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PAJIOEJIEKTPOHIKA
TA TEJEKOMYHIKAIII

PAJUODJEKTPOHUKA
N TEJEKOMMYHUKAIINHU

RADIO ELECTRONICS
AND TELECOMMUNICATIONS

YJIK 621.391+004.7

METOJI ®OPMYBAHHSI CJIANCIB MYJIbTCEPBICHOI BA3OBOI1
MEPEKI MOBLJIBHOI'O 3B’SI3KY

Cyaima C. B. — acucrent kadenpu indopmariiiHo-TeneKoMyHiKaniiHUX Mepex HalioHalbHOTO TEXHIYHOTO YHI-
Bepcutetry Ykpainu «KuiBcbkuit mosnitexniunuii incturyt imeHi Irops Cikopcbekoro», Kuis, Ykpaina.

AHOTANIA

AKTyanbHicTh. 3i 3pocTaHHsM 00’eMy Tpadiky MOOIIBHUX TaHHX Ta YHCIA CePBICIB, SIKI HATAIOTHCS MOOIUIBHOIO MEpEexero,
3pOCTAIOTh 1 MOTOKH CITy’)KOOBOTO HAaBAaHTAXKEHHs, II0 BUKIMKAE MOTPeOy Yy 3MiHI NPUHLOUIIB, MOJEINEH Ta METOAIB OpraHizamii 00-
CIIyrOBYBaHHS TEIEKOMYHIKAiHHUX MOTOKIB 3 METOIO 3a0€3MeUeHHs 331aHOi SKOCTI HaZaHHsS MIMPOKOTO KOJia MOCIYT THYYKUM Ta
€KOHOMIYHO e(heKTHBHHUM criocoOoM. IlepeBar MacmTaboBaHOCTI Ta eMACTHIHOCTI 3 MATPUMKOIO BICOKOTO ITOKa3HHUKA KoedilieHTa
BHUKOPHCTAHHS TEXHIYHUX PECYpCiB Mepexki MOXKHA JIOCATTH 3 BUKOPHCTAHHSAM TEXHOJIOTIH BipTyaii3arlil Ta KOHIEIi] MepekeBoro
CIIACHHTY, IO JO3BOJISIE PO3TOPTATH BHUIITIEHI Mepexi Ha OCHOBI CEpBICIB, 3aCTOCOBYIOUH METOIM BipTyamizallii MepekeBHX (QyHK-
idl. Y 11bOMy KOHTEKCTI OCHOBHHUM 3aJIUIIAETHCS MTUTAHHS, KA KUTbKICTh MEPEKEBUX CIANUCIB Oy/I¢ AOIIBHOIO 3 TOUYKH 30y 3aTpar
Ha KepyBaHHsI cliaiicaMu 1 3a0e3neveHHsI MoTpiOHOT PyHKITIOHATIBHOCTI.

Mera. IligBuiienns epekTHBHOCTI poOOTH MOOLIBHOI MEpPEKi 3a TOMOMOI0I0 ONTHMAIBLHOTO ()OPMYBAHHS CIIANCIB MYyJIbTCEPBi-
CHOT Mepexi 3B’5I3Ky.

Merton. Anani3 myOmikamiii, IPUCBIYCHNX BipTyaizamii MepekeBUX (PyHKIIN, aB 3MOTY BUSBUTH MiAXiJ 10 OpraHi3awii BUKO-
PHUCTaHHS PeCypCiB MyJIBTHCEPBICHOT MOOUTPHOT MEpEXi, a TAKOXK MOKa3aB HEIOCTATHIO €PEKTUBHICTD ICHYIOUUX PIMICHD MIOA0 BaX-
JIMBHX TIMTaHb I[LOTO HPOIECy (MPOIYKTHBHOCTI aropuTMy (OpPMYBaHHS CIIAHCIB, PiBHS (QYHKIIOHAIBHAX BUTPAT).

Pe3syasTaTn. [IponoHyeThcs METOR MOZIEIOBAHHS CUCTEMH PO3IOJLILY pecypciB Mepexi, o nependadae GopMyBaHHS Mepeke-
BUX BUJUICHUX CIIAMCIB, sIKi 00CIyTrOBYIOTh BU3HAUCHI BUIM CEPBICIB HE3AIC)KHO HA CIUTBHIN iHPpPACTPYyKTYPi.

BucHoBKkH. Y cTaTTi BUPIIICHO 3aBAaHHS OOYIOBU MeTOAy (popMyBaHHS ClIaiiciB MyJIbTCEpBICHOI 6a30BOT MepeKi MOOLIEHOTO
3B’3KY, SIKUH 3aBJSAKH e(EKTHBHOMY IMHAMIYHOMY HaJIAIITYBaHHIO KOH}Iryparii podoTi cucreMu, 103Bosisie 3a0e3MeYNTH HaJaHHS
LIMPOKOTO KOJIa CePBICiB 3 3alaHUMH MMOKa3HUKaMu skocTi. [[o0yq0BaHO MOZENb CHCTEMH OpraHi3aiii pecypcis, 3a JOIIOMOTOIO SIKOT
MPEICTaBICHO METO/, KU BPaxoBY€ BUTPATH, OB’ s[3aHi 3 HAAMIPHUM BHAUICHHSAM PECYpCiB, a TAaKOX 3MEHIIY€E KUIBKICTh Iepepa-
XYHKIB KOH(}Iryparii Mepexi, o JO3BOJISE TOCATATH PAIliOHATBFHOTO CIIBBIIHOIICHHS 3aTpaT Ha yIPaBIiHHA Ta IiJICYMKOBOTO 3Ha-
YEHHS SIKOCTi 0OCITyTOBYBaHHSI.

KJIIOYOBI CJIOBA: Network Functions Virtualization, ynpaBiiHHS pecypcamMy, MEpEeKeBHil CIAWCHHT, BUALIEHA MeEpexa,
Evolved Packet Core.

ABBPEBIATYPU
CAPEX — Capital Expenditure;
eNB — Evolved Node B;
EPC — Evolved Packet Core;
HSPA — High Speed Packet Access;
HSS — Home Subscriber Server;
LTE — Long-Term Evolution;
M2M — Machine-to-Machine;
MME — Mobility Management Entity;
NFV — Network Functions Virtualization;
NGMN - Next Generation Mobile Networks Alliance;
OPEX — Operating Expense;
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PGW — Public data network Gateway;
SDN — Software-Defined Networking;
SGW — Serving Gateway;

SMF — Service-slice Mapping Function;
UE — User Equipment.

HOMEHKJIATYPA
™ — cucTeMHa poayKTHBHICTS craiicy k;
ij — BUMOTH TIPOIYKTHBHOCTI CEPBicy j;
rth — IoporoBe 3HaYeHHS BiTHOCHUX (PYHKIIOHATHHAX

BUTpAT;

Wy — BITHOCHI (DyHKIIOHAJBHI BUTPATH CIACy k;



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

S — HabIp cepBiciB cnaiicy k;
th — noporoBe 3Ha4eHHs (PyHKLIOHAILHUX BUTPAT;
Wy — QYHKIIOHATILHI BUTPATH CIAMCy K.

BCTYII

Y wMepekax MOOITBHOTO 3B’S3KYy CIOCTEpIraeThest
3HAa4YHE 3pPOCTaHHS TpadiKy, MO MOB’A3aHO 3i 301TBIICH-
HSIM BHUKOPUCTAaHHS cMapT(OHIB, IU(EpEHIIHOBAHOCTI
mociyr Ta iHmmMHU Qakropamu. CydacHi TeleKOMYyHiKa-
HiffHI cucteMu OyIyIOThCSA SIK CKIIaIHI MEpexi, SIKi OXOIl-
JIOIOTH PIi3HI THIM TIPUCTPOIB, 00 €AHAHUX B €IMHUN
KOMIUIEKC, IIPALIOIOTh B YMOBAX BEJIMKHX ITOTOKIB HABaH-
Ta)KCHHS Ta BEJIUKOI KiNBbKOCTI 3’emHanb [1]. Kpim Toro,
Cepe/iHs BHUMOra CHTHami3alii Ha OJHOro abOHEHTa 0
42% Bume y LTE, nopiBHIOI0UM 31 CTaHIapTOM 3B’S3KY
HSPA [2].

Sk mokazaHo Ha puc. 1, pi3HOMaHiTHI cepBicu OyayTh
HazaBatucst Oe3npoBigHuMH Mepekamu [3]. OcrtanHI HO-
BOBBEJICHHSI B MOOLTEHUX TENEKOMYHIKAIIHHIX TEXHOJIO-
TisfX Ta MOOUTEHUX TEpMiHAIAX CTUMYIIOIOTH PO3MOBCIO-
JOKCHHST Pi3HUX CEpBICIB i3 IIMPOKHUM Jialra30HOM BHMOT
I0ZI0 3aTPUMKH, MOOUTBFHOCTI Ta HamIiHHOCTI cepen iH-
mux [4].

B nanuit yac MOOUITBEHI MepeXxi HaTAlOTh B OCHOBHOMY
MOCIYTH TOJIOCY Ta Hepefadi JAaHUX Yepe3 apXiTeKTypy
Evolved Packet Core (EPC). EPC — me apxitekTypa mo-
BHicTIO [P Mepexi, sika 0OciIyroBye BCi cepBicH Ta pi3HI
TUIN KopucTyBambHHUIBKOTO 0OnamHanHsa (UE), Taki sk
cMapT(HOHU Ta IPUCTPOI MIXMAIITIHHOI B3aemoii M2M.

Ha cporopHimHil 1eHs BUHAKA€ HEOOXITHICTH ¥ PO3-
poOI1i HOBHX MIIXOAIB [0 OpTraHi3aii HalaHHS CEpBICiB,
sKi OyayTh 3abe3nedyBaTH MPOTPaMOBAHICTh BIATIOBIIHO
JI0 BUMOT KiHIIEBUX KOPHUCTYBAYiB Ta THIIIB CEPBICiB.

O0’€KkTOM I0CTITAKEHHS € TIPOoIec MoOyI0BH KOH(I-
rypamii Mepexi.

IIpeameTom moCTiAKEeHHSI € MOJIENI Ta METOAM (Op-
MYBaHHS CIIAiiCiB IUIAXOM TPYITyBaHHS CEPBICIB 3 mMoio-
HUMH XapaKTePUCTHKAMH.

MeTo10 pod0TH € MiIBUIIEHHS €PEKTHBHOCTI pOOOTH
MOOITBHOT MepesXi 3a JOTOMOTOI0 ONTHMAIBHOTO (POpMY-
BaHHS CJIAiiCiB MyJIBTCEPBICHOI MEPEIKi 3B SA3KY.

1 IIOCTAHOBKA 3AJIAUI
EPC po3pobneHo 3 BHUKOPUCTaHHSM apXiTEKTYPHOI'O
HIiIX0Ay «IJIsl Oy/Ib-SIKOTO BHIMAAKY» JUISl MIATPUMKH BCIX

TUmiB Tpadiky, sKi 00pOONIAIOTHCS aHAJOTIYHO eleMEH-
Tamu 0a30BOi Mepexi, Takumu sk SGW 1a PGW [4].
LlenTpamizoBaHa (QikcoBaHa apXiTeKTypa, CKJIaIHICTb,
CTaTHYHICTh € (PaKTOpamH, sIKi CTPUMYIOTh PO3BUTOK MO-
OinmpHMX Mepexx. KpiM Toro, cutyanito yckiaHioe HaMi-
pHicTh (yHKIioHaNbHOCTI. Hanpuxiian, MME Buxopuc-
TOBYETHCS B CHCTEMI TS YIPaBIiHHS MOOLTBHICTIO KOPHU-
cryBaya B EPC, ogHak He Bce oOliaHaHHA KOPHUCTyBaya
(UE) morpebye minTpuMKH MOOITBHOCTI (HATPUKIA,
CEHCOpH MDKMAIIUHHOI B3aemonii M2M maroTh (ikcoBa-
He TeorpadivHe MOI0KEHHS MPOTATOM eKCILTyaTaIliifHOTO
TepMminy). [Ipu bOMy BUMOTH pO3BUTKY IUKTYIOTH HE0O-
XiIHICTh y HIBUAKOMY Ta THyYKOMY PO3TOpPTaHHI HOBHX
pi3HOMaHITHUX cepBiciB. KpiM TOro, npoTsroM qHs HaBa-
HTaXXEHHsSI HA MEPEexXy 3MiHIOeTbcs. ToMy BiIIOBIIHO 10
nmociimkenb [S] mo 80% 0OYMCITIOBATBHOI TOTYXKHOCTI
0a30BUX CTaHMIA 1 70 TMOJOBMHM MOTYXXHOCTI 0a30BO1
Mepexi € HeBUKOpUCTaHUMHU. Lle mpru3BOIUTE 10 HU3BKO-
r0 BHKOPHCTAaHHS PECYpCiB, @ TaKOX IO BHCOKOTO PIBHS
CHOXWBAHHS €HEPTii, M0 3HIKYIOTh €KOHOMIYHY edek-
TUBHICTh MEPEXI JUIA OTIepaTopiB 3B’ A3KY.

TakuMm 9YHHOM, TIOCTa€ 3a7a4a MOOYZOBH MOOITBHOI
Mepexi 31 3MaTHICTIO MIATPHIMYBATH Pi3HOMaHITHI CepBi-
CH 3 3a0e3MeUeHHsIM 3a1aHiX BUMOT JJ0 00CITyrOBYBaHHS,
e(peKTHBHO BHKOPUCTOBYIOUM TEXHIUHI pecypcu omepa-
Topa 3B’s3Ky. BuxXimHMMH aaHuMu OyIoyTh BUCTYIIATH
BUMOTH JI0 MTPOXYKTUBHOCTI CEPBICY j, SIKi 3a1al0ThCs SIK
ij:[ijﬂl, psjﬂz,. e psjﬂl], ne [ mpezacrasisie cO00I0 KUTBKICTD
CHCTEMHHUX NapaMeTpiB NpOJyKTHBHOCTI. B pesynbrarti
MOTPiOHO OTpPHUMATH KUTBKICTh BHIUTICHUX Mepex |k| Ta /
mapaMeTpiB KOXKHOI 3 HUX Tak, 00 MiHIMI3yBaTH BTpaTH
pecypciB oreparopa Ta eKCIUTyaTalliifHi BUTPaTH.

2 OIJiAd JITEPATYPH

Hepnonixu notounoi EPC moxHa mincyMmyBaTu HacTy-
ITHUM 9UHOM [4]:

1) ApXiTeKTypa CUCTEMH.

Bona He € Hi 31aTHOI0, Hi €(DEKTUBHOIO ISl i ATPHM-
K{ BEJIMKOTO PI3HOMAHITTS cepBiciB (0COOIMBO 3 CYyBO-
PYMH BUMOT'aMH) Yepe3 HEeTHyYKiCTb.

2) O6pobOKa makeTiB.

[NakeTn maHWX HEOOULIBHO OOpPOOISIOTHCS OaratbMa
€IeMEHTAMH MEpPEeXi, IO TPOCTATAIOTHECS B MOOLUIBHIN
Mmepexi (Big eNB, SGW no PGW). Barato 3 nux mporre-
CiB AyOIIOIOTECS B Pi3HUX (YHKIIOHATIHHUX €JIEMEHTaX.

-

XmapHi 004ncJIeHHs
ITinTprMKa ychOro pi3HOMaHITTS CEpBiciB

(

Mownitopunr/36ip
iHdopmarlii Ta KepyBaHHs
CeHcopu; pO3YMHULL OiM ...

\.

Tpagumiitai mocayru
MOOLTBHOTO 3B’ SI3KY
menegonisa; SMS ...

BucokoBumornusuit
KOHTEHT
gidoanena xipypeis,
OONOBHEHA PEATILHICMD ...

.

%

Pucynok 1 — Cepsicu B eroxy Mepex MailOyTHiX OKOJIiHb
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3) Cran aboHeHTA.

OpHi 1 Ti caMi CTaHU KOPHUCTYBauiB MiITPUMYIOTHCS B
KUJIBKOX MEPEKEBHX EIEMEHTaX.

4) Yac a1t BUXOly Ha PUHOK.

Tpaguniiina mepexxa EPC mae moeruit wyac posrop-
TaHHS Yepe3 IMKI PO3ropTaHHs 00IaHaHHS.

5) Bapricts.

Bucoki xamitansHi Ta onepaniiiai Burpati (CAPEX i
OPEX).

Juis BupimeHHS UX MpoOjeM MPONOHYETHCS 3acTO-
COBYBATH TEXHOJIOT] BipTyai3amii [6].

Bipryamizamis Mepexesux ®@ynkuiit NFV omucyeTs-
csi B paMKax crneuudikauii €Bporneiicbkoro iHCTUTYTY
cranapriB tenekomyHikaniid (ETSI). [Ipuniun NFV [7],
CIPSIMOBAHUI Ha IEPETBOPEHHS MEPEXKEBHX apXiTEKTyp
[IJISIXOM BIIPOBA/DKEHHS MEpeXeBUX (QYHKIIH B mporpa-
MHOMY 3a0e3MeUeHHi, 110 MOKe MpAIfoBaTH Ha CTaHAAp-
THil amapatHiid mwardopmi. Mepexesa (yHKuis € QyHK-
iOHATHHUM OJIOKOM B MEKaX MEpexeBOi iHPpPaCTPYKTY-
pH, SKa Ma€ YiTKO BH3HAYCHI 30BHIIIHI iHTepdeiicH 1 diT-
KO BHM3HAaueHy (QYHKIIOHAIbHY HOBeAiHKY. [Ipuknamamu
MepexxeBux (yHkuiii € enementu B Mepexi simpa LTE
EPC, nanpuknax MME, HSS i 1.1. Takum unHOM, BipTy-
ali3oBaHa MepexeBa (YHKIIIS € peati3alie€lo MepeKeBOi
(GyHKUIT, sika pO3rOpHYTa Ha BIPTyallbHHX pecypcax, Ta-
KHX SIK BIpTyaJbHHH HpOLIECOp Ta MaM’STh BIPTYaIbHOI
MaIlUHH.

NFV TicHO noB’3aHa 3 IHIIMMH HOBHMH TEXHOJIOT IS
mu, Takumu sk SDN [8]. SDN — 1e mMepexxkeBa TEXHOJIO-
Tisl, sIKa BiIOKPEMITIOE TUIOIIMHY YTIPABIIHHS BiJ HUKUeE-
po3TamoBaHOi TUIOMIMHH JaHUX 1 00’emHye QyHKII
YIpaBIiHHSA B JIOTIYHO IIEHTPATi30BaHOMY KOHTPOIIEPI.

