.125;
Specific b, =8.125; b; =-0.125;
impulse b, =7.375; bz =8.375; Product-28 = 49%
by; =—10.625; b1p3 =6.125 Aluminium A-4 =
by = 50.625; b, =5.25; 18%
Density by, =6.15; b3 =-0.75; Product-14 = 22%
b12 = 037, b13 = 2375,
b23 = *065, b123 =0.5
The content of the binder components 10%
by= 100.65; b, = 18.12;
Specific b, =10.15; b; =-0.15;
impulse by, =9.375; b3 = 11.35;
by; =—8.25; b1p3 =7.5 Product-28 = 50%
Aluminium A-4 =
by = 60.625; b, =8.25; 18%
Density by =7.15; b; =-0.25; Product-14 =22%
b]z = 075, b13 = 375,
b23 = *025, b123 =0.95
The content of the binder components 9%
by = 115.65; by =22.12;
Specific by, =14.15; b; =-0.1;
impulse by, =11.75; b3 = 14.5; Product-28 = 45%
byy =—6.5; b3 =9.75 Aluminium A-4 =
bo= 70.625; by =9.5; 16%
Density by =8.65; b3 =-0.2; Product-14 = 30%
b, =0.925; b3 =4.65;
b23 =*0.2; b[z} =1.75
The content of the binder components 8%
by= 125.85;b, =25.70;
Specific by =16.45; by =-0.04;
impulse b1, =15.25; b3 =17.125; Product-28 =44 %
bys =—3.25; b3 = 11.675. Aluminium A-4 =
by = 80.25; b, =10.275; 19 %
Density by =9.125; by =-0.125; Product-14 =29 %
b12 = 1625, b|3 = 5785,
b23 =*0135, b[z} =2.95.

Table 10 — The results of the optimization of the experimental
plans in the study of the energy characteristics of the prescrip-

tion composition

Criterion | Cost of sales | Cost of sales Program
opti.miza- experime_nt, optimal pl_an, Win account time. s
tion conv. units conv. units ’
The content of the binder components 11%
Specific 515 198 2.60 0.02
impulse
Density 475 196 2.42 0.01
The content of the binder components 10%
Specific 548 210 241 0.01
impulse
Density 500 200 2.53 0.01
The content of the binder components 9%
Specific 570 218 2.62 0.01
impulse
Density 526 198 2.67 0.01
The content of the binder components 8%
Specific 610 226 272 0.02
impulse
Density 552 208 2.65 0.02
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CONCLUSIONS

In this work, the wurgent task of developing
a prescription composition with a thermodynamic
assessment of the parameters and manufacturing
technology of MSRF, obtaining a sequence of
experiments during the experiment, optimized by the
method of “jumping frogs”, ensuring the minimum cost of
its implementation, is solved.

A method and software have been developed that
implement the optimization of multifactorial design of
experiments using the “jumping frogs” algorithm. The
experiment plans that are optimal in terms of
implementation cost are obtained, and also the winnings
in the optimization results are shown compared to the
initial cost of the experiment. The workability and
effectiveness of the proposed method are proved by the
examples of the study of the recipe composition with the
thermodynamic estimation of parameters according to the
energy characteristics of solid mixed rocket fuel. The
study showed that the search for an optimal or close to the
optimal design of the experiment using the method of
“jumping frogs” gave good results. The gains obtained as
a result of optimization using this method are significant.
The application of the developed method and software
based on the use of the “jumping frogs” algorithm is ef-
fective for a number of factors
k > 3, since this method significantly reduces the number
of permutations of the experiment planning matrix.

Taking into account the results of the study (table 10),
when optimizing the cost of specific impulse and fuel
density using the obtained coefficients of mathematical
models, we can draw the following conclusions on the
optimal ratios of the components of the MSRF:

— for the content of the binder components 11%:
the content of the components should correspond to:
product-28 — 49%, A-4 — 18%, product-14 — 22%;

— for the content of the binder components 10%:
the content of the components should correspond to:
product-28 — 50%, A-4 — 18%, product-14 — 22%;

— for the content of the binder components 9%:
the content of the components should correspond to:
product-28 — 45%, A-4 — 16%, product-14 — 30%;

— for the content of the binder components 8%:
the content of the components should correspond to:
product-28 — 44%, A-4 — 19%, product-14 — 29%.

It should be noted that with an increase in the average
pressure in the combustion chamber of the engine, it is
advisable to increase the degree of expansion of the
nozzle in order to achieve a higher specific impulse,
however, this will lead to a significant increase in the
design of the nozzle block, which will reduce the weight
ratio of the product.

With a decrease in the binder content of more than
1%, the increase in specific impulse is less than 1%,
which is insignificant. However, a decrease in the binder
content in the SRF formulation to a level of less than 10%
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may lead to critical changes in the operational 9. Koshevoy N. D., Kostenko E. M., Pavlyk A. V. et al Re-

characteristics at the stages of SRF manufacturing, search of multiple plans in multi-factor experiments with a
product operation, etc. minimum number of transitions of levels of factors, Radio
The scientific novelty of the work is that for the first Electronics, Computer Science, Control, 2019, No. 2, pp.

53-59. DOI:10.15588/1607-3274-2019-2-6

10. Halchenko Y. Ya., Trembovetska R. V., Tychkov V. V.
Development of excitations structure RBF-metamodels of
inoving concentriced dycurrent probe, Electrical engeneer-

time a method is proposed for constructing optimal plans
for multifactor experiments based on the use of the
“jumping frogs” algorithm, which will make it possible to

construct optimal experimental plans without completely ing & electromechanics, 2019, No. 2, pp. 28-38. DOI:
enumerating the experimental permutation options. 10.20998/2074-272X.2019.2.05

The practical significance of the results of the work 11, Montgomery D. C. Design and Analysis of Experiments, 9th
lies in the fact that software has been developed that Edition. Wiley, 2017, 629 p.
implements the proposed method, as well as experiments ~ 12. Koshevoy N. D. Primenenie algoritma prygajushhih
have been carried out that have confirmed its efficiency ljagushek dlja optimizacii po stoimostnym (vremennym)
and allow scientists to recommend it in practice when zatratam planov polnogo faktornogo jeksperimenta, Radio-

elektronni i komp 'uterni sistemi — Radioelectronic and com-
puter systems, 2018, No. 4, pp. 53-61. DOIL
10.32620/reks.2018.4.05

13. Koshevoy N. D. Zastosuvannja algoritmu mavpjachogo

constructing optimal planning matrices for experiments.
Prospects for further research are the application of
the developed software on a wider range of practical

tasks. poshuku dlja optimizacii planiv povnogo faktornogo
eksperimentu, Zbirnik naukovih prac’ Vijs 'kovogo institutu
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3ACTOCYBAHHSA METOAY «CTPUBAIOYUX KAB» JJIA JOCILKEHHSA
TA ONTUMIBAIIT TEXHOJOTTYHOT O ITPOIECY

KomoBuii M. JI. — 1-p TexH. Hayk, npodecop, 3aBiayBad kadeIpH iHTeICKTyalIbHUX BUMIPIOBAIbBHUX CHCTEM Ta IH)KeHepil sIKo-
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Bopicenko C. A. — kepiBHuk rpymnu, Jepxasue [linnmpuemctro «HaykoBo-BupoOHuue 00’ enHanHs «[laBaorpaachKuii XiMiuHMiA
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AHOTALIA
AKTyaJIbHICTB. 3aIIpONOHOBAaHO 3aCTOCYBaHHS METOLY «CTPUOAIOUUX kab» [uist MoOYA0BH ONTUMATBHHX IUIAHIB €KCIIEPUMEHTIB
3a BapTiCHUMHU (YaCOBMMHM) BUTPATAMH IIPHU JOCIHIIKEHHI TEXHOJOTIYHUX IMPOIECIB Ta CHCTEM, IO TO3BOJIAIOTH 3IMCHIOBATH HAal
HHMH aKTHBHHII EKCIIEPUMEHT.
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O0’exkr. Meroau onTuMizauii 3a BapTiCHUMH (4aCOBMMH) BUTPAaTaMH, OCHOBaHI Ha 3aCTOCYBaHHI ajirOPUTMY MOLIYKY
«cTpubardnx xKaom.

MeTo10 po6oTH € OTpUMaHHA Pe3yJbTaTiB ONTHMI3Allil NUITXOM ONTUMI3alii 32 JOMOMOTOI0 AITOPUTMY «CTPHOAIOYHX ka0 3a
BapTICHUMH (4aCOBHMH) BUTPATaMH IUIaHIB HOBHOTO ()aKTOPHOTO €KCIIEPUMEHTY.

Metoa. 3anponoHOBaHO MeTOA MOOYAOBH 3a BapTICHUMU (YacOBHMHM) BHUTpaTaMH peaimizalii MaTpuIi IUIaHyBaHHS
EKCIIEPUMEHTY 3 BUKOPHCTaHHSIM QJITOPUTMY «CTpHOarouux >xad». Ha moyatky BBOOMTBCS KUTBKICTH ()akTOpPIB 1 BapTICTh IEPeXoiB
JUTs KOXKHOTO piBHsI (hakTopiB. [10TiM 3 ypaXyBaHHSM BBEJCHHUX JaHHX (OPMYETHCS TOYATKOBA MATPHIIA [UIAHYBAHHS CKCIICPHMEHTY.
Merox «cTpubarounx xab» BU3HAYAa€ HAMOUIBLI «yCIilIHy kaby» Ta HAWMEHILY BapTiCTh MEPEXOMiB MiX PIBHSIMH ISl KOXKHOTO 3
¢axropiB. Ilicist 1bOro BUKOHYIOTHCSI NMEPECTAHOBKU «Kaby. «YKaba» mparHe 10 HaHOIIbLI «yCHIIIHUX» i, 332 YMOBH, IO BOHA
3aJIMIIAEThCA TOPYY, 3AIUINAETHCS HA Micli. TakoX pO3paxOBYEThCS BUTPALl IMOPIBHSAHO 3 MOYATKOBOIO BapTICTIO (Yacom)
CKCICPUMCHTY.

PesyabTaTn. Po3pobieHo mporpamHe 3a0e3ledueHHs, IO peajli3ye 3alpOlOHOBAHWI METOH, SKUH BUKOPHCTOBYBABCS IUIS
MPOBEJCHHS O0YHCIIOBAIbHUX CKCIIEPHUMEHTIB IS BUBYCHHS BJIACTHBOCTEH LMX METOJIB IPH BUBUYCHHI TEXHOJOITYHHUX IPOLECIB i
CHCTEM, MLIO J03BOJSIIOTH 3AIHCHIOBAaTH HaJl HUMH aKTHBHHI excnepuMeHT. OTpUMaHi pe3yJbTaTH ONTHMAaJbHUX IUIaHIB
CKCIICPUMEHTIB 32 BapTICHUMH (4aCOBUMH) BUTPATAMH MOPIBHIOIOTHCS 3 MOYATKOBOK BAPTICTIO EKCHIEPUMEHTY Ta PO3PaXOBYETHCS
BHUIpall Y MOPiBHSAHHI 3 HOYaTKOBHUM IUIAHOM CKCIIEPHUMEHTY .

BucHnoBkn. [IpoBesieHi eKCriepUMEHTH MiATBEPIHIIN IPALE3aTHICTh 3a[POIIOHOBAHOIO METOLY Ta IPOrPAMHOT0 3a0e3NeUeHHs,
sKe HOro peaisye, a TaKoX JO3BOJISIE PEKOMEH/IyBATH HOTro I IIPAaKTHYHOT0 BUKOPHCTAHHS NPH 100y I0BI ONTUMAIBHUX MAaTPHIb
IUIAHYBaHHS KCIICPUMEHTIB.

KJIFOYOBI CJIOBA: ontumansHHl IIaH, aTOPUTM «CTPHOAOUNX jKad», ONTUMI3alis, IJIaHyBaHHS €KCIIEPUMEHTY, BapTiCTh,
BUTpaL.

VK 519.24

INPUMEHEHHUWE METOJA «[IPBII'AIOINUX JIAT'YIHEK» AJI1 HCCJIEJOBAHUS
N ONITUMU3ALIMU TEXHOJIOI'HMYECKOI'O ITPOLECCA

Komepoii H. /I. — n-p TexH. Hayk, mpodeccop, 3aBenyroummidi kadeapoil HHTEICKTYyalbHBIX W3MEPUTEIBHBIX CHCTEM H
HH)XEHepuH KadecTBa, HaumonanbpHbIl aspoxocmuueckuif yHuBepcureT uM. H. E. JKykoBckoro «XapbKOBCKUI aBHAllMOHHBIN
HMHCTUTYT», XapbKOB, YKpauHa.

MypartoB B. B. — acrimpanT kadeapsl HHTEIUICKTYaIbHBIX M3MEPHUTEIBHBIX CHCTEM M HHKEHEepUH KadecTBa, HanmoHanbHBIHA
aspokocMuueckuil yausepcuteT uM. H.E. J)KykoBckoro «XapbKOBCKHI aBHAIIMOHHBIH HHCTUTYT», XapbKOB, Y KpauHa.

Kupuuenko A. JI. — kaHA. TexH. HayK, IJIaBHBIA TexHoior, I'ocynapcrBeHHoe mpeanpusarue «HaydHo-mpou3BoAcTBEHHOE
obwsenunenue «llaBnorpagckuii xummudeckuit 3aBoay, [lasnorpaa, Ykpauna.

Bopucenko C. A. — pykoBoauTens rpynnsl, ['ocynapctBeHHoe npennpusitue «HayuHo-npousBoacTBeHHoe o0bennHeHne «Ilas-
JIorpajicKuil XuMudeckui 3asox », [TaBnorpan, Ykpausa.

AHHOTANUA

AKTyalbHOCTB. [IpeiyoxkeHO NIpUMEHEHHE MEeTOAa «IPBITAOLMX JIATYHIeK» Ui IOCTPOCHUS ONTUMAJIBHBIX ILIaHOB
9KCTIEPUMEHTOB TI0 CTOMMOCTHBIM (BPEMEHHBIMM) 3aTpaTaMH MpPH HCCIEA0BaHUM TEXHOJIOTMYECKHX IPOIECCOB U CHCTEM,
MO3BOJISIOIINX OCYIECTBIIATh HaJl HUMH aKTUBHBIA SKCIIEPUMEHT.

O0bexT. MeTobl ONTHMHU3AINK [0 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM, OCHOBAaHHBIE HAa NPUMEHEHHH AJTOPHTMA IOMCKA
«HPBITAIONIHUX JISTYIICK.

Leabio padoThl SBISETCS TOMyYEeHHE PE3yIbTATOB ONTHMHU3AINM ITyTeM ONTHMHU3AIUH C IIOMOIIBIO AITOPHTMA ITOHUCKA
«IPBITAIOIINX JITYIICK» 110 CTOMMOCTHBIM (BPEMEHHBIMH) 3aTpaTaMy INIAHOB MTOJTHOTO (PaKTOPHOTO SKCHEPUMEHTA.

Mertoa. IIpemtoxeH MeTOx IOCTPOSHUSI MO CTOMMOCTHBIM (BPEMEHHBIMH) 3aTpaTaMH pealH3allid MaTpHIbl IUIAHHPOBAHUS
9KCHEPUMEHTA C UCIOJIb30BaHUEM AJTOPUTMA «IPHITAIOIIHNX JIATYIIeK». B Hauaie BBOXUTCS KOINUECTBO (PAKTOPOB U CTOMMOCTH IIepe-
XOJIOB JUIsl KQXKJIOTO YPOBHS (haKTOPOB. 3aTeM C y4ETOM BBEICHHBIX IaHHBIX (POPMUPYETCsl HadalbHasi MAaTPULA TTIAHUPOBAHUS JKCIIe-
pHUMeHTa. MeToJ| «IIpBITafouX JISTYIIEK» OMPEENsieT YCIENIHYO JISTYIIKY» 110 HAUMEHbIIEeH CTOMMOCTH HEPEX0A0B MEXIY YPOBHSI-
MH 110 KaK10My U3 (GakTopoB. TTocie 3Toro BEIMOIHAIOTCS EPECTAHOBKHU IATYIIEK. «JIAryIiKa» cTpeMHuTes K Hanboiee «yCrenHon
1, TIPH yCJIOBUHM, YTO HAXOIHUTCS PAIOM, OCTaeTCs Ha MecTe. TakKe PacCUUTBHIBACTCS BBIMTPBHIII 10 CPABHEHUIO C HAYAIBHON CTOMMO-
CTBIO (BPEMEHH) SKCIIEPUMEHTA.

Pe3yabsTarsl. Pa3paborano mporpaMMHoe obOecrieueHne, peann3yiomiee IpeyIoKEHHBI METOJ, KOTOPBIH HCIOJIB30BANICS IS
IIPOBEICHUS BEIYMCIUTEIILHBIX SKCIIEPUMEHTOB JUI U3YyUYEHUS CBOICTB ATUX METOAOB [P U3yUCHUU TEXHOJIOTHUYECKUX IIPOLECCOB U
CUCTEM, IO3BOJIOIIUX OCYLIECTBIATh HAJ HUMU AaKTUBHBIA 3kcnepuMeHT. IlomydeHHble pe3yJsibTaThl ONTHMAJIBHBIX IUIAHOB
9KCIIEPUMEHTOB [0 CTOMMOCTHBIM (BPEMEHHBIMH) 3aTpaTaMH CPAaBHHBAIOTCS C HAYaJbHOW CTOMMOCTBIO OJKCIEPUMEHTa U
PaCCUUTBIBAETCS BHIUTPBIII 110 CPABHEHHUIO C MIEPBOHAYATIBHBIM INIAHOM 3KCIEPUMEHTA.

BeiBonabl. IIpoBeneHHBIE 3KCHEPUMEHTHI MOATBEPAHIM PAOOTOCHOCOOHOCTH MPEUIONKEHHOTO METOJa M MPOrPaMMHOTO
obecredeHns, KOTOpOe €ro pealnu3yeT, a TAKXKE IO3BOJISET PEKOMEHA0BATh €0 A IPAKTUYECKOTO HCIOIB30BAHUS IIPH IIOCTPOSHUHT
ONTHMAJIbHBIX MAaTpPUII INTAHUPOBAHUS IKCTIEPUMEHTOB.

K/IIOYEBBIE CJIOBA: ontuManbHBIl IJIaH, aIlOPUTM «IPBIFAIONIMX JIATYIIEK», ONTUMM3ALuUs, IUIAHUPOBaHHE
9KCIIEPHUMEHTA, CTOUMOCTb, BBIUTPBIIIL
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ITPOT'HO3YBAHHS ITAPAMETPIB BAI'ATOBUMIPHHUX
IMPOCTOPOBO-YACOBHX PAIIB 3 YPAXYBAHHAM BJIACTUBOCTI
HECTAOIOHAPHOCTI PO3ITIOALTY HACOBOI CKJIIAJOBOI

HoBoxumnosa M. B. — n1-p ¢i3.-mat. Hayk, npodecop, 3aBigyBau kadenpu KOMIT IOTEPHUX HAyK Ta iHPOpMaIiiHIX
TEXHONOTiH, XapKiBChKUI HAIlIOHAJIBHUN YHIBEPCHTET MichKoro rocmozapctBa imeni O. M. bekeroBa, M. Xapkis,
VYkpaina.

AnaponoB B. A. — 51-p TexH. Hayk, npodecop, npopekrop, HalioHanbHMI YHIBEPCUTET LHMBUIBHOTO 3aXHCTY
VYkpainu, M. XapkiB, YkpaiHa.

Meanexuxk P. C. — ax’1onkt, HartioHanbHui yHIBEpCUTET IMBUIBHOTO 3aXUCTY YKpainu, M. XapKiB, YKpaiHa.

AHOTAULIA

AKTyaJbHiCTb. AKTyaJbHICTE POOOTH MOJIATAE B po3podii MeToAiB 300py, aHAIli3y Ta 0OpOOKH MPOCTOPOBO-9acoBoi iH(popMa-
1ii, a came pAAIB JaHHX, PO3IOIUICHUX SIK y IIPOCTOPI, TaK i y Yaci Ta moOyxoBi Ha Liif OCHOBI KOMII'I0TepHOI HMOBIpHICHOT MoeNi
IIpoliecy MPOTHO3YBaHHSI BUHUKHEHHS Ta PO3BUTKY HAJ3BHYAiHHUX CHUTYyallilf TEXHOTEHHOTO XapaKTepy Ha iHKEeHEepHil iH(pacTpyk-
Typi Micra. IIpocTopoBO-4acoBuMii XapakTep psAiB JaHUX BH3HAUYa€ JOJATKOBI BUMOTH JIO NPOLEAYp iAeHTU]IKALil MaTeMaTHIHOT
MOJei psijly, OTXKe, B CTATTi IPOIOHYETHCS HU3KA IiIXO/IB 10 BUSBICHHS HOTro CTPYKTYpH Ta OOYJOBH MOJEIII Psy.

Merta. CTBOpEHHS, METOAMYHA Ta NPOTrpaMHa peaiizallis KOMII I0TepHOT MOJeNi NPOCTOPOBO-YACOBOTO PSY, 10 BUKOPHCTOBY-
BaTUMEThCS ISl IPOTHO3YBaHHS MailOyTHIX 3HAYCHB JIOKALH Ta Yacy BUHUKHEHHS HA/J3BUYAWHUX CHUTYyalidl Ha iHmkeHepHii iHpa-
CTPYKTYp1 METaroicy i maBUIIeHHs e()EeKTHBHOCTI MPHUHHATTS PillICHb.

MeTton. Po3pobneno npoekuiiiauii miaxia, oo nepeadadae He3ajde)KHEe BU3HAYCHHS BUIIAJKOBUX MPOCTOPOBUX MapaMeTpiB aBa-
PIfHHX JTaHOK iIHKEHEPHOT iHPPACTPYKTYPH K MOCTIJOBHOCTI IBOX OZHOBHMIPHUX PIBHOMIPHHX PO3IOJLIIB Ta BU3HAUYCHHS YaCOBO-
IO PO3IOJITYy MOMEHTIB BUHIUKHEHHS aBapill sk HecTallioHapHOTo po3noxiny Ilyaccona. 3ampornoHoBaHO iHTErpaNbHUN MiAXiM, SKHH
BKJIIOYa€ T00YJOBY TOUYOK-T€HEPATOPIB, ITOTYXKHICTh SKUX (XapaKTepHCTHKA CKJIAJHOCTI aBapii) BU3HAUA€THCS HA OCHOBI peaizarmil
IiIXOy MOPIBHIOBAJBHOI CTATHKU 3 TaK 3BaHMM HAKONMYYBAIBHUM e(eKToM y Mexax meBHoro yacy. [ToOynoBaHo penakcamiiHuit
HiJIXiZ 10 BU3HAYEHHS MapaMeTpiB MOJeli BUXIIHOTO IIPOCTOPOBO-YaCOBOTO STy, IO 0a3yeThesl Ha KiacTepu3alii MpocTopoBoi
CKJIaJI0BO{ 3a BiJINIOBIIHOIO YaCOBOIO XapakTepucTukolo. IIpoBeneHo ¢opmaiszariiio mpocTopoBo-4acoBOro 1oJst, Ho0yA0BaHO IIPoO-
uenypu iHdopmaiiiiHoro 3abe3nedeHHs NpoLecy MPOrHO3YBaHHS MapaMeTpiB HPOCTOPOBO-YACOBOTO DSy, BUKOHAHO THITI3ALi0
BUXIJTHUX JQHHUX JUIS HPOBEACHHS YMCEIbHUX EKCIICPUMEHTIB Ha IPUKIIaJi MEpexi BOJIONOCTAYaHHS Ta BOJOBIZBEICHHS KOMYHAIIb-
HOTO MiIIPHUEMCTBA «XapKiBBOJIOKAHAI», M. XapKiB.

Pe3yabsTaTn. 3anpornoHOBaHO AyalbHy METOJOJIOTIIO IOA0 BU3HAUCHHS IapaMeTpiB iMiTamifHOI MOJeli IpOCTOPOBO-4acOBOTO
psiIy, IO MICTHTH SIK IIPOEKILIIHUH TaK 1 IHTerpaJbHUN MiIXOH, a TAKOXK KOMOIHOBaHY METOAMKY — penakcamiiamii minxin. IIpose-
JICHO YHCENbHI CKCIIEPUMEHTH Ha OCHOBI TIOOYI0OBaHOI MOJIEITI, III0 € TEOPECTHYHOK OCHOBOIO JIJIsI 3IICHEHHS Ta MOOY/I0BU MPOTHO3Y
3 BUKOPUCTAHHSIM BEIIMKOT0 00CSTY ICTOPHYHUX JJAHUX.

BucnoBku. B po6oTi ozepkaB noaayiblinii PO3BUTOK METOJ NPOTHO3YBAaHHS IIAPaMETPiB IPOCTOPOBO-4AaCOBUX PSIIB 3 ypaxy-
BaHHSIM BJIACTUBOCTI HECTAalliOHAPHOCTI PO3MO/LITY 4acOBOI CKJIa0BOI. 3aCTOCYBaHH 3alPOIIOHOBAHMX IHCTPYMEHTAJIBHUX 3ac00iB
KOMIT'IOTEpHOTO MOZETIOBAHHS H03BOJISE MiIBUINUTH TOYHICTH MPOTHO3Y JIOKAlii, Yacy HACTaHHS Ta TSDKKOCTI MOYKIIMBOI aBapii Ha
IHKEHEepHIH 1HPPACTPYKTYpi METATIOIICY.

KJIIOYOBI CJIOBA: mpocTopoBo-4acoBi psau, HecTanioHapHuil po3monin Ilyaccona iMiTarmiiiHa Moznens, imkeHepHa iHdpa-
CTPYKTYpa.

HOMEHKJIATYPA

ab — ocepenok peryIsipHOi CITKH;

a — BUMIp CITKH 32 KOOPJMHATOIO X;

b — BUMIp CITKH 32 KOOPAWHATOIO ;

A,, — HacTaHHA NOJi1 Ha Kiactepi K,;

D — npocropoBa oOMexeHa 00J1acTh;

D{e} — mucnepcis posnoainy Ilyaccona;

E{e} — MaTemaTnuHe crio/liBaHHS;

EI —onrc KOMIIOHEHT MPUPOJIHOTO CEPEAOBUIIA;

F(e) — piBHOMIpHHI pPO3MOILNT TPOCTOPOBOI KOOPJIH-
HAaTH;

G — nepenaBabHa MEpeXKa;

gj— TaHKa IIepeaBaIbHOT MEPEXi;

gl; — indopmariiiHuii KOpTeX XapakTEepHCTUK JaHKH
&>

H — xpox po30uTTs 4acOBOTO TIEPiONy;

I — xoptex iHpopMallii mpo noi;
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i — HaCKpI3HUH HOMEpP OCEPEKY CITKH;

In; — MHOXXHMHA €IEMEHTIB IPOCTOPOBO-YACOBOTO PATY
CTOCOBHO JIAHKH gj;

J — 1HZEKC JIaHKH TepeiaBaibHOT Mepexi;

J — KiJIbKICTh JIAaHOK IIepe/iaBalIbHOT MEPexi;

K — MHOXWHa KJ1acTepiB po30HTTS;

K} — ememeHTH KiacTepiB po30UTTS;

M — KIUTBKiCTB KJTacTepiB;

n — IHJIEKC eIeMEHTY B m-y KJIacTepi;

m — IHAEKC KIIacTepiB po3OUTTS;

P(t) — po3noain KIMOBIPHOCTI BiJIMOB;

Po— AMOBIPHICTH peatizarii momii gg;

O — MHOXXWHA HECYMICHHX TTOMIH;

qo— CKIIaJIHA IO/,

R? — nexapToBuii pocTip BUMIpHOCTI 2;

Rs— Ha3Ba MPOCTOPOBO-4aCOBOTO PsILLy;
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S — KUTBKICTh OCepeNKiB PEryisipHOi CITKH 32 KOOPIH-
HATOIO X;

W — KUIBKICTh OCEpEIKIB PEryJsipHOi CITKH 3a KOOp-
JIMHATOIO V;

s — THIEKC OCepelKy PeryJisipHOi CITKHM 3a KOOpJHMHa-
TOIO X;

W — 1HJIEKC OCepeNIKy PeryJisipHOi CITKH 32 KOOpAWHA-
TOIO )

¢ — 3MiHHa Yacy;

ty — TIepioJT aMOPTH3AILil;

tj. — 1aTa NoNePeHbOrO PEMOHTY JIaHKH g; NiepeiaBa-
JIBHOI MEpexi;

T — gacoBuii iHTEpBAT;

T;— IIOYaTKOBHUH PiK eKCIUTyaTalii JaHKU gj MEPExi;

Tr — NOTOYHUI PIK EKCIUTyaTallil JAHOK MEpPexi;

Try— IHTEpBAJ ICTOPUYHUX JAHUX ;

v=(x,y) — IPOCTOPOBA CKJIaJI0Ba €JIEMEHTY PALY;

V;—TOYKa-TeHepaTop;

(%71, ;1) — KOOpJIMHATH NOYATKY JIAHKH gj;

(%, ;) — KOOPJIMHATHU KiHLIEBOI TOUKM JIAHKH gj;

Z(v,T) — IPOCTOPOBO-YaCOBE BHIIAIKOBE I10JIE;

Z,,— piBeHB 30UTKIB Ha Kiactepi Km;

Oy — BUIBHHMI WiIEH PIBHAHHS aBTOPErpeciiiHOro mpo-
necy;

0L — TapaMeTp PiBHSIHHS aBTOPErpeciiHOro npouecy;

B(x,y) — mapamerp 3aKOHY pPO3MOJIINY INPOCTOPOBOL
CKJIaJIOBOI1 psny;

Ax — po3Mip ocepesKy peryJsIpHOi CITKH pO30UTTS 3a
KOOPAHMHATOIO X;

Ay — po3Mipu ocepeniKy peryJsipHOi CITKH 32 KOOPIH-
HATOIO Y;

® — KITBKICTh HECYMICHUX TOJIiH;

A — IHTEHCHUBHICTh BUITaJKOBHX BiJMOB;

A7) — IHTEHCHUBHICTh CHCTEMATHYHUX BiIMOB;

n(t,ty ) — HnapaMerp HECTAI[IOHAPHOT'0 3aKOHY

PO3MOAITY 9acOBOI CKIIAZ0BOI PAAY;

& — piBHOMIipHO posnoxiiene Ha [0, 1] BunmagkoBe um-
CIIO;

L — cepesHe — mapaMeTp HOPMaJILHOTO 3aKOHY PO3IO-
Jy;

G — CTaHJapTHE BIAXWICHHS — IIapaMeTp HOPMaJIbHO-
r'0 3aKOHY pO3HOJiTy;

¥, — 4ac BiIHOBJIEHHA aBapiiHOI JTaHKHU gj;

T — YacoBa CKJIAJI0BA EJIEMEHTY PSILY;

3;— IOTYXKHICTh TOUKU-TEHEPATOPa;

®(x,y,t) — oUiHOYHA (PYHKITIS.