3 MEeTOI0 3aJI0BOJICHHS IIMPOKOTO CIEKTPY BHMOT B
enoxy 5@, pi3Hi TeneKOMyHiKaIiiHI oprafi3amii mpao-
I0Th HaJ BHINE3TaJaHUMH NUTaHHAMH. Hanpuxaz,

NGMN BHKOPHCTOBYE TMOHSTTSA «MEPEKECBHX CIAMCIBY,
SIKI BCTQHOBITIOIOTh BHJIUICHI BIpTyasibHI MepeXi Ha OCHO-
Bi CEpBICIB, 3aCTOCOBYIOUM METOIM BipTyaiizaiii mepe-
xeBux ¢yHkuii NFV 3 Bukopucrannsm cnaiiciB Ta SDN
(puc. 2) [9].

CrnalichHr Mepexi 103BoJsie T0OynyBaTH (3aBISKH
MepeXeBiil apXiTekTypi) MaitOyTHI Mepexi 5G, mo oxomn-
JIOIOTh HEOOXiIHI XapaKTEePUCTHKH MacIITa0OBaHOCTI Ta
THYYKOCTi, TaKUM YHHOM, INITPUMYIOYH Pi3HOMAaHITHI
crieHapii oOCcIyroByBaHHS Ta MOCIYTH. MepexeBuil ciaiic
Moyke OyTH BH3HAUYEHHUH K JIOTIYHO 130JIhOBaHA MeEpexa,
sKa BKJIO4ae B cebe mpuctpoi 5G, a TakoX MEpexeBi
(yHKUIT 10CTYy, TpaHCcIopTyBaHHs Ta siapa [10].

Konuenuist cnaiicuary mMoxxe OyTH OJIHIEIO 3 KIFOUO-
BUX XapaKTEepUCTUK Mepexi SG; ofHaK, pecypcH QyHKIIi-
OHAJIBHUX CYTHOCTEH, M0 BUIUISIOTHCS KOKHOMY CIIaiCy,
€ eKCKIIIO3UBHHMH Ta 130JIbOBaHMMHU. TakuM YHMHOM, ap-
XITEKTypa «ciaic-Ha-cepBicy», SIKa BUILIIE PECypCH Clai-
CiB KOXXHOMY CepBicy Ui 3a0e3medeHHs] BUMOT A0 TIpo-
JIYKTUBHOCTI, TIPU3BEJE IO BTPATH BUTPAIIy MYJIbTUILIC-
KcyBaHHA. KpiM TOTO, OmepaTopu MOBHHHI CTBOPIOBATH
Ta KepyBaTH BEIMUYE3HOIO KiNBKICTIO CIAHCIB A Pi3HUX
CepBiCiB, TOMY eKCIUTyaTamiiHi BUTpPATH 30UIBIIATHCA.
EdexkTuBHUM CrIocoOOM 3MEHIIEHHS TaKUX EKCIUTyaTa-
LIIfHUX BUTPAT € CTBOPEHHS CJAWCIB, A€ HAa KOXHOMY
CITafici pO3MIIIYETHCSA TPyIa 31 CXOKUMH MEPEIKCBUMH
BUMOTaMH, THM CaMHM 3MEHIIY€EThCS 3arajibHa KiIbKICTh
ciaiiciB [9]. TakuM YHHOM, OCHOBHUM 3aJIUIIAE€THCS ITH-
TaHHS, SIKOIO0 Oyne po3yMHa ab0 ONTHMaibHa KUIBKICTh
MepexeBHX ciaiciB. Xoda Ourbma iX KUTBKICTH MOXE
MIPU3BECTH JI0 BEIMUYE3HMX 3aTpaT Ha KepyBaHHA Ta 00-
CIIyTOBYBaHHS CJIAlCIB, 3 IHIIOTO OOKY, 0OMEKEHHS Kib-
KOCT1 TaKOX MOK€ CTBOPHTHU BY3bKE MICIE 3 TOUKH 30py
(dhyakmioHansHOCTI [4].
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Pucynok 2 — Mepesxei cnaiicu 5SG, 1110 IPaLIOIOTh HA CHUIBHINA MYJIBTH-BeHIOPHINH Mepesxi. KoxeH crnaiic kepyeThcs He3alexHo Ta
BIZINOBiZa€ KOHKpeTHiH 3anayi [11]
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Y naniii pobori

rpyiy» Ta MeToa (GopMyBaHHs cepBiciB y ciaiicu. [Ipo-
TOTHIIOM 3alPONIOHOBAHOTO METOJY BHMCTYIAIOTh IPUH-
, OJJHAK YJOCKOHAJICHHH MeXaHi3M MertoJ ck1ala€Thes 3 HACTYIHUX YOTHPHOX KPOKIB.

1. IlepeBipsieTbest UM cepBic MOTpeOye 1301OBAHOTO
cimaicy. SIkmio 1e Tak, TOTy€eThCS BUIUICHUH claiic.

ounu, omucani y [9]

BpaxyBaHHSI BUTpAT MPOJYKTUBHOCTI JO3BOJIMB 3MEHIIH-
TH KUIBKICTb NEepepaxyHKIiB ONTHMaIbHOI KIJIBKOCTI Me-

YIOCKOHAJICHO MiJXiJ{ «Cjaic-Ha- 3 MATEPIAJIM Il METOAN

PEKEBHX CIACIB Ta 3MEHIINTH BUTPATH PECYPCIB.

| I'quaToxl

y

[IporoHoBaHmii MeTon BiOOpakeHHS CepBICIB Ha
craiicu, mokazaHui Ha puc. 3.

MpoekTyBaHHSA cepBic-NpoBangepa

e PiBeHb BMMOI NpoAYKTUBHOCTI CepBicy (3aTpuMKa, NpOnyCKHa 34aTHICTb, TOLWO)

e SLA (KinbKiCTb KOPUCTYBaYiB, MPOrHo3 TpadiKy, TOLO)

Tak

Hi

MoTpibeH He3anexHun

BTpaTh Ans k cnaincis

1. BignoBigHO A0 BUMOr cepBicy po3paxyBaTu QyHKLUiOHaNbHI

2. BigcopTysaTu cnarcu BignoBiaHO A0 MYHKLUIOHaNbHUX BTpAT

v
=1
[

®OyHKLU.BTpPaTK cnaucy j Tak

MeHwe nopory th?

Po3paxyBaTu BiAHOCHI BTpaTu cnancy j

BigHOCHiI BTpaTu cnacy j

| KiHeub ::
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2. Slkuio cepBic 1o3Bossie 00’ €AHAHHS 3 IHIIUMHU CEp-
BiCaMH, OOYHCIIOIOTHCS «(DYHKIIOHATIBbHI BTpaTH» (W)
KoxkHOro crnaiicy. KokeH cnaiic MOJemoeTbes K
Nk(sk,pNSk)(k=l,2... n), s SBJIsLE o000 HAOIp mM cep-
BICIB, M0 PO3MIIIYIOTBCS y claiici k& (Hampukiai,
M={moBcroiHE  BiZIcO, CICKTPOHHA OXOpPOHA  3JI0-
poB’s,...}). p™*; mpencTaBise cMCTeMHy NPOIyKTHBHICTH
cllaiicy, IO CKIIaJaeThcs 3 JEKUIBKOX MapaMmeTpiB (Ha-
MIPUKJIA]], 3aTPUMKH, TIPOMYCKHOT 3[aTHOCTI Ta MIIILHOCTI
UE). Otxe, pNSk:[pNSk,l, pNSk,z,..., pNSk,,] a [ mpexncrasisie
co6o10 KUTBKICTD CHUCTEMHUX rapameTpiB
MPOAYKTUBHOCTI. Y craiici BHMOTHM MpPOAYKTHBHOCTI
CepBicCy j 3aJaf0ThCS 5K ij=[ij‘1, ij‘z,. e psj‘,].

Anroput™ QyHKUIT BitoOpakeHHs CEpBICIB Ha cliaiicu
(Service-slice Mapping Function — SMF) o6uuciioe w; Ha
KOXKHOMY ClIaici 5K

I
Wi = zi:l Wk,i 5 (1)

NS S
Wi = ‘pk,i - pk,j‘ . ()

SIKIO MPOMYKTHBHICTE CIIANCY BiAPI3HAETHCS BiJl BHU-
MOT JI0 MPOAYKTUBHOCTI cepricy, SMF o0umciroe pi3Hu-
L0 MDK KOXHHMM IapaMeTpoM SIK «cCyO-(yHKIIOHaJIbHI
BTPaTU Wy ».

3. 3HavyeHHS W BCIX claiiciB copTyroThes. Toml MiHi-
MaJbHE W TIOPIBHIOETHCS 3 3alaHUM TOPOToM th. SIKimo
BOHO mepeBumye th, SMF cTBOproe HOBHH Claiic IS
CepBiCy; B IHIIOMY BHIIaOKy, OOYHCIIOIOTHCS BiJIHOCHI
BTpaTu rwy, Ipumyckaoun, mo SMF posMimiae cepsic B
crmaiici k.

I
PWE =D P WE 3)

NS S
Wi =maX‘pk,i ~Poil- (4)
g

4. rwy TIOpIBHIOETBCS 3 3a3JaJIeTib BU3HAUYCHHUM IIO-
porom rth. SIkmo BoHO mepesuiye rth, SMF nosroproe
KPOK 3 JUIsl HAaCTYITHOTO CJIaiicy y BiICOPTOBaHOMY HA0o-
pi; B iHmomy Bumnaaky, SMF po3Miriae cepBic B ciaiici k.
SIKmIo KOIeH i3 ciaiiciB HEe 3a70BOJIBHSE TPAHUITIO th a060
rth, CTBOPIOETBCS HOBHH Craiic.

SAxmo SMF He cTBOpIo€ HOBHIA caiic AJIs CepBIcy, IIi-
CJIsL TOTO, SIK BHOpPAHO BIAMOBIOHWN CIIANC U CepBicy,
SMF o6uucitoe HeoOXiqHY KUTBKICTh JOJAATKOBHX PeCyp-
ciB Ha ocHOBI iH(opMaii npo Tpadik cepricy, KibKOCTI
aOoHeHTIB, 11abNoHy Tpadiky cepBicy 1 BUTpally CTaTHC-
TUYHOTO MYJIbTUILIEKCYBaHHS cnaiicy. [lotim SMF naxka-
3y€ CHCTEMi KepyBaHHS Ta OPKECTPOBKH 30UIBIIUTH pe-
CypCH CIaliCy BiANOBIHO 11O pe3yJIbTaTy pO3PaxyHKY.

SAxmo EPC mae th piBHMII HECKiHYEHHOCTi, TO BCi
CEepBiCH MYJIBTHIDIEKCYIOTHCSI B OJUH CIAiic 1 30LTbIIy-
IOTBCSA  (DYHKIIIOHANBHI BTpPATH, TOAI SIK apXiTEKTypa
cllaiic-Ha-CepBic, SKa BHIUILE OKPEeMHH Claic A KOX-
HOTO CepBicy, Ma€ th piBHUIA HYJIO.

© Cynima C. B, 2019
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MeTox rapaHTye, 110, SKII0 MPOAYKTUBHICTh ClIaiicy
30inblIy€eThCs, (PYHKI[IOHAIBHI BTPAaTH CEpPBICIB HE Iepe-
BUILATh IOPOTOBi 3HAUCHHSI.

Jist Toro, 1mo0 3HAWTH ONTHMAJIBHY OpTaHi3amilo
cIaiiciB IOLIJIBHO MPOBECTH OOYUCIICHHS AITOPUTMY UIS
KIJIBKOX PI3HUX TIOPOTOBUX 3HA4eHb (YHKIIOHATBHUX
BTpaT Ta NOPIBHATH 3 OTPHUMYBaHHUM BHUIpAIleM IO
00’€THAHHIO CEPBICIB y TPYNH Ta EKCIUTyaTaI[ifHUM BH-
Tparam. [licis 9oro MOPIBHATH MOXKIIHMBI BapiaHTH (op-
MyBaHHS ClaiiciB i o0paTn Haibibpm edexkTuBHUI. DyH-
KIIisS BUTPALIy MYJBTHILICKCYBAaHHS fi(71;) BUKOPHUCTOBY-
€ThCS U KUTBKICHOI OIIIHKHM TPYITyBaHHS cepBiciB. Exc-
IUTyaTaliiHi BUTpPATH SIBJIAIOTH CO00K0 (YHKIO f3(n)
KaliTalbHUX Ta onepauniiHux BUTpaT. TakuMm 4uHOM, [UIs
Pi3HHX th OOUUCIIOETHCS 3rOPTKA, HAPUKIIA aAUTHBHA 3
BaroBUMU KOCQIIIEHTAMH U], Uy, U3:

U:M1W/(+ UZf](mk)+uif2(n)a

Ta OOMPAETHCS ONTUMAIFHUHA BapiaHT OpraHizallii cucre-
MH claiiciB.

[licna Ttoro, ax cmaiicu chopmoBaHi BimOyBaeTbCs
eTar ONTUMAaJIbHOI MMOOYIOBH Ta BiOOpaXeHHS BipTyai-
30BaHMX MEPEKEBHX CIAlCIB Ha HMKYEpO3TaIlOBaHy (i-
3U4HYy 1HQPACTPYKTYPY 3 ypaxyBaHHSM JOCTYITHOCTI pe-
CypCiB, IHTCHCHUBHOCTI HABAHTa)KCHHsI T4 BUMOT SKOCTI.

4 EKCIIEPUMEHTH

[TporioHoBaHMi anropuT™M BiJOOpaKeHHsS! CEpBICIB Ha
ciaiicn Oyno 3MOJEeTbOBAaHO Ta OLHEHO y MPOTPaMHOMY
maketi Mathcad, a TakoX BH3HAYEHO B3a€MO3B 30K MIXK
MOPOTOBMMH 3HAYEHHSAMHM Ta (YHKLIOHAJTBHUMH BTpaTa-
MU U1 24 cepBiciB 3 4OTHpMa MapaMeTpaMH BUMOT [0
MPOAYKTUBHOCTI cuctemu. [lapamerpu cepBiciB reHepy-
BAJIMCh BHIAJIKOBUM YHMHOM PIBHOMIPHO PO3MOAIIEHUMH
YHUCIIaMH.

Bynu BHKOpWCTaHI TpH NOPOTOBHX 3HAYEHHS: OJUH,
IBa, i Tpu. Jis MOPIBHSHHS NMPONOHOBAHOTO METOAY Bi-
JIOOpaXCHHsI CEepBICIB Ha claiick OyJd OIiHEHI 3BUYAli-
Huii Metox EPC (y BuUmaaky HecKiH4EHHOTO 1opora, To0-
TO OyAb-KAH THUI CEpBICIB MOXXe OyTH PO3MIIICHHU Y
cnatici EPC) Ta apxitekrypa cepBic-Ha-ciaiic (y BHITAIKy
mopora piBHOTO HYITO, TOOTO JIMIIE ONWH THII CEPBiCiB
Moke OyTH pO3MIIIEHHH y OJHOMY CJaici), a TAKOX Me-
tox [9].

5 PE3YJIbTATH

KinpkicTh cnaiiciB i (yHKIIOHaJIBHI BTpPATH 1O Bij-
HOUIGHHIO JI0 pi3HMX HOPOrOBHUX 3HAa4Y€Hb HABEAEHO Ha
puc. 4. SIk mokazaHO Ha PUCYHKY, IIPU 3pOCTaHHI OPOTo-
BOTO 3HAYEHHS 3allPOIIOHOBAHUM aJITOPUTM 3MEHIIYE
KUTBKICTh CIaiciB. 3 iHImoro 00Ky, oOcsAr (yHKIIOHATIH-
HUX BTpaT 30UTBIIYETHCSA 31 30UTBIICHHSM IOPOTOBOTO
3HAYCHHS.

Byno 3milicHeHO OmiHKY poO0TH METOAy HOPIBHIHO 3
MeTonoM [9], pe3ynbTaTH EKCIEpUMEHTIB HaBEICHO B
Tabm. 1.
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Pucynok 4 — Pe3ynbraTi MozmenoBaHHs cucTeMH (opMyBaHHS ciaiiciB. KinbkicTb clalciB Ta (yHKIIOHAIBHI BUTPATH B 3AJICK-
HOCTI BiJl IOPOrOBOT0 3HAYEHHS th

Ta6muus 1 — Pe3ynbrati eKcriepuMeHTiB

Meron [9] YnockoHasieHuii MeTOX
Topir KinekicTs cnaiicis @DyHKIL. BUTPATH KinekicTs cnaiicis DYHKIL.BUTPATH

0 24 0 24 0

1 8 12.2 11 10.1
2 4 24.2 6 23.8
3 1 42,5 3 333
24 1 42.5 1 42,5

6 OBI'OBOPEHHA ITpoBeneHO OLIHKY METOAY 3 BUKOPHCTaHHSIM MOJE-

PesynbraTi MozenIOBaHHS BKa3ylOTh Ha Te, IO iCHY€E
KOMIPOMiC MK KiJIBKICTIO CalCiB 1 (pyHKIIOHATEHUMH
BTpaTaMH. BinmnoBifHO, 3anpONOHOBAHUI aJrOpUTM Ha-
Jla€e onepaTopy Mepeski 3acid BUOOPY BIAMOBIAHOTO MOPO-
ra, SKMi BpIBHOBAaXY€E KUIBKICTh CIIAlCiB (a came, 3a/10-
BOJIBHSIE BUMOTH JI0 NIPOJYKTUBHOCTI CEpBICIB) Ta BUTpa-
TH peCypCiB.

Meton Oyno MOPIBHSIHO 3 aHAJIOTIYHHM METOIOM, 3a-
MPOTIOHOBAaHUM Yy [9], 1m0 MOKa3ano MOMIJIHBICTh 3MEH-
mMHTH (QyHKIIOHANBHI BTpaTh B cepenubpomy Ha 13%, Ta
MIPUCKOPHUTH MPOLIEC 3HAXOHKEHHS PillIeHHS 10 8%.

BHUCHOBKHU

AHani3 npuHOUIIB 1OOYJOBH MeEpex MOOLITBHOrO
3B 513Ky JIO3BOJIUB BUSIBUTH OCHOBHI TEHJEHIIii PO3BUTKY
TENEKOMYHIKalliHUX CUCTEM Ta IPOOJIeMH, IO CTOATH Ha
iX mUIsixy. BiH mokaszas, Mo KIIFO4OBHMH OyIyTh TEXHO-
sorii mMoOyOBH BHIIUIEHNX BIPTyalli30BaHUX MEpEX, SIKi
OyZyTh MaTH 3IaTHICTH OOCIyroByBaTH IMHAMiYHHUH
Tpaik pI3HOMAHITHHX CEpBiCiB, MIATPHUMYIOYH 3aJaHi
MIOKA3HUKH BUMOT JI0 OOCITyrOBYBaHHS €KOHOMIUHO ede-
KTHBHUM CIIOCOOOM. 3abe3rnedytodn poOOTy TaKHWX CHC-
TEM, CIiJ PETEIbHO OpraHi3yBaTH KOH(Irypamilo TaKoro
KOMYHIKaIlifHO-009HCITIOBAILHOTO CEPEIOBHIIA.

VY crarti 00roBOpIOBANIOCH TE, IO MOTPIOHI METOAn
(hOpMyBaHHS «MEPEKEBHX CIIANCIB», sIKI OYIyTh BCTAHO-
BJIIOBATH BUJIJICHI BIPTyallbHI MepeXi Ha OCHOBI CEpBiCiB,
IO TPYIIYIOTHCS BIIHOBIAHO 70 iX (YHKIIOHAJIBHOI OJH-
3pKoCTi. [ BupilIeHHs 3aBAaHHs (GOpMyBaHHS ClaiiciB
MyJIbTCepBiCHOI 0a30Boi Mepexki MOOUIBHOTO 3B’S3KY
NPENICTABICHO YAOCKOHAICHUIA METON, SKHA HAa OCHOBI
MOJIeNi CHCTEMH OpraHi3alii pecypciB, BpaxOBye BUTpa-
TH, TIOB’s13aHI 3 HAJAMIPHUM BHUIUICHHSAM PECypciB, a Ta-
KO 3MEHIIIy€ KUTBKICTh IepepaxyHKiB KOH(DIrypamii me-
PEeXi, 10 JO3BOJISIE JIOCATATH PALiOHAIBLHOTO CITiBBIJHO-
LICHHS 3aTpaT HA YIPABIiHHS Ta MiACYMKOBOTO 3HAYEHHS
SIKOCTi 0OCITyrOBYBaHHSI MEPEKHHUX CEPBICIB.
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moBaHHS B cucteMi Mathcad. Pesynpratn mokazanm, mo-
JKIIMBO PAIliOHATBHO PO3MOIUIATH PECYpCH CHCTEMH, OCO-
OJMBO TP MOPIBHSIHHI 3 aHAJOTIYHUM MiAX0J0M, (QyHK-
I[IOHAIbHI BTPATH BIAJIOCS 3MCHIIUTH B CEPEIHHOMY Ha
13%.

Merto MOe 3aCTOCOBYBATHCH ISl KEpyBaHHs pO3ro-
PTaHHSM BIpTyali30BaHUX MYJIbTMHCEPBICHHX MEpEX Ha
HIDKYE PO3TAIIOBaHIW (i3WdHIA Mepexi Uit MiHiMizamii
BUTpAT OIlepaTopa 3B 53Ky Ta MOKPAIICHH SIKOCTI 00CITy-
TOBYBaHHS a0OHCHTIB.

[Momampmi mocmimpkeHHS CHpPSIMOBaHI Ha PO3POOKY
MeTOAy BimoOpaskeHHs c(hopMOBaHUX cIaiciB Ha Pi3UUHY

iHPPACTPYKTYPY.

MNOJsIKHN
PoboTy mpoBeaeHO B pamKax IHIIIAaTHUBHOI pOOOTH:
«TexHosorist 3a0e3neueH s SKOCTI 00CIYroByBaHHS Te-
JICKOMYHIKallifHUX CEpBICIB IIPU YaCTKOBOMY pyHHYBaHHI
¢iznunoro obnanHanus» (Homep nepxaBHoi peectparii —
01170001861).
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AHHOTADIUSA

AkTyaabHocTh. C pocToM 00beMa Tpadhuka MOOWIBHBIX TaHHBIX U YHCIIA CEPBUCOB, IPEIOCTABIAEMBIX MOOMIBHOM CEThIO, pa-
CTYT U HOTOKH CITy>KeOHOM Harpy3KH, 4TO BBI3BIBACT MOTPEOHOCTh B M3MEHEHHH IPHHIINIIOB, MOJEIeH M METOIOB OpTraHN3aluy 00-
CITy)KMBaHHS TEIEKOMMYHHKAIIMOHHBIX IIOTOKOB C LIEJBI0 OOECIIeUeHHNs 3alaHHOTO KadecTBa NMPEJOCTaBIEHHs MIMPOKOTO CHEKTpa
yCIIyr THOKUM ¥ 3KOHOMHUUECKU 3 dexTHBHBIM criocodoM. [IpenmyiecTB MaciTabupyeMOCTH U AJIACTHYHOCTH C MOJJIEPIKKON BBI-
COKOTO TOKa3aTesst Kod(HIMEeHTa HCHOJIb30BAaHNSI TEXHHYECKUX PECYpPCOB CETU MOXKHO JOCTUYb C HCIIOIb30BAHHEM TEXHOJIOTHI
BUPTYaJH3al[M1 U KOHLEMIUH CETEBOr0 CIAaliCHHra, YTO MO3BOJISIET Pa3BOPAUNBATh BBIACICHHBIE BUPTyalbHbIE CETH Ha OCHOBE CEp-
BHCOB, PUMEHSs1 METO/bl BUPTYalH3allMK CETeBbIX (QYHKIHMHA. B 3TOM KOHTEKCTE OCHOBHBIM OCTAaeTCs BOIPOC, KAKOE KOJIMYECTBO
CEeTEeBBIX CIalicoB OyeT 1menecooOpa3HbIM ¢ TOUKH 3PEHUS 3aTpaT Ha yNpaBlIeHHE cilaiicaMy U 00ecTIeueHUsI HyKHOU (yHKIMOHAb-
HOCTH.

Ieas. [ToBpimenue 3¢ GekTHBHOCTH pabOTH! MOOMIIEHOM CETH C MOMOIIBIO ONTHMAJIBHOrO (JOpMUpPOBaHHMS CIAHCOB MyJIBTCEp-
BHUCHOH CETH CBS3U.

MeTtoa. AHanu3 myOaMKaIMii, MOCBSIICHHBIX BUPTYaIM3allMi CETEBHIX (DYHKLMH, IO3BONWI BBIIBHThH IOAXOJ K OpPraHH3aluH
HCIIOJIb30BaHMsI PECYPCOB MYJIBTHCEPBHCHOH MOOMIBHOW CETH, a TaKKe MOoKas3aj HEeJOCTaTOYHYI0 3()(PEKTUBHOCTH CYIIECTBYIOIINX
PELICHUH 110 Ba)XXHBIM BOIIPOCAM 3TOTO Ipolecca (MPOU3BOJUTENFHOCTH AIropuT™Ma (HOPMUPOBAHUS CIAHCOB, YPOBHS (yHKIHMOHA-
JIBHBIX PAaCX0JIOB).

Pe3yabTatsl. [Ipeamaraercss MeTox MOAEIUPOBAHUS CHCTEMBI PacHpEICNICHUS] PECYPCOB CETH, TIPEayCMaTPHUBAIOMINI (hopMHPO-
BaHME CETEBBIX BBIICICHHBIX CIIAHCOB, KOTOPBIE 0OCTYKHUBAIOT ONPEAEICHHBIC BUABI CEPBUCOB HE3aBICHMO Ha COBMECTHON HH(ppac-
TPYKTYype.

BriBoasl. B crathe pemiena 3agada mocTpoeHUst MeToa (JOPMUPOBAHMUS CIAHCOB MYJIBTCEPBUCHON 0a30BOH ceTH MOOWIBHOM
CBSI3H, KOTOPBIN Onaronapst 3¢ peKTHBHOI TMHAMUYECKOH HAcTpoliKe KOH(Uryparuu paboThl CHCTEMBI, O3BOJISIET 00ECIIeUHTh Ipe-
JIOCTaBJICHUE IIHPOKOTO Kpyra CEpBUCOB C 3aJIAaHHBIMHU MOKa3aTeJIsIMU KadyecTBa. [10CTpOSHO MOJeNb CHCTEMBI OpraHU3allu Pecyp-
COB, C TIOMOII[BbIO KOTOPOM MPECTaBIEH METO/, YUHTBIBAIOLIUI 3aTPaThl, CBA3aHHBIE C H30BITOUHBIM BBIAEIEHUEM PECYPCOB, a TAKKE
YMEHBLIAIONIMM KOJIMYECTBO NePepacyeToB KOHPUIYpPALIMH CETH, YTO I03BOJISET JOCTUIaTh ONTHMAIbHOTO COOTHOILICHHS 3aTpaT Ha
yTIpaBJIeHHE ¥ HTOTOBOE 3HAYCHHUE KaueCTBa 0OCITyKUBAHNUSI.

KJIFOYEBBIE CJIOBA: Network Functions Virtualization, ynpaBneHne pecypcamu, CeTeBOI CIalCHHT, BBIACICHHAS CETh,
Evolved Packet Core.
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ABSTRACT

Context. With the growth in the volume of mobile data traffic and the number of services provided by the mobile network,
service load flows are also increasing, which necessitates changing the principles, models and methods of telecommunication flows
serving in order to ensure the given quality of providing a wide range of services in flexible and cost-effective way. Advantages of
scalability and elasticity with the support of a high rate of network technical resources utilization can be achieved using virtualization
technologies and the concept of network slicing, that allows deploying dedicated virtual networks based on services, using the
methods of network functions virtualization. In this context, the main question remains what number of network slices will be
feasible in terms of the cost of slice managing and providing the required functionality.

Objective. To improve the efficiency of mobile network through optimal slice forming in multiservice telecommunication
network.

Method. Analysis of the publications devoted to network functions virtualization has shown the organization approach of using
the multiservice mobile network resources, and also showed insufficient efficiency of existing solutions on important issues of this
process (the performance of the slices formation algorithm, the level of functional costs).

Results. A method to model network resource allocation system, which forms dedicated network slices that serve certain types of
services independently on the common infrastructure.

Conclusions. The article solves the problem of constructing a method for forming multiservice core mobile communication
network slices, which, due to the effective dynamic configuration of the system, allows providing a wide range of services with a
given quality indicators. A model of resource management system is constructed, which is used to present a method that takes into
account costs associated with excessive resource allocation, and also reduces the number of network configuration recalculations,
which allows achieving a rational ratio of management costs and Quality of Service.

KEYWORDS: Network Functions Virtualization, resource provisioning, network slicing, dedicated network, Evolved Packet
Core.

REFERENCES

(BlackSeaCom), 6-9 June 2016 : conference proceedings.

1. Globa L. Kurdecha V., Ishchenko 1., Zakharchuk A., Varna, Bulgaria, 2016, pp- 1-5. DOI:
Kunieva N. The Intellectual loT-System for Monitoring the 10.1109/BlackSeaCom.2016.7901546
Base Station Quality of Service, 2018 IEEE International 7. Network Functions Virtualisation [Online]. — Available at:
Black Sea Conference on Communications and Networking https://portal.etsi.org/NFV/NFV_White Paper.pdf
(BlackSeaCom), 4-7 June 2018 : conference proceedings. 8. Scharf M. Voith T., Roome W., Gaglianello B., Steiner M.,
Batumi, Georgia, 2018, pp- 1-5 DOI: Hilt V., and Gurbani V. Monitoring and abstraction for
10.1109/BlackSeaCom.2018.8433715 networked clouds, 2012 16th International Conference on

2. Signaling is growing 50% faster than data traffic [Online]. Intelligence in Next Generation Networks (ICIN). Berlin,
Available at: http://docplayer.net/6278117-Signaling-is- Germany, 2012, pp- 80-85. DOLI:
growing-50-faster-than-data-traffic.html 10.1109/ICIN.2012.6376038

3. Shimojo T. Takano Y., Khan A., Kaptchouang S., Ta- 9. Shimojo T., Sama M. R., Khan A., Iwashina S. Cost-
mura M., Iwashina S. Future mobile core network for efficient method for managing network slices in a multi-
efficient service operation, /st IEEE Conference on Network service 5G core network, Proceedings of the 2017
Softwarization (NetSoft). London, UK, 2015, pp. 1-6. DOI: IFIP/IEEE Symposium on Integrated Network and Service
10.1109/NETSOFT.2015.7116190 Management (IM). Lisbon, Portugal, 2017, pp. 1121-1126.

4. SamaR. M., An X., Wei Q., Beker S. Reshaping the mobile DOI: 10.23919/INM.2017.7987451
core network via function decomposition and network  10. Yousaf F. Z. Gramaglia M., Friderikos V., Gajic B. et al.
slicing for the 5G Era, 2016 IEEE Wireless Communications Network slicing with flexible mobility and QoS/QoE
and Networking Conference Workshops (WCNCW). Doha, support for 5G Networks, 2017 I[EEE International
Qatar, 2016, pp- 90-96. DOL: Conference on  Communications — Workshops — (ICC
10.1109/WCNCW.2016.7552681 Workshops). Paris, France, 2017, pp. 1195-1201. DOI:

5. Liquid Core [Online]. Available at: 10.1109/ICCW.2017.7962821
http://networks.nokia.com/portfolio/liquidnet/liquidcore. 11. Ordonez-Lucena J. Ameigeiras P., Lopez D., Ramos-

6. Globa L., Skulysh M., Sulima S. Method for resource Munoz J. J. et al. Network Slicing for 5G with SDN/NFV:

allocation of virtualized network functions in hybrid
environment, 2016 IEEE International Black Sea
Conference on  Communications and  Networking

© Cynima C. B., 2019
DOI 10.15588/1607-3274-2019-2-1

14

Concepts,  Architectures, and  Challenges, [EEE
Communications Magazine, 2017, Vol. 55, No. 5, pp. 80—
87. DOLI: 10.1109/MCOM.2017.1600935



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

VJIK 621.31

MOAEJIUPOBAHUE OIT'PAHUYEHUS TOKA B ®OTOIJIEKTPUYE-
CKUX CUCTEMAX COJTHEYHBIX BATAPEN C HCITOJIb30BAHUEM
CAMOBOCCTAHABJ/IMBAIOHINXCA HPEI[OXPAHI/ITE.JIEﬁ
«POLYSWITCH»

Tonkomkyp A. C. — 1-p ¢us.-mat. Hayk, npodeccop, npodeccop kadeapbl MEKTPOHHBIX BBIYUCIUTEIBHBIX Ma-
e, J{HenpoBCKuiA HAalTMOHATBHEBIN yHIBepcuTeT nMeHu Onecst ['oHuapa, Ykpauna.
Haxkammpase JI. B. — kaHx. TexH. HayK, cTapul. Hay4yH. cotp., aupexkrop HWUU suepretuxku [IHenpoBckuil Hanuo-

HaJIbHBIN yHUBepcuTeT uMenu Onecs ['onuapa, YkpanHa.

AHHOTALIUA
AKTya/IbHOCTB. Pelenne 3agaun MOBBIMICHUS HAJEKHOCTH CONHEYHBIX OaTapel, BKIIOYasl yCTpaHEHHEe HEIITATHBHIX (IT0XKapo-
OIIACHBIX) CHUTYyaIlUii Ha OCHOBE Pa3padOTKM METOMOB ¥ CPEJCTB IPEIOTBPAIIEHHSI TOKOBBIX IEPErpy30K B UX (POTONICKTPHIECKHX

CUCTEMax.

Leapb. M3yuyeHne nepcrieKTUBBI MUHUMHU3AIUH TOKOBBIX IEPErpy30K B (POTODIEKTPUUSCKUX CHCTEMAaxX COJIHEYHBIX OaTapeil my-
TEM NPUMEHEHHs HEIOPOTOCTOSIIHX JIEMEHTOB (DYHKIIMOHAIBHON JJIEKTPOHHKH, B YaCTHOCTH, OTHOCHUTEIBHO HOBBIX M, MOJYYHUB-
KX LIMPOKOE PACHPOCTPaHEHUE, CAMOBOCCTAHABIMBAIOIINXCA NpeoXpanuTeneil tuna «Polyswithy.

Mertoa. IIpeuioxkeHo cxeMHOe pelieHHe U METOJOM MOJAEIHPOBAHUS 000CHOBAHbBI BO3MOXXHOCTH HUCIOJIb30BAHUS IPEAOXPAHH-
teneit thna Polyswitch a1 npefoTBpalieHHs 1 MUHUMH3AIMH TOKOBBIX MEPErpy30K B (OTOIIEKTPUUCCKUX CHCTEMAX COJNHCYHBIX

Oarapeii.

Pe3y.]'leaTl>I. HpO&HaJII/BI/IpOBaHO BJIMSAHUEC BEJIMYUHBI COIIPOTUBJICHUSA B IIPOBOAAIIEM COCTOSIHUU U TOKa Cpa6aTI)IBaHI/I$I peno-
XpaHHTeHeﬁ Ha BOJIbT-aMII€PHBIC U BOJIbT-BATTHBIC XapaKTCPUCTUKHU MMapaJIJICIIbHBIX COGZ[I/IHCHI/Iﬁ (bOT03J'IeKTpI/I‘{eCKI/IX npeo6pa3013a-

TeJIeH U UX MOJYJICH.

BoiBoabI. HOKa3aH0, qTo Sq)(i)eKTI/IBHOC OrpaHU4YCHUEC TOKA IIPU HAJITUIHUU KOPOTKOI'O 3aMbIKaHUSA IIPU TaKOM COCAUHCHUUN q)OTO-
DJICKTPUYCCKUX KOMIIOHCHT MOXKET OBITH PpC€aI30BaHO IIPU BBIIIOJHEHUU CICAYIOUUX yCHOBHﬁZ
— COIIPOTUBJICHUE MPCAOXPAHUTEIA B MPOBOIAAIIEM COCTOAHUN 3HAYUTCIIbHO MCHBIIC MApaJlJICJIbHOIO COCAUHEHUA IOCJIE10BA-

TEIbHBIX CONPOTUBICHUIT (HOTONIEKTPHIECKUX KOMIIOHEHT;

—TOK cpabaTbIBaHUS NPEIOXPAHUTENS JOJDKEH ObITh OOJIbIIE TOKA KOPOTKOIO 3aMBIKaHUs OTIENBHOrO (HOTONIEKTPUYECKOTO

KOMIIOHCHTAa W MCHBIIC TOKa UX NapalJICIbHOTO COCAUHCHUA.