BCTYII

[TpoGnemu aHamizy Ta MOJENIOBaHHS IPOCTOPOBO-
YaCOBUX psMIIiB JaHUX BHHHUKAIOTH B 0Oarathox cdepax
JIIOJCHKOI MiSTIBHOCTI — T€O0JIOril, €KOHOMIlli, E€KOJIOTII,
[IUBUTBHOMY 3aXHCTi, MemuImHi Tomo. CKIaIHICTh iH-
TepHpeTanii BeIMKUX 00CATIB HasBHUX JIaHHUX, aHAII3y Ta
MOAANBIIOr0 BUKOPHCTAHHS y NPOTHO3YBaHHI MOIii mo-
TpeOy€e KOMIDIEKCHOTO CHCTEMHOTO ITiIX0Ay Ta PO3POOKH
HA i OCHOBI apceHally Pi3HUX METOMIB, III0 XapaKTepH-
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3YIOTh Tl YM iHIII BIACTUBOCTI MPOIIECY, IO PO3TIIAJAETH-
col.

ITpn moOymoBI KOMIT FOTEPHOT MOJIEN MPOCTOPOBO-
4acOBOTO psIy BaXJIMBHUM € BHBYEHHS OCOOIMBOCTEH
HOro 4acoBOi CKJIa0BOi, a caMe BU3HAYEHHS BJIACTHBOCTI
CTalliOHapHOCTI 4acoBOro psiiy. B OaraTbox ramyssx 3a-
CTOCYBaHHSI MOJIeJIeH Ta MeToiB 0O0pOOKM IPOCTOPOBO-
YacOBHX PSAIIB, TAaKWX, SIK, HANPUKIAZ, NPOTHO3YBaHHS
BUHUKHEHHS Ta PO3BUTKY HAJ3BHYAHUX CUTyaIlill Tex-
HOTCHHOTO XapaKTepy Ha IMmKEHEpHIH iHPpacTpyKTypi
MICTa, 10 PO3TIIAAETHC K WMOBipHICHA mmomis, iHOP-
MaIlist TIpo SIKy € PO3MOAITICHOI0 SK Yy MPOCTOpi, TaK 1y
yaci, 4acoBa CKJIa/I0Ba € HECTAIlIOHAPHOIO.

[Ipu mpoMy TakoX HEOOXiTHO 3BaXKaTH, IO B SIKOCTI
00J1acTi MPHUIYCTHMHUX 3HA4€Hb IPOCTOPOBOI CKJIAJ0BOT
Py MOXXe BUCTYIATH SIK HENEpPEepBHA, Tak 1 AUCKPETHA
MHOXXHHA.

ToMy BaXJIMBUM € BHUBYEHHS OCOOJIMBOCTEH TaKHX
psniB, siKi 00’€KTHBHO 3aJISKaTh BIJl XapaKTEPUCTHUK Iie-
peliry mpolecy peajibHOTO CBITY, IO IHAYKYE HPOCTOPO-
BO-YacOBHUil psjI, Ta po3poOKa BiAMOBIAHOI MPOCTOPOBO-
YacOBOi KOMIT FOTEPHOI MOJENi sIK 3aco0y MPOrHO3y ma-
pameTpiB MaitOyTHBOT HIMOBIpHICHOT IOIT PAIY.

O0’€KT A0CTiIZKEeHHS — TIPOCTOPOBO-YACOBI PAIM /1a-
HUX 3 ypaxyBaHHSM BJIACTUBOCTI HECTAIlilOHAPHOCTI pO3-
MOJIUTY 4aCOBOi CKJIaJIOBOI.

Ipenver mociaimxkeHHs — MeToau imeHTHdikamii Ta
peanizamii iMiTamiiHOT MOJENi MPOCTOPOBO-YACOBHUX Psi-
niB.

MeTo10 nocCiipKeHHs € po3poOKa, a TAKOXK METOINY-
Ha Ta IporpaMHa peayizamis imiTamiiHoi Mozxeni Gararo-
BUMIPHUX TIPOCTOPOBO-YAaCOBHX PSIIB 3 YpaxyBaHHIM
BJIACTUBOCTI HECTAliOHAPHOCTI PO3MOILTY YacOBOi CKIIa-
IOBOI.

1 IOCTAHOBKA 3AJTAYI
B sKocTi BUXIOHHX NaHUX BUCTYNAIOTh CTATHCTUYHI
paiau Rg, 10 MawoTh PO3MIAAATHCS Y IPOCTOPOBO-
9aCOBOMY MPOCTOPI

v, 0):veDcR,teT, )]

Jie obacTs D Moxke OyTH SIK HENepepBHOIO, TaK 1 IUCKpe-
THOIO.

B manomy gocrnijpkeHHI TPOCTOPOBO-4acOBHH PSII Aa-
HUX Ry (OpMYIOTH pe3yJbTaTH CIOCTEPEKEHBb 3a BiAMO-
BaMU CJIEMEHTIB iH)KEHEepHOi iH(PpaCTPYKTypH Merarodi-
Cy — CKIagHOi TEXHIYHOI CHCTEMH, L0 € IPOCTOPOBO
PO3MOAINICHOIO 1 MICTUTh TEpeNaBalbHy MEpEKy, sIKa €
CKIHYEHOIO JUCKPETHOI MHOKHHOIO JIAHOK

G={g, g, ..., 2/}- G D. ®)

IIpu pOMy YacoBa CKJIaJ0Ba MPOCTOPOBO-Y4ACOBOTO
pany Rs XapakTepu3yeTbCsl IHTEHCHBHICTIO BUHHMKHEHHS
BiIMOB (BHIIQJKOBUX MOJiH), 110 € (QyHKIl€w Yacy A7),
TOOTO YacoBa CKJaJoBa € HecralioHapHOw. Take y3a-
rajJbHECHHS € aJCKBaTHUM OMUCOM CTaHy iH)KEHEPHOI iH-
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(bpacTpykrypu Mmict YKpalHu, 10 € JHDKEPEIOM BUIAKO-
BHUX — IHTCHCHUBHICTh A — 1 CHCTEeMaTHYHUX — IHTCHCHUB-
HicTs A”*(f) — BIIMOB e7IeMEHTIB.

OTxe, He0OX1THO BUPIIINTH HACTYTIHI 3a7a4i.

1. Po3pobutn wmeronmkd TOOYAOBM aHANITUYHOI
WMOBIpHICHOT MOJETI MPOCTOPOBO-4aCOBOTO PSAY i3 He-
CTaI[lOHAPHOIO YacOBOIO CKJIAJIOBOIO Ha OCHOBI (hopmati-
3aIii MPOCTOPOBO-YaCOBOTO BUIAAKOBOTO MOJIS

Zv,1);ve D,te T, 3)

Je BenuuuHa Z(v, T) — BU3HA4YE€HA XapaKTEPUCTHKa elie-
MeHTIB psny. [Ipn posriszai eneMeHTiB iH)XXEHEepHOI iH-
(bpacTpykTypu BenudynHa Z(V, T) OIIHIOETHCS CyMapHUMU
30MTKaMH BIJ HACJIIIKIB BIJIMOB.

2. Po3pobutu mporpamHe 3a0e3le4eHHs, 0 peai-
3y€ TaHi METOJHKH.

3. BusHauuTH mpane3mgaTHICTh Ta OCOOJIHMBOCTI 3a-
CTOCYBaHHSI PO3POOJICHUX METOIMK MJISI ONPAIFOBAHHS
CTaTUCTHYHOI iH(OpMAaIii IpH TOCTIIKEHHI iHXEeHepHOI
IHQpaACTPYyKTYypH MICT.

2 0TJI 0 JIITEPATYPHU

CHCTEeMOJIOTIYHUN aHalli3 BITUM3HSAHOI Ta 3aKOPIIOH-
HOi HAayKOBOI JITEpaTypH IIOJNO ICHYIOUMX METOJIB Ta
IHCTpyMEHTAJIBHUX  3aco0iB MaTeMaTHYHOTO Ta
KOMIT'IOTEPHOTO ~ MOJEJIOBaHHS  IIPOCTOPOBO-9AaCOBUX
pAmiB Ta po3poOKH Ha Iilf OCHOBI MPOTHO3HHUX MOJeNeil
JIO3BOJIMB TIPOBECTH TEBHY KiachQikamilo HayKOBUX Ha-
MPSIMIB IIIOJI0 OOPOOKH MPOCTOPOBO-YACOBHX PSIIB, IO
PO3BHBAIOTHCS, TA NIOKA3aB IIUPOKUI CIIEKTP NPaKTHIHUX
3aCTOCYBaHb.

B [1] mpoBeneHo NOPIBHSIHHS MHOXXHHHA IIPOCTOPOBO-
YaCOBHUX YMOBHHX aBTOPETPECIHHMX MOJEJICH Ha OCHOBI
HaOopy manux npo eminemito B Komym6ii. locmimxeHo
MyacCOHO-JIOTHOPMAaJIbHI Ta OiHOMIaIbHI MOJEI 3 pi3HU-
MH METOJIaMH 0ai€eCiBCHKOTO MPOCTOPOBO-4aCOBOTO MO-
JIEITIOBaHHSI.

[Ipobnema mOOYnOBM TPOTHO3HOI MOJENi MpOC-
TOPOBO-9aCOBOTO MICBKOTO TpadikKy, ska Moxke OyTH ama-
NITOBaHAa B JEKUIBKOX MPOCTOPOBO-YACOBHX yMOBAaxX Ha
OCHOBI CTBOpPEHHS CKJIAIHOI TIMOOKOiI HEHPOHHOI CHCTe-
MH, po3risiHyTa B [2]. KoM’ roTrepHa Mozaemns, Mo mpormo-
Hy€ThCs, 0a3yeThCsl Ha IHTEPIIPETOBaHIH HeHpoMepexi,
MEBHI CKJIAZIOBI SKOi y CYKYIHOCTI OXOILTIOIOTH KJTFOUOBI
MIPOCTOPOBO-4ACOBI KOMIIOHEHTH Ps/IiB JaHUX mono ¢y-
HKI[IOHYBaHHSI TPAHCHOPTHOT iHPACTPYKTYpH MicTa.

B [3] HaBemeHO METON MAOCIHIPKEHHS MPOCTOPOBO-
YacOBOTO PO3MOALTY BIUIMBY E€KOJOTIYHOTO CTaHy OKO-
JIMOb MICT Ha EKOJIOTiYHy eeKTHUBHICTh ocTaHHiX. Ha
OCHOBI 3aCTOCYBaHHS MHOXMHH IIIXOIB A0 imeHTH]i-
Kalil mapaMeTpiB Ta eKOHOMETPHUYHHX TECTIB OO0 IIPO-
CTOPOBO-YaCOBOTO PO3MOIUTY BIUIMBY €(EKTy TaKoro
CyCiZIcCTBa Ha EKOJOTiuHy e(eKTHUBHICTb MICT y SKOCTI
OCHOBHOI BH3HAU€HO IPOCTOPOBO-4acOBY Mojaenb [lapbi-
Ha Ta METOJI YaCTKOBOTO An(epeHIiany.

Metoau po3B’sizaHHs mpobiemu (Gopmaizailii mpoc-
TOPOBO DO3MOJAUICHHX JAHUX PO3BUBAIOTHCS y MeEXKax
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Takoi CyJacHOI HAyKOBOi AMCIUIUIIHH SK T€OCTaTHCTHKA
[4]. 3rimgHO 3 [5], TeocTaTHCTUYHI MOAET MPOCTOPOBO-
4acoBOI KOPEJALIHHOT CTPYKTYpH MOXKHA PO3IUIMTH Ha
JIBa BUJM: TakKi, IO MepeadayaroTh PO3MOALT Ha MPOCTO-
POBY Ta 4acOBY KOMIIOHEHTH (METPHUYHA MOJICIb, JTiHIHHA
MOJIeTb, MOZENb JA00YTKY, MOAENb J00yTOK-CyMa TOIIO),
Ta TaKi, 10 TAaKOTO PO3IMOJALTY HE HNPHUITyCKalOTh. 3BaKa-
I0YHM Ha CKIIAJHICTh 3a/1a4i, OTHUM 3 MPUAHATHHUX ITiJ[XO0-
JiB MEPIIOTO TUITY € METOAOJIOTIS IOPiBHIEHOT CTATHUKH,
TOOTO ITUCKpETH3allis HASBHOI CYKYITHOCTI CTaTUCTHYHUX
JaHUX 32 YacOM Ta IMOCIIXOBHHH PO3MIISAA MHOKHHH Ya-
COBHX Tepepi3iB 06e3 OMUCy Mepexoay BiJ OJHOTO mepepi-
3y JI0 iHIIOTO.

IIpoBenene mocmimkeHHS TPAagUIIMHUX 1 HOBITHIX
KOHCTPYKTUBHUX 3aC00IB aHai3y Ta 00pOOKH MPOCTOPO-
BO PO3MOJUICHUX JTaHHUX JIO3BOJIWJIO BU3HAYUTH B SKOCTI
OCHOBHUX: IHTEpNOJLIWHI MOjeNi, a caMe JiHiiHYy iH-
TEPIOJIALII0 Ha OCHOBI TpiaHrymsauii [5], MeTox obepHe-
HUX CEpPeIHBbO3BAXKCHHUX BiacraHew (inverse distance
weighting) Tomio; BIacHe MoJei, o 0a3yITHCS Ha CTa-
TUCTHYHIA IHTeprpeTanii JaHWX; aJTOPUTMH, 3aCHOBaHI
Ha HaBYaHHI — INTy4YHI HEWPOHHI Mepexi [6], reHeTH4Hi
anroputMmu [7].

OmHMM 3 TiAXOMIB A0 MPOTHO3YBAaHHS YaCOBUX DPSIiB
€ croxactTuyHa Teopis gepr [§]. [Topsia 3 muM, KIIaCHYHOIO
METOJIOJIOTI€I0 IOCIIPKEHHS TOTOKY BiZIMOB OOJIaIHAHHS
MOTEeHIIITHO HeOe3MeYHnX BHUPOOHMYMX Ta iH(pacTpyk-
TYpHHX 00’€KTIB € Teopis HaiitHoCTI [9].

Po3poOnieni  Meroau  OINpamoBaHHS — IIPOCTOPOBO-
YaCOBHX PSJIB 3aCTOCOBYIOTHCSI B 0araTtbOX rajiy3six Iis-
JILHOCTI JIFO/INHH.

B [10] mo6ynoBaHO IPOCTOPOBY MO TeoiHpopMa-
[IHOT TIATPHMKH Jep)KaBHUX MOXKEKHO-PATYBAJIBHUX
YacTHH M. XapKoBa 3a paxyHOK BpaxyBaHHS Ta 3aCTOCY-
BaHHS KPUTEPi0 PO3MOALUTY JOPIr BiANOBIAHO 0O KaTero-
piif, WO MO3BONMIO PO3POOHTH MPOTpaMHy ILIATPOpMy
JUISL IBU/IKOTO pearyBaHHs.

Meroau noCHiKEeHHST e(pEeKTUBHOCTI CKJIaJHUX TeX-
HIYHHAX CHCTEM, 30KpeMa CTIHKICTh 1HPPACTPYKTYpH [0
MOXJIUBHX PU3UKOBAaHMX IIOJiH, 3armpornoHoBani B [11].
Mopenb, 1o MPONOHYETHCS, 3aCTOCOBAaHA JI0 JIOCHIPKEH-
HS BUNAJIKY iHQPACTPYKTYpH BOJOINOCTayaHHS 3 TilOTe-
TUYHUM CIICHAPIEM BiJTHOBIICHHS.

[Ipu poMy HEOOXimHO BpaxoBYBaTH (hakT HECTAIlio-
HApHOCTI CTATHCTHYHHUX YACOBHX PSIIB JaHUX IIOJO aBa-
piitHux cuTyaniif Ha 00’€KTax IHKEHEpHOI iH(ppacTpykK-
Typu [12]. AHaini3 HaAsIBHUX METO/IB €KOHOMIYHOI OI[IHKH
30MTKIB BiJ aBapii Ta HAA3BUYAWHUX CUTYallil, HUMH
00yMOBJICHUX, IO 3aCTOCOBYIOThCS Yy CBITI i YKpaiHi,
npoBejieHo B [13].

MertoauuHi MiAXOAW 10 aHaNi3y Ta NMPOTHO3YBaHHS
MIPUPOTHO-TEXHOT'€HHOT 0€3MEeKH BEMKUX MICT YKpaiHH B
paMKax (yHKIIOHYBaHHS MEXaHi3MiB JIEp)KaBHOTO pPEry-
JIIOBaHHS Ha OCHOBI 3aCTOCYBaHHS HeWpoOMepex 1 KapT
Koxonena posrisayTo B [14]. 30kpema, 3a mi€r0 METOIH-
KOI0 M. XapKiB BiHECEHHWH IO KJIacTepa i3 BHUIIUM 3a
cepenHii piBHeM yacToTH mposisy THC.

VY [15] amapar HEYITKHMX MHOXHH 3aCTOCOBAHHH IO
knacudikanii HaJ3BUYaHHUX CUTYyalild B MErarouici, mo
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TPYHTY€EThCA Ha owuiHmi BBy mapamerpis THC Ha rpo-
Magy Ta MOMJIMBOCTI 3IIHCHEHHS AOPOXKHBOTO PYyXy Ha
TPaHCIIOPTHIH iHPPACTPYKTYpi MicTa.

PizHOMaHITTS migXOJiB /O MaTeMaTHYHOro Ta
KOMIT'FOTEPHOTO ~ MOJICIOBaHHS  MPOCTOPOBO-4ACOBUX
PAAIB HaHUX Pi3HOI MPUPOIU CBIAYUTH MPO CKIAIHICTH
po0IeMH, 110 PO3TIAAAETHCS.

OnHak mepeBaKHa KUIBKICTh HAYKOBHX ITyOJIiKamii
MPUCBSYCHA PO3MIAAY 3afadi NPOTHO3YBAaHHS PEXKHMIB
(yHKIIOHYBaHHS CKJIaTHUX 1HQPACTPYKTYpHUX CHCTEM
TUTBKH Y 4aci, 0e3 ypaxyBaHHsI IPOCTOPOBOI CKIIAIOBOI.

Ille omHUM Ba)kKJIMBUM HEAOJIKOM HAsBHUX IHCTpyMe-
HTAJIFHUX 3ac00iB MOJCTIOBAHHSA € TMpPaKTUYHA BiJCYT-
HICTh METOJIIB 00p0oOKH OaraTOBUMIpHUX HECTAIllIOHAPHUX
CTaTUCTHYHUX PSIB, 1, K HACIIIOK, BIZICYTHICTh aJcKBa-
THHX 3aC00iB aHaIi3y Ta CUHTE3y NPUHHATHUX YIPaBIIiH-
CHKHX PIILICHb.

3 MATEPIAJIM I METOAU

Komm’rorepHe MogenmoBaHHsl 0araTOBUMIPHUX IPOC-
TOPOBO-YACOBUX PSAIIB Ma€ BpaXOBYBaTH OCHOBHI iX 0co-
OMUBOCTI, SIK PO3IMOMUICHICTh Y Yaci Ta MPOCTOPOBA PO3-
MOIIJIEHICTh;, BHUIIAJKOBICTH MOMEHTIB HACTaHHS, HEIO-
CTaTHIi 00CSr Ta 3alIyMJICHICTh CTATUCTUYHOI iHpOpMa-
11, 0araToMIpHICTh Ta HASIBHICTH PI3HUX (DAKTOPIB BILTH-
BY 30BHIIIHBOTO CEPENIOBHUINA HA XapaKTEPUCTHKH Py, Y
TOMY YHCIII KEPYBaHHS y «PYYHOMY» PEIKHMI.

Indopmarist moa0 MapamMeTpiB MPOCTOPOBO-4ACOBOTO
psfy € BiAMIHHOIO 3a 3MicTOM, (JOPMOIO Ta BUMIPHICTIO,
TOMY HalOLIbII IPUHHATHUM 11 moaHHsAM y mMogeni (3) €
KopTex / BUTIISI LY

I'= <v=(xp), T, {B(xy), MO)}> “)

PosrnsHEMO TOCTINOBHO TPH MiAXOIN A0 MOOYIOBH
MOJIETIi POCTOPOBO-YACOBOTO PSITY 33 CKIAJAOBHMHU KOp-
Texy 1.

Iepmri nBa 3 KX MiAXOIB: MPOEKIIHHUI Ta iHTETpa-
JIBHUH — CKJIaJAI0Th TaK 3BaHy JAyajbHY METOJOJIOTi0
II0JI0 BHU3HAUEHHS MPOCTOPOBHX IapaMETPIiB MPOCTOPO-
BO-4aCOBOTO PsiAy.

Sk mpOoeKIHUH, Tak i IHTerpadbHUNA MiAXOIH CITH-
paroTHCs Ha TMTOCTAaHOBKY Ta BUPIIIECHHS 3a]a4l IpOCTOPO-
BOTO OLIIHIOBaHHSI.

[IpoBenemMo MoenmOBaHHS NMPOCTOPOBUX MapaMeTpiB
— BeKTOpY v=(x,)) — 6araToBUMipHOTO psAy (2) y MeBHO-
MY 9acOBOMY Iepepi3i 4acOBOTO MapaMeTpy f.

Y 3aranpHOMY BHUIJIAI IIOCTAHOBKA 3a/1a4i IPOCTOPO-
BOTO OI[iHIOBaHHSA INependadae HAasABHICTh HEMEpPEPBHOI
JIBOBHMIpHOI obmacti D, Ha AKii MPOBEACHUHN PSI BUMI-
proBaHb 3anaHoi BenuuuHM Z. 1li BUMIpIOBaHHS HpPOBO-
JIThCS. HA CKIHYCHIH MHOXUHI TOYOK (X, y) e D, sKi €
JIOBUTBHIM YHHOM PO3IMOALICHAMU 10 o6nacti D.

3a IoCTaHOBKOIO 33/1a4i HEOOX1/THO BpaxoBYBAaTH JIUC-
KpeTHicTE 00;acti D, sKa, BIIacHE, IIEPETBOPIOETHCS
MHOXUHY G.

Jlnst MozietoBaHHS POCTOPOBOI CKIAJ0BOI Py, L0
PO3MIIAAETHCS, MPOBOAUTHCS PO3OHUTTSI KOHTPOIBOBAHOI
teputopii D (BigmoBigHO, Mepexi () CITKOI0 BHUMIpiB Ha
© Hosoxunosa M. B., Aunponos B. A., Menexuxk P. C., 2021
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ocepenkd. B poOoTi BUKOPUCTOBY€ETHCS CTaHIApTHA TIPS-
MOKyTHa (perynspna) citka. [Ipu 1ipomy BUHHKaEe edekT
MIPOCTOPOBOI PO3JLIBHOI 34aTHOCTI, TOOTO 3aJa4a BU3HA-
YEeHHS a/IeKBaTHOTO po3Mipy ocepenky (Ax, Ay).

[Tpu BUKOpHCTaHHI CTaHIAPTHOI MPSIMOKYTHOI CITKH
MPOCTOPOBA PO3iIbHA 3[ATHICTh XaPAKTEPU3YETHCSI PO3-
MipoM KoMipkH {(ay, b,,), (as1, Dyi1)}:

Ax= ‘ Ag+1— A |9 Ay: ‘bw+l - bw|a § :1529-"aS9 W:lazy"'z w.

B minomy obnacte D € BIHCaHOIO y HPSIMOKYTHHK
{(ao, as), (bo, bw)}.

I'eomeTpruHi mapameTpu JaHOK Mepexi G BU3Ha4a-
IOTBCSl TAKAM YMHOM: CKJIafoBa gl; 3a/1a€ JNaHKY Mepexi,
10 HAJIGXKUTH OCEPEAKY peryisipHoi citku ab; = {(a;, b)),
(as+1, by+1)} Tak, 10 iHAEKC [ € (QYHKLIEI THIEKCIB {s,
w}:

gli=Gnab,.

Toni mapamerpu po3mimieHHS (X1, Vi 1) g-1 JaHKA
MHOXXUHH G TIOB’SI3yIOTHCSI 3 JIIBOKO HM)KHBOIO TOYKOIO
JIAHKW B MEXaX 00paHoTO JHUCKPETY.

Takum ywmHOM, TOYaTKOBe momaHHs (2) mepexi G
YTOUHIOETBCSI CTOCOBHO PO3OUTTS CITKOIO BHMIpiB, i
ckimazoBa gl; KopTexy (5) y 3aranbHOMY BHUNAAKY € MHO-
JKHHOI0, TOOTO € MyJIbTHIIAHKOIO.

OpHak 1€ crmocid BU3HAYCHHS TCOMETPHUYHHUX Iapa-
METpiB JJAHOK MHOXXWMHH G Ma€ TeBHI HEAONIKH, SKi He-
00XiTHO BpaxoBYBaTH TPH BHOOPI KPOKY AUCKpPETH3AIii.
3aBenukuii Kpok Gopmye auckper (Ax, Ay), MO MICTHTB
KiUJIbKA JIAHOK MHOKUHH G 3 IPUHIUIIOBO Pi3HUMH Xapak-
TEPUCTUKAMH, 3aMaJIMii KPOK MOJKE 3aBJIaTH HEBUIIPAB/a-
HO BEJIMKHMX BTPAT 4Yacy OINpPAaIIOBaHHS MOJEJI.

Ha nawiii citui BuOynoByerbest SXW-BuUMipHa BHUIa/I-
koBa ¢yHK1isA Z(v) (3) 3 PyHKII€0 pO3MoIiTy

s Zsxw) =
. Z(stw) < stw}, (5)

F(V], V2, veos VSxis 215 22, -
P{Z(V])S zy, Z(Vz)s Z, ..

Yy KO’)KHOMY 4acOBOMY IIe€pepisi T, Ka XapaKTepu3ye Ipo-
CTOpPOBY WMOBIPHICTh pealizallii eleMeHTy pAay Ta BH-
3HAYA€ThCS K HAOIp BHIIAAKOBHX 3MIHHHX Z(V;), IO OJ-
HIM U1 KOXKHOT JIoKalii v;, i=1,2,..., SxW, obnacrti D.

Ha ocHOBi BupimeHHS 3a1adi IPOCTOPOBOTO OINIHIO-
BaHHS PO3MITHEMO HiIXOIM IO MPOrHO3YBAaHHS IlapaMer-
PiB IPOCTOPOBO-YACOBOTO PSY.

IMpoekuiitnnii miaxia. Ilepenbauae He3anekHe BU3HA-
YeHHsI BUIAJKOBUX MapaMmeTpiB (¥, ) pO3MIlllEHHs aBa-
PIfHUX JIaHOK iHXKeHepHOI 1HYPACTPYKTYPH SIK TOCITiTOB-
HOCTI JJBOX OJHOBHUMIPHHX PIBHOMIpPHUX PO3MOALTIB {x},
{y} Ha [ag,as], [bo,bw] 13 GYHKLIIMH pO3NOILTY

0, x<ay; 0, y<by;
- —-b
F=1 =% xe(apagl FO2=2 pe By l;
s~y by —b,
I, x>ag. L y>by.
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BiINOBiAHO. B pe3ynpraTi ABOKPATHOTO 3aCTOCYBaHHS
MpoLeAyp reHepailii BUMAAKOBUX BEJIUYUH 33 [IUMH PO3-
HOZIJIAMU OTPUMYETBCS ITapa IMPOCTOPOBUX KOOPAMHAT (X,
¥), IO BU3HAYAE KOMIpKY V;, i=1,2,..., SXW, obnacti D Ta
BIJIOBiTHY JIaHKY g; MHOXHHHU G, g € V.

s monmanpmioi oOpoOku iH(popMalii Mpo YacoBy
CKJIaJIOBY BHXIJHOTO 0araTOBUMIPHOTO psijly 3ayBaKUMO
HACTYITHE.