KJIFOYEBBIE CJIOBA: ¢oTroanekTpudeckuii mpeoOpa3oBarenb, TOKOBEIE MEpEerpy3KH, CaMOBOCCTaHABIMBAIOIIUECS HPEIO-
XPaHUTEIH, BOJIBT-aMIIepHbIE XapaKTEPUCTHKH, BOJIBT-BATTHBIC XapaKTEPUCTUKH, MOJICIPOBAHHUE.

ABBPEBUATYPbI
BAX — BonbT-aMIepHbIe XapaKTEPUCTUKH;
BBX — BonbT-BaTTHBIE XapaKTEPUCTUKY;
CBII — camoBOCCTaHABIIMBAIOIINECS TPEIOXPaHUTE-
m;
OOM — GoTOINEKTPUUECKUI MOJTYJTb;
OOII — GOoTOIMEKTPHUICCKIHA TTPeoOpa30OBaTEIb.

HOMEHKJIATYPA

A — muoaHbBIN KO3 QUITHEHT;

Fu — caMoBoccTaHaBIMBAIOLIMICS IPEAOXPAHUTEID;

I — TOK, OTAaBaeMblii BO BHELIHIOIO 3JIEKTPUYECKYIO
1ICTIb;

ip — OOpaTHBIH TOK TUO/A;

I, — Tox CBII B ipoBOAIIIEM COCTOSIHUH;

I, — TOK pe3ucTopa Harpy3Ku;

iy, — BennuuHa GporoToka DOII;

isc — TOK KOpOTKOTO 3aMbikanuss OIIT;

I, — TOK KOpOTKOTO 3aMbIKaHusT DOM;

1y, — TOK cpabaThiBaHus (TIEPEX0/1a B H30JIUPYIOLIEE —
cocrostaue) CBIT;

k — nmocrossunas boapimana;

m — YHUCIIO TIOCIeNA0BaTeNbHO coenuHeHHbIX DIl B
MOJTyJIe;
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1 — 9HCI0 TMapajuleIbHo coequHeHHBIX ®OM B doTo-
3JIEKTPUYECKON CUCTEME;

PV — horoanexTpuyueckuii KOMIOHEHT;

q — 3aps] SIEKTPOHA;

Rimx — MuHMMansHOe comnportuBienue CBII mocne
OJIHOTO Yaca BOCCTAHOBJICHMSI MPHU 33JaHHON TemIiepaTy-
€ OKPYKAFOIIETO BO3AYXa;

Ry, — comporuBnerne CBII B mpoBozsmeM cocTos-
HUH,

7, — COTIPOTUBIIEHUE HATPY3KH;

R; — pe3ucrop Harpysku;

Rmin — MakcuManbHO BO3MOXKHOE MHUHHMMAJIbHOE Ha-
yanbHoe conpoTtunienue CBIT;

ry — nocienioBarensHoe conpotusieHue POII;

R, — DKBHBaJIGHTHOE MOCJIEIOBATEIILHOE COMPOTUBIIE-
Hue ®OM;

g, — LIyHTOBOE conpoTtupienne OIIT;

Ur — 5KBUBAJIEHTHOE TEPMAJIbHOE HANPSKEHUE;

V — BBIXOZHOE HANPSHKCHHUE;

Vo — HaIIpSHKEHHE XOJIOCTOTO X014,

T — abcomnroTHAS TEMITepaTypa;

v — BeIXoiHOe Hanpspkerne OOl
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BBEJIEHUE

OnnuM 13 Haubojee HeXelaTelbHbIX HCTOYHHKOB
HEHA/IKHOCTH (DOTOINEKTPUUECKMX KOMIOHEHTOB COJI-
HEUYHBIX Oarapeil SIBIAIOTCS TOKOBBIE NEPErpy3KH M BO3-
HUKHOBEHHE IIEPErpeBOB, BKIIOYAs 3aMbIKaHUS HETo-
CPE/ICTBEHHO B HHX, a TaK)K€ KOPOTKHE 3aMBIKaHUST MEX-
Iy UX COCIUHUTEIBHBIMH KOHTakTamu [1-3]. Ousmue-
CKUMH TPUYHHAMH TaKUX CHUTyallli MOTYT OBITH TOBpE-
JKJICHUS KOPPO3WEH B TIPOIECCE AKCILTyaTaIliH COCTaB-
JISIOMIMX WX 3JIEMEHTOB, «CKPBITHIE)» IPOU3BOICTBEHHBIE
nedekTsl, HewcnpaBHble OJIOKUpYMOLME U OOBOJHBIC
VOGB! MTH pe3yIbTaThl JeTpajaliiyd U3OJSAIIH MO JeH-
CTBUEM OKpY Karolen cpessl [2].

Ocoboe 3Hauenue 310 umeer mis ®OM Ha ocHOBe
TOHKOIUICHOYHOTO KPEMHHS, TAe MMEeT MeCTO o0pa3oBa-
HHE IIYHTOB KaK «CKPBITHIX» Ae(EKTOB IPH IIPOM3BOJICTBE,
TaK M U3-32 OOpPAaTHOTO CMELIEHHs STUEEK, BHI3BAHHOTO 3a-
TeHeHUueM MopyIieil win otaenbHeix DOII comHeunoi Oa-
Tapew B MpOIECcce €€ SKCIUTyaTallud. JTO YCYTyOJseTcs
TEM, YTO U1 TOHKOIUICHOYHBIX MOJYJICH MPEBECHTHUBHEIC
MephI C HCIOJIB30BaHWEM OOBOAHBIX AHMOJIOB MOTYT OBITH
HEBO3MOXKHBIMH JJIsI OTPaHHYCHHS OOpaTHOTO HampshKe-
Hus Ha HeakTuBHBIX OO [1].

HawnGonee HeOJIaronpusiTHeE IOCIEICTBUS BO3HHK-
HOBCHU YKa3aHHBIX KOPOTKHUX 3aMBIKAaHUHA UMEIOT MECTO
B TIapaJUIeNbHBIX COEITUHEHHUAX (POTOINEKTPUUECKUX dJIe-
MEHTOB. B 3TOM ciy4ae OHHM NpPHBOIAT K BBIXOILY W3
CTpOsI BCETO COEIMHEHHS U BO3HHUKHOBEHHUIO CYIECTBEH-
HBIX TIEPErpeBOB M3-3a 3HAYMTEIBHBIX TOKOB, CO37aBac-
MBIX CYMMHPOBAaHHUEM TOKOB OTACTHHBIX TAKHX JJICMCH-
TOB. B uTOre 3TO MOXET MPUBECTH K HEIITATHBIM (TI0XKa-
POOTIACHBIM) CUTYaIHsAM. Y CTpaHCHUE WIIN MUHUMHU3AIUSL
BISIHASA YKa3aHHOTO (akTopa Ha pPabOTy COIHEYHBIX
Oarapeil npeacTaBiseTcs Hanboee HEOOXOMMBIM YCIIO-
BHEM s Ooliee IMHMPOKOTO HCIOJIB30BAHUS Hapaielb-
HBIX COCAMHEHWI Npu (GOPMHUPOBAHUU MOAYJIEH M IaHe-
JIeH COJIHEUHBIX OaTape.

Cienyer OoTMETHUTb, YTO B HACTOSIEE BpeMsi paspa-
00TKE METOJIOB M CPEACTB INPEJOTBPAILCHHUS TOSIBICHUS
JIOKAJIBHBIX MEPErPEeBOB ((TOPSYHX IMATEH») B (POTODIIEK-
TPUYECKUX KOMIIOHEHTaX COJIHEYHBIX OaTapeil ymemsercs
3HAYNTENbHOC BHUMaHHE. B 4acTHOCTH, W3BECTHHI pellie-
HUS TaKoH 3amaud Kak: ucronb3oBanne OOI1 ¢ HI3KuMEI
HaIpsDKeHUAMH oOpaTHoro mpobosi [4]; BKIIOUeHHE B
(hOTORTIEKTPUIECKYIO CHCTEMY JAOTOTHUTEIBHBIX AJIEMEH-
TOB: OOBOJHBIX THOJOB U AaKTUBHBIX OOBOIHBIX MEPEKIIIO-
yarened [3, 5-7]; MeToabl U TEXHUUYECKHE CPeACTBa, OC-
HOBaHHBIC Ha OOHAPY)KEHUHU «TOPSUEro ISTHA» Ha OCHOBE
I/I3MepeHI/II‘/II QJICKTPUUCCKUX IMapaMETPOB COJHCYHLIX I1a-
Helel B COYCTAHWH C AKTUBHOM 3alUTON MO Crocoly
Ppa3oMKHYTOrO KOHTYypa [8, 9].

Tem He MeHee, OHM HE SIBISIOTCS YHHBEPCAIBLHBIMH.
HUcnons3oanne OII1 ¢ HU3KUM HAMPsDKEHHEM OOpaTHO-
ro 1po0osi OTPaHUYMBAET MOIIHOCTH, PACCEHBAEMYIO BO
BpeMs pa3orpeBa €ro JIOKaJbHBIX OOJIACTeH, HO MOXKET
ObITh 3(p(PEeKTUBHBIM CITOCOOOM MPEIOTBPAILEHUS «TOPSI-
Yero IMATHA», €CIM BEeIWYWHA PAaCCEHMBAEMOW MOIIHOCTH
HezpocTaTtoyHa i noBpexaeHns OOI1.
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Nmeromuecss Ha HACTOSIIIUKA MOMEHT PE3yJIbTaThl MO-
JACITIUPOBaHUA U SKCICPUMCEHTAJIBHBIC JaHHBIC CBUACTCIIb-
CTBYIOT, YTO O6BO[[H])I€ JAUOAbl B MOAIAHEIbHBIX CTPOKax
(hOTO3NIEKTPUYECKUX 3JIEMEHTOB HE ITOJHOCTHIO 3alllH-
IIAIOT OT HOSBJICHUS! «TOpS4YMX TsiTeH». OOBOAHBIE AMO-
Jbl Oostee 3QPEKTUBHBI ISl TPEIOTBPAIICHHS «TOPSUUX
MSTEH» NPU OYEHb KOPOTKUX AnuHax cTpok POII, uro He
MPUMEHSETCS B COBPEMEHHON KOHCTPYKIMH HaHened u3
9KOHOMHYECKHX COOOpa’keHHI. AKTHBHBIE OOBOIHBIC
MEPEKIII0YATENH, KaK U TEXHHYECKHUE CPEJCTBA, OCHOBAH-
Hble Ha OOHAPYXEHHH «TOpSYMX IIATCH», SBISIOTCA
YJIy4IICHHEM II0 CPAaBHEHUIO C OOBOJHBIM IHMOJIOM, HO
TpeOYIOT yCII0XKHEHUS] CXEeMHBIX pellleHni u 3aTpar [5].

1 ITIOCTAHOBKA 3AJIAYHA

OmHMM U3 TEpCHEeKTUBHBIX HAIPaBICHUH pPEIICHUs
paccMaTpuBaeMoM 3a/iauMl SIBISIETCS IPUMEHEHHE ISl 30-
JISIIIAM HEAKTUBHBIX (3aTCHEHHBIX WM Je(EKTHBIX) 0bJac-
Teit kak otaenbHbIx OO, Tak ¥ UX MOJysel, MeHee 10po-
TOCTOSIIIINX DJIEMEHTOB (DYHKIHOHAIBLHOH SJIEKTPOHUKH, B
YaCTHOCTH, OTHOCHUTEIILHO HOBBIX U, TIOJyYHMBIIHNX IIHPO-
koe pacnpoctpanenue, CBII tuma  «Polyswithy
[3, 10]. OTH AMEeMEHTHI NMEKTPHYECCKON W TEIUIOBOM 3aIu-
TBI YK€ HAIUTK MMPUMEHEHHE B aKKyMYyJISITOpax M rajbBa-
HUYECKHUX HcTOuHWKaxX muTanus [11-14]. HeoOxomumbiM
ATATOM 3TOTO IMPEICTABISIETCS pa3padoTKa U MOJICIUPOBa-
HUE (YHKIIMOHUPOBAHMS CXEMHBIX PEHICHHH It (oTo-
ANEKTPUYECKUX KOMIIOHEHTOB, UCTIOJB3YIOLINX YKa3aHHbIE
CaMOBOCCTaHABIIUBAIOIINECS MPENOXPAHUTEIH.

B manHO# paboTe mpemyoxeHa MOAETh M MPOAHAIH-
3UpOBaHbl BO3MOXHOCTH HCIOJBb30BaHMSA CaMOBOCCTa-
HaBJIMBAIOLIMXCS Mpegoxpanutenel tuna Polyswitch ms
MPEJOTBPALICHNS ¥ MHHUMHU3AI[MM TOKOBBIX IMEPErpy30K
B MapajyieJIbHBIX COCANHEHUSIX (OTOICKTPUIECKUX TIpe-
oOpazoBaresnei M UX MOAYJICH.

2 OB30P JIMTEPATYPHI

Kax yxe ykasbiBanoch, KOPOTKHE 3aMbIKAHUS SIBIISI-
I0TCSl HamboJiee HeXelaTeIbHBIMH B TapajUIeTbHBIX CO-
enuHeHIsIX kKak @OII Ta UX mociieqoBaTeIbHBIX COCIUHE-
Huit ®OM. U3 puc. | BUAHO, 9TO KOPOTKOE 3aMBIKAHHE
onHoro xommoneHnTa PV, B orcyrcteue CBII Bener x mo-
Tepe BCEl MapajyIeNbHOM LENHU, COAEpXKALUEH Ipyrue
HCTIpaBHBIE KOMITOHEHTEHI.

Hanuune camMoBOCCTaHAaBIMBAIONIMXCS TPEIOXpPAHUTE-
nert Fu;, COSIMHEHHBIX IMOCIIEIOBATENIBHO C KaXIbM (POTO-
TeHEPUPYIOLIUM KOMIIOHEHTOM PV, T03BOJISIET COXPaHUTh U
9KCIUTYyaTUPOBaTh UCIPAaBHbIE MPU HAIUMYMKA KOPOTKOIO 3a-
MBIKaHUsI B OJHOM M3 HuUX. Maremarudeckas MOJENb, I0-
3BOJLIFOIIAS TIPOAHAIM3UPOBATH PACCMATPUBAEMBIA (P QEeKT
OTPaHWYCHUS TOKA TMPU KOPOTKOM 3aMBIKAHHUHM W OTIpeie-
TuTh Hambomee S(PQPEKTHBHBIC PEKAMBI TAKOW 3alllUTHI,
BKJIIOYAeT B ce0sI pelIeHHe 3aa9i BEIOOpa SKBUBAJICHTHBIX
cxeM, onmceiBatormmx OII1 u @M, ammpokcHMAaIyy mose-
BOM 3aBUCHMOCTH dJIeKTprueckoro comnpotusienus CBII, a
Tarke (HOPMYJIMPOBKY M PEIICHHEC OCHOBHBIX YPaBHEHHI
paccMaTpuBaeMoil MOJIENW ISl OTpENIeNiCeHUsT UX BOJBT-
AMIICPHBIX U BOJIbT-BATTHBIX XaPAKTCPUCTHK.
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1, Ir, 1 [ — TOK pe3ucTopa Harpy3ku R, TOK KOPOTKO 3aMKHYTOI'O KOMIIO-
HEHTa U TOKH, FreHepupyemsble PV
Pucynok 1 — Ynpouiennas cxema, WUTIOCTPUPYIOIIAs 3alIUTy
OT KOPOTKOTO 3aMBIKaHUS B TIAPAIIIEITEHOM COSTUHEHNH (HOTO-
INEKTPUIECKUX KOMIIOHeHTOB PV (i=1, 2, ... n—1) ¢ ucmomns3o-
BaHHEM CaMOBOCCTaHABIMBAIOIIUXCS IIpefoXpaHutTenei Fu;
(=1,2,...n)

OOII obmamaroT HEMMHEHHBIMU BOJIBT-AMIICPHBIMH Xa-
paKTepUCTHKAaMH, KOTOPHIE 3aBUCAT OT YPOBHS CONHEYHOU
pampamm, TeMIepaTyphbl OKPYKaroIIei cpeabl 1 0COOEHHO-
CTEeH caMoM SIYEHKH.

B Hacrosiiiee BpeMsi M3BECTHO HECKOJIBKO OCHOBHBIX
cxem 3amenienns OOII, maTeMaTU4YeCcKOe OMHCAHHE KO-
TOPBIX HCIIOJB3YETCSI B COBPEMEHHOM MO/ICIIUPOBAHUU
[15-17]. HaubGonee u3BecTHas U3 HUX, COJACPKHUT UCTOY-
HHK (OTOTOKA (iy)), MAPAJIENbHO BKIIOUYEHHBIH 110 (D),
KOTOPBII MOJEIUpPYET pP-N-liepexoj, LIYHTOBOE COIMpPO-
TUBJICHUE (7y;), MOJICIHPYIOIIEE TOKH YTEUKH, U ITOCIIEN0-
BaTENEHOE COMPOTHUBICHHUE (), KOTOPOE XapaKTEepPHU3yeT
BHYTPCHHEE CONpPOTHBIICHHE D3JEMEHTAa W KOHTaKTOB.
B pabouem pexxume OIII (mpamocMereHHbIi (HOTOINO0)
TOKOM YTEYKH NPEHEOPEramT, T.€. MPHUHUMAIOT, UYTO 7y,
CTPEMHUTCS K OECKOHEYHOCTH W SKBHBAJCHTHAS CXEMa
3amenienus OOI1 umeer BuA, MOKA3aHHBIM Ha pHC. 2.

B cootBercTBHM € 3TOM CXEMOU 3aMellIEHUs] BBIXOJHOM
TOK (hOTO3TIEMEHTa [ MOXeT ObITh ompexeneH [15, 16] u3
BBIPAKCHUS

q(v+iry)

1 b 1
AkT M

=iy, —lyqexp

rrne A — k03 OUIUEHT, 3aBUCAIINIA OT PU3UUECKUX CBOCTB

MaTepUalIOB W TMApaMeTpOB p-n-mepexona (s KpeMHUS

npuHUMaeTcs paBHBM 1,2...1,8 cooTBeTcTBEHHO C [15, 18]).
Solar Lighting re

& @ o =1
SZ ! 4 rn
jph J".O l

Pucynok 2 — YrpolienHast 5KBUBaJIeHTHas cxema
3amenieHuss OOI1
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Kak yxe roBopmiioch Bblllle, TPU MOCIEAOBATENHEHOM,
NapaJuesIbHOM WII KOMOMHHPOBAaHHOM COeMHEHHH (oTO-
ANIEKTPUYCCKUX 3JIEMEHTOB 0o0Opasyrorcs @OM. st ompe-
JIeJICHUS DKBUBaJIEHTHEIX BAX Takux coeluHEHUN UCIOIb-
3yIOTCS pa3nuyHble (POpMBI MX TIpeacTasieHus [15, 19-23].

Jns mocTpoeHus paccMaTpUBaeMoOi MOJIENN, COOTBETCT-
BYIOIICH MapaienbHOMy coemiHeHuio # OOM (Kakmpil m3
KOTOPBIX SIBIICTCS TIOCIIEIOBATEIIFHOE COCAWHCHHUEM 1
®OII) mpencrapnseTcs HanOOIee MOAXOMAIINM H3BECTHOE
BBIp&KEHHE, HETIOCPEACTBEHHO Oaszupyrorneecs Ha Gopmyiie
(1) [15,20-22]

V—V,.+IR,
i —

rne I, =n' iz —TOK KOPOTKOTO 3aMbIKaHUS (OTOdJIEK-
TPUYECKOTO MOAY.s; iy = i(v =0) =i, — TOK KOPOTKOIo
3ambikanusg OOl (HauOonbIIMK TOK, NPOW3BOJUMBIN
OOIl mnpu  ycrnoBUM 3aMBIKaHUS €ro  KOHTAaKTOB);
Ur = (4kT/q) - m — >xBUBaJIeHTHOE TEPMaJIbHOE HarpspKe-
HHUE MOAyns; V,.=m "V, — HallpsDKEHNEe XO0JOCTOTO X072
MORYJIA, Voo = V(i = 0) = (4kT/q) In[(i,, +io)/iy] — mHanps-
s)keHne xonocroro xona OOl (mameHne HampspKeHUS Ha
p-n-nepexoje, KOTopoe co3iaeT (POTOTOKOM (i), ecinu
TOK BO BHeuIHe# uenu (i) paBeH HyJO; R,=r, m/n—
SKBHUBAJICHTHOE MOCJIEI0BATEIBHOE COMPOTHUBIEHHUE MO-
JIyJIst.

CamoBOCCTaHABIUBAIOIIHECS MpeIOXPaHUTEIH
«Polyswith» wnmeror TemmeparypHy!0 3aBHCHMOCTb COII-
poTuBIEHHS Rf,, BO3PACTAIOLIYI0 C POCTOM TEMIIEPATYpHI,
KOTOpas WMEeT TpW XapakTepHbIX yd4acTka. llpum
OTHOCHTEIFHO HEOONBIIMX  3HAYCHHWSAX  TEMIIEpaTyphl
(ygacrok 1) mmeer MecTo IUTABHOE TMOBBIMICHHE WX
COTPOTHUBJICHUSI OT TEMIIEpaTypsl. B y3KoM 1uamasoHe
Temriepatypbl okono 125°C nHabmomaercs pe3kuil poct (Ha
HECKOJbKO TopsinkoB) compotuBierns CBII (ygactok 2).
[Ipu nanbHelEM yBETMUYEHUH TEMIIEPATYPHI 3aBUCUMOCTD
COMPOTHUBJICHUSI ITUX YCTPOKMCTB OT TEMIIEPaTyphl TaKke
HMeEET TUIaBHBIN Bo3pacTaronuii xapakrep (yuactok 3) [11].

Ou3nyeckuil MEXaHU3M IPUYMHBL TaKOM CKau-
KOOOpa3HOM 3aBHCHMOCTH OIpPENEINSeTCs] CTPYKTYpPHBIMU
0COOCHHOCTSIMH  OCHOBHOTO (DyHKIIMOHAJIBHOTO —MaTe-
puana CBII, kotopelii mnpencraBisier co0Oil HaHO-
KOMIIO3UT C HENpPOBOIALIEH MOJMMEpPHOM MaTpuueil u
BBICOKOTIPOBOJIIIAM HAHOYTJIEPOIHBIM HAIOJHUTEIIEM.
bnaromapst yriepomHBIM KaHalaM B HEPa30rpeToM
coctossHUM  (y4acToK 1) HAHOKOMITO3UT  SIBIISIETCA
MIPOBOAHUKOM C HU3KHM COOCTBEHHBIM COIIPOTUBIICHHUEM.

IIpu pasorpeBe BbILIE OIpPEEICHHON TeMIEpaTyphl
(TemmepaTypsl Tepexona) YIJIEepOAHbIE KaHaIbl pas-
PBIBAIOTCS 332 CYET OOBEMHOTO PACIIMPEHHS TTOTUMEPHON
MaTpulbl W/WIK TpaHCPOPMAIMK  KPUCTALTMYECKOU
CTPYKTYpPBl MaTpHIbl B aMOP(HYIO M 3JEKTpUYECKOe
COMPOTUBIIEHUE HAHOKOMIIO3UTa PE3KO  BO3pacTaeT
(yuactox 2) [11-12]. Ha  BBICOKO-TEMIEpaTypHOM
ydacTke 3 CTPYKTypa NMPOBOSIINX KAaHAJIOB ITOJHOCTHIO
paspymena u  conporusnenne CBII  nmocturaer
MaKCHMaJIbHOH BENWYHHBI.

I=1,41-ex ) (2)
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TexHuyeckoe TNPUMEHEHHWE HWMEIOT Y4acToKk |
(BBICOKOITPOBOAALIEE COCTOSIHUE) U 2 (CKAauKOOOpa3HBIN
nepexo K HU3KOMPOBOASIIEMY COCTOSHHIO).

B kauecTBe OCHOBHBIX MapaMeTpOB, BaXKHBIX ISl UX
TIPUMEHEHHS B CXEME PHC. 1, ClIe/TyeT IPUHSATH:

Rp,o— conporuBnenne CBII B mnpoBoasimeM coc-
TOSIHUH (OTIPEAEIAeTCS MacIOPTHBIMHU BETHUMHAMHA R yin —
MakCHMaJlbHOE  MHWHUMAaJIbHOE  HAdaJlbHOE  COI-
POTHBIICHUE WU Ry, — MUHIMAJIBHOE CONPOTHBIICHHUE
I0CJI€ OJJHOTO Yaca BOCCTAHOBJICHUS IPH 3aaHHON TeM-
nepaType OKpy»Karolero Bo3ayxa); I, — TOK cpabaTbiBa-
Hus CBII, T.e. MurumansHbIi Tok yepe3 CBII, npu koto-
POM IPOUCXOJUT MEPEX0l OT MPOBOASIIETO COCTOSHUS K
HEPOBOAMIEMY.

3ammra NapajueNIbHOrO  COSINUHEHHS  (OTODJIEKT-
pUYECKUX KOMIIOHCHTOB COJHEUYHBIX Oarapeir (puc. 1)
MOXeET OBITh pPeali30BaHa IPH BBINOJIHEHUHU CIEAYIOIINX
YCIIOBHIA

RFuOZRmin (I/IHI/I leax)<<m R*s (3)

* *
e Ry =71 wm Ry = R B mocneoBaTenbHOM COEU-

HEHHUHU m siYeeK UM MOJyJIeH, COOTBETCTBEHHO.

To ecTh HaMMUUE TAKUX NPEAOXPAHUTENIEH B AIEKTPU-
YEeCKOH LIENH HE JIOJDKHO BJIMSATH HA HOPMANBHYIO PadoTy
(hOTOINIEKTPHUUECKUX KOMITOHEHTOB.

Bropoe ycnosue:

(n=1)-1" > Iy > I'5c (4)
tne I" =i, Igc=igc wm I" =1, Igo =Igc BmOCTE-

JOBATCIIbHOM COCOWMHCHUUN m SAYCCK WU Moz[yneﬁ, COOT-
BCTCTBCHHO.

T.e. Tok cpabarbiBanusi mpenoxpanurens PPTC
JOJDKEH OBbITh OOJNbIIE TOKAa KOPOTKOTO 3aMbIKaHMs
OT/EJIBHOTO ~ KOMITOHEHTa  (OTHENBHOTO  (hOTOIIIEKT-

PHYECKOTO MOIYJsl WIIM (OTO3NIEMEHTa) W MEHbIIe, YeM
TOK WX MapaUIeIbHOTO COCAMHEHHS B pabodyeM pexume
(n-1)-I", rme (n—1) — uncmno ucnpaBHeIX OOM mm OOI1.
VYunteBas xapakrtepHoe miusi CBII ymeHbimeHHWE TOKa
cpabaTbhIBaHUs C POCTOM TEMIIEPATYPHI, CIIEAYET OTMETHTh,
YTO TIEpBOE M3 YyKa3aHHBIX TPEOOBAHUH JOJDKHO OBITh
BBITIOJIHEHO MPU MAaKCHMaJbHO BO3MOXKHOW TeMIleparype
¢yuxmonnpoBaaus OIIT (~60...80°C [10]).

3 MATEPUAJIBI U METO/bI

OnpeneneHne aHAJMTUUECKUX BBIPAKEHUM MOJIET MO-
JKeT OBITh MPOU3BEIICHO HA OCHOBE ypaBHeHMI Kupxroda u
MU3BECTHBIX MaTeMaTH4yecKuxX omucanusx mamsi BAX pac-
CMAaTPHBaCMBIX (DOTOINIEKTPHUUCCKUX CHCTEM U DIICKTpPHYC-
CKHX XapaKTEPUCTHK HCIONB3YEMBIX 3JIEKTPOHHBIX HPHOO-
poB. B wacthocT, yder npucyrctsus CBII (puc. 1) mo-
JKEeT OBITh MPOW3BEJCH 3aMEHON B COOTBETCTBYIOIICH K-
BHUBAJICHTHOU cXeMe U (opMyIie MOCIeI0BaTEeIHHOTO CO-
MIPOTHUBJICHUS 7y HA €0 CyMMY C YacTbIO COIPOTHBIICHHS
Rp,, npuxonsmieiics Ha kaxapiii @OI1 B mocienoBarens-

HOM HX COCIUHEHUH, T.€. (R;'s +Rp, )

Cienyer OTMETUTh, YTO B COOTBETCTBHU C 0a30BBIM
npuHIUnoM ucnoiszoBanusi CBII [10] ux compoTuBie-
HUS 70 CcpabaThiBaHUS IPHU TOBBIIICHUN TEMIIEPATYPHI
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MPEHEOPESIKUMO MaJIbl B CPABHCHUU C MOCIICIOBATCIBHBIM
COMPOTHUBJICHUEM OTAEIbHOTO ®OM , U TakuM 00pa3oM B
HOPMAJILHOM PEXKHME MOXHO IPUHSTH Rr<<R’..

Hanmarme KOpOTKOTO 3aMBIKaHUS OIHOTO (POTOAJICK-
TPUYECKOT'O KOMITOHCHTa B COOTBETCTBHH CO CXEMOU
puc. | MOXeT paccMaTpuBaThCs KaK MapajuielbHOE CO-
€IMHEHNE COTPOTUBIICHUS HATPY3KU R; W COMPOTHBICHHUS
npenoxpanutenst Rp, (Ir,), 3aBUCSIIETO OT BEIWYHHEI
MPOTEKAIOIIETO Yepe3 Hero Toka Ir,. Clieayer oTMETHTh,
YTO CONPOTHUBIECHUE HArpy3KU R; IS yIIPOIIEHUS pacye-
TOB MPUHUMAIIOCh AKTUBHBIM, XOTS OHO MOXET OBbITh W
PCaKTHBHBIM (HAIPUMEP, CMKOCTHBIM) HJIH, B OOIIEM
cily4ae, KOMIUICKCHBIM.

[IpumMeM BO BHUMAaHUE, YTO:

V=V(pg,R)=
:I(IFLNRL) RFu(IFu)RL , (5)
Rpy(Ipy) + Ry

rne I(Ip,R;) = Ip,+], — BeMMUrHA CyMMapHOTO TOKa de-
pe3 KOPOTKO3aMKHYThII 3JIEMEHT IIeTTH U COMPOTUBIICHHE
Harpy3Ku.

C yuerom (5) ypaBHeHue st pacyeta BAX paccmarpu-
BacMOH (DOTORICKTPUUCCKOW CHUCTEMbI (IIPH HAIMYHAHM KO-
POTKO 3aMKHYTOIO OJIHOTO K3 €¢ MOIYJICH) MOXKHO IOJy-
YHUTh HA OCHOBE (2), KOTOPOE TOCHe Mmpeodpa3oBaHus (pas-
PpEIICHNSI OTHOCHTEITHHO V') OyIeT IMETh CIICTYFOIIUI BUI:

VLo Ry) = Up 1n| 8¢ 1R RL) |
Isc (6

—Voc +1(F,,Rg)Rs »

rac

RFu (IFu)
L

](IFuaRL): ]Fu 1+

IIpu onpenenennn napamerpoB Ur, Isc, Voc, U Rs Ha-
0 3aMeHHUTH BenmduHy m (duciao OOM coemqmHEeHHBIX
mapajuielbHO Ha cxeme puc. 1) Ha (m—1).

BAX caMoBOCCTaHaBIUBAIOMIETOCS MPEAOXPAHUTEIS,
Kak M JIF0OOTO IO3UCTOPHOI'O 3JIEMEHTA MpeCTaBIseTCs
N-00pa3HOl 3aBUCHMOCTBIO 1 MOKET OBITH OIpeesicHa B
napameTpuueckoil opme, rzie B KauecTBE TaKOro mnapa-
MeTpa MCHOJB3YETCsl TEMIepaTypa ero Harpesa [24, 25].
OpHako, UCTIONB30BAHUE TAKHWX ITPEJICTABICHUN CYIIECT-
BEHHO YCIIOXKHSET paccMmarpuBaeMyio 3amady. [lns ee
YIPOIIEHHS, JOIMYCKAIOIIETr0 MOMy9YeHHE MOHITHOTO ajie-
KBaTHOTO pe3yibTaTa, IPEJCTaBIAeTCS BO3MOXHBIM HC-
M0JIb30BaTh TPEJCTABIECHHUS O CKauKOOOPa3HOM H3MEHE-
HHUH COTpOTHBIEHUs paccmarpuBaeMbix CBII B obnactu
TOKOB B OKPECTHOCTH TOKa cpalOaThiBaHMA I, Takum
00pa3oM, MOXXHO TpPHHSTH, YTO 3aBUCUMOCTh Rp,(IF,)
HUMEEeT BUJI NIEPEKITIOYaTeNbHON (QYHKIMN, KOTOPYIO MOX-
HO ampoKCUMHUPOBATh (DyHKIMEH BUIA:
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RFuo,CCHI/I IFu < IFuO

Rp, (]Fu) = > @)

Rpyo

a
Fu ] seemu I, <1
Fu0

rae RFu0 = Rmin (HHH leax); IFu = Itrip~

4 OKCIIEPUMEHTbBI
Kak yxe oTrmedanoch, nmapamerpamu, ONpeessiFoLu-
MU 3ddekTuBHOCTh ucmonap30Banus CBIT g 3amuThe
(hOTOIICKTPUICCKUX CHCTEM OT KOPOTKUX 3aMBIKAHHIA,
SIBIISIFOTCSL COMIPOTHBIICHHUE MPEIOXPAHUTEINS B MPOBOJIS-
IIEM COCTOSIHUU Ry, Ml TOK €T0 cpadaThIBaHUsA If.

Tabmuma 1 — [TapameTpsl 3771eMEHTOB MOJIEITH (POTORTIEKTpHYE-
CKOM CHCTEMBI

KomrmonenT TTapameTpst lpursreie
3HAUCHUS
io 1 MKA
[ 0,039 A
DOII [18] . 2 Om
A 1,8
Rpuo 0,1*1 Om
CMII (u3 cepun RXEF) [26] Trm 03 1A
Yucno @I B ux mocienoBaTesb- m 36
HOM coeuHeHnH (B DOM)
Yucno mapaiienbHbIX COCTUHECHHN
OIM n 36

Jnst uccnenoBaHus (YHKIMOHUPOBAHMS paccMaTpu-
BaeMBIX TEXHHYECKHX CPEACTB 3aLIUTHI ObLIM IPOBEICHBI
YHCIICHHBIE 3KCIEPUMEHTHl Ha OCHOBE (DOTODIIEKTpHYE-
CKOH cucteMsl (puc. 1) ¢ KOMIIOHEHTaMH Ha OCHOBE 3Jie-
MEHTOB C THIIOBBIMH IlapaMeTpami, HPUBEICHHBIMH B
tabm. 1.

[Mapamertp a B popmyie (7) mpuHUMAIICS paBHBIM 25.

5 PE3YJIBTATbDI
BinsiHHe BENWYUHBI CONPOTHBICHHS Rp,p Ha BOJBT-
aMIIepHBIE U BOJIBT-BAaTTHBIC XapaKTEPUCTHKU HCCIIEmye-
MO (HOTORTEKTPUIECKON CHCTEMBI TIOKAa3aHO Ha pHC. 3 U
puc. 4.

LA
154

1 3 4
1-
0.5k

/27 78
0 | 1 | |
0 107 100 10 100 10

V.B

Pucynok 3 — BonbT-ammnepusie xapakrepuctiki I (V) (kpu-
Bble 1-4) u 3aBucumoctu Toka uepe3 CBII Fu,, I, (V) (1'-3")
MOZEIUPYEMOii (HOTOIIEKTPUUESCKOM CHCTEMBI IIPU HATHIHU

KOPOTKOTO 3aMbIKaHHS OJHOTO U3 €€ KOMIIOHEHTOB
[Mapametpst CBII /5,0 = 0,3 A ¥ Rp9, OM: 1 - 0,152 -0,4; 3 — 1.
KpuBsle 4 COOTBETCTBYET OTCYTCTBHIO KOPOTKOTO 3aMBIKAHUS
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P. BT
201
15+ 4
10F
5 -
1,23
0 1 Il 1 1 1
10°  10? 10" 10° 10! 10?

V.B
PucyHnok 4 — BonbT-BaTTHBIE XapakTepucTuku P; (V) mone-
IUpyeMoi (pOTOITEKTPUIECKOI CHCTEMBI IPH HATUYUH KOPOT-
KOTO 3aMBIKaHHs OHOTO U3 €¢ KOMIIOHEHTOB. [lapameTps 1
0003HaYEHHSI COOTBETCTBYIOT MPUHSATHIM Ha pHC. 3

Bnusane BennumHbl TOKa cpabarbiBanust CBIT Ha
aHaJIOTMYHBbIE XapaKTePUCTHKU paccMaTpuBaeMoii ¢oro-
3JEKTPUUECKON CHCTEMBI IPUBEACHBI Ha pUC. 5.