ITepiogy HOpMaNBHOI eKCIUTyaTaIlii CKIAIHUX TEXHIY-
HUX CHUCTEM BIJNOBiJa€ CTAIliOHAPHUH ITyaCCOHIBCHKUIA
(marimpocTimmii) moTik [16] gucna k BUaAKOBHUX BiIMOB
MIPOTSATOM Yacy ¢ BUTIISTY

k
Py = B, (6)

AKOMY IpUTAaMaHHI BJIACTHBOCTI CTalliOHAPHOCTI, BiACYT-
HOCTI Hicysaii 1 OpAMHAPHOCTI.

®akr po3noainy iMoBipHOCTI BiIMOB Pi(f) 3a 3ako-
HoM IlyaccoHa 3 MOCTIHHOIO IHTEHCHUBHICTIO A B Mepion
HOPMAJILHOTO (PYHKIIIOHYBAHHS, III0 BH3HAYAETHCS IEpi-
onoMm amoptuzauii [0, #y] ckiamHOI TEXHIYHOI CHUCTEMH,
ATBEPKYETHCS. TAKOXK pe3ysIbTaTaMK aHajli3y HasBHHUX
CTaTHCTHYHMX JIAaHWX Ta JIOCBIAY eKCILTyaTallii TeXHIYHUX
CHCTEM.

[opsia 3 TuM y KUATTEBOMY LUK OYAb-sIKOT CKIaaHOT
TEXHIYHOI CHCTEMH HEeMUHyue HacTae (as3a crapinHs. Ha
JaHOMY eTali OcoONMBe 3Ha4YeHHs HaOyBarOTh CHCTEMa-
TUYHI BiIMOBH, OOYMOBIJIEHI 3aKOHOMIpDHUMH 1 HEMHUHY-
YUMH SBUIIAMH, 110 BUKIUKAIOTh IIOCTYIIOBE HAKOIIMYCH-
HSl YIIKOJDKEHb, BTOMY, 3HOLICHHS 00J1alHaHHSI.

AHai3 ICTOPUYHHUX PSIiB CTAaTHCTUYHUX JaHUX Ta
JIOCBIly eKCIUTyaTallii CKJIaJHUX TEXHIYHUX CHCTEM IOKa-
3y€, MO B MEPioj CTapiHHSA 00’ €KTa JOCIHIKCHHS iHTCH-
CHBHICTh cHCTeMaTHuHuX Bingmos A”*(f) 3pocrae miHiiiHo
a00 KBaJpaTU4HO.

Toni mapamerp n (¢t ) posmominy Ilyaccona € dy-

nkuiero A”(f) Ta npuiiMae BUTTIAL;

Nty ) = ks, () =L+ 175 (0) . @)

2ty

TakuMm 9YMHOM, MU MEPEBUIICHHI MEePioay aMopTH3a-
mii — B mepiog cTapiHHS — IIyaCCOHIBCBKHM MOTIK
0 BIIMOB OTpUMY€ BIACTHBICTh HECTAIIOHAPHOCTI, TOOTO
nepectae OyTH HaHIPOCTIIINM

0
Py (ttyy) = LB o) ®)

3ayBakeHHs 1. J[1s mMOAanbmIoro MOJEMIOBaHHS (Y-
HKIIiI0 iHTEHCHBHOCTI CHCTeMaTHyHHX BimMmoB AY*(f) Ha
iHTepBai [#y, f] AOUIJIBHO 3aMIHUTH KyCKOBO-IIOCTIHHOIO

(YHKIIIEIO BUTIIATY

ASYSt ;\Syslt , AKIO fe <1<l c=1,2,...C, 1. € [t 1]
Pl
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TakyM YMHOM, 3aBJIaHHS HOMEDPY JIAHKU g MHOKUHU
G, g € Vi, 0OOyMOBIIIOE KOHKPETHE 3HAUYEHHS IapaMeTpy
Mf) — HecramionapHoro posmoxiny Ilyaccona dacoBoi
CKJIQJIOBOI PAZY B 3aJI€KHOCTI Bij BUIIE3a3HAYECHHX Ia-
pameTpiB Ta ypaxyBaHHAM 3ayBaXeHHS 1.

Benmuuna Z(v, T) € 3BaKCHOIO 3pOCTal040i0 (hyHKIIi-
€10 IHTEHCUBHOCTI A(?).

IaTerpanpuuit miaxia. lana koHMeNIis MiCTHTB MO0Y-
JIOBY TOYOK-TE€HEPATOPIB, MOTYKHICTh SKUX BU3HAYAETHCS
Ha OCHOBI peauizallii maxo1y MOpiBHIOBAIBHOI CTATUKH 3
TaK 3BaHUM HAKOIMYYBAILHUM €()EKTOM Y MeKax MEeBHO-
TO 4acy.

BBenemo HacTynHI BU3HAYEHHS.

Busnauenns 1. HazBeMo TOuKkorO-reHepaTopoM V; me-
BHY TOUYKy KOMIpkH {(as, by), (ds+1, by+1)} peryisipHOL
CiTKH TepuTopii D TaKy TOUKY, sIKa iHKAICyIO€e B coOi
BJIACTUBOCTI IIiJT01 KOMIpKH.

Hanpuknan, me Moxe OyTH TOYKa MEPETHHY JiaroHa-
nert komipku {(as, b,), (g1, byi1)}-

Busnauenns 2. Ha3emMo mWOTyXHICTIO 9; TOYKH-
TeHepaTopy V; IHTErpalibHy XapaKTEPUCTHKY, IO PO3IIIs-
JTA€THCS B TIEBHOMY 9aCOBOMY iHTepBauli (4acOBOMY BiKHI1)
[Ty, Tr] Ta 0OuHCIIOETHCS 32 POPMYIIOHO:

TF bm+l g1

sizj

T, b

m

o(x, y,t)dxdydt, 9

ag

ne GyHKUis © (x, y,t) Upuiimae 3HauenHs {0,1}, ne
@ (x,y,t) =1, Akmo enemeHT (x,),/)€ Ry, ne t €

[To, Tr), () € {(as,  bw), (a1, by)}  Ta
@ (x, y,t) =0 B iHIIOMY BUIaAKYy.

Bu3HaueHHS! TOYOK-T€HEpaTOpiB IPOBOJUTHCS 13 3a-
CTOCYBaHHSIM KJIACTEPHOTO aHAJIi3y i3 BU3HAUEHHSM pO3-
Mipy Kiactepy, a came (2-5) % Big MakCHMajIbHOIO JIi-
HIIfHOrO po3Mipy KOHTPOJILOBAHOTO paiiony. ITpu mpomy
MOKJIaJa€EMO, 10 BCi TOYKM BiAIIOBIJHOT KOMIPKH CITKH
BUMIpPIB MalOTh NOTYXXHICTb 3; TOUYKH-T€HEpaTopy V;,

[ToOynoBa TOYOK-reHEPaTOPIB YMOMIIUBIIIOE BHPI-
IIEHHS 33/1a4i MOJICITIOBAHHS IIPOCTOPOBO-YACOBOTO DAY
R Ta 3mificHeHHS MONANBIIOTO MPOrHO3yBAaHHS HA OCHOBI
moOyIOBH  JBOBUMIPHOi aIpOKCHMAIIIHOI IOBEpXHI
9(x,y) 13 3aCTOCYBaHHAM MiIXOAY MOPIBHIOBAJIEHOI CTaTH-
KH 3 TaK 3BaHUM HaKONNIyBAJIbHUM €(EKTOM.

3ayBakuMo, 110 MOTYXKHICTh §; 3aJE€KUTH BiJ JOBXKH-
HHU yacoBoro BikHa [Ty, TFx].

Po3risiHeMo 1€ OAMH METOJ| MOJEJIIOBaHHS Oararo-
BUMIPHOT'O IIPOCTOPOBO-YaCOBOTO psity R, a came pesak-
cauidHui miaxiz.

Le#t mixxin 6a3yeThcsl Ha 3BEICHHI 0araTOBUMIipHOTO
psny Rs 10 MHOXXMHHU HE3aJeXHHUX OJHOBHMIPHHMX HecTa-
[iOHAapHUX (30KpeMa CTAI[iOHAPHUX ) YaCOBHX PSIB.

VY3araipHEHO METO/I CKIIAIA€ThCA 3 IBOX CTalliB.

Ha mnepmomy erami (opMyroTbCs KJIacTepH JIAHOK
MHOXUHU G={g|, £, ..., g/} 3a nokasHukoM Ty, Kpox H
po30uTTS Ha Kiactepu mokiamaerbes S (7) pokiB. B pe-
3ynbTaTi ofepxkyemo MHOXHHY K={K],...,K),} KiacrepiB
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JIAaHOK, KOXXEH 3 LHUX KJacTepiB
3B’SI3HOI0 MHOKHHOIO.

Hns enementiB knacrepy K, ¢ikcyeTbcs napamerp
posnoginy Ilyaccona n (¢,¢, ) , TOOTO NOTIK MOMEH-

TCOMCTPHUYHO € HEC-

TiB HACTaHHsI MOJIH Ha JIAHKAX MEePexki MEBHOTO KIIACTepy
NPUIMAETHCS CTAL[IOHAPHKM.

Jpyruii eran penakcariifHOro miaxoay MiCTHTh KPOKH
CTBOPEHHSI TaK 3BaHOIO IMITaliifHOIO CHMYJIATOpPY, LIO
TeHepY€ MeBHY KiTbKICTh BUIPOOYBaHb.

3ayBakeHHs 2. BBakaemo, 1o pe3ynibTaT BHIPOOY-
BaHHS € CKJIaJHOIO MOJI€I0: MOXKYTh BHHHKHYTH IOJI{ Ha
pI3HHX KJIacTepax Mepeki 0OJHOYacHO (HAIMPHKIIAMA, IIPO-
TATOM TFDKHS — OJIMHUIII0 BUMIPY yacy oOupae oco0a, 1o
NpuiiMae pimeHHs).

Take npunylleHHs 100 ypaxyBaHHS KIIBKOX JIXKe-
peJ HaCTaHHS MOJIi B LINIOMY, SIK 3a3HAYAIOCh, TOPYLIYE
BUMOT'Y OpAMHAPHOCTI Ipornecy. ToMy Ui IMOJaJIbIIOro
MO/IEITIOBaHHS 3aCTOCOBY€ETHCS HACTYIHUHN MiAXIiJ.

IMo3Haunmo uepes 4, — HACTAaHHS MOAIl HA KiacTepi

K, y onuHHIIIO Yacy, BiINOBITHO 4, — HEHACTaHHS MOZi{

Ha knactepi K.
Ha uiif ocHOBI BH3HaYMMO MOBHY JUCKPETHY MHOXH-
Hy () HECYMICHHX IIOJIiil BUTIISILY

M M M-

Q_{HAW!’ AIH Am "”AM H Am >
m=1 m=2 m=1

__ M M-1__ M _

Al ZH Am ’”"AM Am ’HAm}' (10)
m=3 m=1 m=1

[Ipn npoMy KiJbKicTh eleMeHTiB MHOXHHH (: card
0=0.

JIs KOXKHOTO eJIeMEHTY MHOXWHH (9) BHU3HAYUMO
HWMOBIPHICTB py pealtizalii BiAMOBIAHOT CKIIAIHOT TOMIT g,
qecQ, 6=12,...,0 _Jani oTpuMaHi 3HaueHHs ¥MOBipHO-

cTell py BiakimanaroThes Ha Bipisky [0, 1]. ['enepyerbes
piBHOMipHO posmnopinene Ha [0, 1] Bunankose uncio & i
NIePEBIPSETHCS YMOBA

(11)

pp'

0-1
2 pusEs
n=1 1

TMe

3a BukonaHHsI ymoBH (11) BBaxkaroTh, IO B Mpoleci
BHITPOOYBaHHS HACTAJA OIS ¢ 3 MHOKHHH (10).

Peanizamis 3ampomoOHOBaHUX METOIIB YMOMIIUBITIO-
€TBCS B paMKax iH(popMaliiHoi migcucTteMu, QyHKIIO-
HaJIbHY MOJIeNIb SKOi HaBeJEeHO Ha puC. 1.

Y oOuomi reoin(popMaIiiftHOT CHCTEMH BHUKOHYETHCS
aHaii3 1 Bi3yamizamis rpadiuHoi iHdopmamii y BHIIISII
Ha0bOpy €NEeKTPOHHUX KapT 1 MPHB’SI3aHUX 10 HUX JaHUX
PO MTPOCTOPOBI MapaMeTpH psny Rs.

Indopmarnis y migcucremi 30epiransas ta o0poOku 1a-
HUX OpraHi3yeThCs SK pelsliiiHa 0a3a JaHWX, MO M-
TPUMY€E BIACTUBICTH PO3IOALICHOT 0OpOOKH TaHUX.

B skocti 6a30Boro iHCTpYMEHTapiro peamizarii (QyHKITIH
QHATITUYHOI MIICHCTEMH CIYXXHTh METOIMYHE 3a0e3re-
YyeHHs (MaTeMaTH4Hi MOZEJi, METOIU iMIiTaliifHOTO Ipo-
rpaMyBaHHS, 3aco0n 00poOKH eKcrepTHOi iHpopmarii 3
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METOI0 OTPHUMAaHHS 3HAaHb) 3a/1a4 MOOYJOBU NMPOTHO3HUX
3HAUYCHb PALY.

T'eoindopManiiina cucTeMa

BH3HAYeHHS YNPaBIiHCBKHAX i

Pucynok 1 — @yHkiioHansHa Mozelb iHGOpMaILiiHOT
AQHANITHYHOI CHCTEMH

VY mifgcucTeMi MOHITOPHHTY BUKOHY€EThCS 30MpaHHs Ta
nepBuHHA 00pOoOKa iH(popMaii Ipo mapamMeTpH MpoIeciB
peasbHOrO CBITY, IO T€HEPYIOTh 3HAYEHHS IPOCTOPOBO-
4acoBOT'O PALY.

4 EKCDEPUMEHTU

[HTepnperaniss 3agadi MPOCTOPOBOTO  OLIHIOBAHHS
3[iliCHIOBaJIach Ha BHXIJHOMY IPOCTOPOBO-4aCOBOMY
Pl 3HAUCHB JIOKAIIiH, Jacy i CKIQJHOCTI aBapii, mo ¢o-
pMyBaBcsl 32 NAaHUMH OQIIIHHOTO CaWTy KOMYHaJIbHOTO
mianpuemMcTBa «XapKiBBOJIOKaHAI.

MopaentoBaHHs IPOBOAWIOCH 3a pailoHaMu M. XapKo-
Ba, 30KpeMa, po3risiaascs llleBueHKiBChKUil paiioH. 3ara-
JIOM TPOaHATI30BaHO Ta yHopsakoBaHo Outbmie 4400
cnoctepexxens 3a 2016 — 2019 poxwu.

Ha puc. 2 HaBeneHO pe3ynbTar MoOYIOBH PEryssipHOT
NPSIMOKYTHOI CITKH Y SIKOCTI PO30OWTTSl KOHTPOJILOBAHOI
Tepuropii D (TepuTopii paiioHy) Ta BiAnoBiaHO, Mepexi G.

LitocTpaniero 3acrocyBaHHs iHTErpajJbHOTO MIAXOIY €
tabu. 1, e HaBeIeHO NMPUKIIA] O0YNCICHHS MOTYKHOCTEH
9, TOYOK-reHepaTopiB V; MepeXi BOAOIOCTAYAHHS TEPH-
topii llleBueHKIBCEKOTO paiioHy M.XapKoBa.

J\y

bw

bot—1

s 4

0 do as

Pucynok 2 — Kapra IlleBueHKiBChKOTO paiioHy, M.Xapkis, 3
nobynosanoro citkoro. [lepiox 1-10 6epesns 2018 p. Temni
TOYKH — MiCILI aBapiit
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Tabmums 1 — [MoTykHOCTI ; TOUOK-TeHEPaTOPIB V; MEPEK BOJO-
nocradanHs tepuropii llleBueHKiBcbKOTro paiioHy
M. XapkoBa 3a 6epesenb 1918 p.

Koopaunara y
25 175 12,5 ‘17,5 ‘22,5 27,5 32,5 | 37,5 |42,5

25| 3| 2| 2 1l 1] 1] 3
75| 4| 2| 2 2

12,5
- 3 2| 1| 2
£ |-175 3 201 2| 3] 2 1
=
E |-225| 3 1 20 1
53
S 275 3| 1 2 2| 1
32,5 1 1 1| 2| 2 1
3750 1| 4| 1 20 1] 2
—42.5 1

B xomipkax Tabn. 1 HaBeAEHO KiNBKICTh aBapiii Ha
JIaHKaxX MEPEeX BOJIOIOCTAYaHHS, 110 Hajle)KaTh BU3HAYC-
HUM KOMipKaM PeryJIsipHOI CITKHA pO30OUTTS.

Bubip HanpsMy KoopaMHAaTHHX ocedl iHdopmarii
Tabin. 1 y3romkenuii i3 po3ranryBanHsaM LlleB4eHKIBCHKO-
ro paiioHy BiIHOCHO reorpadivyHOro IeHTPy M.XapKoBa.

3a nanumMu Tabia. 1 moOyA0BaHO MOBEPXHIO J(X,)), AKY
MOJIaHO Ha puc. 3. BTl HACHYCHUM KOJIBOPOM Ha pHC. 3
3a0apBJICHI KOMIPKH 3 BUIIIOK KUIBKICTIO aBapii.

425
37,5

32,5

42,5
37,5
325
-275 §
225
17,5
12,5

Pucynok 3 — CkansipHe nosie HeOe3neKku 3a crocrepe-
xeraaMu 1-10 6epesns 2018 p.

PosrisiHeMO eTamu anropuTMy peanizaiii peiakca-
LIHHOTO MAX0IY.

Etan 1 — migroroBunii.

Kpok 1.1. TlimroroBka BXigHHX HaHUX. BHU3HAYCHHS
€JIEMEHTIB KOpTexKy (4) cTtocoBHO Teputopii IlleBueHkiB-
CBKOTO paiioHy M. XapKoBa, IO PO3TIAAAETHCS.

Kpok 1.2. BusHaueHHS TOBXHWHU CTATUCTHIHHUX PSIIIiB
JAHWX 010 XaPaKTEPUCTHK JIAHOK MEPExkKi 3a POpPMYIIO0

Tro =T —Tp )-
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Kpok 1.3. BusHaueHHSI KpOKy po30HTTS H HOBXKHUHU
Tro, 110 3aCTOCOBYETHCA Y 3BOPOTHOMY mopsanky. Ilpu
BOMY TIOKJIaJEeMO, L0 TOYaTKOBUH PIK eKCIUTyaTamii
JIAHOK MEpPEexi, 10 po3risimaerbes — e 1940 p., ocraHHii
pik mouatky ekcruryatauii — 1989 pik.

Hanpuknan, npu kpomi A=7, BIiIIOBIIHO BHU3HAYCHO
7 xnacrepiB: [<1940-1950], [1951-1957], [1958-1965],
[1966-1973], [1974-1981], [1982-1989], [1990 — no uei
yac].

Kpoxk 1.4. Knacrepusaniss MHOXKHHH JIaHOK Mepexi G
3a TEpMIHOM BBEJICHHS B €KCILTyaTamio. Ik 3a3Ha4anoch,
knacrepu K, m=1,2, ..., M, B 3araqbHOMY BHIIaJKy €
TEOMETPUYHO HE3B I3HUMH MHOKHHAMH.

Ha puc. 4 HaBeneHuii npukiaj Kiacrepusaiiii Mepexi
BOJOIIOCTaYaHHs pailoHy M. XapKoBa, [1€ €JIEMEHTH KJac-
TEpiB Mepeki BOAONOCTA4YaHHs BUAICHI PI3HUMH Tpaja-
I[ISIMH CipOTO.

yjl

0

>
i»

X

Pucynok 4 — Knacrepusarist iepejaBaibHAIX Mepex

Kpok 1.5. IepeBipka rinore3u moao posnoxiny [lya-
CCOHa yHcia k BHIAJKOBHX BiJIMOB IPOTSTOM Hepioay ¢
Ha KJacrepax K, Burisny (6).

KpurepieM cnpaBeIMBOCTI TiOTE3W HPO PO3MOALT
ITyaccona momentiB HactanHs THC Ha mepexax Bomo-
NOCTa4aHHs Ha Kiactepax gj, j=1,2,...,J, € BUKOHaHHA
YMOB

E{X}=), D{X}=y. (12)
Enementn K HEBHOTO KIacTepy
K, = {k,ln, Ky k,z,Ym } Yy mnojanbLIOMy BBa)KalOThCS

Jokepenamu (TeHepaTopamu) aBapiid, LI0 XapaKTepu3sy-
I0TBCS OJTHAKOBUMH 3HAUYCHHSIMU BEIUUUHU Z(V, 1): Z,.
3rigno Hakasy [17] nopisi, sika MOXe TpanuTHCh Ha
Mepexax BOJOIIOCTAYaHHsS B pa3l Aid HECIPHUATIMBUX
YUHHHUKIB TEXHOT'€HHOI'O TOXOJDKEHHs, Oyne KBai(iky-
BaTUCh K HaJ3BHUYAfHA CHUTYAIlis, SIKIO TPHUIIMHEHO BO-
nonoctadanHs Oinbire 30% po3paxyHKOBOro o0csry Bo-
JIOTIOCTaYaHHsI HACEIEHOro IyHKTY (MicTa) yepe3 aBapii
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Ha 00’€KkTax BOJOMOCTAaYaHHS a00 MOIITKOKEHHS MEPex
BOJIOTIOCTAYaHHSI.

Microm B YKpaiHi BBa)KaeTbCsi HACEJICHUH ITyHKT 3
HaceseHHsiM Oinbme 10000 oci6.

[Mpomno3uuist 2. Buxoasuu 3 Toro, mo HaceneHHs Ille-
BYCHKIBCBKOTO paioHy cKiazae 15 BiICOTKIB HaceleHHS
M. XapkoBa, To0TO Tpubim3Ho 230000 moxeit, Oynemo
BBa)KaTH 110 aBapil Ha JUITHKAaX MEPEeXi BOJOIIOCTAuaHHs
3 miameTrpoM Tpyou I-ro kmacy — Big 1000 mo 1200 mwm,
TOOTO Ha MaricTpajbHUX BOJIOTOHAX, 1[0 TPUBAIOTH 2 abo
Oinmpmre mi0, 3aIOBOJBHSIOTE YMOBU BH3HAYCHHS HA/I3BH-
YaifHO1 CUTYyAIlil.

VY3aranpHeHa iH(pOpMAIlS MO0 XapaKTEPUCTHK PO3-
MOJIUTIB Ta EMITIPUYHHUX 3HAYCHH MapameTpiB A (IHTCHCH-
BHICTh HACTaHHS aBapiil y MicsIb) HaBeJeHa B Ta0I. 3.

3ayBakeHHs 3. Bimmitimo, mo B Tabn. 3 BpaxoBani
BCl aBapil Ha Mepexax BOJOIOCTAYaHHS, B TOMY YHCHI Ti,
110 HE MOXYTh OyTH Kiacu(iKOBaHi SIK HaI3BUYAWHI CH-
Tyanii, HanpuKiIag, KOJM TPUBAJICTh aBapii MeHme 18
TOJIMH.

AHani3 HasBHOI CTaTUCTUYHOI iH(OpManii Hamae Mo-
KIJIUBICTh 3pOOMTH BUCHOBOK, IO aBapii Ha Mepexax BO-
JIOTIOCTaYaHHs 3 TPHUBAIICTIO JIOKANi3allii Ta JIKBimarii
aBapii Oumpmie 3a 18 romwH ckimamaroTe mpuOmU3HO 11—
15% (10-21 aBapiii B micsmp, 0—4 aBapii B 1eHB) Bif 3a-
raypHOI KIJTBKOCTI aBapiif 3a BciMa KiIacTepamu.

Tabmuus 3 — XapakTepHUCTHKN PO3HNOALTIB Ta eMITIPHYHUX
3HAYCHb IapaMeTpiB A

XapakTepucTUKH Knacrepu
CTaTUCTUYHOTO
pany I 1I I . VI vl
Ycboro 3HaueHb 988 950 862 293 249
Cepenne 2744 | 2639 | 23,94 814 | 691
(3a Mic1p)
Aucrniepciz 25,11 | 29,21 | 21,43 9,55 | 7,22
(micsip)
Am 27,44 | 26,39 | 23,94 8,14 | 691

OnHak CTaTUCTUYHHUH PsIi MOMEHTIB HACTAHHS TaKHUX
aBapiif Tex 1o0pe anpokcumyeThest posmoainom [lyacco-
Ha.

Etan 2 — ocrHoBHu#. I100yn0Ba Ta 3ammycK mporpaMHo-
ro CHUMYJISITOPY, TOOTO TeHeparllisi TMEeBHOT KiJTbKOCTI BH-
npoOyBaHb. Pearnizaliis ckiagoBuX Mpolecy iMiTaliifHoro
MO/ICIIFOBAHHS [IPOCTOPOBO-4aCOBOTO PsAY MPOBOAUTHCS
B paMKax IapajurMy JUCKPETHO-NOAIEBOIO MOJIEIIOBAH-
HS TIPOTSITOM JIESIKOTO TIEPiogy MOJIENIFHOTO Hacy sK iTe-
pariifHu# Tpoliec, Ha KOXKHIHM iTepallii SKoro BU3HAYAETh-
csl QyHKIiA Z.

Kpoxk 2.1. BuzHaueHHs IMOBIpHOCTEW HACTaHHS ITOJIi
(aBapii, Hag3BUYaitHOI cuTyanii) 4, Ha knactepi K, y
OJIMHMIIIO Yacy Ta, BiINOBiIHO, HEHACTAHHSA MOMIl 4, Ha
kyacrepi K, i3 ypaxyBaHHsAM 3ayBaykeHHS 1.

Kpox 2.2. 3aBmaHHS NOBHOi AMCKPETHOI MHOXKUHH
0= {qe}, 0=1,2,...,© necymicnux mogxiii Burmsry (10),
Ta st KOXKHOTO €JIEMEHTY MHOXKHMHH () BU3HAYCHHS HMO-
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BIPHOCTI py peaiizamii BIAMOBIAHOI CKJIATHOI MOl g,
96€Q,6=12,..., ©

@OparMeHT BU3HAYEHHS HEOOXiTHUX WMOBipHOCTEH Ha
MIPOCTOPOBO-YaCOBOMY Psifii TapaMETPiB aBapiid, 110 po3-
[IIAA€ThCSI, 3 TPUBAIICTIO JIOKAJI3aIlil Ta JikBigamii Oi-
JIBIIIC OJIHI€T T0OM HaBeneHMI B Ta0I. 4.

Tabmuus 4 — Posnoain iMOBipHOCTEH HACTaHHS aBapii 3
TPHUBAJICTIO JIOKaJIi3amii Ta JiKkBigamii OiibIe ofHiel 100n

MaxkcumanbHO ﬁMOBipHiCTL HacTaHHsS MOJii
§“ 6 MOKJINBA Koanoi | Opua JIBi Tpu
2 S KUIBKICTh moii — moist moxii | momil —
2| =3 no i Ao | —Am | “Am | Am
1 0,68 3 0,512 0,343 0,115 0,026
I | 0,51 3 0,601 0,306 | 0,078 | 0,013
11 | 0,47 3 0,625 0,294 | 0,069 | 0,011

Kpoxk 2.3. BuznauenHns inaekcy 0 nmomuii g 3 MHOXXHHHU
(9), mo peanmizyeTbcs Ha JaHid iTeparlii, 3a JOIOMOTOI0
reHepailii piBHOMipHO po3nonineHoro Ha [0, 1] Bunanko-
BOTO ymcia & imepesipku ymoBu (11).

Kpoxk 2.4. BusHaueHHs dacy JioKasi3ariii Ta JiKBiamii
aBapii, KOTpUI MOXKHA IHTEPIIPETYBaTH K 4Yac 00CIyro-
ByBaHHs ‘P'; apapiiiHoro enemenTa g;.

JlocimimKeHHsT BUXIAHOTO ITPOCTOPOBO-4ACOBOT0O PSIIY
aBapiit 3a manumMu o(iNiifHOTO caliTy KOMYHAJIBHOTO ITijI-
NpHeEMCTBA «XapKiBBOAOKaHAD» TMoOKasano, mo uac ¥,
3aI0BOJIbHSIE HOPMAILHOMY PO3IOJUTY 3 33/IaHUM Cepeil-
HIM | Ta CTaHJAPTHUM BIIXWICHHSM G:

{ 7{lnt—uj2
= 26 ) >0, 13
f@ oot (13)

Jie IapaMeTpy [ Ta G, 10 BU3HAYAIOThCs Ha Kiactepi K,
€ gyHKuissMu Bif piBHA Z,, 30UTKIB.

Kpoxk 2.5. Bu3HadeHHs 3araqpHOTO 00CATY 30MTKIB B
JaHOMY BHIIPOOYBaHHI 32 YMOBH HOPMYBAHHS 32 YaCOM.

Kpoxk 2.6. 3axmounnii. BusHaueHHs cepenHix (cyma-
PHHUX) XapaKTEPUCTUK EKCIIEPUMEHTY

B skocTi cepeanpoi (CyMapHOi) XapaKTEPUCTUKH €KC-
MEPUMEHTY MO>KHA BBA)KaTH IHTEHCHBHICTB A.

3ayBaxkeHHs 4. I3 Teopii iimoBipHOCTI [ 16] Bimomo, o
SIKIIIO YHMCJI0 MOMEHTIB HACTaHHS IMOMIN 3a MEBHHUU MPO-
MDKOK 4acy 3a0BoubHsie po3noain [lyaccona, To po3mo-
JIUT IHTEPBAJIIB Yacy MK MOCITITOBHUMH HAIXOKCHHIMU
MOJTi¥ Bi/IITOBIIa€ €KCITOHEHIIATEHOMY PO3IIOILTY.