IA
1,5

0.5F

1
10 10? 10" 10° 10° 102
_ VB )

P.. BT
20}

15

3

. ;
010'3 10% 10" 10" 1(;1 1(;2
’ V,B
§

[Mapametprt CBII Rgyp = 0,4 OM 1 gy, A: 1-0,3;2 —
0,5; 3 —0,7. KpuBble 4 COOTBETCTBYET OTCYTCTBHIO KO-
POTKOTO 3aMBIKaHHs

Pucynok 5 — BonbsT-amnepHsie (a) 1 BoibT-BaTTHBIE (0) Xa-
PaKTEPUCTHKH MOJECTHPYEMOH (POTOIICKTPUUECKON CHCTEMBI
MIPY KOPOTKOM 3aMBIKAHUsI OJJHOTO U3 €€ KOMIIOHEHTOB

6 OBCYXJEHUE
Kak BugHO u3 puc. 3, BausHue conporusnenus CBII B
MPOBOJAIIEM COCTOSIHUM Rp,0 HIMEET MECTO B AWAIIa30HE
OUYeHb MaJbIX HampspkeHWd V. OHO OTrpaHWYMBAaeT €ro
Ha4yaJIbHbIM y4acTOK, I'Zle€ CONPOTHUBIIEHUE HAarpysku R;
MeHblIE Rp, U NPaKTUYECKH OTCYTCTBYET OTOOp TOKa ¢
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Harpy3ku Ha npenoxpanurens. C yMEHbIIEHHEM COIpO-
TUBJEHUS Rp,0 TOT Y4aCTOK COKpAIIaeTCsl.

[Ipu Gonee BeIcOKMX 3HaueHMsAX R; Tok uepe3 CBII
YBEIMYMBACTCS, YTO IIPHBOJUT B UTOTE K €r0 cpabaThIBa-
HUIO, TTOCIIE YEro IOJTyJaeTCst TUIOBAast ISl (POTOIIICKTPH-
YECKUX CHCTEM 3aBHCUMOCTH I1(}), HO cO 3HaYEHHEM TO-
Ka KOPOTKOTO 3aMbIKaHMsl YMEHBIIECHHbIM Ha BEIHUHHY,
KOTOpasi TMPEJCTaBIseT cOOOH CyMMy TOKOB OTKIIIOYEH-
HOro (KOPOTKO3aMKHYTOTO) IIOCJIC0BATEILHOIO COC/IH-
Henust OOII (PV,) u Toka cpabaThIBaHHs IPEIOXPAHUTE-
ns Fu,.

Hanuune CBII npuBOAMT TOJIBKO K OMpPENEICHHOMY
CHIDKEHHIO TPOW3BOJUMOM (DOTOIIEKTPHUUECKON CHCTE-
MOH 3JIEKTPUIECKOH MOIIHOCTH, a HE TOJIHOMY €€ BBIXO-
Iy u3 cTpos (puc. 4). VI3meHeHne conpoTHBICHHS Tpeao-
XpaHMTENS] B MPOBOAIIEM COCTOSHHM TNPAKTUYECKH HE
BiusgetT Ha BBX

Kak cBUIEeTeNnbCTBYIOT 9TH JIJaHHBIE pUC. 5a U puc. 50,
W3MEHEHHs BEJIMYHMHBI TOKAa CpadaThIBaHMS MPEJOXPaHU-
TN ONPENeNISIOT W3MEHEHHS MaKCHMaIbHOTO TOKa H
MIPOU3BOIUMON 3JIEKTPHUUECKOW MOIIHOCTH B pabodem
JManasoHe, Il peaju3yeTcs 3alluTa OT KOPOTKOTO 3a-
MbIKaHUA, T.¢. CBIl HaxoauTcst B COCTOSHUM C BBICOKHM
3HAYEHHEM COIPOTHUBIICHUS. Y MEHbBIICHUE BETHIUHBI [F,0
CHIDKAeT 3HepreTUYecKHe 3aTpaThl Ha MOJIep>KaHue Ipe-
JOXPaHUTECIIA B HU3KOIIPOBOAAIIEM COCTOAHHU, 6J'IOKI/I-
pYIOIIEM KOPOTKOE€ 3aMbIKaHHE KOMIIOHEHTa Mapajuiellb-
HOH 11eny. B urore, 3T0 MpUBOJUT K POCTY TOKA HArpy3KH
I, m momHOCTH P;, T.e. MOBHIIEHUIO 3(PPEeKTHBHOCTH
paboTel Bcel (OTOINEKTPUIECKON cHUCTeMBl. OCHOBHBIM
OTPaHWYCHUEM CHHU3Y IIPU OMNPEACIECHHH TOKa cpadaThl-
Banusi CBII sBnsercs TpeOOBaHHE OTCYTCTBHS KaKOTO-
nn00 BIMAHUS TPEJOXPAaHUTETSI HAa HOPMAaJIbHO (DyHK-
IUOHUPYIOMINUN (B OTCYTCTBUU €r0 KOPOTKUX 3aMbIKaHUH
paccMaTpuBaeMoro Buza) (HOTOIICKTPUUCCKUN KOMIIO-
HeHT (OOM wm OIII), 1.¢. I 0> Isc.

Crnenyer Takke OTMETHUTb, YTO MOTEPH MPOU3BOIUMON
UIEKTPUYECKON SHEpPruM Ha paboTy MpEeNOXpaHHUTENS B
paccMaTpuBaeMOM CHTYyallid KOPOTKOTO 3aMBIKAaHHS Of-
HOTO U3 MapauleNIbHO COEANHEHHBIX (DOTOINEKTPUIECKUX
KOMITOHEHTOB MOTYT OBITh ¥ MEHBIINMH, Y€M ITOIyICHBI
B paMKax paccMaTpuBaeMod MOAeNH, Oazupyromencs Ha
annpoxcuManuu xapakrepuctuku CBII nepexiouarens-
HOHU (DyHKIMEH, KOTOpasi He YYUTBHIBAET, YTO IPH YBEIH-
YEHUH Ia/ICHNs] HaITpsDKSHUS Ha TIPEIOXPAHUTETIE €r0 TOK
MOXET YMEHBIIAETCSI.

BbIBO/1bI

[IpeanoxeHO CXEMHOE pelICHHEe OTPaHHUYCHUS TOKA B
(hOTORIIEKTPUUECKUX CHCTEMaxX COJIHEUHBIX Oarapeil ¢
UCIIONB30BAaHUEM CaMOBOCCTAHABIMBAIOMIUXCS — MpeJio-
xpanutene «Polyswitchy.

Pazpaborana maremarnueckas MOJAENb CXEMHOTO pe-
LICHUS] ¥ MPOBEJICHO MOJAEIHNPOBAHUE €0 OCHOBHBIX Xa-
PaKTEPUCTHK MPH MCTIOJIE30BAHIH THITHYHBIX TapaMETPOB
(oTodNeKTpUIecKUX IMpeodpa3oBareieii HA OCHOBE MO-
HOKPHCTAJUIMYECKOTO KPEMHHUSI U KOMMEPUYECKHX CaMo-
BOCCTAHABIIMBAIOIIUXCS Npefoxpanurencil. [Ipoananusn-
POBAHO BJIMAHHUE BCJIMYMWHBI CONPOTHUBJIICHUSA B IPOBOJA-
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IIeM COCTOSIHMU M ToKa cpabateiBanus CBII na BAX n
BBX mnapamiensHOro coeauHeHHs1 (POTOIIEKTPUUECKUX
KOMITOHEHTOB COJIHEUHBIX OaTapei.

[TokazaHo, uTOo 3 heKkTHBHOE OrpaHMYEHUE TOKA MPHU
HaJIMYUM  KOPOTKOTO 3aMbIKaHUSI B  IApaJUICIbHOM
COCAMHEHUH (DOTOIITEKTPUUECKUX KOMIIOHEHT MOXKET
OBITh peann30BaHO NPH  BBHIOJHEHUH  CIEAYIOIINX
YCIIOBUH:

— CONPOTHUBJICHUE MPEAOXPAHUTENS B IPOBOISIIIEM
COCTOSIHMM 3HAYUTENILHO MEHBIIE MapauIeIbHOTO COEIH-
HEHHUSI TI0CJIe/IOBATENbHBIX CONPOTHBICHUI (oTOdIICeK-
TPUUECKUX KOMIIOHEHT;

— TOK CpadaThIBaHUs MPEIOXPAHUTENSI TOJDKECH OBITH
Oosblle TOKa KOPOTKOTO 3aMBIKaHUSI OTIENBHOTO (oTo-
NEKTPUUYECKOr0 KOMIIOHEHTa U MEHBIIE TOKa UX Mapai-
JICIBHOTO COEJIUHEHMUS.
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MOJEJIIOBAHHS OBMEKEHHS CTPYMY B ®OTOEJEKTPUUHUX CUCTEMAX COHAAYHUX BATAPEN
3 BUKOPUCTAHHSM CAMOBIJTHOBJIIOBAHOT' O 3AIIOBI’KHUKA «POLYSWITCH»

Tonxomxkyp O. C. — 1-p diz-mar. Hayk. mpodecop, npodecop kadeapu enTeKTPOHHIX OOUNCIIOBATBHIX MAIIHH, JIHIIPOBCHKUN
HanioHaJBHUH yHiBepcuteT iMeHi Onecs ['onuapa, Ykpaina.

Hakammaze JI. B. — kanx. TexH. Hayk, crapml. Hayk. cmiBp., mupekrop HJI eneprervku JIHinpoBChKMH HaniOHaJbHUIMA
yHiBepcuteT imMeHi Onecst ['ondapa, Ykpaina.

AHOTALIA

AKTyanbHicTh. PillleHHs 3aBOaHHs IiJBHUIICHHS HAAIHHOCTI COHSYHUX OaTapeil, BKIIIOYAIOUM YCYHEHHs HEIITaTHHX (TI0XKEkKO-
HeOe3MeUHNX) CUTYAIliif, Ha OCHOBI PO3pOOKK METOIB i 3ac00iB 3amO0IraHHs CTPYMOBHX IEPEBAHTAXKEHB B iX (POTOCIEKTPUUHHIX
cHCTEeMaXx.

MeTta. BuBueHHS NepCIIeKTUBY MiHIMI3amii CTPYMOBHX IEPEBAHTAXKEHD Y (DOTOCJIICKTPUIHHIX CHCTEMAaX COHSYHMX OaTapei muis-
XOM 3aCTOCYBAaHHS HEIOPOTUX €IEeMEHTIB (PyHKI[IOHATHEHOI eJEKTPOHIKM, 30KpeMa BiHOCHO HOBHX 1 THX, IO HAOyJH IIHMPOKOTO
MOLITMPEHHS, CAMOBITHOBIIIOBAHUX 3aM00KHUKIB TUIYy «Polyswithy.

MeToa. 3ampornoHOBaHO CXEMHE PILICHHS i METOJOM MOJENIOBAHHS OOIPYHTOBAaHI MOXKJIMBOCTI BUKOPHUCTAHHS 3all00DKHHKIB
tuny Polyswitch st 3ano6iranss Ta MiHiMi3alii CTpyMOBHX IepEeBaHTaXXEHb y (POTOSNEKTPUYHHUX CHCTEMaX COHSYHMX OaTapei.

PesyabraTn. [IpoaHani3oBaHO BIUIHB BEIMYMHU ONOPY B MPOBIZHOMY CTaHi Ta CTPYMYy CIPAalbOBYBaHHs 3amo0DKHUKIB Ha
BOJIbT-aMIIEpPHi Ta BOJBT-BAaTHI XapaKTEPUCTHKHU MapaliebHUX 3’ €THaHb (POTOSIEKTPUIHHIX [IEPETBOPIOBAYIB 1 iX MOMIYJIIB.

BucnHoBku. [TokazaHo, mo epexTHBHE OOMEXEHHsS CTPyMy 32 HAasBHOCTI KOPOTKOT'O 3aMHKAaHHS NMPH TakoMy 3’ €IHaHHI (oTo-
CJIEKTPUYHUX KOMIIOHEHT MOXKe OyTH peali3oBaHO MPU BUKOHAHHI TAKUX YMOB:

— Omip 3an00KHIKA B IIPOBIIHOMY CTaHi 3HAYHO MEHIIIE MOCIIIOBHOTO ONOpPY (POTOSIEKTPUYHOTO KOMIIOHEHTA;

— CTPYM CIIpallbOBYBaHHS 3all00DKHHKA ITOBHHEH OyTH OLIBIIMM CTPYMY KOPOTKOTO 3aMHKAHHS OKPEMOTO (DOTOCNEKTPUYHOTO
KOMITOHEHTA 1 MEHIIIUM CTPYMy iX HapajienbHOro 3°€IHaHHS.

KJIIIOYOBI CJIOBA: (oToeneKTpuuHUil MEpeTBOPIOBAaY, CTPYMOBI MEPEBAHTAXKCHHS, CAMOBIJHOBIIOBAHHMN 3aMO01KHHK,
BOJIbT-aMIIEPHI XapaKTEPUCTHKH, BOJIbT-BaTHI XapaKTEPUCTHKHU, MOJCITIOBAHHSI.

UDC 621.31
MODELING OF CURRENT LIMITATIONS IN PHOTO-ELECTRICAL SYSTEMS OF SOLAR BATTERIES USING
SELF-RESTORING FUSES POLYSWITCH
Tonkoshkur A. S.— Doctor of Phys. Mat. Sciences, Professor, Professor of the Department of Electronic Computers, Oles Hon-
char Dnipro National University, Ukraine.
Nakashidze L. V. — PhD, Senior Scientific Reseacher, Director of Energy Research Institute, Oles Honchar Dnipro National
University, Ukraine.
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ABSTRACT

Context. Solving the problem of increasing the reliability of solar cells, including the elimination of abnormal (fire hazardous)
situations based on the development of methods and means to prevent current overloads in their photovoltaic systems.

Objective. The study of the prospects of minimizing current overloads in photovoltaic systems of solar cells through the use of
low-cost elements of functional electronics in particular rather new and widely used self-healing fuses of the type “Polyswith”.

Method. A circuit design is proposed and the modeling method makes it possible to use Polyswitch-type fuses to prevent and
minimize current overloads in photovoltaic solar panels.

Results. The influence of the magnitude of the resistance in the conducting state and the current of operation of the fuses on the
current-voltage and voltage-watt characteristics of parallel connections of photoelectric converters and their modules is analyzed.

Conclusions. It is shown that an effective current limitation in the presence of short-circuits with such a connection of photo-
voltaic components can be realized under the following conditions:

— the resistance of the fuse in the conducting state is much less than the consistent resistance of the photoelectric component;

— the current of the fuse should be greater current of short circuit of a separate photoelectric component and less current of their
parallel connection.

KEYWORDS: photoelectric converter, overcurrent, self-resetting fuses, current-voltage characteristics, voltage-watt characteris-
tics, simulation.
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ABSTRACT

Context. Structural redundancy is one of the main ways to create highly reliable devices and systems for critical applications.
The object of the study was hybrid redundancy in the Fault-Tolerant Systems, for example in aerospace hardware exposed to
radiation.

Objective. The goal of the work is the calculation of the complexity and probability of failure-free operation of digital circuits
with hybrid redundancy combining tripling, deep tripling, and quadding. The comparison shows that tripling is not always better than
a circuit without redundancy over a sufficiently large time interval. Good results are obtained by tripling with three majority voters
and deep tripling, but the latter significantly increases the time delay of the signal. The greatest gain in reliability provides quadding
at the transistors level, but it is not always possible due to the restrictions of Mead-Conway, in addition, the delay at least is doubled.
The article describes proposed method of the combined redundancy taking into account the necessary hardware costs and time delay.

Method. Determining the complexity in the units of the conditional number of transistors and maximum signal path from the
input to the output in the number of transistors, as well as using the Weibull distribution to estimate the probability of failure-free
operation. Simulation of proposed hybrid redundancy in the system NI Multisim by National Instruments Electronics Workbench
Group. The failure-free operation probability estimation in the computer mathematics system MathCad.

Results. Expressions are obtained for the estimates of complexity, time delay and probability of failure-free operation of
redundant digital circuits; curves are built in the Mathcad. Simulation confirms the performance of the proposed redundancy options.

Conclusions. The conducted studies allowed us to establish the effectiveness of hybrid redundancy to improve the reliability and
the radiation resistance of the digital circuits.

KEYWORDS: Redundancy, Triple Modular Redundancy, Quadding Redundancy, Failure-Free Operation Probability.

ABBREVIATIONS
TMR is a Triple Modular Redundancy;
QR is a Quadding Redundancy;
RBD is a Reliability Block Diagram;
DT is a Deep Triple Modular Redundancy;
HR is a Hybrid Redundancy;
DNF is a Disjunctive Normal Form;
CNF is a Conjunctive Normal Form.

P, is a failure-free operation probability of the

circuit with proposed redundancy;
r is a share of the transistors for QR;
e is an amount of the parryable faults;
k is an amount of the DT layers.

INTRODUCTION

Fault-Tolerance Theory is the relatively young Theory
was formed from the Von Neumann works [1] to
Avizenis A. [2] and further to modern researchers [3-6].

Fault-Tolerance Systems are very important in
aerospace, medical, nuclear power plant, military
hardware [2, 3]. Under the radiation in Integrated
Circuits, two types of failures are observed [7]: some
occur because of accumulation of a dose of radiation,
others occur because of hitting a single particle. The first
type of failure includes, for example, an increase in delays
inside the Integrated Circuits or a change in logic levels.
The second type of failure is called single events. Such
events include, for example, the Single Event Latch. Next
is Single Event Gate Rupture, Single Event Transient,
Short-term state change of the logic output. Single Event

NOMENCLATURE
A is a failure rate of one transistor (1 / hour);
t is an operation time in hours;
o is a Weibull distribution coefficient;

e is a failure-free operation probability of the

circuit without redundancy;

Pepm is a failure-free operation probability of the
circuit with exist redundancy;

n is a common amount of the transistors in device
without redundancy;

Ng, 1s a common amount of the transistors in device

with exist redundancy;

N,; 1S a common amount of the transistors in device

with proposed redundancy;
T, 1s a conditional time delay of the device with

exist redundancy;
T,r 1s a conditional time delay of the device with

proposed redundancy;
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Upset reversibly changes the state of the memory register,
RAM, or flip-flop. Single Event Hard Error irreversibly
changes the state of the memory register, RAM, or flip-
flop and others.

In Radiation Hardened by Design [8-10] device are
used special circuit and technological methods to increase
radiation resistance for example Passive Fault-Tolerant
and Active fault-tolerance technique [11]. For example,
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Passive Fault-Tolerant Systems uses Triple Modular
Redundancy, Deep Triple Modular Redundancy,
Quadding Redundancy. Similar technologies are currently
being applied at the FPGA level and provides radiation
protection too [12,13].

The object of study is the Passive Fault-Tolerant
Systems based on RHBD Radiation Hardened by Design
CMOS circuits or pass transistors circuits.

The subject of study is the Triple Modular
Redundancy, Deep Triple Modular Redundancy and
Quadding Redundancy methods for parrying radiation
faults (single events) by Hybrid Redundancy.

The known sampling methods [4-6, 12—16] not uses
hybrid types of the Triple Modular Redundancy, Deep
Triple Modular Redundancy / Quadding Redundancy.

The purpose of the work is to establish Hybrid
Redundancy capabilities at the CMOS transistor level.

1 PROBLEM STATEMENT
Given: P,,,Nn,,,Tg, according existing methods of

Fault-Tolerant Systems, Radiation Hardened by Design
Systems: Triple Modular Redundancy (TMR), Deep
Triple Modular Redundancy (DT), or Quadding
Redundancy (QR).

In the literature [1-16], the problems of Hybrid
Redundancy (HR) are not fully covered.

It is required: investigate the effectiveness of HR in
the sense of complexing TMR, DT, QR and obtain Pyg,

PHR _ e—?vta

n=ngy —yr, ¥ 5n

according proposed HR.

"HR>  THR-

2REVIEW OF THE LITERATURE

The Radiation Hardened by Design methods [8-10]
for parrying IC radiation faults (single events), are
divided into parrying methods to reversibly changes and
parrying methods to irreversibly changes.

Radiation resistance is the property of equipment,
component elements and materials to perform their
functions and maintain parameters within the established
standards during or after ionizing radiation. To create
radiation-resistant microcircuits, commercial technologies
are used, for example, Silicon-on-insulator, which
excludes thyristor effects. Well proven technology silicon
on sapphire. The Radiation Hardened by Design methods
includes parrying Single Event Upset cells of static
random access memory SRAM by means of special
duplication — Dual Interlocked Storage Cell [14]. For
parrying faults, it is used TMR [13], NN-Transistor
Structure for Defect-Tolerance at the Nanoscale [15], for
example QR. TMR for the A, B, C one bit channels [3]
shows Fig. 1.
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Figure 1 — TMR: a — Tripled Circuit (Channels A, B, C); b —
Conditional CMOS Mirror Majority Vote Circuit (Decision
Circuit); ¢ — Conditional TMR RBD with three Majority Voter

Channels A, B, C (Fig. 1 a, c) can be single output
circuits. If there are several outputs, then each requires its
own Majority Vote. CMOS Mirror Majority Vote Circuit
(Decision Circuit) has three A, B, C p-type transistors in
the part of the circuit connected to the power supply Vdd,
and three transistors of n-type in the part of the circuit
connected to the Ground. Conditional TMR RBD shows
logic OR of the A, B, C, bur real logic functions V (NOT
V) of the Majority Vote Circuit (for the p-type transistors)
are as follows:

V(ABC) = ABsr AGsr BC
V(ABO) = ABv AG/ BG
(AB(AO(BO=(A B(A Q B §=
- ABv ACv BC

()

Thus, any error (radiation faults) in one of the channels
A, B, C (Figure la, formulas 1) will not lead to an
incorrect result if there is no radiation fault in the Majority
Voter. In order to take into account the possibility of
failure of Majority Voter, it also mast be triple (Figure
1b). In this case, the failure of one channel and one
Majority Voter is allowed. This TMR is more than 300%
redundancy, since Majority Voters, three more power
sources and tripling of communication lines are needed. It
increases reliability in a logical sense. However, it is
required a quantitative assessment of reliability in the
sense of probability theory

Weibull distribution [3] is most suitable for describing
the reliability of circuits under conditions of radiation
exposure. Let “12” is a complexity of the Majority Vote
Circuit in amount of the transistors (Fig.1-b); 1< <2.
Formula (2) describes failure-free operation probability of
the TMR system (Fig. 1 a).
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By =@ e 2" g Bt )e—(lz)-m“. (2)

With the Majority Voters tripling (Fig. 1 ¢), we get
formula (3)

B3 =@ o 2m it gy (=B(m)h” )% 3)
x(3- 2UDN o 312ty

Comparison of (3) and (2) shows great efficiency, of
course at the expense of high costs. Thus, TMR can parry
only one (2) or two (3) radiation failures in one channel or
in one Majority Voters. TMR delay increases due to
Majority Vote Circuit delay (two transistors delay of the
CMOS Mirror Majority Vote Fig. 1b + additional one
transistor delay of the CMOS NOT).

The analysis shows that the probability (2), (3) of
increases with a larger number of parried failures and
decrease failure rate of the channels A,B,C. This approach
is implemented in Deep Triple Modular Redundancy (DT)

DT (k-layer tripling) shows Fig. 2 and is described by
formula (4)

Ao
—2n—t
Py =[Be * -2

o o
><[36—2~12k t _26—3-127» t ]k

—SnK—t“
k ]k %

“4)

b}

n)\ — the failure rate of the entire channel.

With such DT (k-layer) redundancy (Fig. 2), radiation
failures is parried in each k layer of the generalized

A"H B
B.1 H C1
Ad H C.i

Majority Majority
Yolerl 1 Voter 11

Majority Majority -
Vater 2.1 | Voter3.1

Majority | [Majority
Valerl.d Yoler 3.1

channels A,B,C and in each generalized Majority Vote.
This further increases costs and the time delay in the
circuit due to k£ Majority Vote. However, the effectiveness
of (4) is much higher than (2) and (3).

In common case it is parrying e radiation fault from
2e+1, where e — number of the failures (errors), we get
formula (5).

e . - o o i
P(t,eha) =Y Chon {e—[(zeu)—z].x., ~(1—e‘“ ) } 5)

i=0

Limit of the triple redundancy depth at the present
technology level — is one element (gate, flip-flop or SRAM
cell), transistors cannot be tripled. However, they can be
quadded [15]: A,B,C,D — four copies of one transistor for
e=1 (Fig. 3).

We see (Fig. 3) that with any radiation failure (=1,= 0,
NOT) of one transistor (value A=B=C=D), the logic
function does not change.

QR on transistors level does not required Majority
Voters because it is implemented implicitly by connecting
transistors. Therefore, we get parrying any fault of one
transistors from four transistors for the each transistors in
circuit unlike (2)—(5) — expression 6.

P(t)g =l 4483 (1=, (6)

However, redundancy increases even more — up to
400% percent with e=1.

Majority Majority
Voler1. || Voter 2k

A"‘H B.i
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Voter 2k[ | Voter3.k

Majority Majarity
Volerlk Vaolerdk

V(ABC)

Figure 2 — DT (k-layer) a — Real RBD; b — Real CMOS Mirror Majority Vote Circuit
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Figure 3 — QR circuits: a— DNF option; b — CNF option

In common, case parrying any faults, one of the e
transistors from (e+1)> we get formula (7).

© : _ 2 10 40 B PPN
P(e)fmm(e+1)2 ()= ZC(IEH)Z fe {(e+])"—i}rt (e At )1, %)
i=0

At e=2 we get 900% redundancy. At e=3 we get
1600% redundancy. Moreover, there are restrictions on
the number of series-connected transistors. This is a lack
of QR. Therefore, we restrict ourselves to e = 1. Besides

(e+1)°

e
times compared to the original circuit (Fig. 3, expression
6, 7). Thus, each method has its advantages and
disadvantages. It is advisable to determine the conditions
for their effective combination. Based on the above, an
hybridization of known methods of introducing
redundancy is proposed (Hybrid Redundancy, HR).

3 MATERIALS AND METHODS

Hybrid Redundancy estimates we are obtained by
possible modifying the formulas (1)-(7). First, it is
necessary to determine the circuit complexity, time delay
and possibly other estimates for the proposed HR. To do
this, we will perform modeling of typical CMOS circuits
and circuits used in the FPGA, which characterize the
basic set of digital elements.

Simulation of the QR, TMR, HR is performed in the
system NI Multisim by National Instruments Electronics
Workbench Group.

Then it is necessary to determine failure-free operation
probability of the different proposed and experimentally
confirmed HR variants.

The first variant of combining redundancy F,,34 is

quadding circuit time delay increases more than

proposed: only Majority Voter (12 transistors, with

additional inverter not specified in Fig. 2b) is quadded —
formula (8):

Brza = G- e—2-(n)-7vt“ -2 6_3-(n)'?vl‘a )% (®)

8

>

o o o
><[e_4'7“'t 1 4.0 (l—e_M )]12

In expression (8) part (3~e_2'(")'7"tu —2~e_3'(")'7"tu) is
tripled system including n transistors (A is the failure rate
of one transistor, l/hour) in each A, B, C channels
(Fig. 1a). Part [e_‘m’a +4.¢7M" (l—e_Mu )]12 presents
quadded Majority Voter (Fig. 2 a).

The second variant £,,.34, : Quadding of the Majority
Voter transistors and r-part of the » transistors; tripling of
the gates with n-rn transistors is — formula (9):
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Ptmr34g =(3- 6_2.(’1_’/”)'}“& -2. 6—3'(’7—1”17)-7»1“ )x o
x[e_4'}”'ta +4- e—3~7vt“ (1- e—x.z“ )]12+rn.

Take into account that rn transistors are quadded so rn
is added to the number of transistors in the Majority Voter
(12 + rn). The same value rn is deducted from the total
number n in tripled part.

This option does not take into account the
requirements of the Mead-Conway [17]. It is assumed that

they are respected. The third variant P dgr USES deep

tripling at k(1-r) levels and nr quadding, Majority Voters
are quadded:

A A
—2n71 73n7t ek
P, =[3e —2e -

[Be 22" gtttk (10)
.[674%{" +4. e*.”-/l-lfu (1 _e—l-t" )]nr'
In formula (10) subexpression
Ao Ao
—2n—t -3n—t k- . .
[3¢ k —2¢ F* ] is the failure-free operation

probability of the DT part of the
[Be 2120 1" L 3120 £ ke

system,

is failure-free operation
probability of the k(1-r) Majority Voters according (4).

The fours variant is tripling of the quadded circuit
o)

YL C = R (il Y
By =B-e ! -

BRI (e R (1

-2.e t )X

o o o
e M 44 (g M 12,

ln([e"”"’a +4'673-M“ (l—e’“a K
t(‘L
of the quadded part. Therefore, the expression (11) is not
simplified. Second element of the (11) is equal the second
element of the ().
The next variant P,

Note - is the failure rate

mr3dgt part of the gates with n

transistors is quadding (gates with rn transistors); tripling
of the gates with n-rn transistors + Majority Voter is
quadding — formula 12.
—41% —3t* —At* \qrn
e In([e ¥ +4.e73M (1)) e
=3¢ t —

Ptmr34gt

42 ~301% —net%
-y e e e T (12)

—2-e t )%

X[e—4~k~t“ +4'e—3~k‘t“(l_e—7vt“ )]12’

So formula (12) is combined expression (9) and (11).
Failure-free operation probability according existing and
proposed expressions is estimated in the computer
mathematics system MathCad. Hardware conditional
costs in number of the transistors, conditional time delay
are corrected taking into account experimental resalts.
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4EXPERIMENTS
Let us perform simulation of the base CMOS logic
gates with QR. For example simplest CMOS NOT QR
(CNF option) gate static simulation shows Fig. 4.
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rﬂ I :EE—U-

A f(’:
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B DJ—
bI_
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Figure 4 — QR of the CMOS NOT Gate static simulation: a —
x=1; F(X)=0; b — x=0; F(X)=1; ¢ — defaults B, D d— default
CMOS NOT at defaults B, B,D .
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Fig. 4 corresponds to QR DNF option (Fig. 3 a). QR
parry any single radiation defect in A,B,C,D or/and

K,E,E,ﬁ (Fig. 4 ¢). The number of transistors quadruples

from two to eight and the delay in the number of
transistors in the path from Power supply twice.
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Figure 5 — QR CMOS NOT Gate dynamic simulation: a — Quad
NOT normal waveform; b — Single Fault — Quad NOT correct
waveform; ¢ — Two Faults — Quad NOT defect waveform
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Since the NOT Gate have a single transistor in each of _ gt
the two parts of the circuit, the QR leads to a twofold Y :L, (13)
increase of the time delay so the Mead-Conway : on
constraints [15] are performed. )

It is easy to see that the QR in the logical gate Charts are shown on Fig. 8 — g, t=50; r=0.7; k=10; -
2NAND (2NOR) will lead to a path of a maximum of h, t=10; r=0.5; k=7.
four transistors. These restrictions allow for a series of no Yoo
more than four transistors. As a rule, we are talking even Xinv0
about three transistors. For example, in FPGA, after every o
three transistors, a signal-level restorer is installed. Four
transistors in a row are present, for example, in 4NAND L ‘:Tz
(4NOR). 1t is clear that the direct QR of 3NAND (3NOR) sramd J
is unacceptable, the decomposition by 2NAND (2NOR) is =
required. Fig. 5 shows dynamic simulation results of the

Outd

QR NOT gate without faults — a; with single fault, (e=1) — VT
b; with two faults, (e=2) —c. —
Fig. 5 b, ¢ confirms that with one fault (for example — sramt ’7
default B, D Fig.4 c) the circuit functions correctly, the N
circuit is not operational if two transistors fail in one part a
of the circuit (for example — default A,B Fig.4).
At the same time, the Majority Voter (Fig. 2 b) Xprd - - Xinvo

performs NOT function of the three channels with the
same time delay, but the cost is ten transistor.
LUT FPGA - is the universal logical module or

a1 Q2

i
I
]
u}

functional generator or multiplexer 2" —1, for example aramd ’7

at n=1: SRAMO is the F(0), SRAM1is the F(1). o
A comparison QR with TMR shows the preference

QR for energy consumption, for example as shown Fig. 6

for the TMR and QR LUT FPGA (n=1). . I
Fig. 6 a, b does not take into account additional o ’7: 71—‘

Qutd

Q3 Q4

-

inverters for the output and inputs, which are taken into =
account in the Fig. 6 c. |

Simulation of the LUT-2 and the measuring of the k l
power consumption of the LUTs shows Fig. 7. = =

Similarly, was performed the simulation and b
investigation of the redundancy SRAM cell, D-flip-flop,
3-state buffer.

Then let us build Failure-free operation probability
curves in the computer mathematics system MathCad
based on the results of circuits simulation.

5RESULTS
The simulation results of the TMR and/or QR FPGA’s
basic elements confirmed the possibility of the proposed
combined redundancy. As it turned out, the QR gives a
gain in power consumption (Fig. 7 b).
Comparative curves of the original CMOS NOT e i ’é’ YT

HB2Z2 HB23

drdbibbbasdbdish

1
il
&
]
|
[

INV

EE ARAaASEaRT

circuit failure-free operation probability and TMR, E N %
TMR3, QR shows Fig. 8 — a, b. Fig. 8 — ¢, n=20, - d,
n=100 graphically illustrates the QR advantage with
increasing number of transistors n.

Increasing of the failure-free operation probability by
using hybrid redundancy demonstrates Fig. 8 — e, n=50; Figure 6 — Experiment with LUT FPGA (n=1): a— LUT-1:
I’:O.S; k:10, - f, nZIOO, I’:0.4; k=7. The unit SpeCiﬁC b— QR LUT-1 and ¢ — LUT-1 TMR ’
probability (Formula 13) is obtained taking into account
the costs in number of the transistors (Table 1).

1-1LUT XsC1
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Figure 7 — LUT-2 simulation: a — XOR waveform; b — a comparison power consumption of the LUTs at 0,3 V Power Supply

Table 1 — The hardware and time costs of the QR/TMR and HR

Ne Failure-free Hardware conditional Conditional time delay Note
operation costs in number of the
probability transistors
symbol
1 P 3n+12 T +2 TMR, Excluding additional power supplies;
! T, — time delay of the circuit with n transistors; 2—

time delay of the Majority Voter

2 p 3n+36 T +2 TMR3, Majority Voters tripling

tmr3 n
3 P{ 3n+36k T +2k DT, Majority Voters tripling
at n

4 qu 4n 21:” QR, Without taking into account the decomposition

5 er 34 In+48 T, + 4 HR (TMR+QR) Majority Voter

6 Ponrzag 3n(1—r)+4nr+48 Ty, +21, +4 HR (TMR+QR) Majority Voter

7 _ HR (DT+QR)

Pgr 3n(1—r)+4nr+ 48k Ty(l—r) + 2T +4k
8 P, 12n+48 2t +2 HR (TMR+QR)
tq(t n
9 - 2t +21 +4 HR (TMR+QR)
szr34gt 12n(1—r)+4nr+48 T, t 27,
6 DISCUSSION The direct introduction of QR into logical elements
As it evident from the Fig. 8 —a,b with a small “n”, the  with e = 1 is possible only for two-seat operations, and for

TMR P, is worse than the non-redundant circuit. TMR
P, ., wins only to probability 0.99 (n=2, =60), and then it

becomes lower than the non-redundant circuit. At the
same time, QR P, is better any TMR. However, and G

falls below after a probability of about 0.6 (¢ about 800).
With an increase in n (20, 100) QR wins over the entire
time interval (Fig. 8 —c, d).
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the implementation of the others logic gates
decomposition is necessary, which increases the
complexity and delay.

By () allows to achieve maximum reliability (Fig. 8 —

e, f), but this requires a very large redundancy (Table 1).
Quadding “not more expensive” than CMOS tripling
(Table 1) in case a large number of outputs m, since each
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Figure 8 — Failure-free operation probability of the TMR, QR, HR:
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of them must has TMR Voter (12 transistors), that
determined by the formula (8):

4n<3n+12m=1<122
n

(14)

For example 2NOR (2NAND) gate has n=four, so we
get 16 transistors (QR) against 24 (TMR). In addition,
time delay TMR 2NOR (2NAND) in amount of the
transistors is five, time delay QR 2NOR (2NAND) is
equal four. That is, with a small n there is an advantage in
terms of complexity and delay even at m=1! However,
TMR, unlike QR, takes into account the failure of one of
the three power sources. However, it can be shown that K
has the ability to connect a backup power source.