SIkmio Mm — € iHTeHCHBHICTH TIOABM MoJiifi B po3mo-
mini IlyaccoHa, TO po3monin 4acy ¢ MiX IOCIIIOBHUMHU
HaJXO/KCHHSAMH 3asBOK BH3HAYAETHCS IMUIBHICTIO HMO-
BipHOCTI

F@O)=h,e . (14)

TakuM YHHOM YMOJXIIUBIIIOETHCS MOJICIIOBAHHS Ha-
crands MmoMeHTiB THC Ha 4acoBiii oci Ha IIEBHUX Kjac-
Tepax.

73
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OTKe, BUXITHIMYA JaHUMH U MOJICITIOBAHHS € Ta-
Ki:
— MacuB HMOBIPHOCTEH HACTaHHsA MOJIi , Ha Kiac-

—At
5

tepi K, y oguHHIO "acy B (7) = (A,,t)e Ta, Bij-

NOBiIHO, HMOBipHOCTEH (, - » (,, ) TOAIl 7 HeHac-

tanHs THC na knactepi K,

— MapaMeTpH |l Ta G HOPMAJIBHOT'O PO3MOALTY Yacy
ob6ciyropyBanus ‘¥

Jns 3amycky cumymstopy (kpoku 2.2. — 2.4 peaiti-
3alii peakcaIiifHoro miIXoy) 3a1at0ThCs:

— PIK IPOTHO3YBaHHS, 1[0 BIJIMBAE HA PO3MOLI JIa-
HOK 1H)XEHEPHHUX MEpeX TEPUTOPii, IO PO3IIILAAETHCS,
3a KJIacTepamu;

— OIMHUIIS 9acy MOJIEIIIOBAHHS;

— TOUKa BiITIKY Ha 4acoBii oci;

— TOPU30HT IUIaHyBaHHS.

Pearnizanito 3arrpornoHOBaHOTO AJITOPUTMY B paMKax
iHpopMariifHoi miacucTeMy, (QyHKIIOHATBHY MOJEIb
SIKOT HaBEICHO Ha pHC. 1, MPOBEAEHO i3 3aCTOCYBAaHHAM
cuctemu Scilab (Bepcist 6.1.0 Bix 25.02.2020) — xpocn-
natopMeHoi cUCTEeMH KOMIT F0TEpHOT anredpu.

5 PE3YVJIbTATH
IIpn mpoBeneHHI KOMIT IOTEPHUX EKCIIEPUMEHTIB
0I0ZI0 TPOTHO3YBaHHS  MapaMeTpiB  MPOCTOPOBO-

JaCOBHUX CTATUCTUYHUX PSNIB 38 HABEACHUMH METOIH-
KaMH BH3HAYCHI HACTYIHI OCOOJMBOCTI 3aCTOCYBaHHS
MIPOEKIIHHOT0, IHTETPAIBHOTO Ta PEJIAKCAIHHOTO Me-
toniB. Ileprr qBa METOIM 3aCTOCOBYIOTHCS MPHU HEOO-
XIMHOCTI imeHTH®IKaIii  MPOCTOPOBHX ITapaMeTPiB
€JIEMEHTIB psAAYy Ha TOPU30HTI IUIAaHYBAaHHSA, TOAlI fAK
penakcaliiHuil MeToJ| J03BOJIsiE abcTparyBaTucs Bij
0e3rmocepeTHOr0 OOUNCICHHS MPOCTOPOBHX MapaMeT-
PIB 1 PO3MIMPUTH MPU [IBOMY FOPH30HT TUIAHYBAHHS.

AHai3 psty 1HTEHCUBHOCTI A, aBapiil TPUBATICTIO
nikBimanii Oueine 3a 100y mo kmacrepax K, 3 mpoBe-
JeHuid 3 BuKkopucTanHsaM tecty Jliki-Dynepa. PiBHSH-
HS BIIIOBIZHOTO aBTOPErPECiHHOrO IMpoIecy Mae BH-
LIS

km:(XOm + olim }"ma

Ie Olom € (0,01...0,019), ot €(1...1,1), mo migrBep-
JDKYy€ BIIACTUBICTh HECTAIlIOHAPHOCTI PAAY
Pesynpratn MozpenroBaHHS Ta MOOYIOBH IPOTHO3Y
3Ha4YeHb Ay, 110 KiIacTepax K, HaBeleHi Ha puc. 6.
ba3oBi 3Ha4YeHHS A, — HIKHSA JiHiA rpadiky. Bumi
TiHiT — 3HAYEeHHS A, HA MepiojJ Ta Ha JiBa Mepioau 3a
KPOKOM PO30HUTTs H BIiepea BiIIOBITHO.
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B rpaguueckos okHo 0

Qaiin WHCTpYMEHTEI ‘Dpasxa ;‘npamca m
BRAK DY 4@

Tpaieckoe okHo 0 kS

Pucynok 5 — I'padiune momanHs pe3yabTaTiB MOACITIOBAHHS

IIpoBeneHi YncenbHI €KCTIEPUMEHTH 332 HaBEACHUMH
METOJUKAMH 3 ICTOPUYHUMH PSAaMH TAaHHUX I0JJ0 MEPEK
BOJIONIOCTaYaHHsI Ta BOJOBiABEACHHs M. XapKoBa, KJIacH-
(hikOBaHUMH 33 XapaKTEPUCTHKOIO BEIMYMHH OIHKU
30UTKIB (aBapisi — Ha/3BUYaliHA CUTYallisl) OKa3alu CXO-
KICTh JTUHAMIKH IHX PSIIB.

6 OBI'OBOPEHHS

[IpoBeneHi eTany KOMIT IOTEPHOTO MOJCIIOBAHHS Ia-
paMeTpiB IPOCTOPOBO-YACOBOTO PsAy 3a JaHHMH LIOJO
Mepex BOJOIOCTaYaHHS Ta BOJOBIABENCHHS M. XapKoBa
MiATBEPIKYIOTH 0a30Bi MPHUITYIIEHHS MOJAETI 00 Xapa-
KTEPUCTHUK MOMEHTIB HAJXO/KCHHS BiZIMOB 00JaIHAHHA
(HactaHHA MOAIN), SIKI € AMCKPETHOIO BUIIAIKOBOIO BEIH-
YHUHOIO, HaHBHiCTL IMOCTYNOBUX Ta CUCTEMATHUYHHUX Bi}l-
MOB O0JIaHAHHS; MPOCTOPOBO-YACOBY PO3IOMALICHICTh
BUII4JIKOBOTO TIOTOKY TOAiH; HEOOXIJHICTb ypaxyBaHHS
KIJIBKOX JUKEpeN HaCTaHHs MOAIH, 110 B LIJIOMY MOPYIIYye
BUMOTY OpJIMHApHOCTI mpouecy. B maniii mozxeni 3a pe-
3yAbTaTaMy aHaNI3y HAsBHUX ICTOPHYHHUX JAHUX BH3HA-
YEHO BEPXHIO MEXY KUTBKOCTI aBapii, IO BiOYBAIOTHCS
OJJHOYACHO — TPH aBapii.

Pospobnene mnporpamHe 3a0e3medeHHS] METOIMKH
MIPOTHO3YBaHHS MapaMeTPiB MOXKIIMBOI aBapil Ha MpUKJIa-
IOl MHOXKMHM JaHUX IIOJO0 MEPEeX BOMONOCTAYaHHS Ta
BOJIOBIIBEJICHHS, M. XapKoBa Ja€ MOXJIHBICTH i Oe3mo-
CEPEeHBOT0 3aCTOCYBAHHS IS IHIIIUX THITIB CHCTEM JKUT-
T€3a0e3MEeYCHHS METaIoJicy.

BHUCHOBKHU

1. B pobori BupileHa akTyajgbHa 33ja4a 3 PO3pOOKH
METOAMK IMOOYIOBH aHANITHYHOI HMOBipHICHOI Momemi
MPOCTOPOBO-YAaCOBOTO PAAY i3 HECTAL[IOHAPHOIO YaCOBOIO
CKJIaIOBOI0O HA OCHOBI (Qopmaiizamii mpocTopoBoO-
YaCOBOT'O BUIIaAKOBOTO TIOJISL.

2. Po3pobineHo ¢yHKIiOHATBFHY MOJIENb Ta IPOTPaMHY
peamizarito iH(GoOpMaIiifHOI aHAIITHYHOI CHUCTEMH, IO
peaitizye qaHi METOAMKH.
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3. BusHaueHO mpamne3aaTHiCTh, 0COOIMBOCTI Ta MEXI
3aCTOCYBaHHS PO3POOIEHUX METOIVK JUIS ONPALFOBaHHSA
CTaTHUCTHYHOI iH(pOpMaIil Npu JOCIIIKEHH] iH)XEHEPHOT
IHQpaCTPyKTypH MICT.

HaykoBa HOBH3HA OTpUMaHUX pe3yJIbTaTIB IOJISTAE
B TOMY, IO OTPHMAJN MOJAJbIIMHA PO3BUTOK METOAN
IIPOTHO3YBAHHS ITapaMeTpiB MPOCTOPOBO-YACOBUX PSIIIB 3
ypaxyBaHHSM BJIACTHBOCTI HECTAIL[IOHApHOCTI PO3MOALIY
9acoBOI CKJIAJIOBOI.

I[IpakTHyHe 3HAYEHHS OTPUMAHHUX PE3yJbTAaTiB IIO-
JATa€e B MOOYIOBI ANTOPUTMIYHOT Ta POTPAMHOI peaiza-
mii iMITamiiHOT MOJeNi, MO PO3TIIAHAEThCS, SIK Cepeno-
BUIIA KOMIT IOTEPHOTO MOJEIIOBAHHS 3HIDKEHHS MacIlTa-
0iB Ta IOM SKIICHHS HACHiAKIB BIUINBY HEOE3MEUHUX
(axTopiB aBapiil Ta HaJ3BUYAHHUX CUTYallil Ta IHKEHEep-
Hil iHppacTpyKTypi MicTa.

IMonibna ¢dopmanizailis 3akiamae TEOPETHUHY 0azy
MoOYyZ0BM METOANYHOTO ¥ iH(opMmaliiiHoro 3ade3nedeH-
HS IPOTHO3YBAHHS PU3NKY 3HIDKEHHS PIBHSI TEXHOTCHHOI
Oe3mekn MeramoJica sk 3aco0y OnTHUMI3allil BiAMOBIIHUX
YIpPaBIiHCHKHUX PIillIEHb.

NOAsAKHN
Pob6oTta BuKOHaHa B pamkax aepxxOromxerHoi HJIP
HarmionansHOTO yHIBEpCUTETY MUBLIBHOTO 3aXUCTY YKpa-
fuu (M. XapkiB) «IloOynoBa MporHo3y BUHUKHEHHS 1 po3-
BUTKY HaJ[3BUYAlHUX CHUTYyallii TEXHOI'€HHOTO XapakTe-

py» (Ne IP0110U001004).
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AHHOTAIUSA

AKTyaJIbHOCTb. AKTYyaJbHOCTh pabOTHI 3aKIII0YAETCS B CO3/IaHUHM METOJIOB aHAIIN3a U 00pabOTKU NPOCTPAHCTBEHHO-BPEMEHHOM
nHpopmalmy, a IMEHHO PSJIOB JIAaHHBIX, PACIPEIEICHHBIX KaK B IPOCTPAHCTBE, TAK ¥ BO BPEMEHH, M IIOCTPOSHUU Ha 3TOH OCHOBE
KOMITBIOTEPHOH BEPOSTHOCTHOM MOJENH IpoLecca MPOrHO3UPOBAHUS BOSHUKHOBEHHUS U Pa3BUTHS UPE3BBIUAMHBIX CHTYaIMH TEXHO-
IEHHOTO XapakTepa Ha WHXKEHEepHOH MH(ppacTpyKType ropoza. [IpocTpaHCTBEHHO-BPEMEHHON XapaKTep PANOB JaHHBIX ONpEeNsieT
JOTIONTHUTETbHBIE TPeOOBaHMS K MPOIeAypaM UACHTH(OHUKAINA MaTeMaTHIEeCKOH MOIENH Psfia, U B CTaThe MPEUIAaraeTcst psi MOaX0-
JI0B K K €€ CTPyKTypPHOH M ITapaMeTpUIECKOH HICHTH(OUKAIHH.

Hean. Co3nanue, MeToaMIecKast ¥ IPOTpaMMHast peasiu3anisi KOMIIBIOTEPHOI MOJIETH MPOCTPAHCTBEHHO-BPEMEHHOTO Psifia, KO-
TOpPBIA OyAeT MCHOJIB30BaThCs AT IIPOTHO3UPOBAHNS Oy IyIINX 3HAYCHUH JIOKAIMI U BPEMEHH BO3HMKHOBEHUS YPE3BBIYANHEIX CH-
Tyanuii Ha MH)KEeHEPHOH MH(PACTPYKType MEraroinca i NOBBILIEeHUS 3P ()EeKTHBHOCTH IPUHATHS YIPABICHUYECKUX PEIICHUH.

Mertona. Pa3paboTan npoeKIMOHHBIIN TOIX0M, IPEIyCMaTPUBAIONIUN HE3aBUCHMOE ONPeJIeNICHUE CIIyYaiHbIX TPOCTPAHCTBEHHBIX
rapaMeTpoB aBapHHHBIX 3BEHBEB MHXKCHEPHOW MHQPACTPYKTYPhI KaK IOCIEIO0BATEILHOCTH JABYX OJHOMEPHBIX PaBHOMEpPHBIX pac-
MIPe/IeNICHUH U OIpe/IeNICHUs] BPEMEHHOTO pacipe/ieNIeHUsl MOMEHTOB BOSHUKHOBEHHMS aBapHil Kak HECTALIMOHAPHOTO PaCIIpeIeICHUs
Ilyaccona. IIpenyiosxkeH MHTETpabHBIN MOAXO, BKIIOYAIOMIUN MOCTPOEHHE TOYEK I'€HEpaTopoB, MOLIHOCTH KOTOPHIX (XapakKTepH-
CTHKa CIOKHOCTH aBapHH) ONPEIEIAeTCS Ha OCHOBE PEalM3ally MOAXOJAa CPaBHUTENBHOH CTATHKH C TaK HA3bIBAEMBIM HAKOIH-
TENbHBIM 3()(EKTOM B IPeeax ONpeAeIeHHOr0 BpeMeHH. [1ocTpoeH perakcanuoHHbIH MOIX0 K OTNPEIeTIeHHIO TapaMeTPOB MOJIe-
JIM UCXOIHOTO IPOCTPAHCTBEHHO-BPEMEHHOTO PsiJia, OCHOBAHHBIH Ha KJIACTEPHU3AIMH IIPOCTPAHCTBEHHOH COCTABIISIONICH B COOTBET-
CTBHU C BPEMEHHOH XapaKTepHUCTUKOMH.

IIpoBenena ¢dopManu3anys IPOCTPAHCTBEHHO-BPEMEHHOIO IIOJIS, MOCTPOSHBI HPOLEAypbl HH(OpPMAMOHHOTO obecreyeHHs
mporecca MMPOrHO3UPOBAaHHs NapaMeTPOB BO3MOXKHOW UpPE3BBIYAMHON CHUTYyallMH, BBHIOJHEHA TUIHM3ALMS MCXOJHBIX IAaHHBIX JUIS
MIPOBEACHUS YUCIEHHBIX 3KCIIEPUMEHTOB Ha MPHUMEPE CETH BOAOCHAOKEHHUS M BOJOOTBEAEHHSI KOMMYHAIBHOTO MPeANpHATHs «Xa-
PBKOBBOJIOKAHIII», T. XapbKOB.

PesyabTarsl. [lpexnokena myanbHas METOHONOTHS OMNPENENCHUS MapaMeTpoB HMHUTAIMOHHOM MOAENH IPOCTPAHCTBEHHO-
BPEMEHHOTO PsJia, CoJieprKalias Kak MPOEKIIHOHHBIN Tak ¥ MHTETPabHBIN MOJXO0/bI, 8 TAaKXKe KOMOMHHUPOBAHHAsI METOJJMKA — PEIaK-
canuoHHBIN moaxo[. [IpoBeneHs!I YnClIeHHbIE SKCIIEPUMEHTEl Ha OCHOBE IOCTPOCHHOI MOJEH, KOTOpas SABIAETCS TEOPETHIECKOMH
OCHOBOH JUISl OCYIIECTBIICHHS ¥ IOCTPOCHHS IIPOTHO3a C HCIOJIB30BAaHUEM OOJIBIIOr0 00beMa HCTOPHIECKHUX JaHHBIX.

BriBoasl. B pabote momyduun nanbHeiniee pa3BUTHE METOA IPOTHO3UPOBAHMS ITapaMeTPOB IPOCTPAHCTBEHHO-BPEMEHHBIX psi-
JIOB C YYETOM CBOMCTBa HECTAllMOHAPHOCTHU PACIpe/ieieHHs] BpeMEeHHO! cocraBistomeil. [IpuMeHeHue npeyioxKeHHbIX HHCTPYMEH-
TaJbHBIX CPE/CTB KOMIIBIOTEPHOTO MOJEIUPOBAHUS MO3BOJIAET IOBBICUTH TOUHOCTH IPOrHO3a JIOKALMH, BPEMEHU HACTYIUICHUS U
TSDKECTH BO3MOXKHOW aBapHy Ha MHXKEHEPHOI HHPPACTPYKTYpe MEraroimca.

KJ/IFOYEBBIE CJIOBA: mpocTpaHCTBEHHO-BpPEMEHHBIE PsIbl, HECTallMOHAapHOe pacmpenenenue [lyaccoHa, MMUTalMOHHAS
MO/ieNb, MHXKEeHepHast HHQpacTpyKTypa.

UDC 005:355:[519.8::504.4]
COMPUTER MODELING PARAMETERS OF TECHNOGENIC EMERGENCY SITUATIONS ON ENGINEERING
INFRASTRUCTURE OF THE MEGAPOLIS

Novozhylova M. V. — Dr. Sc., Professor, Head of the Department of Computer Science and Information Technologies,
O. M. Beketov National University of Urban Economy in Kharkiv, Kharkiv, Ukraine.

Andronov V. A. — Dr. Sc., Professor, Vice-Rector of the National University of Civil Defense of Ukraine, Kharkiv, Ukraine.

Melezhik R. S. — Adjunct of the National University of Civil Defense of Ukraine, Kharkiv, Ukraine.

ABSTRACT

Context. The urgency of the research is to develop methods for analyzing and processing space-time information, namely the set
of data distributed both in space and time and creating on this basis a computer probabilistic model of the process of predicting man-
made emergencies on city engineering infrastructure. The spatio-temporal nature of data series causes additional requirements for
the identification procedures of the mathematical model of a series, therefore, the number of approaches identifying its structure and
construction of a series model has been proposed.

Objective is methodical and software implementation of a computer model of the space-time series being intended to predict the
future values of locations and times of man-made emergencies on the engineering infrastructure of the metropolis and increase deci-
sion-making efficiency.

Method. A projection approach providing independent determination of random spatial parameters defining location of emer-
gency units on engineering infrastructure as a sequence of two one-dimensional uniform distributions and describing time distribu-
tion of moments of accidents as non-stationary Poisson distribution has been developed. Proposed is an integrated approach which
includes the construction of generator points, the power of which (characteristic of the accident complexity) based on the implemen-
tation of the comparative statics approach with so-called cumulative effect within a certain time. A relaxation approach based on the
reduction of a two-dimensional simulation model of determining the city of possible emergency location to a set of independent one-
dimensional non-stationary (including stationary) distributions to generate the time of occurrence has been constructed. Formaliza-
tion of the space-time field, procedures of information support of the process of forecasting the parameters of a possible emergency,
typification of initial data for numerical experiments on the implementation of methods for forecasting the parameters of a possible
emergency on the example of water supply and sewerage network of utility company Kharkivvodokal, city Kharkiv have been devel-
oped.

Results. A dual methodology to determine the simulation model parameters of the space-time series, which contains both projec-
tion and integral approaches, as well as a combined method — relaxation approach, have been proposed. Numerical experiments
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based on the constructed model were performed. The model being considered is the theoretical basis to construct the forecast using a
large amount of historical data.

Conclusions. The method to predict the parameters of space-time series considering the nonstationarity property of the time
component distribution has been further developed. Using the proposed computer simulation tools allows to increase the accuracy of
the forecast of the location, time of occurrence and severity of a possible accident on the engineering infrastructure of the metropolis.

KEYWORDS: space-time series, nonstationary Poisson distribution, simulation model, engineering infrastructure.
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THRESHOLD PHENOMENON IN THE NONSTEADY BIOLOGICAL
PROCESSES

Perevaryukha A. Yu. — PhD, Senior Researcher of Laboratory for Applied Informatics, St. Petersburg Institute for
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ABSTRACT

Context. In modern conditions occur abrupt changes in ecosystems. The species composition of Caspian Sea is changing rapidly.
The dynamics of populations acquires an extreme character with the development of rapid invasions. The mathematical description
of scale transformations requires new modeling methods. Complicated population regimes of changes have features of the threshold
phenomenon in process of its development.

Objective. We set the goal of computational modeling of practically important scenarios — groups of situations that relate to
extreme and transitional dynamics of ecosystems, like outbreaks at the onset of dangerous invasions. We are developing a method
that, on the basis of the survival model of generations, will conduct a description of sudden transitions to rapid but limited outbreak
of numbers or, on contrary, a collapse of stocks like Atlantic cod in 1992 or Peruan anchovy Engraulis ringens in 1985. The purpose
of our modeling is to improve the accuracy of forecasts of the population size when experts are estimates a rational strategy for the
exploitation of biological resources.

Method. Situations of abrupt but short-term changes in population processes cannot be calculated by traditional mathematical
models and expressed in terms of asymptotic dynamics — closed limit trajectory sets. The basis of the idea of the method proposed by
us is the formalization of nonlinear efficiency of reproduction, which changes in a threshold manner only in strictly defined
environmental conditions. We use continuous-discrete time in the model for early ontognosis of the cod fish and insect pests. The
method with triggers allows us to take into account in simulation experiments logic and motivation of making decisions by experts,

people who manage the strategy of exploiting biological resources. Models assess variability for development of situations
Results. We have implemented new method of bounded trigger functionals into hybrid system of the equations, that acting in
selected specific states of biosystems. Analysis of new model scenarios with modifications of functionals in the basic hybrid system

for extreme situations in fish and insect pests is carried out.

Conclusions. We consider the method to be universal, since selection of the functional can be adapted to a wide class of models

using differential equations on a fixed interval.

KEYWORDS: mathematical biology, modeling of threshold effects, hybrid models, trigger functional method, population

outbreaks of insect, collapse of peruan anchovy.

ABBREVIATIONS
ODU is an allowable catch quota.

NOMENCLATURE
N(?) is a current size of one generation of a population;
w(?) is indicator for size development of individuals;
o, B are juvenile mortality rates;
p is a food supply parameter for generation;

M is a maximum food abundance;
r, is a reproduction rate of food organisms;

O is a correction factor for the rate of development;

A is a fertility of individuals average over the popula-
tion;

S is an amount of Atlantic cod parent fish stock;

R is a size of the final replenishment;

R _1,L 1t are a time gaps of the hybrid model time
set of continuous intervals;

M, T are parameters of time delay in equations;

te[0,T] is time interval of juvenile ontogenesis of
the northern cod or an insect pest;

t,, 1s an intra-frame time threshold;

q €[0,1) 1is fraction of fishing removal rate from a
fish stock;

K,9 are metabolism indicators in the Bertalanffy
model,;
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¢, is a resource exhaustion parameter;

o is a scaling indicator for trigger functional ¥ ;

/ is a scaling indicator for trigger functional = ;

Y is a trigger functional of the threshold effect of ag-
gregated group of the Atlantic cod fish;

Q[n] is a variable control function;

A is a disconnected set of intervals;

Sy is a Schwarzian derivative;

K is a carried capacity of ecological area;

E is a trigger functional of depletion effect of an in-
sect forest pests.

INTRODUCTION

Various biological objects can exhibit identical quali-
tative dynamics [1]. Such dynamics can be complex. It
refers to the transitional regimes of the existence of bio-
systems. In many ways, this problem is similar to the
analysis of electrical circuits with inductive elements, but
only when suddenly one element of the circuit breaks
down and begins to behave unpredictably. In the same
way, at first glance, biosystems also fall into the modes of
functioning prohibited by the principles of their regula-
tion. A good example is the body's confrontation with an
infection that is fatal. The immune system is too compli-
cated and most importantly it is individual to build its
mathematical models, but then we will look in detail at
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some qualitatively similar examples. It is interesting to
compare and summarize mathematically the forms of
manifestation of self-regulation in the dynamics of proc-
esses for such different studied biological objects as sea
fish (Atlantic northern cod or sturgeon in Volga River)
and insects, which affect forests in Australia and Canada.
In a previous paper [2], we built a hybrid model for a spe-
cial situation of degradation of sturgeon in the Caspian
Sea. We received a change of stationary and two different
chaotic modes of behavior. According to statistics [3], it
turned out that the reproduction of three close species of
sturgeon is expressed by completely different functional
dependencies on the graphs. It is difficult to explain in
ecology, but different species have a common population
dynamics, like cod and anchovy populations. On contrary,
they have no similarity of changes in numbers to the stel-
late and russian sturgeon fish in the Caspian Sea, which
being similar in evolution.

The object of study is the methodology for construct-
ing computational model scenarios of the process on sepa-
rate time frames. In the logical functions of the simulation
experiments of the hybrid model we will include the
properties of nonsteady biological processes, which in-
clude the action of rapid threshold phenomena and the
non-regular, aperiodic changes in population characteris-
tics. The method of constructing the variable structure of
the model will allow us to consider complex processes
with specific examples of collapse and pest outbreaks.

The subject of study is the algorithmic implementa-
tion for computational modeling, which allow calculating
a moment of occurrence of the most important phenom-
ena of collapse of fish stocks and determine the duration
of pest invasion in the model of insect outbreak scenarios.

The purpose of the work is to improve the accuracy
of predicting the state of fish populations for calculating
the rational distribution of the fishing quota during the
exploitation of biological resources. Flexible regulation of
the fishing quota based on the comparison of model sce-
narios will avoid degradation of valuable fish populations.
We will show that all three biology nonlinear effects can
be computationally simulated in one way — including the
trigger functional of limited scope. It is important that
types of such trigger functional and its area of its effect
naturally differ in real the examples in biology simulation
problems.

1 PROBLEM STATEMENT

The overall goal of our ongoing work is to expand the
methodological arsenal of mathematical biology. The
focus of our current research is a comparative modeling
of the common properties of the specific development of
the special nature of environmental processes. Here we
include the transition to outbreaks of numbers that have
threshold effects. For a variety of situations of ecological
confrontation between species that have reliably statisti-
cally determined threshold effects, an effective solution is
to propose a general method for modifying the population
model of the generation of successive generations. By the
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term “threshold effect” we mean a sharp change in a effi-
ciency of reproduction or a rapid increase in loss, which is
disproportionate to the change in the total population size.
Here we give a simple example, if density of organisms in
the experiment reaches a critical one, then a massive
death will occur due to a lack of oxygen. Otherwise, in-
sufficient numbers manifest themselves, as in social in-
sects it leads to poor food availability and low survival of
offspring, in Caspian sturgeon fishes to loss of eggs at
spawning grounds in the Volga River.

As a result of our improvement of methods, the theory
of optimal bioresources management will be able to simu-
late a scenario capable of detailing the internal mechanics
of feedback in transient environmental processes. For
example, the scenario as a result of a slight excess of the
level of impact is a rapid and unexpected for biologists
degradation of numerous previously and valuable stocks
of fish. A classic example is the immediate collapse Ca-
nadian cod fishery during 1992. The solution of an impor-
tant problem will be to show that various actual scenarios
are common from the point of view of nonlinear dynam-
ics and can be obtained by modifying systems of differen-
tial equations using the method of trigger functionals. The
method is applicable to analysis of situations in the col-
lapse of bioresources, rapid and unexpected degradation
of fish stocks, which is not replaced by restoration con-
trary to forecasts and calculations of specialists.

For the problem of describing situations, we will use
computational scenarios with functional iterations as
x,,, =o(x,)+Q[n], where Q[n] expresses a variable con-

trol function. @ must have clear population properties.
Mathematically, we consider the following properties of
such iterative model for nonlinear effects to be an actual:

1. 3x, <x,x >x :lim,__ o(x,)=x"
2. Vx, >x :lim,__ o(x,)=x".

3.3y, <x, :lim,__ o(y,)eA,infA<x".

n—»o0

4. Vx, <x,:lim,_,_ ¢(x,)=0.

5' (P(xmax) > xl b (p(‘xmin) > ‘x2 ’ ‘xmax < xmin :

This means that the function ¢ must have at least two
extremum points. Set A arise as disconnected set of in-
tervals. It is important that the function will have multi-
stability, ability to attract the trajectory of initial point x,
to different attractors. An important change in the scenar-
ios will be the value that the function takes at the points of
its extrema. Equilibrium states in the iteration model can
appear and disappear. We do not fix the number of equi-
librium positions, its value ranges from 2 to 4 points.

2 REVIEW OF THE LITERATURE
Modeling of ecological processes based on the formal-
ism of hybrid computing structures is noted as promising,
but there is not very much work in this area. A number of
studies were carried out with predicatively redefinable
parameters in models based on automata with transitions
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developed for a number of tasks to account for direct an-
thropogenic interference [4]. Interesting works were car-
ried out on the analysis of changes in Lake Chao in China
with eutrophication, with a sharp increase in the runoff of
nutrients [5]. Specialists in the problems of hydrophysics
modeled changes in the composition of the fish popula-
tion of Lake Sevan with a sharp decrease in level of the
lake [6]. Ecodynamic models must assess variability for
the development of a situation in a changing environment.
Biological justification for application of the numerical
solution of a continuous model on time interval in a form
of an evolution operator in discrete iterations is based on
the Ricker theory of replenishment formation in fish
stocks from, which he developed to analyze the manage-
ment of the pink salmon fishery in British Columbia in
[7]. The theory has several modern variants and modifica-
tions [8] with different functions [9]. Their difference is in
the occurrence of nonlinear effects in the dynamics of
iterations. These bifurcations are obtained for different
models of the opposite interpretation. The parameters in
the ecodynamics models are interpreted in completely
different ways, but their increase causes the same rear-
rangements of the phase portrait and bifurcations of at-
tractors. The “Feigenbaum cascade” is an example of the
versatility of behavior, the phenomenon, against their
will, many authors observe when calculating models of
the dynamics of bioresources [10]. The computational
structure of replenishment models was previously suc-
cessfully applied only to stocks in a stable state, not in
extreme conditions. We need to expand the model for a
situation of drastic change, and consider examples of con-
tradictions for two functions. For the famous Ricker func-

tion y(x) = axe ™ we have properties of older derivatives:

v '(x) = ae”" (1-bx),

v "(x)=abe " (bx-2),
v"(x)=ab’e ™ (3-bx) ,

W (0)=(=1)" ab" e (bx—n),
b —b*x* +4bx—6

> thus Sy<0 V xeR.
2(1-bx)

y=

Where Schwarzian derivative Sy always less than
zero. For the alternative  Shepherd function

f(x)=ax/1+(x/K )b by analogous procedures, we ob-

tain the following relations of the bifurcation parameters
of the derivative at the stationary points of all iterations

Vn:f(x)=f"(x):
fex)=x =k¥a-1,

df(x) (K" +x")aK’ —ab(Kx)' df(x)) a-ba+b

dx (K" +x")?

dx a

For b <1 there are no critical points, for =2 the repro-
ductive function of the stock and recruitment has a critical
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point x=K, but K is the carried capacity of ecological
area. Thus, the parameters a and b have the opposite in-
terpretation and the behavior of the models cannot be rec-
onciled. We need to develop a fluctuation model for fish
stocks without a cycle period doubling cascade. Com-
pared to previously known models, our new development
will be able to generate brief chaos modes. Such regimes
of chaos are very limited in time and can be detected on
the basis of observational data on state of the population.
Some modern researchers, when constructing models of
aquatic biosystems, deliberately construct discrete equa-
tions without the possibility of any chaotic regime. The
appearance of the chaos regime is unpredictable and re-
duces the possibilities for interpreting the simulation re-
sults. Many phenomena in modeling are not explainable.

3 MATERIALS AND METHODS

To build a computational model of populations with
clearly defined stages in the development of individuals,
we use the structure of time with a discrete and continu-
ous component of time. We decided to build a method for
analyzing nonlinear processes on the basis of a mathe-
matical description of the survival of generations of popu-
lations in early ontogenesis. The approach can be im-
proved in several ways. To the changing conditions and
factors in ecological and physiological development of
species, our computational models are logical to form, in
an algorithmic form, logical-event structures and to con-
sider them as scenarios. The first idea of our method is
that the new model of a population process is formed on
the basis of a dynamically redefined system. In ecology
problems about fish and insects, the key biological aspect
allows us to consider the consequences of changes in their
life cycle as a factor of nonlinear dynamics. Hybrid time
is formalized as a multiset of tuples. This time introduces
an event component to the management of the change in a
continuous process as a composition of sets:

U{R—Tn’[l‘n—]’tﬂ]’l‘—’t”}.

n

This time with right and left time gaps form with a
continuous and discrete component is constructed from a
set of ordered frames of non-fixed length. The second
idea of the method is to establish events with a set of
predicates of the first order, with which changes in the
system or control action are associated.

The method of organizing continuous-event comput-
ing structures was originally proposed by us to explain the
problem of low efficiency of artificial reproduction of
sturgeon in the Caspian Sea. Such a low effect of the re-
lease of fry to the Caspian Sea could not be explained by
ichthyologists. To build a model of phased ontogenesis,
we propose a predicatively redefinable computational
structure with three successive modes of change in the
generation state. We write the new formula of general
model with generalized three stages of development of
ontogenesis in the interval (without trigger functional),
but with inclusion of delay:
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—(o,w(t)N(@)+B)N(@), t<t
—oL,N@E)/ wt)=BN(@), t>T, W) <w (1)
—aWNEN(E-n), t,<t<T.

> Tw

dN

dt

The system (1) is written by a differential equation
with a set of possible forms for the right part and addi-
tionally with set of predicates for changing the mode of
calculations. In hybrid model (1) we differently inter-
preted juvenile mortality rates of fish or insects. The pa-
rameter value W need as the threshold level of average
dimensional development for a generation. The form for
the implementation of the model (1) in the computing
environment is the hybrid automaton. We construct such
an automaton with transitions on the basis of a graph with
oriented arcs — ways of transforming the right-hand side.
The rebuildings of the right-hand side occur either by
timing the time (we will call such transitions «timed
arcs») or predicative transitions (by calculating internal
model variables) that will be associated with the condi-
tions of other equations in the system. In our method, the
changes will be between state change modes. It differs
from transitions between the states themselves, as was
usual in discrete-event models. The basic hybrid structure
is solved (1) numerically in conjunction with an auxiliary
indicator of the dimensional development of a generation.
The second equation for example of simulation of young
sturgeon artificial cultivation is written as follows (2) with
the correction indicator & under the square root:

dw _ H
dt - J(N@N()+8)

2

The model (2) fixedly reflects the availability of food
supply, but we can set this indicator by the third equation:

dp _ B
dt_w@ Mj eN(t). (3)

The model (3) with maximum food abundance and
fixed reproduction rate of food organisms was tested to
assess the efficiency of rearing sturgeon fry in artificial
conditions and showed a slowdown in the growth rate of
individuals with an increase of initial generation N(0).
The method, which allows us to expand the base model,
made the idea meaningful for the extreme dynamics of
many invasive species with high fecundity of females. For
example, for sudden insect outbreaks with an incomplete
cycle of transformations, such spices as aphids and psyl-
lids. These insects have no natural defense against ene-
mies. The state and activity of many harmful insects of
phytophages are regulated by their enemies-parasites.
Parasites wasps usually attack one of the development
stages of a pest, most often eggs. The reaction of parasites
due to presence of clusters of available victims, namely
the value of N(0). The reaction to the initial number of
insect eggs will cause this modification for the specific
survival of insects:
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It is important for insect species to calculate numeri-
cally the fluctuations of  juvenile  survival
N(©0)—> N(T)=p(N(0)). We will obtain a functional

dependence on the initial (eggs, spawn fish caviar) group
of individuals N(0)=AS in model variation (la). The

reaction of their enemies is due to the crowding of the
victims most accessible to attack. Next, we consider ex-
amples of modifying the model of equations (1), (2) and
new equation (3) by our method of trigger functionals for
cases of special situations in dynamics in fish and insects.
Next, we will review and show a series of computer ex-
periments for hybrid models with trigger effects.

4 EXPERIMENTS

The method successfully applied to calculate the re-
production of sturgeon in the Caspian Sea, but not only,
for other fish populations even more relevant. In case of
small numbers, the role of unfavorable environmental
factors in reproduction of populations increases many
times. The spawning efficiency of Acipenser stellatus
stellate sturgeon according to data [11], in terms of the
number of juveniles that roll from the river to the Caspian
Sea, decreases sharply if the number of spawning fish
stocks (due to systematic overfishing) becomes less than
at the threshold. Acipenser stellatus now is dying out.

A disproportionate reduction in reserves replenish-
ment cannot be foreseen by correlation methods. The
main novelty of our approach is introduction into the hy-
brid, predicatively redefinable dynamic system of trigger
functionals with only a limited area of impact, which we
take from conditions of the ecological problem being
solved by our new models.

In our equation (1) of decay for the number of genera-
tions, there are two death rates, directly dependent on
population density o and independent rate 3. The value a
takes into account the quickest exhaustion of resources,
necessary for development as number of larvae increases.

It turned out to be important for assessing the stocks of
migratory fish, that with a low density of fish producers
entering the river, it makes sense for us to take into ac-
count loss of their reproduction at the stage ¢ =0. The
effect of loss of reproductive activity of fish is imple-
mented in model with trigger functional W[S] with a lim-

ited range of values it takes in this way:

¥ (S) =1+exp(-cS?),
limg  W(S)=1,¥(0)=2,

%’ = —aw(t)N” (6) = WIS BN (0).

“

In this addition function the new parameter reflects the
severity of the threshold effect, which acts because of the
reduced probability of spawning fish pairs in the river.
The numerical solution of the system (1-3) supplemented
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by the functional in (4) we use as an operator of the evo-
lution of functional iterations. We investigate the phase
porters for iterations R ,, =@(R,)—qR, , where g <[0,1)

the proportion of the harvest is taken from the fish stock.
Now population size is R value.

We obtained a trajectory with two possible asymptotic
states, but the regions of attraction of these alternative
stable states are separated by a fractal repeller. The forma-
tion of a chaotic repeller with a change in the position of
the extremes of dependence @(AS), generates a different

type of transitional chaotic motion than in the well-known
Feigenbaum Cantor-like attractor [12].

In our computational experiment scenario of the col-
lapse of commercial stocks develops from two phases. 1)
A stable population gets only after an increase in com-
mercial withdrawal in the aperiodic mode of fluctuations
already with a smaller number, but with the illusion of
recovery. 2) For the situation, if that moratorium was not
introduced in a timely manner, in 10-12 model seasons
the second phase of degradation named “collapse” will
occur decisively (as in computational experiment Fig. 1).

The resulting computational scenario summarizes
situation of collapse of the large long-lived fish fishery.
For the mathematical implementation of such a collapse
scenario of two phases, we propose to organize two
nonlinear effects in the dynamics of iterations. The first is
the inverse tangent bifurcation with a reduction of attract-
ing equilibrium state. The second is the boundary crisis of
the interval attractor, which is formed after reduction of a
stable point.

We used examples of the instantaneous collapse of
Canadian cod stocks near Labrador in 1992 and extended
depletion of 2000 in sturgeon fishes of the Caspian Sea.

The collapse of Atlantic cod was caused by predictions
about the too-good state of these bioresources, the main
thing is an overestimation of the reserves of cod, which
were calculated by cohort models. Before the critical
threshold, efficiency of reproduction of the population
according to our model is quite high, it introduces decep-
tive expectations. A moratorium on catching cod was in-
troduced with expectation of virtual “reserve” generations
entering reproductive age. Theoretically, there should be
4-5 generations not covered by the fishery. But their
abundant generations, to all surprise, were not in the net-
works. Otherwise, the cod fishing would recover after 7
years. Restoration of the Canada’s Northern cod subpopu-
lation of the Atlantic cod occurs gradually due to influx of
individuals from the southern ocean regions [13].
Methods for assessing stocks of sturgeon and cod sig-
nificantly overestimated their actual number of fish. The
official catch of cod stopped too late. For the Caspian Sea
sturgeons phase of pseudo-stabilization of the stock has
been stretched for 15 years, from 1977-1992, but the
phase of a sharp fall in the catch is similar to the collapse
of cod in Canada. The fall in stocks and collapse of short-
cycle fish also proceeds in two stages in a similar way. In
Fig. 2 from [14] we have seen real dynamics of the catch
of anchovy fish off the coast of Peru, which collapsed in
1982. The phases before collapse are similar to the previ-
ously mentioned examples. Obviously the difference —
anchovy recovery is more efficient than Canada’s cod
multi-age stock. Population outbreaks are typical for
small, numerous rapidly maturing fish species. Cod ma-
tures for a long time, sturgeon fish for a very long time.
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Figure 1 — Model scenario of dynamics of fish stocks collapse with two stages of degradation process
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Figure 2 — Dynamics of collapse and recovery of the population anchovy Engraulis ringens fish in Peru
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To recover from small groups they need to go into short-
cycle forms. The cod of Canada has not recovered in a
quarter of a century since 1992, the cod will require an-
other quarter of a century to form the former reserves
[15]. The abundance of sturgeon fish will never recover in
the Caspian Sea. Artificial reproduction of fish did not
show the efficiency expected from this technology, and
the natural ways of spawning fish were destroyed by
dams. Artificial reproduction of stellate sturgeon was a
failure action in its effectiveness.

The commonality of the phases of the dynamics of
such different stocks under extreme pressure pressure
looks like a real biological nonsense. After all, the spawn-
ing stock of large predatory fish of cod consists of a
whole series of generations. Anchovy is more likely to
undergo rapid collapse as in Fig. 2 by the dynamics of
total catch. Anchovy type recovery scenario will require
explicit introduction of probability into the model. The
recovery of the anchovy population in Peru after a long
time of collapse was like a rapid outbreak of breeding.
The dynamics of a small group outbreak scenario requires
an addition to the computational structure.

We need to include the probabilistic model component
exactly in the form of a trigger functional ¥, conducting
numerical experiments with a random new variable
among the parameters of the functional. For the practice
of fishing, this means that when the population goes into
sporadic states. An observer has no mechanisms for cal-
culating stock size. There are no reliable ways to predict
the optimal seizure rate, based on the statistical process-
ing of controversial data on fish capture.

Pest outbreaks are a global problem for mathematical
biology. Outbreaks of different insects differ in the phases
of launch, the transition to the so-called eruptive dynam-
ics, exit at its peak and the stage of completion of a dan-
gerous phenomenon. Insect outbreaks are a pronounced
transitional and short mode.

One of the most common scenarios for outbreak tran-
sition is a threshold one. We represent this threshold
mathematically as an unstable equilibrium in iterations of
a complex functional dependence. It would seem that in
this task may be difficult? The root of the problem is that
the threshold must be overcome spontaneously, which

37

means without external influence. This must be a rare
occurrence. A pest outbreak cannot occur even every
year, otherwise there will be no forest at all. The chaotic
repeller due to the locally disconnected boundary of the
regions of attraction of alternative attractors remarkably
solves this mathematical problem of modeling.

In the model proposed above with a functional (4),
there is one solution, when a spontaneous overcoming of
unstable equilibrium starts a pest outbreak with access to
a stable equilibrium of a large population. However, this
is how we solve only the first part of the problem of mod-
eling an insect outbreak. Such phenomena will soon end
and just quickly.

The ecosystem will not sustain such a state for a long
time. The forest pest population will destroy the resources
it needs. We need to describe the spontaneous termination
of an insect outbreak. For this purpose, we otherwise
modify the model (1) with our universal method of func-
tionals in such form:

N (%)

E(N(1) =1+ - lim E(V(1) =1 L

l+c,e N(1)>e ¢,

(5
‘;—1;/ =, N(OE(N()/ (1) =BN(?), t >,

We estimate ¢, >1 to characterize the swiftness of re-

source exhaustion. In (5) we vary the level of numbers at
which the effect will noticeably manifest. We will imple-
ment the trigger functionality for the development stage
number II. We describe a spontaneous, unpredictable
transition from transitional chaotic dynamics to a stable
equilibrium in a computational experiment. The results of
the study of the model scenario constitute the phase of
eruptive development of outbreak in fig. 3. Equilibrium
with large numbers may seem stable for a long time.
However, in the new model scenario, any equilibrium will
disappear due to the functional =.

In the model scenario within (5) we obtained an out-
break of insects is a rare single event. We have obtained a
computational structure, which is correctly called a dy-
namic system with a redetermined evolution operator.
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Figure 3 — Modeling the passage of phases of a single outbreak of insect pest population

© Perevaryukha A. Yu., 2021
DOI 10.15588/1607-3274-2021-1-8

800 1000 1200 1400

1600 t

83



e-ISSN 1607-3274 Papioenexrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

6 RESULTS

The main result lies in our method of constructing of
hybrid models for threshold phenomenon in biosystems.
We abandoned the method of a single parametric function
for iterations. For dynamics of the model with repeated
activity of the pest, we observe a sensitive dependence on
the initial conditions. It is characteristic of all chaotic
modes and expressed here in the spontaneous overcoming
of threshold for outbreak. Similarly, as in our model, psyl-
lid species show peak of activity. These are harmful small
insects of Psyllidae family with three stages of develop-
ment (an incomplete cycle of transformations) in the
eucalyptus forests of Australia [15]. Abundance of psyl-
lids pests is controlled by parasitic wasps, which them-
selves are an object of attack for other parasites. The
model uses only the necessary types of bifurcations to
complete this outbreak process.

Thus, insect outbreaks remain unpredictable for fun-
damental mathematical reasons due to changing regimes
of chaos and stability. The sensitivity of dynamics to ini-
tial conditions is important for first stage of the process.

7 DISCUSSION
The obtained variant of dynamics of insects is not the
only possible scenario for completion of an extreme popu-
lation process. A repeated outbreak for a pest is a real
ecological option. This scenario can also be modeled us-
ing our method. Now replace variable w(t) in the equa-

tion of stage number II: Make the pest outbreak frequent
and irregular. Modification will quickly return to the
model the presence of a stationary state with a high num-
ber. So we will describe an early repeated outbreak of a
pest after transient chaotic oscillations of unpredictable
duration. The outbreak in such insects will end itself as a
short burst in a month. Forest management and regulation
cannot help in this pest control scenario.

The scenario of a collapse according to our model is a
natural development of the situation under expert control.
The degradation process consists of two or three phases.
The number of phases before collapse depends on the
average fecundity of the species. Fertility is a more im-
portant factor than the length of the life cycle in the on-
togeny of a given biological species. Stock collapse is
developing rapidly, collapse cannot be stopped. However,
we have shown two phenomena that we hear as signs and
harbingers of a future collapse. Fishing moratoriums for
one season should be introduced at the first clear signs of
stock reduction. Regulation using a constant quota does
not help with prevent of rick of collapse, a variable quota
likewise does not guarantee optimal control. Only a limit
on fuel for vessels ships can protect against the rapid
overfishing of biological resources. The sturgeon fish of
the Caspian Sea can no longer be saved, but the Atlantic
cod will restore its abundance near the Canadian cost. We
have analyzed and compared various data on collapse
situations of bioresources such as anchovy, stellate stur-
geon, cod, crab and halibut in the Pacific Ocean [16], and
we were able to find common dynamic characteristics of
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such events. The population always falls into an unstable
regime of fluctuations in abundance after large catches.
Forecasts from experts in this case, for reasons not yet
clear, are always given very favorable for fishing.

CONCLUSIONS

We have shown on the current environmental prob-
lems that hybrid structures are difficult to use, but flexible
and variable computational modeling tools. With a help of
point introduction of trigger functionals, we obtained a
circumscribing for occurrence of various ecological proc-
esses with abrupt and threshold changes. The method can
be applied to analysis of transient phenomena and ex-
treme states. The analysis of such different situations as
rapid collapse of commercial stocks of large and even
some small fish, an outbreak of insect pests, intermittent
growth rates in ontogenesis will be relevant. Using predi-
cates, we will be able to embed the logic of expert deci-
sions into the hybrid model. The method has many direc-
tions for its application. For example, it is interesting to
replace the well-known Bertalanffy equation with a hy-
brid structure, but this will be discussed in the next article.
The stochastic component remains an important factor in
modeling at the minimum population size [16].

The scientific novelty of obtained results is that the
method of trigger functional can act purposefully, causing
only the necessary changes in the phase portrait and bi-
furcation of attractors. Using the predominant method, we
can change the boundaries of the regions of attachment of
attractors. The new hybrid automata with transitions and
initialization functions are able to realize more clearly and
justified than in the works [17-19]. The approach will
allow interaction of several hybrid automata for simula-
tion anabolism and catabolism of different organisms.

The practical significance of obtained results is that
we have reached a computational description of the stages
of such a complex process as the collapse of bio-resources
using the example of anchovy fish in Peru. We compared
this collapse with the previously studied problem of the
rapid extinction of sturgeon fishes in the Caspian Sea.

Prospects for further research are to study the proc-
ess of extreme pulsating outbreak of leaf-worm butterfly
of a dangerous pest in the forests of Canada.
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YIK 517.9, 519.6, 004.94
VHIBEPCAJIbHUI METOJ OBUHCJIIOBAJIBHOIO MOJIEJTIOBAHHSA ITIOPOT'OBUX E®EKTIB B
HECTAIIOHAPHUX EKOJIOTTYHUX ITPOIECCAX
ITepeBaproxa A. FO. — kanja. TexH. HayK, CTapIIii HayKoBHi criBpoOiTHUK jaboparopii Ilpuknannoi indopmaruku, CaHKT-
[etepOyp3pkuii iHCTUTYT iHGOpMaTHKu Ta apToMaTu3auii PAH, Cankr-IlerepOypr, Pocis.

AHOTAIIA

AxTyanbHicTh. B cydacHnx ymoBax BinOyBaroTecs pi3ki 3MiHH B ekocucTeMax. CTpiMKO 3MIHIOETBCS BUJOBUH CKiIajx GioIeHo-
3iB. J[uHamika momyJsiLii HabyBae eKCTpeMalIbHHUN XapakTep MPU PO3BUTKY CTPIMKHX iHBa3ii. 11 MaTeMaTHYHOTO ONKCY MacIuTa-
OHuX TpaHcdopmaliii ToTpiOHI HOBI MeTo MojenoBanHs. CKiIaqHi NOMyJISIiHHI PEXKUMHU 3MiH MaIOTh PsiJi 0COOIMBOCTEH MOpOro-
BOT0O pO3BUTKY. Hamu po3BHBa€eThCsl METOIMKA TiOpUAHMX 00UUCIICHD ISl ONUCY HEiHIHHMX e(eKTiB B €KOJiHAMIKI.

Meta po6oTu. My cTaBUMO 3aBJaHHS 0OUHCIIIOBAILHOIO MOJICIIIOBAHHS NPAKTHYHO BAXKIMBHUX CLICHAPIiB — TPy CUTYaLiH, AKi
BITHOCSTBHCS O €KCTPEMAJBHOI Ta MEPEXiHOI0 JMHAMIILI €KOCHCTEeM, SIK CHajlaxiB MpH MOYaTKy HebesneuHux iHBasiid. Po3BuBaemMo
crnoci0, skuii Oyne Ha OCHOBI MOJENI BIDKMBAHHS IOKOJIHB NMPOBOJHWTH OIUC PANTOBHX IEPEXOMIB 0 CTPIMKOI, ane 0OMEKEHOIO
Crajaxy 4YMCENbHOCTI. AHAJIOTIYHO, METOJ MOXKHA 3aCTOCOBYBAaTH [0 aHali3y CHTyallil Kojamcy OiopecypciB — MBHAKOI i
HeCIHOoAIBaHoI Jerpaalii 3anacis puo, 10 He 3MiHIOEThCS BITHOBICHHSIM BCyIIeped ITPOTHO3aM 1 po3paxyHKaMu (axiBIIiB.

Metoa. Cutyauii pi3Kux, aje HeTPUBAIKMX 3MIHH B MOMYJILIHHUX Ipoliecax HEMOXIIMBO PO3paxyBaTH TPaIHULIHHIMHU MaTeMa-
TUYHUMH MOJIEJISIMU 1 BUCJIOBHTH TEPMiHAMH aCUMIITOTHYECKOI AMHAMIKH — 3aMKHYTHMH I'PDaHHYHUMH MHOKHHAaMH TpaekTopii. B
OCHOBI i11e1 IPONOHOBAHOT0 HAMU METOIy (opMaJti3ailisi HelliHiHHOT e(eKTUBHOCTI BIATBOPEHHSI, SIKA 3MiHIOETHCSI IIOPOTOBUM YHHOM
TUIBKH B CyBOPO BU3HAUEHHX YMOBAX CEPEIOBHILA, I YOrO BUKOPUCTAHO Oe3lepepBHO-IUCKPETHHUI Yac.

PesyabTaTu. Y riOpuaHiii cucteMi piBHSIHD peai3oBaHH METOJ TPUTepHUX (DYHKLIOHANIB, IO JIFOTh B BUIUICHHX OCOOIHMBUX
cranax Oiocucrem. [IpoBoaMTECS aHaIi3 HOBUX MOJEIBHHX CLEHAPiiB 3 Moan(ikaisiMu (HyHKIIOHANIB B 0a30Biii TIOpUIHIN cucTeMi
JUTSL eKCTPEMATIBHUX CHUTYyamill y pud i KoMax-IIKiTHUKIB.

BucnoBkn. Meton MU BBa)KaeMO YHiBEepCalIbHUM, Tak Mig0ip ¢yHKIioHama Moxe OyTH afanTOBAaHMI IO IIMPOKOTO KJIacy Moje-
JIeH, 1110 BUKOPUCTOBYIOTh AU(epeHIianbHi piBHSIHHS Ha (DiKCOBAHOMY iHTEpBAIi.

KJIFOYOBI CJIOBA: matemariyHa 6i0J10Tis, MOJEIIOBAHHS IIOPOrOBHX €(eKTiB, riOpuaHI MOJesi, MeTo | TPUrepHHUX (yHKI-
OHaJIB, ClAJIaX¥ YUCEIbHOCTI MOMYJISILii, KONaIc MepyaHChbKOro aHuoyca.

YK 517.9, 519.6, 004.94

YHUBEPCAJBHBIA METO/1 BBIYMCJIATEJILHOI'O MOJEJIAPOBAHUS IIOPOTOBBIX Y3®PEKTOB B
HECTAIMOHAPHBIX 9KOJIOT'HYECKHX MPOLECCAX
IlepeBapioxa A. FO. — kaHxa. TexH. HayK, CTapIINi Hay4yHBIH coTpynHHK sadoparopuu [Ipuxiamxoit madpopmatrku, CaHKT-
[erepOyprekuii MHCTUTYT HHGOpMaTHKK 1 aBToMatu3auuu PAH, Caunkr-IlerepOypr, Poccus.
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AHHOTAIUSA

AKTyaJIbHOCTh. B COBpPEMEHHBIX YCIOBHSX MPOUCXOASAT PE3KHE N3MEHEHUsI B 3KocucTeMax. CTPEeMUTEIEHO MEHSIETCS BUIOBOM
coctaB OHOIEHO30B. [IMHAMUKA MOIYJIIIUIA IPHOOPETaeT IKCTPEMAIBHBIA XapaKkTep MPH Pa3BUTHH CTPEMHUTEIBbHBIX MHBa3HH. [l
MaTeMaTHYeCKOro ONUCaHUs MaclITaOHBIX TpaHCHOPMaLUK TPeOYIOTCSl HOBbIE METOBI MOJENUpOoBaHUs. ClI0XKHbIE MOMYJIILUOHHbIE
PEXNMBI U3MEHEHHI UMEIOT PsiJi 0COOCHHOCTEH OPOr0BOr0 Pa3BUTHSI.

Ieas paorbl. MBI CTaBUM 3a/1a4y BBIYHCIUTEIBHOTO MOACTMPOBAHHUS NPAKTUYECKH BaXKHBIX CLICHAPHEB — IPYIIIIBI CUTYALHH,
KOTOpBIE OTHOCATCS K 9KCTPEMalIbHOM 1 NEePEeX0THON MHAMHUKE YKOCHCTEM, KaK BCIIBIIICK ITPU Hayajle ONMAaCHBIX MHBa3uii. Pa3BuBa-
€M CIoco0, KOTOpPEIH Oy/leT Ha OCHOBE MOJIENH BBKHBAEMOCTH MOKOJIEHHH IPOBOJMTH OIMCAHNE BHE3AMHBIX MEPEX0JI0B K CTPEeMU-
TENILHOW, HO OTPAaHNYCHHOHN BCHBIIIKY YHCICHHOCTH. AHAJIOTHYHO, METO IPUMEHHM K aHaJHM3y CUTYyaIlHi KoJanca GnopecypcoB —
OBICTPON M HEOXKMIAHHOH Jlerpajaliiy 3aracoB PhIO, KOTOpas HE CMEHSETCS BOCCTAHOBJICHHEM BOIPEKH IIPOTHO3aM U pacueTam
crnenuanuctoB. Hamu pa3BruBaercst MeToanka rHOPHIHBIX BEIYUCICHUH JUTS ONMCAHUS HEJIMHEWHBIX () (EKTOB B IKOANHAMHUKE.

Mertoa. Cutyanuy pe3kux, HO HeNPOJOJDKUTEIBHBIX M3MEHEHHAX B HOILYJISIIMOHHBIX ITPOLECCaX HEBOSMOXKHO PAcCUMTATh Tpa-
JUIMOHHBIMH MaTEMAaTH4YECKUMH MOJENSAMU M BBIPA3UTh TEPMHHAMH aCHMIITOTHYECKOH IMHAMUKHM — 3aMKHYTBIMH IpeJeIbHBIMU
MHOXKECTBAMH TPAaeKTOPHH. B OCHOBE mjeu mpejiaraeMoro HaMH MeToAa GopManu3anus HETMHEHHONW 3G GEKTUBHOCTH BOCIIPOU3-
BOJICTBa, KOTOpas MEHACTCSI HOPOTOBBIM 00Pa30M TOJIBKO B CTPOTO ONPEJIETICHHBIX YCIOBUIX CPE/Ibl, IS YETO UCIIOJIB30BAHO HElpe-
PBIBHO-ZIUCKPETHOE BPEMSI.

Pe3yabTatsl. B rubpuaHoii cucremMe ypaBHEHHH peaan30BaH METOJ TPHITEPHEIX (DYHKIIHOHAIIOB, IEUCTBYIONINX B BBIICJICHHBIX
0co0BIX cocTossHUAX OuocucteM. [IpoBOIUTCS aHAN3 HOBBIX MOAENBHBIX CIIEHApHEeB ¢ MOIupuKanusIMu GyHKIMOHAJIOB B 0a30BOi
THOPHIHON CHCTEME JUIs SKCTPEMAIIBHBIX CUTYalnil y PbI0 U HACEKOMBIX-BPEIUTEIICH.

BbiBoabI. MeTO MBI CUMTaEM YHHBEPCAIBHBIM, TaK OA00pP (YHKIMOHATIA MOKET OBITH aJallTUPOBAH K LIMPOKOMY KJIAcCy MO-
nieneit, ucronp3youmx auddepeHraibaple ypaBHEHH Ha (GUKCHPOBAHHOM HHTEpBAJIE.

KJIIFOYEBBIE CJIOBA: maremaruueckas OHONOTHS, MOACTHPOBAHUE IMOPOTOBHIX 3((PEKTOB, THOPUAHBIC MOJENU, METOH
TPUITEPHBIX (yHKIIMOHAIOB, BCIIBIILIKH YHCICHHOCTH MOMYJISILUN, KOJIIAIIC IEPYaHCKOro aHyoyca.
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YK 621.391.1: 621.395

MATEMATHUYECKAS MOJEJIb 3AJTEP’KKN HA OCHOBE CUCTEM C
I'MITEPSPJAHI'OBCKHUM U 3PJIAHI'OBCKHUM PACITPEAEJIEHUAMMUA

TapacoB B. H. — 1-p TexH. Hayk, nmpodeccop, 3aBeayronuii kadenapoit mporpaMMHOT0 00ecriedeH s U yIpaBlIeHUs
B TEXHMYECKHUX cucTeMax [IOBOJDKCKOrO roCyAapCTBEHHOIO YHUBEPCHTETa TEJICKOMMYHHMKALMH M HMH(pOPMATHKH,
Poccus.

AHHOTAIUA

AxtyansHocTh. VccnenoBanus cucteM G/G/1 B Teopun MaccoBOTO OOCIYXKHBAHUSI aKTYaJIBHBI B CBSI3M C TEM, YTO TaKHe
CHCTEMBI IIPE/ICTABIISIIOT HHTEpPEC [UIS aHAIIN3a 3aJePXKKH CUCTeM Nepeadr JaHHbIX. B Toxe BpeMs HeNlb3sl HOIYIHUTh PELISHHS IS
3a7epXKKM B KOHEYHOM BHAE B OOLIEM Cllydae HpH IPOU3BOJIBHBIX 3aKOHAX PACIpEneNeHHiI BXOJHOIO IOTOKA W BPEMEHH
obciyxuBanus. [ToaToMy BakKHBI HCCIIEOBAaHMSI TaKMX CHUCTEM JUIl YacTHBIX CIIydaeB BXOIHBIX pacrpeneneHuii. Paccmorpena
3a7aya BBIBOJA PEILEHUS IS CPEHE 3aJEPKKH B OUepeH B 3aMKHYTOH (opme Ui JBYX CUCTEM C OOBIYHBIMHU U CO CABUHYTBIMHU
THIEPIPIAHTOBCKAMU U 3PIAHTOBCKUMU BXOAHBIMHU PacIpeieCHUSIMU.

Leuas padoTbl. [loxydeHne penieHus Ui OCHOBHOW XapaKTEPUCTUKU CHCTEMbI — CpeTHEN 3aIepKKU TPeOOBaHHI B OYEepeI IS
ZIByX cHcTeM MaccoBoro oOcmyxkuaHus Tuma G/G/1 ¢ OOBIYHBIMH U CO CIABHHYTHIMH THUIEPAPIAHTOBCKAMH H SPIAHTOBCKUMH
BXOJHBIMU pacnpeelIeHISIMI.

Metoa. [nst pemieHWs INOCTAaBICHHOW 3aJaudl WCHOJNB30BaH METOJ CHEKTPAIBHOTO PA3IOKEHUsS PEUIeHHs HHTETrPanbHOTo
ypaBHeHus Jlunmmm. JlaHHBIA MeTo[| IMO3BOJISET IOJMYYHTH PEIICHHE JUIl CPeIHeH 3aJep>KKU OXKHIAHUS U pacCMaTpUBAEMbIX
CHCTEM B 3aMKHYTOH (opMme. MeTo CHEKTPalbHOTO Pa3fioKEHMsI PEIICHHs] MHTErpAILHOrO ypaBHEHUs JIMHIUIM MIpaeT BaKHYIO
pons B Teopun cucreM G/G/1. [ns mpakTHYECKOTO NPHUMEHEHUs IOJIYyYSHHBIX PE3yJbTaToOB HCIIOJIb30BaH HM3BECTHBIH METO.
MOMEHTOB TEOPUH BEPOSITHOCTEIA.

Pe3ynbTarthl. BriepBbie MomydeHbl CIEKTPATIbHBIE PA3JIOKEHHS PEIICHNUS HHTETPAIbHOTO ypaBHEHUs! JIMHAIM 1JIsl ABYX CHUCTEM,
C TIOMOIIBI0 KOTOPBIX BBIBEICHBI PACUETHBIC BBIPAKEHUS [UIS CPEeAHEH 3aJep)KKH B OYepenn B 3aMKHYTOH ¢opme. Tem cambiM
MOCTPOCHBI MaTEMAaTHUECKUE MOENH 3aAEPKKH TPEOOBAHUN B OUSPEH IS ITUX CHCTEM.

BriBoasl. [lomydennsle GopMyIsl pacIIMpPSIOT ¥ JOHMONHSIOT M3BECTHYIO (OPMYIy TEOPHHM MacCOBOTO OOCITY>KMBAHHS IS
cperHero BpemeHH oxupaHus mias cucreM G/G/1 ¢ mpoW3BONBHBIMH 3aKOHAMHU PACIpeleleHHil BXOJHOTO NOTOKA U BPEMEHH
obciyxuBanus. Takoi MOIX0[ ITO3BOJISIET PACCUUTATH CPEIHION0 3aCPIKKY Ul YKa3aHHBIX CHCTEM B MaTEMaTHYECKHX ITaKeTax UL
IIMPOKOTO JUana3oHa H3MEHEHHs ITapaMeTpoB Tpaduka.

Kpome cpenneil 3aepkkH, Takoi MOAX0/ 1a€T BO3MOXKHOCTD OIPEAEIUTh 1 MOMEHTHI BBICIINX MOPSAAKOB 3aICPKKH. Y UUTHIBAS
TOT (haKT, YTO BapHALMS 33/IePXKKH ITAKETOB (JXKUTTEP) B TEICKOMMYHHUKALMAX OMpPEAEIIeTCs Kak pa3dpoc 3aIepKKU OT €€ CPEIHEro
3HAUCHUS, TO [DKUTTEP MOXKHO OyIET ONPEeAenuThb Yepe3 JUCTIEPCHIO 3aAePIKKH.

IomyuenHsle pe3yabTaThl Iy OIMKYETCS BIICPBEIE.

K/IIOYEBBIE CJIOBA: 3piaHroBcKUil ¥ THIEPAIPIIAHTOBCKUN 3aKOHBI paclpelelcHUs, UHTEerpalbHoe ypaBHeHue JIunamnu,
METO/]] CHEKTPAIILHOTO pa3JIoxkKeHHs, MpeodpazoBanue Jlamnaca.

COKPALIEHUA
WNYJI — unrerpansHoe ypaBHeHue JIunm;
CMO - cucTeMa MaccoBOTO 00CITy)KHBaHHS;

F: (s) — mpeobpaszosanue Jlammaca pynkmun fy(t);

HE, — runepapnaHroBckoe pacmnpenesieHue BTOpPOTO

OPB — ¢yHKIus pacupenesieHnst BEpOSITHOCTEH. Tops/Ka,
HE, - CIOBUHYTOE TUIIEPAPIIAHTOBCKOE
HOMEHKJIATYPA pacmpezeneHe BTOporo mopsiaKa;
. ~— Kodb)HMUMEHT  BapuauMM  HHTEPBAJIOB G — IpOM3BOIBHEIH 3aKOH paclpeIecHus;
HOCTYIUIEHU TpeOOBaHuii; M — 3KCIIOHEHIMAIILHBINA 3aKOH PaclpeesICHuUs;
Cu —  ko>pOHIMEHT  BapualMKd  BPEMEHH W — Cpetss 3a7epiKKa B OUepE/IH;
00CITyKMBaHHUS; *
W (s) — mnpeoOpazoBanue Jlammaca ¢QyHKIMK
E, — pacnipenenenue DpiaHra BTOPOro IOPSIKa; [TOTHOCTH 38/IEPHKKEL
E, — cuBuHyTOE pacmpenencHue DpiaHra BTOPOTO Al — TepBBLi MapaMerp  IHIIEPIPIAHTOBCKOTO
OpPSIKA; pacipesaeneHus BXOIHOTO MTOTOKa;
Ay — BTOPOH mapaMeTp TI'MIEPIPIAHTOBCKOIO
i) — QyHKOMA IUIOTHOCTH  paclpeesieHHs
iy pacrpezeneHus BXOIHOTO ITOTOKa;
HMHTEPBAIOB MEXXY NMOCTYIUICHUAMH TPeOOBaHUIL;
L — TapaMerp OpJIAHTOBCKOTO  pacIpeieieHHs

fu(t) — pyskums noTHOCTH pacupeneNeHus BPEMEHH
00CITy)KUBaHWS,

F; (s) — mpeobpasoBanue Jlamtaca pynkimu f(t);

© Tapacos B. H., 2021
DOI 10.15588/1607-3274-2021-1-9

BPEMEHHU OOCITy)KUBAHHUS,
p — K03((GHUIMEHT 3arpy3Ku CUCTEMBI;

87



e-ISSN 1607-3274 Pagioenexrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

T, — CpEIHHMH HHTEpBal MEXIy IIOCTYIUICHUAMH
TpeOOBaHHUI;
T;% — BTOPOM HayaJbHBI MOMEHT UHTEPBAJIa MEKAY

MIOCTYTUICHHUSIMU TPeOOBaHMH;

Ty — CpeaHee BpeMst 00CITyKHBAHHS;

rﬁ — BTOpPOM HayalbHBIA MOMEHT BpPEMEHH
00CITy)KUBaHMUSI,

@, (s) — npeobpasosanue Jlannaca O®PB 3anepxku;

v, (s) — nepBas KOMIIOHEGHTA CIIEKTPAILHOIO
Ppas3IIoKeHus;

y_(s) — BTOpas KOMIIOHEHTA CIEKTPAILHOIO
Ppa3noXKeHHsL.

BBEJEHUE

Hacrosimiass craThst TOCBsIIEHa aHAIM3y CHCTEM
MacCOBOTO OOCITY>KUBaHHS, 0Opa30BaHHBIMU OOBIYHBIMHU
W cOBUHYTBIMH  rumepspmanrosckumu  (HE;) wm
spianrosckumu (E,) pacmpenenenusimu. B oTkpeiTOM
JOCTyIIE aBTOPY HE YAAIOCh OOHApYXHUTh PE3yJbTAThI
JUISL CPETHETO BPEMEHH OKHJIaHKs TPeOOBaHMI B ouepean
B Takux CMO. Kak wu3BecTHO W3 TEOpHH MacCOBOTO
o0CIy)KMBaHHs, CpPeAHss 3a/IepXKKa SIBISETCS TJaBHOU
xapakrtepuctukod gus  moopix  CMO. Tlo  aroi
XapaKTEepUCTUKE, HalpuMep, OLEHUBAIOT  3aJep)KKU
MIAKETOB B CETSAX MaKeTHOW KOMMYTalMM TIIpH UX
MojenupoBanuu ¢ nomomplo CMO, a Ttakke OHa
BOCTpeOOBaHa IMPU MPOCKTUPOBAHNH PA3INIHBIX CHCTEM
neperaun  JaHHBIX.  PaccmarpuBaemple CMO ¢
OOBIYHBIMH M CIBHHYTHIMH BXOJHBIMH PaclpeAeIeHUSIMU
oTHOCsTCs K o0memy tuny cucteM G/G/1, st KOTOpBIX
HET KOHEYHOTO PEIICHNUSI.

B Teopum maccoBoro oOCITyKHBAaHUS HCCIEIOBaHUSA
cucteM G/G/1 akTyalnbHbI B CBSI3M C TEM, 4YTO OHHU
AaKTHBHO  WCIIOJB3YIOTCS B  COBPEMEHHOW TEOpHUH
Tenerpaduka, K TOMy K€ Hellb3s IOJIY4UTh PEIeHUs IS
TaKMX CHCTEM B KOHEYHOM BHJE JUIA OOILEro Ciryyas.
3akons! pacnpenenenuii BeitOyma wimm ['amma Hanbonee
obmero  Buaa, M3BECTHBIE M3  Kypca  TEOpHH
BEPOSITHOCTEH, KOTOpbIE  OOECIEeYMBAIOT  HAna3oH
N3MEHEHHUS KOA((UIMEHTOB BapHanuii OMHCHIBACMbIX
criyyaHbIX BennduH OT 0 JO0 o0 B 3aBHCUMOCTH OT
BEIMYMHBl HMX [apaMeTpOB, HE IO3BOJSIIOT  HX
WCIIONIb30BAaTh B TEOPHHM MacCOBOTO OOCIYXHMBaHHS.
[TosTOMY oOCTaercst UCIONB30BaTh PA3IUYHBIE YACTHBIC
3aKOHBI PACIPEACICHUI.

B nccnenoBanun cucrem G/G/1 BaKHYIO poJib UTpaeT
METO/ CIEKTPaIBLHOTO PpasIIoKeHUs pemeHus
HHTErpajibHOTO ypaBHeHHMs JIMHUIM M OOJBIIMHCTBO
pe3yiIbTaToB B TEOPHH MAacCOBOTO  OOCIYKHMBaHHMS
TIOTY4€HBI IMEHHO C TIOMOIIBIO JAHHOTO METO/1A.

B paGore aBtopa [l] mpuBemeHBI pe3yNbTATHl IO
HCCIIEIOBAaHUIO CHCTEM CO CIBHHYTBIMH BIPaBO OT
HYJIEBOH TOYKH THIEPIKCIIOHEHIINATbHBIMH u
9KCMOHEHIMAIbHBIMI ~ BXOJHBIMH  PacHpellelICHUsIMH,
NOJIyYeHHbIE C [OMOIIBI0 METOAA CIIEKTPalIbHOIO
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pPa3NOKEHUS  peIIeHUs]  HMHTEeTPaJbHOIO  YpaBHEHUS
Jlunpmu (MY JI). Pesynbrarsl nanHOW pabOTHI MO3BOIMIN
pa3BUTh  TEOPHIO  JAHHOTO  MeToja Takke Ha
TUIEP3PIaHTOBCKOE pacipenencHue [2].

[pu JlanpHeimemM HCIOJIb30BaHUHI MeToja
CHEKTpaJbHOrO pasznoxeHus pemenus WYJl Oynem
NPUACPKUBAThCA  IMOAXOJAa W CHMBOJMKH  aBTOpa
KIIACCUKH TEOPHU MacCOBOTO OOCITy>KUBaHHSA [3].

O0bekToM mHccaegoBanus sBwiercs CMO  Tuma
G/G/1.

IIpeaMeToM nccaeq0BaHusl SBISETCA CpeiHEEe BpeMs

oxunanus B cuctemax HE,/E,/1 u HE, /E, /1.

Henbio padoThl sBISIETCS NOJIYYCHHUEC PEUICHUS B
3aMKHYTOH (OopMe i1 OCHOBHOH XapaKTCPUCTHKH
CHUCTEMBI — CpEIHEH 3aJep)KKU TpcOOBaHWUN B OuYepeIH
21 BeienepeuyrcieHHsix CMO.

1 IOCTAHOBKA 3AJAYHN
B paboTe cTaBUTCs 3a7a4a HAXOKACHUS PEIICHUS IS
cpemHel 3anmepkku TpeOoBanmii B ouepeau B CMO

HEJ/Ey1 w HE;/E;/1. Jlus

HeO6XOﬂI/IMO BHa4aJIC IMOCTPOUTL IJId YKa3aHHbIX CUCTEM
CIICKTPAJIbHBIC Ppa3IoKCHHUA BUIa

F;(—s).F:(s)—l:\|/+(s)/\|/_(s), e vy (s) m

y_(s) HekoTopele palMOHaNbHbIC (YHKIMH OT S,

peuicHus  3agavyun

KOTOpbIE ~ BO3MOXKHO  PasjOKUTh Ha  MHOXKHTEIN.
Oyuxkuun y, (s) u y_(s) AOIKHBI YIOBICTBOPATH
CIIEYIOIINM yCIIOBHSIM COTIIAacHO [3]:

— s Re(s)>0 ¢ynkums y, (s) sBisercs

AHATMTHYECKON 0e3 HyJIeH B ATOH MOJTyTIIIOCKOCTH;

— U1t Re(s) <D o¢yHKUIHS Y_ (s) SIBJIIETCS
aHAIITHYECKOH Oe3 Hyreil B 9Toit momymiockocts, (1)
rae D — HexkoTopasl MOJIOKUTENbHAasi KOHCTAHTA,

a(r)

ompenersieMast U3 yeIoBus: lim B

t—0 o

< 0

Kpome Toro, byHKImH W (s) n y_ (s) JIOJIKHBI

YIOBIIETBOPSTH CIICIYIOLINM YCIOBHUSIM:

im0 v-0)_
|s|->o,Re(s)>0 s |s|>%,Re(s)<D s
2 JIUTEPATYPHBINA OB30P

MeroJi  CHEKTPAlIbHOTO  PA3JIOXKEHHS  PEIICHUS

MHTETPAJIBHOTO ypaBHEHMs JIMHUM BHEpBBIE MOIPOOHO
NpEACTaBIeH B  KIAacCMKe  TEOPHH  MAacCOBOTO
obciyxuBanus [3], a BIOCIENCTBUH IPUMEHSUICS BO
MHOTHX paboTax, BKIoUas [4, 5]. AHaJOTHYHBIN TOIXOM
K pewenuto MYJI wucnonp3yercss B pPyCCKOS3BIYHOM
auTepaType, TIOE BMECTO TEPMUHA «CHEKTPaIbHOE
pa3lioKEeHUE» HCHONb30BaHa (aKTopU3alus, a BMECTO

bymxumit  y_ (s) w  w_(s) —  KommoHeHTEI
daxropmsaunn o, (z,1) 1 o_(z,t) dyaxkuwan 1—z-x(1),

rae y(t) — xapakrepuctudeckas (GyHKUUS CIydaiHOM
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BEJIMYHMHBI & C OPOM3BOJILHOM PyHKIMEN pacipeieeHus

C(¢), a z — moboe yucio u3 uareprana (—1, 1).

Takoit  momxox Al  TOJNyYeHUS  KOHEUHBIX
pe3ysbTaToB sl paccMaTpHBaeMbIX CHCTEM MeEHee
ynobeH, ueM TMOAXojJ, omucaHHeli B [3] w
MIPOWJUTIOCTPUPOBAHHBIA TSI JIyYIIETO0  HMOHMMAaHHS
MHOTOYHCIICHHBIMH [TPUMEPaMH.

[IpakTHyeckoe MPUMEHEHHE METOJa CIEKTPAIBLHOTO
paznoxenus pewenus UYJI qist uccnenoBaHusl CUCTEM C
pa3IMYHBIMH BXOIHBIMH pPaCHpeleliCHHSIMA ITT0OKa3aHO B
paborax [6-9]. B To xe Bpems, HaAy4HOH JHTEpaType,
BKJIIOUasi web-pecypcebl, aBTOpy He yIalloch OOHAPYKHUTh
pe3ynpTaTel O  cpexHedt  3amepxke g CMO,
00pa30BaHHOI THIIEPIPIAHTOBCKUM M 3PIAHTOBCKUM
pacripeiesIeHusIMU 2-ro TopsiaKa o0IIero Buja.

Cpenu 3apyOeKHBIX MyOJUKAIMA CIICAYCST BBIICIHUTH
[10], B xOTOpoO#l MpEennokKEHO PacCMATPUBATH OUYEPEIb
3ammpocoB K IHTepHET pecypcaM Kak ouepead ¢
3ama3/blBaHMEM BO BPEMEHH, HO OE30THOCHTEIBHO K
CHCTEMaM MacCOBOTO OOCTyKHBaHUS.

ATIpPOKCUMATHBHBIE METOJBI OTHOCHTEIHHO 3aKOHOB
pacupeneneHuit mogpoOHO onrcaHkl B paboTax [12—-14], a
MMOXOKHE  HWCCIENOBaHMA B  TEOPUH  MAacCOBOTO
00CITy>)KUBaHHS B MTOCTIeIHEE BpeMs IIPOBEAEHHI B [15-24]

3 MATEPUAJIBI U METO/bI
Hdus  cuctrembr HE,/E)/1 3akoHBI pacmpenencHHs
HHTEPBAJIOB BXOAHOTO IIOTOKA U BPEMEHH OOCITY>KHBAHUA
3amaroTcs QYHKIMAMHM IDIOTHOCTH BHAA!

f () =4prite™M 1 4(1-p)adee ™™, (3)

fu (1)= 4p2te_2“t . 4)

Pemenne st cpemHed 3aAepKKH TpeOOBaHWHA B
ouepemu it cucremMsl HE,/E,/1 Oymem ctpouts Ha
OCHOBE  KJIACCHYECKOTO MeToJla  CHEKTPaIbHOTO
pasnoxxenus pemenus MYJI, kak 3To mokasano B [1, 2, 6—
9]. Tako#l MOAXOA TMO3BOJSIET ONPEIACIUTh HE TOJIBKO
cpenHee BpeMs OXHUAAHHWSA, HO M MOMEHTHI BBICIIHX
TOPSIIKOB BpeMeHU oxupanus. C ydeToM ompereicHHs
BapHaIluK 3aJICPKKU — JDKUTTEpA B TEICKOMMYHHUKAITUSIX
Kak pa3dpoc BpEeMEHH OXHUIAHUSI OT €ro CpeIaHero
3HaueHusi [10], TeM caMplM MOJY4YHMM BO3MOXHOCTb
OTIpeNIeIICHUS [UKUTTEPA Yepe3 JUCIICPCHIO 3aICPIKKH.

[IpeobpazoBanus Jlannaca ¢pynknuit (3) u (4) Oyayr
COOTBETCTBEHHO:

F; (s)= p[z—klf +(1—p)[ij2 :

S+27\.1 S+27\.2

I <>(2—“]

s+2u

Torga cnekrpanpHOe pasznoxeHue pemenus NYII
JUISt CHUCTEMBI HE,/E,/1
F, (—s)-F: (s)=1=wy, (s)/y_(s) npumer Bux:
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2 2 2
Vi (S) = p 2}\,1 N 1—p) 2}\,2 2}1 ~1
v_(s) 20 —s 20y =5 2u+s
BeipaxkeHue, crodiiee B KBaJpaTHBIX CKOOKaX, BBEAA

HapaMeTpsl ay = 16K12k% ,

a =160 [Py +(1-p)2y1, @ =4[pA{ +(1- p)A3]
Hpe,}lCTaBI/IM B BUJC.

2 2
2 2%,
— | +(l=-p)|——| |=
p(le—sj ( p)[Zkz—s]

p(16x%x§ —16x12x2s+4x12s2)

IIPOMEXKYTOYHBIE

(20 —s)* (20, —5)°

(1—p)(16x%x§ —160A3s + 4x§s2)
+ =
(20 —s)* (20 =)

ap —Q]S+a2S2

(20 —5)* (20 —s)*
[Ipononxkas paznoxkeHue, NOIyUUM:

‘V+(S)_

Vo(s) (20 -5)2 (20 —5) Qu+5)? B

4u2 (ag —ays + azsz)

(2 —s)2 (22, —s)2 (2u+s)2 B
(=5 (2 -5 Quts)?

—S(s5 —c4s4 —c3s3 —02S2 —cs—¢y)
(s (-5 Qurs?
=S(s+51)(s +57)(s —53)(s —54)(s —55)‘

(201 —5)% (20 —5) 2u+5)?

OKOHYATENBHO, CHEKTPATBHOE PA3I0KCHUE PEIICHHS
NVYJI s cucremsl HE,/E,/1 umeer Bu:

v (s) _ S s)(s+5)(s = S3)(s =54 )5 = 85)
V() (2h-5)2 (20 —s)? Qu+s)?

(6))

HccnenoBanne MHOTOWICHA B YHCIHTENIE 3TOTO
Pa3NOKEHUSI W OINpEICICHUE ero KOpHEH, SsBIseTCs
OCHOBHBIM  MOMEHTOM METola  CHEKTPAIBHOTO
paznoxenuss pewenus WVYJL. Ilostomy BbelnuiieMm
MHOT'OUWIEH IISTOM CTENIEHN B YHCIIUTENE PA3TI0KEHHS.

5 —0454 —0353 —c2s2 —Cs—¢g 6)
Ero  koadduiueHTs, coOpaHHBIE  C
CHUMBOJIBHBIX orepariuii Mathcad, paBHBI:

ITOMOILIBIO

co = —4an® + 64ph Ay (A +h) ~ ks ],
o =4ayi® —16[07 (A +23) +ATA3 ] 640 (=2 —1s),
¢ = 1600 +72) Ay +12) (AT +23) +16040, — 4, ],

89
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3 = =4 +23 +p? —4u(hy +hy)— 40 A,
C4 :4(7\.1 +7\.2 —M) .

MuorowreHn (6) wWMeeT JBa JICHCTBUTEIBHBIX
OTPHULATENIBHBIX KOPHS —Sj, —Sy ¥ TPU IOJOXKUTEJIBHBIX

KOpHA  S3,S4,85 (MO0 BMECTO IOCIEAHUX OJIUH

JNEUCTBUTEIBHBINA IOJOXKUTEJIBHBIE W JBa KOMIUIEKCHO
COTIPSDKEHHBIX C IMOJOXKHUTEITHHON BEIIECTBEHHOW YaCThIO)
B ciydae CcTaOWIBHOM  CHCTEMBI, T..  KOTJa
p=T,/T <l. HccnenoBanme  3HaKa — MIIAIICro
kodbdunrenTa ¢, MNOKa3bBaeT, 4ro ¢y >0 Bcerma B
ciryyae crabuibHOI cuctemsl, korna 0 < p <1. C yyerom
3HaKa MUHYC HIepel ¢y B MHOrouleHe (6) 3T0O Takxke
MTOJITBEPIKAACT MPEIMOIOKCHAE O HATMIHU TAKUX KOPHEH
MHOTOYJICHA.

Hamee, ¢ yuerom ycmoBuit (1) u (2) cTpomm
paLyoHaIbHbIe PYHKIUU (s) uy_ (s):

\|1+(s)=s(s+sl)(s+sz)/(2u+s)2, T.K.

HYJH

mHorouneHa (7): s=0, s=-s, §=—S, U AByKpaTHbIH

nmomoc s=-2u Jgexar B obmactm  Re(s) <0,
(224 =5)" (225 —5)°

y_(s)=— , T.K. €€ HyJIH H TIOJIIOCHI

(s=53)(s —54)(5—55)
nexar B obnacti Re(s)> D, onpeneneHHON ycioBreM
(1). Bpmonnenue ycnmoBuit (1) m (2) cmekTpanbHOTO
PA3NOKEHHst JUIS TOCTPOCHHBIX (yHKImA , (s) w
v-(s)
pUCYHKOM 1.

O4YCBUJHO, 4qTo TaKXKC MOATBEPIKAACTCA

Im(s)

sy sy Sg 2, 2A, Re(s)

Pucynoxk 1 — Hymn n momocsr dyrkumn v, (s)/y_(s) ms
cuctembl HE,/E,/1

[Tpu noctpoeHnn 3TUX (QYHKUMH yJoOHee HyNIU W
v (5)/v-(s)
KOMITIEKCHOH § — IUIOCKOCTH JJISl MCKIIIOYEHHS OLIMOOK

IOoJII0Ca  OTHOIICHHA OTMECTUTHL Ha

noctpoenns pyrkumii v, (s) u y_(s). Ha pucyske
TIOJTFIOCHI OTMEUEHBI KPECTHKAMH, a HYIIH — KPY/KKaMH.

Jamee 1m0 MeTOMUKE CIIEKTPABHOTO Pa3IIOKCHUS
HaliieM KOHCTaHTy K

v, (S) _ lim (s+s1)(s+s2) _ 515

K = lim 5 >
s—0 s s—0 ( s+2 “) 4u
rae §,S, — AaOCOIIOTHBIE 3HAYEHMS OTPULATEIbHBIX
KopHeH  —s1,—s5,. llocrosHHas K  ompezenser
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BEPOSITHOCTh  TOTO, YTO TIOCTYIAIOIIEe B
TpeOOBaHUE 3aCTACT €€ CBOOOTHOM.

cucremy

Juis HaxoxxaeHus peodpa3oBanus Jlamraca GyHKIMA
TUTOTHOCTH 33JICPYKKH IMTOCTPOUM (PYHKITHIO

2 2
@, (s)= K _ s;sz(s+ ) .
Ve (s) dsp?(s+s))(s +52)
Orcioma  mpeoOpazoBanme  Jlammaca — ¢yHKUHM

motHocTH 3anepkkn W (s)=s-®, (s) Oyner pasHO

sy (s + 2”,)2

*
w (s) = . @)
4u2 (s+s1)(s+s2)

Jns  HaxokIeHUsT CpedHEed 3aJepX KU Hauaem
NPOU3BOAHYIO OT pyHKIMH W (s) co 3HakoM MuHYC B
Touke s = 0:

dw’ (s) 111
g
ds S; Sy M
OKOHYATENBbHO, CPEAHSS 3alepXKKa I CHCTEMBI
HE,/E,/1
_ 1 1 1
W=—+—-——. 8)
St sy M

W3 Beipaxkenus (7) TpuU HEOOXOIUMOCTH TaKKe
MOXKHO ONpENCIUTh MOMEHTHI BBICIIUX IOPSIAKOB
BPEMEHHU OXXHIAHWS, HAIPUMEP BTOpasl MPOU3BOIHAS OT
npeoOpazoBanus (7) B Touke s=0 maer BTOpOH
HayaJbHBIA MOMEHT BPEMCHU OXHJaHHWA, YTO IMO3BOJACT
OTIPEIECIUTh JTUCTICPCHIO BpPEMEHU OKUJTaHUs,
CJIEZIOBATENIFHO U JKUTTED.

Jlns  mpakTHYECKOro TpPUMEHEHWs BbIpakeHHs (8)
HEOOXOJMMO OMPEICITUTh YHCIOBBIC XapaKTCPUCTHKH
pactpenenenuii (3) HE, u E, (4).

Jost 3TOro BOCIIOJIb3YEMCS CBOMCTBOM
npeoOpa3oBanus Jlamraca BOCIPOM3BEICHNAS MOMEHTOB 1
3aluIlieM HayajdbHbIE MOMEHTHI IO BTOPOTO MOpsIIKa JUIs
pacnpenenenus (3):

1—
ﬁ=£+( p), )
Moo
5 3l p (1-p)
2|2 10
w=3 }le k% (10

PaccmarpuBas paBenctBa (9) m (10) kak 3ammchk
METOZa MOMEHTOB, HalJeM HEHW3BECTHbIC ITapaMeTphl
pacnpenenenus (3) Ay, Ay, p. Cucrema IByX ypaBHEHHH
(9), (10) npu >TOM sBIAETCI HE JAOONPENCICHHOM,
MO3TOMY K Hel m00aBMM BBIpaKEHHE /I KBajapara
K03(hunreHTa BapHaIyu:
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2 =2
Tk - (T)\’)
— 2
(m.)
Kak cBssytomiee ycinosue Mexay (9) u (10). Kpome Toro,
kodddunmenr Bapuanum  OyleM  HCHOJIB30BaTh B

pacyerax B KayeCTBE BXOJHOTO IapaMeTpa CUCTEMBI.
Ucxons 3 Buna ypaBaenus (9) nonoxum

M=2p/T, by =2(1-p) /T,

=

) (1)

(12)

u morpebyem BomoxHeHUs ycioBus (11). IomcraBus
BelpakeHus (9), (10) m gactHoe pemenue (12) B (11),
MOJTyYHM YpaBHEHHE YETBEPTOH CTENEHH OTHOCHTEIHEHO

napamerpa p: p(1—p)8(1+ci)p? —8(1+c2)p+3]=0.

Ot6pocuB TpuBHanbHble pemenus p=0 u p=1,

HOJIY4UM
25 .2 2

81+c)p” —8(1+c;)p+3=0,

BbIOEpEM ISl OTHO3HAYHOCTH OOJIBIINHA KOPEHB!

KBaJpaTHOE ypaBHEHHE

peuius KOTOpOe

1 [20+c3)-3
p=s+ ——5—. (13)
2 8(1+c3)
Otcioga cienyer, 4Yro KOI(OHUUEHT  Bapualuu

o =21/ V2. Taxkum 00pa3oM, IIOJY4EHO pelIeHue
cucreMsl ypaBHenui (9) u (10).

Takum  00pa3oM,  TUNEPIPIAHTOBCKHH  3aKOH
pacripefielieHusi BTOPOTO MOPSIKAa MOXKET OINpPEAENIAThCS
TIOJTHOCTEIO JIBYMS ITEPBBIMA MOMEHTAMH H IIEPEKPHIBATh
BECh IWama30H M3MeHeHHus Kod(duimenTa Bapuanuu oT

1/ \/5 1o 0, YTO
TUTIEPIKCIIOHEHIMATILHOTO pacnpenenenus (1, o) .

HIMpe, 4em

<

Jnst pacnipenenenus (4) 4UCIOBBIE XapaKTEPUCTHUKH
paBuel T, =1/p, ¢, =1/42.
Bemuunubl T, , T, ¢, ¢, ONPE/ACICHHBIC BBILIC,

Oy/leM CcuuTaTh BXOJHBIMH IapaMeTpaMH Ui pacdera
CPEIHEro BpEeMEeHH OkumaHus it cuctemMbl HE,/Ey/1.
Torna AIITOPUTM pacuera CBEETCSA K
HOCJIE/I0BATEILHOMY OIpe/IeIICHUIO rapameTpoB
pactipenenenus (4) w3 Beipaxenuit (13), (12) u «x
HAXOX/ICHHUIO HY)KHBIX KOpHEW MHOro4IeHa (6), a 3aTeM K
HCIIOJIb30BAHUIO PACYETHOTO BRIpaXeHUs (8).

Jamee paccMOTpUM TPUHIMITAATEHO OTIHYAFOITYIOCS
or wuccaenoBanHor CMO cucremy HE,/Ey/1. s
cucteMsr HE,/E,/1 co  cOBuHYTBIMH  3aKOHaMHU
pacupeneneHuii MHTEPBAJIOB IOCTYIUIEHU U BPEMEHHU
oOCNyXHMBaHHs JTH 3aKOHBI 3a7alTcsd  (OYHKUUSIMU
IJIOTHOCTH BHJIA:

500 4pa3 (t—tg)e M) L 4(1-p) A3 (1 —t)e 200 154, (14)
JA =
0, 0<r<t,,

fi (r):{%z(t_%)ezu(l%)’ o (15)

0, 0<t<1,.
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Takyro CMO B omTiIM4YHe€ OT OOBIYHOW CHCTEMBI
HE, /E, /1. Has

CpEIHEro BpPEMEHM OXUIAHUSA [UIsi TaKOM CHUCTEMBI
[IPEBAPUTEIIBHO IOKAXKEM CIEAYIOLIEE YTBEPKICHUE.

0003HaUMM  Kak orpeeNeHus

Yreepkaenue. CleKTpasbHble PasiioKeHUs PELICHHs
uyi F, (—s)-F: (s)-1=wy,(s)/y_(s) ams cucrem

HE, /E, /1 u HEyE,/1 mnomHOCTBIO COBHAamaloT |
umeroT BU1 (5).
Jloka3aTenbCcTBo. IIpeobpa3oBanus Jlannaca

¢ynkuwmii (14) u (15) 6yxyT COOTBETCTBEHHO:

Fy (s)= p(iJ2+(1—p)(LT o

§+220 s+2h,
2
F: (s)= [2—uj e oS
s+2u

CnekTtpansHoe paziokenne pemeHust WYJl s

CHCTEMBI HE, /E, /1

B, (—s)-F: (s)-1=wy, (s)/y_(s) npumer Bux:
2 2
W+ (S) =l p 2l +(1—p) 2y 20 «
v_(s) 20 —s 2hy —s
2
X(ij el 1=
2u+s

2 2 2
2M\ 2\ 2
= p| | (1-p)| 2| | L B
20 -5 20y —s 2u+s

3/1ech AKCIIOHEHTHI M3-32 IPOTHBOIOJIOKHBIX 3HAKOB
OOHYJISIIOTCSI M TeM caMbIM  OmHepauus  CIBHUTra
HUBenMpyercs. JlanmpHellee pa3yokeHne II0CIeTHETO
BEIpAKEHUST TpuBeAeT K Bumy (5), Kak 3T0 ObLIO

mpomenaHno s oObrgHOW  cmcreMbl  HE,/Eo/I.
CrenoBaTesbHO, CIEKTPAIbHBIC PA3JIOKEHUS Ul CHCTEM
HE, /E; /1 u HE,/Ey/1 mnomHOCTBIO cOBHAZalOT H

nMeroT BU (5). YTBepKIeHUe T0Ka3aHo.

Takum o6pasom, mo cucreme HE,/E; /1 wmbI

MOJHOCTBIO MOXEM  BOCIIOJIb30BaThCSl  MOJYYECHHBIMU
Bhbllie pesynbTatamMu st cuctembl HE,/E,/1, HO ¢
W3MCHCHHBIMH YHCJIOBBIMH XapaKTEPUCTHK CIBUHYTHIX
pacnpenenenuii (14) u (15).

OnpenenuM YHCIOBBIC XapaKTCPHCTUKH WHTEpBaa
MEXIy TOCTYIUICHHSMH TpeOOBaHWUI W  BpEeMEHH
oOciy:xuBaHus 1 HoBoil cucrembl HE, /E; /1. Jlna

9TOT'O BOCIOJIB3YyEMCA Jlammaca

dyaxmmit (14) u (15).

peoOpa3oBaHuEM
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Omnpenenum YHCIIOBBIC XapaKTEePUCTHKH
pactupenenenust (14). 3HaueHHEe NEPBOM IPOU3BOTHOMN

%
¢ynxuun F, (s) co 3HAaKOM MHUHYC B Touke s=(0 paBHO

dF; (s)

=i+ (1= gt 1
ds

s=0
Orcioma cpefHee 3HAYCHHE WHTEPBAIOB MEKIY

COCeHUMHU TpeOOBaHMUAMH BXOJHOTO TIOTOKa OyZer
paBHO

T, = A + (- pAy 4. (16)

o o *
3HaueHue BTOPOH NMpou3BOIHOM (yHKIMU F) () B

Touke s=0 maerT BTOpON HaudaJIbHBIH MOMEHT HMHTEpBaJa
MOCTYTUICHUS

2 =2 1o 2 5P 3’92 + 3(1_2‘7) .
M Ay 2Aq 205
Otcrona  kBagpar  kodd¢uuueHta  Bapualuu
HWHTEPBAJIOB MOCTYIIJICHUA:
2 22204 =R)+ pU=2p)0 ~22)” o
20y = (g =2g) +ghiho ]
Onpenenm YHCIIOBBIE XapaKTEpUCTUKHU

pacupenenernus (15). CpexHee BpeMmsi OOCIyXHBaHUS B

cucreme HE, /E; /1 paBHO

- -1
Tu =W +lp. (19)
Bropoit HayvaJbHbIN MOMEHT BpEMEHHU
00CITyKMBaHHs PaBEH
> 2t 3
=g+ (20)
B 2u
Otctona  k03(pGHUUMEHT  BapHalUM  BpPEMEHHU
o0ciyXuBaHus OyJIeT paBeH
-1
e =[N2 (1+ptp)] Q1)

3ameruM, 4TOo KOdbduIMeHTh Bapuauuu c; >0 u

e, <1/ J2 npu mnapaMerpe cxasura fp>0. Takum

obpasoM, oueBugHo, uyro cucrema HE,; /E; /1
otHocutcs K Tty G/G/1 u nuama3oH ee MPUMEHUMOCTH

PacUIMPUTCS IO CPABHEHHIO C OOBIYHOM CHCTEMO.

PaccmarpuBast Belpaxkenus (16)—(21) kak ¢opmy
3alMCH  MeTOJa MOMEHTOB, HaiileM HEeHW3BECTHbIC
napametpsl pacrpenenenus (14) u (15): A, Ay, p, fo, 1.
Haxoxnenne napamerpos pactpenenenus (14) Ay, Ay, p
OyleT aHAJIOTMYHBIM HAaXOXKACHUIO 3THX IapaMeTpoB IS

pacupenenenus (3). Tenmeps ucxons U3 BUAA YpaBHEHUS
(16) monoxum
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M =2p/ (TG ~1), hy =2(1=p) /(5 1) (22)
n morpedyem BeImonHeHUs1 ycioBus (18). [lomcraBus
gacTHOe pemreHue (22) B (18) pemaem moirydeHHOE
YpaBHEHHE  YETBEPTOM  CTEMEHH  OTHOCHUTEIBHO
napameTpa p ¢ yderoMm ycioBust 0< p <1 u BeiGepem

HY’KHOE pellIeHHe

— 2
1 1 3(ty, —¢
p=—+ (% ~fo)

2 \4 8T, 1)’ +T ]

a 3aTeM oIpezensieM u3 (22) napaMerpsl A; U A, .
Teneps onpenenum napamerp pacnpenenenus (15) p
u3 (19) u nonyunm 3uadenne p=1/(t, —¢y). Orcrona

Auara3oH W3MEHCHHUA IapaMeTpa CcaBUra COCTaBUT

0<ty<T,.

0

3anaBas 3HaYCHHUA T) , T, ), ¢, l[p B KayeCTse
BXOJHBIX [APaMETPOB  CHCTEMBI, TAKUM 00pa3oM
onpeacjiieM  HM3BECTHBIM  MCTOJJOM  MOMEHTOB  BCE

HEU3BECTHBIC MapaMeTpsl pacupezencHuii (14) u (15).

Teneps paccMOTpUM BIHSHHE NapaMeTpa CABHUIra Ha
koa(¢unmentsl  Bapuaumii  pacnpepeneHuid. s
oOpryHOrO  pacmpenenenust HE,, kak cienyer wu3
BeIpaxkeHuit (9)—(11), momyumnm:

M =2phy ( =29) + p(=2p)0ky =hy)*
20k = p(hy =21

CpaBHuBast ~ mocnenHee  BelpakeHme ¢ (18)
yOexaemMcs, 4To IapaMeTp cIBUTa BO BpeMeHH #; >0

YMEHbIIAeT  KOI(PPUIHEHT
foMAy
(A (1= p)+2;,p]
JUIL DPIIAHTOBCKOTO 3aKOHAa BpPEMEHH OOCITy>KHBaHUS,
mapaMeTp CABHTa YMEHbBIIAeT KOA(P(OUIMEHT BapUaIiH

BpeMeHH o0ciyxuBaHus B 1+uf;, pa3. YuuTeiBasg

Bapuanuu HWHTCEPBAJIOB

mocTymjieHnd B 1+ pa3. AHaJOTHYHO

KBaJIpaTUYHYI0 3aBHCUMOCTb CpeIHEW 3alepKKH OT
K03(h(pUIMEHTOB BapHallMii MHTEPBAJIOB NOCTYIUICHUH U
BpEMEHH OOCIYyXMBaHMsS, YyOexIaeMcsi B TOM, 4YTO
BBE/ICHHE TapaMeTpa CIBHIa B 3aKOHBI paclpeseieHHs,
YMEHbILIAeT cpeiHee BpeMst oxxuaanus B ouepenu B CMO.

4 SKCIIEPUMEHTBI
Hwxke B Tabn. 1 mpuBeneHbl NaHHBIE PACUETOB IS
cucrembl HE,/E,/1 nns cmyuaeB manoid, cpenHeil u
BbICOKOM Harpy3ku p =0,1;0,5;0,9.

3amMeTHM, 4YTO 3Ta CUCTEeMa OIpenelieHa Ul
¢ =1/ JE ¢, = 1/ \/5 . Jannble pacueToB IS
cucreMl HE,/E,/1 cpaBHUBaroTCI ¢ pe3yibpTaTamu

6mmzkoit cucremsl Hy/Eo/1. [Ipodepku 03HA4ar0T, 4TO MpH
JIlaHHBIX napameTpax cuctema Hy/E,/1 He npumennma.
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Ta6muna 1 — PesynbsraTs! skcniepumentos it CMO HE,/E,/1

Bxomsie Cpenuss 3a1epixKa
napameTpsl
p o JJIs1 CUCTEMBI JUIST CACTEMBL
HE,/E»/1 H,/E»/1
0,71 0,017 _
1,0 0,027 0,083
0.1 2,0 0,047 0,141
4,0 0,056 0,171
0,71 0,392 _
1,0 0,605 0,751
0.5 2,0 1,536 1,764
4,0 3,687 4,082
0,71 4,377 _
1,0 6,605 6,752
0.9 2,0 20,222 20,016
4,0 74,870 73,321

Kospoumment 3arpy3ku p B obemx Tabnmmax

ompesienseTcs  OTHOIIGHHEM  CPEIHHX  HHTEPBAJOB
p=T,/T, . Pacuerel, npuBeneHHsie B Tabm. 1 u 2

MIPOBEIEHBI IS

obcmyxusannst T, =1.

HOPMHUPOBAHHOT'O BpEMCHHU

B Tabn. 2 npuBeeHH TaHHBIE PACYECTOB AJISI CHCTEMBI

HE,; /E; /1 mpu ¢, =2 Takke Ald CllydaeB Majoi,

CpelHEN U BBICOKOM Harpy3KH.

Tabnuua 2 — PesynpTate! sxcniepumentoB 111 CMO

HE; /E, /1
Bxopauble mapameTpsl Cpennsisi 3aepxKa
JUIL IS
p c, ty CHCTEMBL CHCTEMBI
HE; /E3 /1 HE/Ey/1
0,071 0,9 0,000
0,354 0,5 0,007
0.1 0,636 0,1 0,035 0,047
0,706 0,001 0,047
0,071 0,9 0,005
0,354 0,5 0,309
0.5 0,636 0,1 1,249 1,336
0,706 0,001 1,533
0,071 0,9 0,589
0,354 0,5 15,337
0.9 0,636 0,1 19,421 20,222
0,706 0,001 20,214
Cucrema HE; /E; /1 onpenenena u anda ¢ <1,

HanpuMep  Ipu

=099, p=0,9,
KO3 GHUIHMEHT BapUaIiK ¢, =0,007 mo dbopmyne (21), a

(&Y 20,1,

cpelHsis  3aJepkka paBHO W = 0,17-10_3 , T.e.
YMCHBIIIAETCS TIOYTH JI0 HYJISI ¢ HAUMCHBIICTO 3HAYCHUS
4,377 emuHAIl BpeMeHH B Ta0m. 1.
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5 PE3YJIBTATBI
B pabore mosydeHbl CHEKTPAIbHBIE Ppa3JIOKEHUS
pelIeHus] UHTerpaabHOro ypaBHeHUs JIMHIM 11 OBYX

cucteM HE,/E,/1 u HE, /E; /1, ¢ noMompo KOTOPBIX

BBIBEZICHA pacdeTHas (popMyia Uil cpeJHel 3a/lepKKH B
ouepe JUIsl 3THX CUCTEM B 3aMKHYTOH (hopme.

6 OBCYXJIEHUE

PesynbraTel  Tabn. 1 TOATBEPKIAIOT — MOJHYIO
aJICKBaTHOCTh IIOCTPOCHHON MAaTeMaTHYECKOW MOJICIH
JUIS  CpeIHEW 3aJepKKH TpeOOBaHWH B OYepenu s
00b19nH0i#1 cucremsl HE,/E»/1.

Janapie Tabm. 2 TOMHOCTRIO  ITOATBEPKAAIOT
CIIeNIaHHBIE BBIIIE TPEIATIONOKEHUS O CPEAHEM BpPEMEHHU
OKHMJIaHUSI B CHCTeMe ¢ 3amaszabiBaHueM. Kpome toro, ¢
YMCHBIIICHUEM MapaMeTpa CIBUTA £, CPSIHSA 3aICPIKKa B
ouepeq B CHUCTEME C 3ama3jibIBAHHEM CTPEMHTCA K
3HAYCHHUIO 3TOTO BPEMEHU B OOBIYHON CHCTEME, 4YTO
JIOTIOJTHUTENIFHO ~TIOATBEPIKIAeT aJCKBAaTHOCTh TOMY-
YCHHBIX pPE3YyNbTaTOB I OOCHX pPacCMaTPUBACMBIX
CHCTEM.

Jlmama3oH W3MCHCHHS

[apaMeTpoB y  CHCTEMEI

HE; /E, /1 mupe, uem y cuctemsl HE,/E,/1, nosromy

YKa3aHHBIC CHCTEMBI C yCIIEXOM MOTYT OBITH NPHMEHEHBI
B COBPEMEHHOW Teopuu tenerpaduka. Pesynprars
MIPOBEJCHHBIX 9KCTIEPUMEHTOB MOJTBEPKAAIOT
paclMpeHre [Uana3oHOB H3MEHEHHMS MapaMeTpoB Y

CHCTEMBI C 3anasapiBanueM Ui ¢, >0 n 0<c¢, <1/ V2.

BBIBOJbI
Pemena 3amaua BbeIBoma Qopmynsl s cpeqHei
3aJiep)KKU TpeOOBaHWII B ouepenu ISl PacCMOTPEHHBIX
CHUCTEM.

Hayynasi HOBM3HA TIOJy4EHHBIX  pe3yJbTATOB
3aKJII0YAeTCsl B TOM, YTO TMOJIyY4€Hbl CHEKTpalbHEIE
pa3NIOKEHUs]  PEMICHWS  HMHTETPAIBHOTO  ypaBHEHHMS

JlmHM U paccMaTPUBAEMBIX CHCTEM H C WX TIOMOIIBIO
BBIBEICHO pacueTHas (opMynia A CpemHeH 3aIepiKKH
TpeOOBaHUI B Oouepeny A 3TUX CHCTEM B 3aMKHYTOM
dbopme. Drta ¢opMmynaa pacmidpseT U IOMOJHSICT
M3BECTHYIO HE3aBEPIICHHYO (HOpMYITy TCOPHH MacCOBOTO
00CITy)KMBaHUS JJIs CPEJHETO BPEMCHHU OXHIAHHS IS
cucteM tuna G/G/1 ¢ TPOU3BOJBHBIMU 3aKOHAMH
pacmpeneiieHuii  BXOJHOTO  TMOTOKA W BPEMCHU
o0cCITy)KUBaHUS.

I[pakTnyeckoe 3HAYeHHMe DPAOOTHI 3aKIFOYACTCS B
TOM, YTO TIOCTPOCHBI MaTEMaTHYCCKIE MOJICITH 3aJCPKKHI
TpeOOBaHMI B ouepenaW U1 OBYX CHCTEM, KOTOpPBIE
MPOTECTUPOBAHEI C IOMOINBIO YHUCIEHHOTO MOJIe-
JUPOBaHMSA B MaTeMmaTHdeckoMm makere Mathcad ms
IIUPOKOTO IUarna3oHa — HW3MEHEHHA apaMeTpoB
paccMaTpuUBaeMbIX CHCTEM. Ot pe3yabTaTHI
BOCTPcOOBAaHBI B COBPEMEHHON TeopwH TeieTpaduka, a
TaKKe B TPOCKTUPOBAHHM CHCTEM IMEpelayd IaHHBIX
Pa3IMYHOTO HA3HAYCHUS.

IlepcnekTUBBI IaJbHeH X HccJaea0BaHni
MPOCMATPUBAIOTCS B  MPOJOJDKEHUH  HMCCIEI0BaHUS
cucreM G/G/1 ¢ gpyrumu  OOMIMMH  BXOJTHBIMHU
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pacnpeaciiCcHusaMu W B pPAaCIUPEHUHM U JOINOJIHCHUH
U3BECTHBIX (HOPMYIT TS CPETHEH 3a7CPIKKH.
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YK 621.391.1: 621.395
Tapaco B. H. — n-p TexH. Hayk, npodecop, 3aBigyBau Kadeapu MPOrpaMHOTO 3a0C3MEUYCHHS Ta YIPAaBIiHHS B TEXHIYHUX
cuctemax [10BOJI3BKOrO epKaBHOIO YHIBEPCUTETY TeJIEKOMYHiKauiil Ta inpopmatuku, PO.

MATEMATUYHA MOJEJIb 3ATPUMKHU HA OCHOBI CUCTEM 3 I'NTEPEPJIAHI'IBCBKUMMU 1
EPJIAHT'IBCBKUMMU PO3INOAIJIAMHU

AHOTAIIA

AxtyanbHicTs. locmimkenns cucreM G/G/1 B Teopii MacoBoro o0CIyroByBaHHS aKTyalIbHI B 3B’3Ky 3 THM, II[O TaKi CHCTEMH
CTaHOBJIATB IHTEpEC JUIsl aHAJI3y 3aTPUMKH CHCTEM Iepeaadi JaHuX. Y TOW jke 4ac He MOKHA OTPUMATH PIlICHHS JUIS 4acy 3aTPUMKH
B KiHIIEBOMY BUIJISZII B 3araJlbHOMY BHIIAJKy HPH JOBUIBHHUX 3aKOHAX PO3MOIUIIB BXIJHOTO IMOTOKY 1 yacy obGcimyroByBanHs. Tomy €
BaXJIMBUMH JIOCII/PKEHHS TAKUX CUCTEM JUIs OKPEMHX BMIIAJIKIB BXiZHHX PO3MOALTIB. PO3IisHYyTO 3a/1auy BHBEICHHS PIlICHHS JUIS
CepelHbOi 3aTPUMKH B 4ep3i y 3aMKHYTIH (Gopmi Ui IBOX CHCTeM 3i 3BHYalHUMHU 1 3 3CYHYTHMH THIICPEpJIAHTiBCBKUMH i
€pIAHTIBCHKUMH BX1THUMH PO3MOIITIAMH.

Merta po6oru. OTpuMaHHs PIlICHHS JUI OCHOBHOI XapaKTEPUCTUKH CUCTEMH — CEpEHbOI 3aTPUMKH BUMOT B 4ep3i JUIs JIBOX
cucteM MacoBoro oociyroByBaHHs Ty G/G/1 31 3BHYaifHUMH 1 3 3CYHYTHMH THIIEPEPIAHTIBCEKUM 1 €pIAaHTIBCEKUM BXITHIMHI
PO3HOIiTaMH.

Metona. [1nst BUpIilIEHHS] OCTABJICHOTO 3aBJaHHS OyB BUKOPHCTAHHMI KIACHYHUH METO]| CIIEKTPAIBHOIO PO3KIAaAaHHs PO3B'SI3KY
inTerpansHoro piBHsHHA Jlinumi. Lleit MeTox 103BOJIsSE€ OTPUMATH PIllIEHHS JJIsL CEPeHBOT 3aTPUMKH JUISl PO3IITHYTHX CHCTEM Y
3aMKHYTii (opmi. MeTon CHeKTpalbHOrO PO3KIaJaHHs PO3B’sI3Ky iHTErpasibHOro piBHsAHHS JIIHATI rpae BaXJIMBY POJb y Teopil
cucreM G/G/1. JInsi mpakTHYHOTO 3aCTOCYBaHHS OTPUMAaHHMX pe3yJbTaTiB Oyl0 BUKOPHUCTAHO BiIOMHH METOJ] MOMEHTIB Teopil
HWMOBIpHOCTEH.

PesyabTaTn. Bnepie oTpuMaHO CHEKTpajibHI PO3KIAJAaHHA PO3B’S3KY IHTETpalbHOTO piBHAHHS JIiHAT AN ABOX CHCTEM, 3a
JIOTIOMOTOIO0 SIKUX BHBEICHI PO3PaXyHKOBI (POPMYITH JUISl CEPEIHBOI 3aTPUMKH B Yep3i B 3aMKHYTiH (opmi.

BucHoBku. OTprMaHO ClIeKTpaibHi PO3KIAJaHHs PO3B’sI3Ky IHTErpanbHOro piBHAHHS JIHI U1 PO3IIITHYTHX CHUCTEM, Ta 3 1X
JIOTIOMOTOI0 BUBEJICHI PO3PaxyHKOBI (POPMYIIH JUIsl CepeIHbOl 3aTPUMKH B Uep3i JUIsl IUX CHCTEM B 3aMKHYTiH ¢opmi. Lli dpopmymn
PO3IIUPIOIOTH 1 JOMOBHIOIOTH BifioMi (OpMyJIH Teopii MacoBOro oOCIyroByBaHHS Ui CEpeiHbOi 3aTpuMku s cuctem G/G/1 3
JIOBUTPHMMH 3aKOHAaMH PO3IOALTIB BXiJTHOTO IOTOKY 1 Yacy oOCiyroByBaHHsS. Takuil HiIXiZ 03BOJSE po3paxyBaTh CEPeIHBOI
3aTPUMKH I 3a3HAYCHHUX CHCTEM B MaTeMaTHYHHX MaKeTax Ul LIMPOKOro [iama3oHy 3MiHM mapamerpiB Tpadiky. Bei immi
XapaKTEePUCTUKH CUCTEM € MOXIIHUMHU 4acy O4iKyBaHHS.

Kpim cepennporo wacy ouwiKyBaHHS, TaKWd MiAXiN A€ MOXJIHMBICTP TaKOX BHU3HAYUTH MOMEHTH BHIIUX IOPSAKIB 4acy
OUiKyBaHHS. 3 ODJISAAY Ha TOH (akT, 0 Bapiallis 3aTPUMKH MAKeTiB (IKUTTEpP) B TEICKOMYHIKaIlll BH3HAYAETHCS SIK TUCIIEPCis
3aTPUMKH BiJ] HOTO CEpeJHBOTO 3HAUCHHS, TO [DKUTTEP MOXKHA Oy/ie BU3HAYHUTH Yepe3 JUCIEPCilo 3aTPUMKU.

KJIIOUOBI CJIOBA: epnaHriBChbKHiI Ta TilepepiIaHTiBCBKUM 3aKOHM PO3MOALTy, iHTerpaibHe piBHAHHA JliHmm, meroxn
CIIEKTPAJIHOTO PO3KIIaiaHHsl, epeTBopeHHs Jlamaca.
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MATHEMATICAL DELAY MODEL BASED ON SYSTEMS WITH HYPERERLANGIAN AND ERLANGIAN
DISTRIBUTIONS
Tarasov V. N. — Dr. Sc., Professor, Head of Department of Software and Management in Technical Systems of Volga State
University of Telecommunications and Informatics, Samara, Russian Federation.

ABSTRACT

Context. Studies of G/G/1 systems in queuing theory are relevant because such systems are of interest for analyzing the delay of
data transmission systems. At the same time, it is impossible to obtain solutions for the delay in the final form in the general case for
arbitrary laws of distribution of the input flow and service time. Therefore, it is important to study such systems for particular cases
of input distributions. We consider the problem of deriving a solution for the average queue delay in a closed form for two systems
with ordinary and shifted hypererlangian and erlangian input distributions.

Objective. Obtaining a solution for the main characteristic of the system — the average delay of requests in the queue for two
queuing systems of the G/G/1 type with ordinary and with shifted hypererlangian and erlangian input distributions.

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 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, spectral expansions of the solution of the integral Lindley equation for two systems are obtained, with
the help of which calculation formulas for the average delay in a queue in a closed form are derived. Thus, mathematical models of
queuing delay for these systems have been built.

Conclusions. These formulas expand and supplement the known queuing theory formulas for the average delay G/G/1 systems
with arbitrary laws distributions of input flow 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 delay, 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 delay from its average value, the jitter can be determined through the variance of
the delay.

KEYWORDS: hypererlangian and erlangian distribution laws, Lindley integral equation, spectral decomposition method,
Laplace transform.
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ABSTRACT

Context. In most clustering (classification without a teacher) tasks associated with real data processing, the initial information is
usually distorted by abnormal outliers (noise) and gaps. It is clear that “classical” methods of artificial intelligence (both batch and
online) are ineffective in this situation.The goal of the paper is to propose the procedure of fuzzy clustering of incomplete data using
credibilistic approach and similarity measure of special type.

Objective. The goal of the work is credibilistic fuzzy clustering of distorted data, using of credibility theory.

Method. The procedure of fuzzy clustering of incomplete data using credibilistic approach and similarity measure of special type
based on the use of both robust goal functions of a special type and similarity measures, insensitive to outliers and designed to work
both in batch and its recurrent online version designed to solve Data Stream Mining problems when data are fed to processing se-
quentially in real time.

Results. The introduced methods are simple in numerical implementation and are free from the drawbacks inherent in traditional
methods of probabilistic and possibilistic fuzzy clustering data distorted by abnormal outliers (noise) and gaps.

Conclusions. The conducted experiments have confirmed the effectiveness of proposed methods of credibilistic fuzzy clustering
of distorted data operability and allow recommending it for use in practice for solving the problems of automatic clusterization of
distorted data. The proposed method is intended for use in hybrid systems of computational intelligence and, above all, in the prob-
lems of learning artificial neural networks, neuro-fuzzy systems, as well as in the problems of clustering and classification.

KEYWORDS: fuzzy clustering, distorted data, credibilistic fuzzy clustering, similarity measure.

ABBREVIATIONS X, is a data set matrix that contain the value of the
NN is a neural network;
NFN is a neuro-fuzzy network;
FCM is a fuzzy c-means method;
CFC is a credibilistic fuzzy clustering.

components of the vectors-observation available in X
k is a number of the vectors-observation;
i is a number components of the vectors-observation;
X(k) is a vector of observations;

NOMENCLATURE x;(k) is a preprocessed original data;

X' is a data set matrix;

X is a distorted data set matrix;

X 1is a data set matrix that contain all components;

X.(k) is a value of the vectors-observation;
I, q is a number of cluster;
U, (k) is a membership level;

X 1s a data set matrix that contain components of
> Cl is a cluster;

ion rs that ar ntin X ; . . .

observation vectors that are absent ; D is a Euclidean distance:
D, is a partial distance;
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E is a goal function;
W is a centriod of cluster;
n(k) is learning step parameter;

Cr, (k) is fuzzy credibilistic membership level;

o is a Cauchy distribution;
3, (k) is a Lagrange indefinite multipliers;
B is a fuzzyfier.

INTRODUCTION

The problem of clustering (classification without a
teacher) is an integral part of the general problem of Data
Mining [1], for the solution of which many approaches,
methods, and algorithms have been developed. Within the
framework of this task, a special place is occupied by the
problem of fuzzy clustering [2—4] which considers the
situation when the classes being formed overlap, i.e. each
observation can simultaneously belong to several or all
classes. Within the framework of this subtask, two main
approaches have been formed today: probabilistic [2],
when the probability of its belonging to each of the possi-
ble classes is estimated for each observation, and the pos-
sibilistic [5], where the possibility (not probabilisty) of
belonging to some of the classes is estimated. Both of
these approaches are associated with solving the optimi-
zation problem (nonlinear programming) of the adopted
goal functions and, in the general case, can lead to differ-
ent final results. Despite the rather serious mathematical
basis of these approaches, they suffer from a number of
significant drawbacks: so the probabilistic approach is
very sensitive to “abnormal” observations, which are
practically “blurred” with the same levels of membership
in all clusters.

The possibilistic approach, in turn, is associated with
the so-called coincidence problem, when some clusters
merge together, which generally does not allow splitting
the processed sample into homogeneous groups — clusters.

Both of these approaches process data in batch mode,
i.e. it is assumed that the entire array of observations is
given a priori and does not change during the analysis. If
the data are fed online (Data Stream Mining task), the
classical probabilistic and possibilstic algorithms of fuzzy
clustering become unworkable. In this situation, the fore
sequential algorithms based on gradient optimization of
goal functions taken. Such online procedures have been
developed both within the framework of probabilistic [6—
9] and possibilistic [8, 10] approaches and have proven
their efficiency.

In clustering problems related to the processing of real
data, the initial information, as a rule, is distorted by ab-
normal outliers (noises) and gaps, and the number of these
outliers and “holes” can be commensurate with the vol-
ume of “clean” data, while a situation is possible when all
data are “dirty”. It is clear that “classical” methods (both
batch and online) are ineffective in this situation.

To combat anomalous outliers in fuzzy clustering
problems, robust methods were proposed based on the use
of both robust goal functions of a special type and similar-
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ity measures insensitive to outliers and designed to oper-
ate both in batch [11, 12] and online [8, 13] modes.

As for the presence of the gaps in observations, there
was also developed a number of techniques (through
probabilistic and possibilistic approaches) as a batch [14,
15], and online [16]. And finally, in [17], a robust credibi-
lisic procedure for fuzzy clustering of data distorted by
both outliers and gaps based on a similarity measure of a
special type was introduced.

The object of study is fuzzy clustering of data dis-
torted by both outliers and gaps.

The subject of study is procedure for fuzzy clustering
of data distorted by both outliers and gaps based on a si-
milarity measure of a special type.

The purpose of the work is to introduce robust cre-
dibilisic procedure for fuzzy clustering of distorted data.

1 PROBLEM STATEMENT
The initial information for solving the problem of
fuzzy clustering using any of the known approaches is a

sample of observations (batch) formed by N (nxI)
vectors-observations X :{X(l), X(2),...,X(k),...,x(N)} cR"

where  X(k) = (%, (K),..., X, (K),.... X, (K))” €R" which in the
self-learning mode has to be divided into mutually over-
lapping classes-clusters, while in the process of solving
the problem for each observation X(k) the sample should

be determined by its fuzzy membership level U, (k) to
each of the possible clusters Cl (1<g<m). It is also

usually assumed that the original data are preprocessed
(normalized, centered) so that —-1<x(k)<I or

[x(kf=1.

2 REVIEW OF THE LITERATURE

Alternatively to probabilistic and possibilistic proce-
dures [18, 19] it was introduced credibilistic fuzzy clus-
tering approach using as its basis the credibility theory
[20], and is largely devoid of the drawbacks of known
methods.

The most common approach within the framework of
probabilistic fuzzy clustering is associated with minimiz-
ing the goal function [3]:

N m
E(Uqk).wg )= X D UBD? (x(k)wg) (1)

k=1g=1

o]

with constraints

m
YUk =1,
g=1

@

N
0< > Ugk)<N.
k=1
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Solution of nonlinear programming problem using the
method of Lagrange indefinite multipliers leads to the
well-known result

1
2 =
e (o (x(k),wq>)11’
> (02 (xo.w))"
= )
> (Ug®) x(k)
W, = k=l
q N B
2(Uq(0)
=1

coinciding with f =2 with a popular method of Fuzzy C-
Means of J. Bezdek (FCM) [2].

If the data are fed to processing sequentially, the solu-
tion of the nonlinear programming problem (1), (2) using
the Arrow-Hurwitz-Uzawa algorithm leads to an online
procedure [8]:

1

(D2 (x(k -+ 1w, (k)))@
m e
Z( D? (x(k +1),w (k)))l—ﬁ
- (4)
Wy (k +1) = w(k) +n(k + DUE (k + 1) *

Ug(k+1)=

*(x(k +1)—Wq(k)).

The goal function of credibilistic fuzzy clustering has
the form [18, 19] close to (1)

N
E(Cry(k),wq )= i crf (k)D? (x(k), g ) 5)

k=1g=1
with “softer” than (2) constraints:

0<Cr,(k) <1, forallq and k,
supCr, (k) 2 0.5, forall K,

Cr, (k) +supCr (k) =1,

for any g and K, for which Cr, (k) > 0.5.

(6)

It should be noted that the goal functions (1) and (5)
are similar and that there are no rigid probabilistic con-
straints in (6) on the sum of the membership in (2).

In the procedures of credibilistic clustering, there is al-
so the concept of fuzzy membership, which is calculated
using the neighborhood function of the form [21]

Uq(K) =g (D(x(k),wq )) 7)

© Bodyanskiy Ye. V., Shafronenko A. Yu., Klymova I. N., 2021
DOI 10.15588/1607-3274-2021-1-10

monotonically decreasing on the interval [0,00] so that

94(0) = 1,9, (x2) 0.
Such a function is essentially an empirical similarity
measure of [22] related to distance by the relation

1

U,(ky=————.
q() 1+D2(x(k),wq) ®)

Note also that earlier it was shown in [16] that the first
relation (3) for f =2 can be rewritten as

D? (x(K), W, )Jl

q

Uq(k):£1+ )

where
-1

m
og =| > D* (x(K).w) (10)

1=1
(B3

which is a generalization of the function (8) (for G: =1

(8) coincides with (10)) and satifies all the conditions for
(.

In batch form the algorithm of credibilistic fuzzy clus-
tering in the accepted notation can be written as [18, 19]

Uq (k)= (1+D? (x(k), wg ))_1 :

Ug (k) =Uq (k) (supU; (k)

an

- ;
er(k)=5[uq(k)+1—?zgu, (k)}

N p
Z(er(k)) x(K)

k=1

%(er(k))ﬁ

k=1

Wq =

and in the online mode, taking into account (9), (10) [23]:

ol(k+1)=— ! ,

D D* (x(k+1),w, (k)
=1

Iq

D? (x(k+l),wq(k))Jl
oa(k+1) ’
U,(k+1)
supUI(k+1)’

Uq(k+1):[l+

(12)
Us(k+1)=

cr,(k+1) :%(U;(k+l)+l—supU,*(k)],
1=q

w, (k+1) = w, (K)+n(k + DCr! (k+ 1) (x(k +1) = w, (k).

From the point of view of computational implementa-
tion, algorithm (12) is not more complicated than proce-
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dure (4) and, in the general case, is its generalization to
the case of credibilistic approach to fuzzy clustering.

3 MATERIALS AND METHODS
In situations when an array of initial

X ={X(1), X(2)... X(K),...,

observations), the approach considered above cannot be
used and requires significant modification. Thus, in [14],
a modification of the FCM procedure based on the partial
distance strategy was proposed. Within the framework of
this strategy, three subarrays of data are introduced into
consideration:

F ={X(k) e X

data
)?(N)} contains gaps (missing

where vector X(k) containg all components},

Xp ={%(k),I<i<nl<k<N

where X, (k) — the value of the components of the
vectors-observation available in X},

X ={%(k)=none,I<i<nI<k<N

where X, (k) —components of observation vectors

that are absent in X }.

Further, the partial distance is introduced into consid-
eration in the form

D%()”((k),wq) 5 (k)Z(x,(k) Wi )8(k) (13)
and instead of (1) — the goal function
= Bk
E(Uq(k).Wg )= zlqzlu ()6Z(k)
. (14)
> (%) - we; ) 8 (K)

—_

i=
where

o foif x50 eXg,
S(k)_{lif % (K) e Xg,

n
85 (k) =28 (k).

i=1
Using the method of Lagrange indefinite multipliers,
we obtain [14]:

1
( x(k) Wy )
Ug()=— .
Y (D (x(Kk),w) )P
N|:1 (15)
3 (Ug(0)’ 5 (0% (k)
W = k=1
ql N B
> (Uq(0) 8k
k=1
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In recurrent online form (15) can be rewritten as [24, 25]

(D,§ (%(k +1),wq(k)))$
Ugk+1)=— —
(D3 (R(k+1),w (K)) )7
= (16)

W, (K)+n(k +DUP (k+1)*

W (k+1) =

*(% (k+ 1) = wi (k) 8, (k).

Similarly, using the partial distance strategy, a batch
procedure of credibilistic fuzzy clustering can be intro-
duced

U, (k) = (1+ D2 (%(k), w, ))'] ,
U (k) =U, (k)(supU, (k) ',

cr,(k)=— [U (K)+1-supU; (k)j

I+ (17)
> (k) 8,00% (k)
Wi = = N ;
> (Cr () 8,(k)
k=1
and its online version:
c (k+1)— !
ZDZ Kk +1), vv,(k))
I;:q
D2 (%(k )"
Uq(k+l)={l+ P(X(2+l)’w“( ))] :
o, (k+1)
. U (k+D)
Uq(k+l)_supU (k+1)’ (18)

Cr,(k+D)=— (U (k+1)+1-supU; (k+1)j,

I1=q

wy (k+1) =wy (k) +n(k +DCrf (k +1)*

*(% (k+ 1) = wig (k) 3, (k).

It is easy to see that algorithm (18) is a generalization
of procedure (12) for the case of processing data not dis-
torted by gaps.

4 EXPERIMENTS

To test the developed methods, as well as the analysis
of translation over other more well-known approaches,
the research was conducted using well-known test data
sets of the UCI repository, such as Wine, Gas, Glass and
Iris. Description of these data sets shown in Table 1.

Each of the data sets has its own of Attributes Num-
ber, Data Number, Cluster Number and Data Sourse.
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Table 1 — Data set description Data set, Data number, Attributes
number, Cluster number, Data source

Data Data Attributes Cluster Data Source
set Number Number Number
Wine 178 13 3 Forina et al.(1988)
Gas 296 2 6 Box and Jenkins
(1970)
Glass 214 9 6 Maskey and Glass
1977)
Iris 150 4 3 Fisher (1936)

To assess the quality of data clustering, we used Sil-
houette index, Calinski-Harabasz index and Davis-
Baldwin index. The results of clustering Iris data set dem-
onstrated Table 3.

5 RESULTS

Of course, the quality of proposed method should be
estimated.

For this reason, we used the overall accuracy compari-
son of 100 experiments for different datasets and two
clustering algorithms: fuzzy c-means method (FCM) and
credibilistic fuzzy clustering (CFC).

Table 2 — A comparison of 100 experiments for the other

data set
Data set Clustgring Overall accuracy
algorithm Highest Mean Variance
Wine FCM 68.54 68.54 0
CFC 67.98 67.98 0
Gl FCM 49.53 49.08 0.01
ass CFC 44,86 44,86 0
Gas FCM 79.05 77.33 11.33
CFC 68.58 68.55 0.01
Iris FCM 89.33 89.33 0
CFC 91.33 90.06 0.04

Credibilistic fuzzy clustering algorithm works not on-
ly with complete data, but also with data that containing
missing values. To conduct experimental studies, we arti-
ficially have introduced 10 missing values into the Iris
data set. Figure 1 demonstrates credibilistic fuzzy cluster-
ing (CFC) Iris data set with 10 missing values.

O setos
& versicolor
O virginica

as®
sepad widh

Figure 1 — Credibilistic fuzzy clustering Iris data set with 10
missing values
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Table 3 — Result of clustering Iris data set with different

algorithms
. . Silhouette | C2linski- | Davis-
Clustering algorithm . Harabasz | Baldwin
index . .
index index
Adaptive probabilistic
fuzzy clustering data with 0.2326 921.58 1.28
missing values
Adaptive possibilistic
fuzzy clustering missing 0.2325 922.01 1.25
values
Adaptive credibilistic
fuzzy clustering missing 0.3335 965.42 1.05
values
FCM 0.2354 986.39 1.23
K-means 0.3676 1419.28 1.09
6 DISCUSSION

The result of clustering data sets shown in Table 2. As
the table shows, the prepositional credibilistic fuzzy clus-
tering algorithm shows good results.

Comparative data analysis was performed with previ-
ously proposed clustering methods data that containing
missing values such as adaptive probabilistic fuzzy clus-
tering data with missing values, adaptive possibilistic
fuzzy clustering missing values and classical algorithms
FCM and K-means.

Thus, the silhouette index shows how the average dis-
tance to the objects of cluster differs from the average
distance to the objects of other clusters. This value is in
the range [-1, 1]. Values close to —1 correspond to “bad”
(disparate) types of clustering. Values close to zero indi-
cate that the clusters intersect and overlap. Values close to
1 correspond to “dense” clearly selected clusters. Thus,
the larger the silhouette, the clearer the clusters and they
are compact, densely grouped clouds of points. As can see
from the silhouette index, the data recovery method works
quite well. The higher the value of the Calinski-Harabasz
index, the better is the solution. In the Davis-Baldwin
index, values close to zero indicate the best section, i.e. as
can see, with almost all missing data, the distribution is
“good”, so the method worked well.

CONCLUSIONS

The conducted experiments have confirmed the effec-
tiveness proposed methods of credibilistic fuzzy cluster-
ing of distorted data operability and allow recommending
it for use in practice for solving the problems of automatic
clusterization of distorted data The proposed method is
intended for use in hybrid systems of computational intel-
ligence and, above all, in the problems of learning artifi-
cial neural networks, neuro-fuzzy systems, as well as in
the problems of clustering and classification.

The scientific novelty of obtained results is that the
method of credibilistic fuzzy clustering of distorted data
based on the partial distance strategy, that shows good
results in comparative analyses with another methods, that
“worked” with distorted data sets.

The practical significance of obtained results is that
analyze properties of the propose methods of credibilistic
fuzzy clustering of distorted data. The experimental re-
sults allow to recommend the proposed methods for use in
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practice for solving the problems of automatic clusteriza-
tion of distorted data.

Prospects for further research methods of credibilis-

tic fuzzy clustering of distorted datafor a broad class of
practical problems.
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OHJIAWH HEYITKA KJIACTEPH3AIIISI JAHUX 3 ITIPOITY CKAMHY 3 BAKOPUCTAHHAM JTOCTOBIPHOT'O
naxoay TA MIPU INIOAIBHOCTI CHEIJAJIBHOT'O BUIJIAAY

Bonsinebkuii €. B. — 1-p TexH. Hayk, npodecop, npodecop KadeaApH MTYYHOTO IHTENEKTY XapKiBCbKOTO HAliOHAIBHOTO YHi-
BEPCUTETY PaIiOeNeKTPpOHIKH, XapKiB, YKpaiHa.

Iladpponenko A. FO. — xaHx. TexH. HayK, JOIEHT kKadeapu iHGopMaTHky XapKiBCHKOTO HAIIOHAIBHOTO YHIBEPCHUTETY Pamio-
SJIEKTPOHIKH, XapKiB, YKpaiHa.

KaimoBa I. M. — acucreHTt kadenpu cucTeMHOI iHKepeHepii XapKiBCbKOr0 HAI[lOHAIBHOTO YHIBEPCHUTETY palliOeNIeKTPOHIKH,
XapkiB, YkpaiHa.

AHOTAULIA

AKTyaJbHicTb. Y OUTBIIOCTI 3aBHaHp Kiactepusamii (knacudikamii 6e3 BUMTENS), OB’ S3aHAX 3 00POOKOI0 pealbHHUX JaHHX,
MoYaTKoBa iH(OpMaIlis, y TOMY Yd iHIIOMY BHIAJKY SIK IPABUIIO, CIIOTBOPIOETHCS Yepe3 aHOMANIbHI BUKHIH (30ypeHHs) Ta MpoITyC-
KH. 3p03yMLiJIO, M0 «KJIACHYHI» METOIY IHTEJICKTyalbHOTO aHali3y JaHUX (K MAaKeTHI, TaK 1 OHJIaiH) B IiH cUTyaIil Hee(eKTUBHI.
Meroto po6oTn Oyio 3ampoNOHYBaTH IMPOLELYPY HEUITKOI KiacTepu3alii BUKPHBIEHHX NaHUX 3 BUKOPHUCTAHHSAM IOCTOBIPHOTO
X0y Ta MipH MOJIOHOCTI CIeLiaJbHOTrO THITY, @ TAKOXK PO3poOKa MeToJa IOCTOBIPHOT HEWITKOI KIacTepu3allii CHOTBOPEHUX Ja-
HUX i3 BUKOPHCTaHHIM Teopil JOBipH, sika Oyyia Ou 1mo30aBiieHa HEHOJIKIB IMOBIPHICHUX i MOXKJIMBICHUX HiIXOZIB KJlacTepH3ariil
BUKPHBIICHUX JaHUX.

Mertop. [Ipouenypa HeuiTkol KiacTepu3aliii HEMOBHUX JaHHUX i3 BUKOPUCTAHHIM JOCTOBIPHOTO MiIXOy Ta MipH CXOXOCTI CIie-
LiIFHOTO THITY, 3aCHOBaHA Ha BUKOPHCTaHHI POOACTHUX LUIbOBHX (PYyHKIIN CIELialbHOTO TUIY, a TAKOX Mip MOXIOHOCTI, HETY TIIH-
BHX J0 BUKUAIB Ta NPU3HAYCHUX AJIs poOOTH AK y MaKETHIH, Tak 1 B OHJIAMH Bepcii ans BupinieHHs mpobiem Data Stream Mining,
KOJIM J]aHi HaJIXO/ATh Ha 0OpOOKY IOCITIZIOBHO B PEXKHMI PEabHOTO dacy.

Pe3yabTaTH. 3anponoHOBaHI METOIM € NPOCTHMHU B YHCENbHIN peamizalii Ta 1mo30aBieHi HENOMIKIB, BIACTHBUX TPaIUI[IHHIM
METO/IaM IMOBIpHICHOT Ta MOXIIMBICTHOI HEUITKOI KJIacTepH3allii.

BucHoBku. IIpoBeneHi eKCIEpUMEHTAIbHI JOCIIDKEHHS MiATBEPIMIN PE3yJIbTaTUBHICTD Ta SKICTh POOOTH 3arpOIIOHOBAaHUX
METOJIB TOCTOBIpHOT HEUiTKOI KiIacTepu3allii CIOTBOPSHHUX JAHUX i J03BOJISIIOTH PEKOMEHAYBATH iX U1l BAKOPHCTAHHS HA MPAKTHLI
JUIsL BUPILICHHS NPO0JieM aBTOMAaTHYHOI KJIaCTepU3allii BUKPUBICHUX JAHUX. 3alpOIOHOBAaHWH METOJ NPU3HAYEHMH M BUKOPH-
CTaHHS B TIOPUIHHUX CHCTEMaxX OOYHCIIIOBATIBHOTO 1HTENEKTY 1, IEepIl 3a Bce, y MpobieMax HaBYaHHS MITyYHUX HEHPOHHHX MEPEXK,
Heiipo-(as3i cucTeM, a TaKOXK y 3aBIaHHAX KIacTepHu3alii Ta Kiacudikamii.

KJIIOYOBI CJIOBA: HeuiTka KiacTepu3aliis, BAKPUBIICHI AaHi, JOCTOBIpHA HEUiTKa KIIacTepHU3allisl, Mipa HOAIOHOCTI.

YK 004.8:004.032.26

OHJIAVIH HEUYETKAS KJTACTEPU3AIINS JAHHEIX C ITPOITYCKAMHA C HCHOJb30BAHUEM
JOCTOBEPHOI'O IIOJAXOJA U MEPBI CXOXXKECTH CIIEHUAJIBHOT'O BUJIA

Bonsuckuii E. B. — 1-p TexH. Hayk, npodeccop, npodeccop kadeapsl HCKYCCTBEHHOTO HHTEIICKTa XapbKOBCKOTO HALTMOHAIb-
HOTO YHUBEPCUTETA PAIMOETIEKTPOHUKH, XapbKoB, YKpauHa.

ladpponenko A. FO. — xanz. TexH. HayK, TOUEHT Kadenpsl nHpopMaTHky XapbKOBCKOTO HAI[MOHAIBHOTO YHHBEPCUTETA Paiii-
OCIEKTPOHUKH, XapbKOB, YKpauHa.

Kanmosa U. H. — acucteHT kadenpsl CHCTEMHON HHXepeHepHr XapbhKOBCKOTO HAMOHAJIBHOTO YHHBEPCUTETA PAIHMOCIIEKTPO-
HUKH, XapbKOB, YKpauHa.

AHHOTAIUSA

AKTyaJIbHOCTB. B OoNbIIMHCTBE 3ama4 KiacTepu3auuy (Kiaccupukanuu 0e3 yYHTens), CBS3aHHBIX C 00pabOTKOM pealbHBIX
JaHHBIX, MCXO/IHAsl MH(OPMAIIUS B TOM WJIM MHOM CIIydae HCKaKaeTCsl aHOMAIIbHBIMU BbIOpOcamu (LryMoM) U mporyckamu. [IoHAT-
HO, YTO «KJACCHYECKHE» METOJbI HHTEIUIEKTYaJIbHOIO aHalHu3a JAaHHBIX (KaK MaKeTHbHIE, TaK U OHJIAHH) B JAHHON CHUTyaIlMd MaJo-
s¢dextuBHBI. Llenpo paboThl OBUIO MPEATOKUTH YUCIEHHO IIPOCTYIO MPOIEAypy HEUSTKOW KIacTepH3aliH HETOIHBIX JaHHBIX C
HCIIOJIb30BaHUEM JIOCTOBEPHOIO ITOJIX0/Ja U MEpPhI 000U CIIeHNaIbHOIO THIIA, KOTOpasi Obl1a OBl JIMIIEHa HEJOCTATKOB BEPOSITHO-
CTHBIX ¥ BO3MOXXHOCTHBIX HO/IXOJIOB KJIACTEPH3AI[MN HCKAKEHHBIX JIAaHHBIX.

Mertoa. Pa3paborana mnpouexypa HEUETKOH KIACTEPH3allMM HEMOJNHBIX JaHHBIX C HCIIOJNB30BAHMEM JOCTOBEPHOIO IMOAXOIA U
Mepbl 0100Us CHEMaIbHOTO THIIA, OCHOBAaHHAS HA MCIOJIb30BAaHUM KaK POOACTHBIX LEJIEBbIX (YHKIMII CHEMAIbHOTO THIIA, TAK U
Mep Mofo0us, KOTOPBIE HEYyBCTBUTEIIBHBI K BHIOPOCAM U pacCYMTaHbl Ha paboTy Kak B MAKETHOM, TaK M B OHJIAIH - BEpCUM 1A pe-
menus npodiem Data Stream Mining, Koraa gaHHBIE MOCTYMAIOT Ha 00pa0OTKY MOCIIEAOBATENBHO APYT 3a APYTOM, B PEXKHUME pe-
JIBHOTO BPEMEHH.

Pe3yasTatsl. [IpencraBieHHBIC METOIBI IPOCTHI B YHCICHHON Peai3aliy 1 JIAIICHBl HeIOCTATKOB, IPUCYIIUX TPAJAUINOHHEIM
METOJjaM BEPOSITHOCTHOI M BO3MOKHOCTHOM HEYETKOH KIacTepU3aLiH JaHHBIX.

BriBoasl. [IpoBeieHHBIE SKCIIEPUMEHTANBHBIE HCCIEOBAHMUS IOATBEPIMIN pab0TOCIIOCOOHOCTD NPEIJI0KEHHBIX METOIOB JI0C-
TOBEPHOM HEYETKOH KJIACTEPU3ALMU HCKKCHHBIX BBIOPOCAMH U IIPOIYCKAMHU JAHHBIX M O3BOJISIOT PEKOMEHJIOBATh UX K UCIIOJIB30-
BaHUIO Ha MPAKTUKE IJI PELICHMS 331a4 aBTOMAaTHYECKOH KiacTepu3alii NCKaKEHHbIX JaHHBIX. [IpeuiaraemMplii MEeTO npeHa3Ha-
YeH JIJIs UCIOJIb30BaHUs B THOPU/IHBIX CHCTEMaX BBIYMCINTENBHOIO HHTEIUICKTA H, IIPEX/IE BCETO, B 3a][a4aX 00y4YEHHUs HCKYCCTBEH-
HBIX HEHPOHHBIX CeTei, Helipo-(ha33u cucTeMax, a TakxKe B 3a/la4ax KIaCTePU3aLUH U KIacCH(HUKALUH.
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