It is easy to see that redundancy at the circuit level and
even more so at the channel level is worse than
redundancy at the level of individual transistors.

Failure-free operation probability of quadding channel
requires specific CMOS voter circuit (for example Fig. 4).
Quadding transistors (6) better than quadding circuits (15)
and channels (16):

o o o
—4-n\t +4.e—3-nk-t (l_e—nk-t )]

(15)

P(O)4—circuir =le

—4-mht* —3-nht* —nht*
P(t)4—channel :[e n +4.¢e n (l—e n )]X

o o o (16)
x[e_M"t +4.e73M (l—e_M )]

Option (15) for time delay is equivalent to (6),
although it is possible that this option (15) is preferable
technologically, this requires further study of the
corresponding sizes of the crystals areas. At the same
time, (15) requires compliance with the Mead-Conway
restrictions, and (16) does not.

However, channel quadded-structure (16) much worse
than quadded-transistor (6) and tripling (2), (3), (4).

Taking into account the restrictions of Mead-Conway,
DT with partial QR Py, (Fig. 8 —e, f) is most preferable

compared to clean redundancy (Fig. 8 — ¢, d). The specific
unit probability of the P, is most preferable too (Fig. 8

-8 h)
However, Py, requires a significant increase of the

latency “input-output” which may be unacceptable in
some cases.

Therefore useful TMR-QR  F,,,34, (Fig. 8 — g, h) in

the case of strict limitations in the time delay.

CONCLUSIONS
The problem of creating Passive Fault-Tolerant
Systems with Hybrid Redundancy is urgent, as known
types of redundancy in some cases do not allow achieving
the required reliability in radiation conditions.
The scientific novelty of obtained results is that the
proposed method uses a combination of Triple Modular

© Tyurin S. F., 2019
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Redundancy, Deep Triple Modular Redundancy,
Quadding Redundancy, taking into account the necessary
hardware costs and time delay. The resulting estimates
and expressions allow finding the desired and optimal
option in specific conditions.

The practical significance of obtained results lies in
the fact that the simulation of the proposed options for
redundancy confirmed their effectiveness, which allows
you to create systems with a new level of reliability and
radiation resistance

Prospects for further research are to study the
problem of optimal Quadding Redundancy decomposition
for the satisfaction of the Mid-Conway restrictions in the
modern FPGA’s LUTs [18].
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JOCJIZKEHHS TTBPUIHI HAJIJIMIITIKOBOCTI B BUIMOBOCTOMKUX CHCTEMAX

Tropin C. ®. — 3acnyxenuit BuHaxinauk Pociiceroi denepanii, 1-p TexH. HayK, mpodecop, nmpodecop kadeapn aBTOMATHKH i
TesneMexaHiki [lepMChKOro HaIiOHATBFHOTO AOCIHiAHUIBKOTO MOJITEXHIYHOTO YHiBepcutery, Ilepmb, Pocis; mpodecop kadempu
MaTEeMaTHYHOTO 3a0e3NeYeHHsT 00UHCIIIOBAIBHUX cucTeM [IepMChKOTro IepKaBHOTO HAI[IOHAIBEHOTO JOCITITHUIBEKOIO YHIBEPCHTETY,
Iepms, Pocis.

AHHOTAIIA

AxTyanbHicTh. CTpyKTypHE pe3epBYBaHHS € OJHUM 3 OCHOBHHX CIIOCOOIB CTBOPEHHS BHCOKOHAIIITHUX IPHCTPOIB Ta CHCTEM
JUISL KPUTHYHO BaXKJIMBUX 1oAaTKiB. OO0’ €KTOM JociimkeHHs Oyia riopuaHa HaAMIpHICTh B BIIMOBOCTIHKHMX CHCTeMaX, HAPUKIAM, B
ACPOKOCMIYHOMY 00JIaJHAHHI, K€ 3HAXOJUTHCS I1iJ] BILTHBOM pajiailii.

3aBaanHsa. MeTol0 1aHOT pOOOTH € PO3PaxyHOK CKIIQJHOCTI 1 KIMOBIpHOCTI 0€3BiAMOBHOI POOOTH HUPPOBHUX CXEM 3 TIOPHIHUM
pe3epBYBaHHAM, IO MOETHYIOTH TPOIpyBaHHS (MaKOPHUTYBaHHS), TNIMOOKE Ma’KOPHTYBAaHHS 1 po3deTBepyBaHHs. [lopiBHSHHSA
IIOKa3ye, 1[0 TPOIPYBAHHS HE 3aBXOM Kpalle, HiX cxeMa 0e3 HaJMIpHOCTI B KiHIII YAMAJOro iHTepBaly dacy. XOpOIIi pe3yIbTaTh
JIOCSITAIOTHCS IUITXOM TPOipyBaHHS 3 TPhOMa MaXXOPUTYBAHHSAMH 1 TIIMOOKE Ma)KOPUTYBAHHS, ajle OCTAHHE 3HAYHO 301IBIIY€E JacCOBY
3aTpUMKy curHairy. HailOinpimmii BUrpam B HaAiitHOCT] JOCATAa€ThCs 32 PaXyHOK PO3UeTBEpYBaHHS Ha PiBHI TPAH3UCTOPIB, ajie Lie He
3aBXKIM MOXJIMBO depe3 oOMexxeHHs Mina-KoHBel, KpiM TOro, 3aTpuMKa SIK MiHIMyM HOABOIOETHCS. Y CTaTTi ONMUCaHMIT
3alpONOHOBAHUH METOI KOMOIHOBAaHOTO pe3epBYBaHHs 3 ypaxyBaHHSIM HEOOXiIHUX alapaTHUX BUTPAT i 4acy 3aTPUMKH.

Mertoa. BuzHaueHHs CKIaAHOCTI B OJMHHILIX YMOBHOTO YHMCJIA TPAH3UCTOPIB 1 MAKCHMAJIBHOTO IUIAXY MPOXOPKEHHS CHI'HAIY
BiJl BXOJy IO BHXOAY 3a KUIBKICTIO TPaH3HMCTOPIB, a TaKOX BHKOPHCTAaHHsS po3moAiny BeiiOymia st OLiHKM HMOBIpHOCTI
0e3BimMOBHOI poboTu. MozenroBaHHs nepeadadyBaHoi TiOpuaHoi HagmipHOcTi B cuctemi NI Multisim Bin National Instruments
Electronics Workbench Group. Ouinka #iMoBipHOCTI 6€3BiIMOBHOI poOOTH B cHcTeMi KoMl 10TepHOT MaTeMaTuku MathCad.

PesyabTratn. OTpumaHi BHpa3n Ul OIHKM CKJIAIHOCTI, 3 HEBEIMKOIO 3aTPHMKOIO 1 HMOBIpHICTIO 0Oe3BiIMOBHOI poOOTH
pe3epBoBaHNX IudpoBHX cxem; rpadiku Oynayrorecst B Mathcad. MopemoBaHHS HiNTBEPIKYye €(QEKTHBHICTH 3alpONOHOBAHUX
BapiaHTIB pe3epByBaHH;I.

BucnoBkn. IlpoBeseHi JOCTIIDKSHHS JO3BOJIMIIM BCTAHOBHTH €(QEKTHBHICTh TiOPUIHOTO pe3epBYBAHHS JUIS ITiJBUICHHS
HaIiHOCTI 1 pajianiifHol CTIHKOCTI IIM(PPOBUX CXEM.

KJIFOYOBI CJIOBA: HaanuIKoBicTh, TPOIpyBaHHs, po3ueTBEpyBaHHs, HIMOBIpPHICTh 6e3BiIMOBHOT POOOTH.

YK 004.93
HCCJEJIOBAHUE I'MBPUIHOMN U3BBITOYHOCTHU B OTKA30YCTOMYUBBIX CUCTEMAX
Tropun C. ®@. — 1-p TexH. HayK, npodeccop, mpodeccop kKadeapsl aBTOMATUKH U TelleMeXaHuKH [IepMckoro HarMoOHAILHOTO
HCCIIE0BATENbCKOIO MOJIMTEXHUUECKOro yHHBepcutera, Ilepmb, Poccust; mpodeccop kadenpbl mMaTtemaTnueckoro obecredeHust
BBIUUCIIUTENBHBIX cucTeM [lepMCcKoro rocy 1apcTBEHHOIO HallMOHAIBLHOTO UCCIIEI0BATENILCKOr0 YHIBepcuTeTa, [lepmb, Poccus.
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AHHOTAIUA

AxTyanbHOcTb. CTpPYyKTypHOE pEe3epBHPOBAHHE SBISECTCS ONHUM M3 OCHOBHBIX CIIOCOOOB CO3JaHUS BBICOKOHAIEKHBIX
YCTPOHCTB M CHCTEM Ui KPUTHYECKH BaKHBIX HpuiaoxkeHHi. OObEKTOM HccienoBaHMsl Obula TMOpHIHAS W30BITOYHOCTH B
OTKa30yCTOHYMBBIX CHCTEMaXx, HallpHMeEp, B a9POKOCMHYECKOM 000PYH0BaHHH, OABEP)KEHHOM BO3/ICHCTBHIO paHaliy.

3amava. Ilenpio naHHOW pPaboOTHI SBIAETCS PAcUeT CIOXKHOCTH M BEPOSTHOCTH O€30TKa3HOW pabOThI HU(POBBIX CXEM C
THOPUAHBIM pPE3ePBUPOBAHUEM, COUYCTAIOIINX TPOUPOBAHUE (MAXKOPUTHPOBAHHE), ITTyOOKOE MaXOPUTHPOBAHHE U PacUCTBEPEHHE.
CpaBHEHHE TOKa3bIBaeT, YTO TPOMPOBAaHHE HE Bcerja Jydlle, YyeM cxema 0e3 HM30BITOYHOCTH B KOHIIE J0CTAaTOYHO OOJIBIIOTrO
MHTEpBAJla BpPEMEHH. XOpOIIHME pe3yJbTaThl MOCTHIAIOTCS IIyTeM TPOHUPOBAHUS C TpPEMs MakOpuTapamMu U Iiiybokoe
MaXOPUTHPOBAHHE, HO MOCJIEAHEE 3HAYHUTEIBHO YBEIMYHBACT BPEMCHHYIO 3a[CpXKKy CHrHaia. HauGoJblIMi BHIMTPHII B
HaJIS)KHOCTH JOCTUTAeTCs 3a CUET pacdeTBEPEHHs Ha ypOBHE TPAH3UCTOPOB, HO 3TO HE BCETja BO3MOXKHO M3-3a OrpaHnueHn Mumna-
Konseif, kpome TOro, 3ajepikka, Kak MHHHMYM, yABauBaeTcs. B cTaThe oOIMCaH IPEUIOKEHHBIH MeTo] KOMOMHHPOBAaHHOTO
pe3epBUPOBaHUS C y4ETOM HEOOXOJUMBIX alapaTHbIX 3aTpaT U BPEMEHH 3aJIePIKKH.

Metoa. OnpeneneHue CI0KHOCTH B ANHHIAX YCIOBHOTO YKCIIA TPAH3UCTOPOB M MAKCHMAJIBHOTO ITyTH IPOXOJXKICHUS CUTHAIA
OT BXO/ia K BBIXOJy IO KOJIMYECTBY TPAH3HCTOPOB, a TaKXKe HCIOJIb30BaHUE paclpeneieHus BeitOyiuia 1yt OLEHKH BEpOSTHOCTH
6e30TKa3Hoi paboTel. MozenupoBanue npeanoiaraeMoi ruopuaHoii n36sTouHoctd B cucteme NI Multisim ot National Instruments
Electronics Workbench Group. OueHka BeposTHOCTH 0€30TKa3HOH paboThI B ccTeMe KOMITBIOTepHOM MaremaTtuku MathCad.

Pesyabtarbl. IloqyueHbl BBIPOXCHHUS I OLECHKHM CIOKHOCTH, BPEMEHHOI 3aJep)KKH M BEPOATHOCTH 0OE30TKa3HOil paboThI
pe3epBUPOBAHHEIX IHOPOBEIX cxeM; Tpapuku cTpositcss B Mathcad. MogemupoBanue noxaTBepikaaeT 3PQEeKTHBHOCTH
TIIPE/UIO’KEHHBIX BAPHAHTOB PE3ePBUPOBAHHSI.

BriBoasl. [IpoBeeHHbIC NCCIIEIO0BaHMS IO3BOJIMIN YCTAaHOBUTD d(Q(GEKTUBHOCTh THOPUIHOTO PE3ePBUPOBAHUS [UIS TIOBBIIICHHS
HaJISKHOCTH Y PAJMallMOHHONW CTOMKOCTH HU(PPOBBIX CXEM.

KJ/IFOYEBBIE CJIOBA: u305ITOYHOCT, TPOMPOBAHKE, PACUCTBEPEHHUE, BEPOSITHOCTD OE30TKa3HOM PabOTHI.
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ABSTRACT

Context. Constant growth of spacecraft operating life requirements leads to creating equipment which fits these requirements.
From this point of view, specifically durability prediction allows to evaluate the potential of creating equipment with a long operating
life. On early stages of equipment’s development analytical methods of durability prediction are used. Obviously, the more precise
the estimation is, the more likely that the practical test will confirm the durability predictions. Therefore, improving the engineering
techniques of the durability prediction is a relevant problem.

Objective. The objective of this research is to improve the quality of design work by enhancing the engineering techniques of the
durability prediction, which raise the authenticity of the evaluations.

Method. Life of the equipment are calculated using the statistical modelling method (Monte-Carlo method). This method takes
into consideration probabilistic characteristics of constituent elements’ life.

Results. As a result, the problem of predicting operating life of electronic equipment using the reference data on early stages of
development is solved. An analysis of standardized method of durability prediction was performed which revealed existing limita-
tions for using this method when predicting operating life of electronic equipment. An alternate, statistical method of predicting op-
erating life of electronic equipment was suggested and a software implementation was created. Developed software was tested and
verified. Analytical experiments were performed to show the authenticity of the suggested method and to compare it to the standard-
ized one.

Conclusions. Thus, results of the performed research show that the standardized method is applicable only for calculating the
minimum operating time. Also, it was concluded that the truncation parameter of element’s life distribution, variation coefficient of
life and some specific qualities of dependability prediction scheme have to be taken into consideration when predicting durability of

electronic equipment.

KEYWORDS: electronic equipment, dependability, durability, life, design automation, simulation.

NOMENCLATURE

EE — electronic equipment;

TT — technical task;

DM — durability measure;

EC — electronic component;

DS — data sheet;

LS — limiting state;

m — mean;

g — group;

ASONIKA-K-D — software for calculating durability
indicators of electronic equipment;

PK ASONIKA-K — software complex for calculating
dependability indicators of electronic equipment;

T,, — gamma-percentile life;

T,.,, — minimum operating time;

P — probability;

T P life vector of electronic components;

T P life vector of the electronic components that

reached the limit state;

X, — quantile of the normal distribution;

vy — probability for which the life is calculated, ex-
pressed as a percentage;

t, — life;

m(t,) — mathematical expectation of life;
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6(t,) — standard deviation of life;

v — variation coefficient of life;

T,,.» — mean life;

v,, — mean variation coefficient of life;

v, — variation coefficient of life of the n-th electronic
component;

N — number of electronic components in electronic
equipment;

m(t,), — mathematical expectation of life of the n-th
electronic component;

o(t,), — standard deviation of life of the n-th electronic
component;

T, — gamma-percentile life of the n-th electronic
component;

v, — probability for which the life of the n-th electronic
component is calculated, expressed as a percentage;

T,, - minimum operating time of the n-th elec-

n

tronic component;
K5 — limiting state criterion of electronic equipment;
k — number;

tp, — k-th life realization;

tp,. — life realization of electronic equipment;
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tp, — life realization of the n-th electronic compo-

nent;
[ — number;

tp, — I-th life realization;

Yoy — probability for which the life of electronic
equipment is calculated, expressed as a percentage;
M — number of simulation experiments;

P gamma-percentile life of electronic equip-

ment;
x, — n-th realization of random variable;

K Ls, ~ limiting state criterion of reserved group;

tp, — life realization of reserved group;

N, — number of electronic components in reserved
g
group.

INTRODUCTION

Level of quality of renewable and modifiable elec-
tronic equipment largely depends on quality and effec-
tiveness of engineering such equipment. This is a big fac-
tor in competitiveness on global and local markets. More-
over, this applies to modern on-board equipment of
spacecraft which has complex operating algorithms,
heightened dependability, noise immunity and persistence
against external influences.

Besides, in addition to growing complexity of equip-
ment and more strict requirements, time allotted for de-
signing machinery is shortened. First stages of engineer-
ing are usually hindered by countless revisions and modi-
fication targeted not to raise the quality of equipment, but
to eliminate flaws, defects and failures. This happens due
to a number of shortcomings of traditional engineering
process, mostly from insufficient integration of math
modeling into modern information technology.

Main difficulties of using math modeling methods in
engineering process come from two reasons. Firstly,
methods of selecting and analyzing engineering decisions
are not developed enough. In addition, malfunctions mod-
eling and dependability-oriented engineering are often
neglected. Secondly, there aren’t many software packages
to choose from, and their capabilities are limited.

Modern reliability calculation software packages
(ASRN, “ARBITR”, “Nadejnost” module of KOK com-
plex, “Reliabilty” modules of CAD-systems, RAM
Commander, WQS, BlockSim and others) focus mostly
on reliability prediction, leaving durability out. However,
these factors do matter a lot for spacecraft with its long
lifespan, and for competitiveness on the market too.

It is known that durability is established with design,
implemented with manufacturing and kept with mainte-
nance. Better accuracy of durability characteristics
evaluation on early stages of designing means more
chances to construct durable equipment. This makes im-
proving methods of durability characteristics calculation
for equipment with heightened operating life a relevant
problem.
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This research examines standard procedure of equip-
ment’s life prediction and also methods, models and algo-
rithms used for equipment durability analysis.

The objective of this research is to heighten equipment
engineering quality by improving durability calculation
method with durability probability characteristics of
equipment’s composite elements usage.

1 PROBLEM STATEMENT

Durability characteristics of equipment’s components
is the initial data for equipment operating life prediction.
These characteristics are «minimum operating time» and
«gamma-percentile life». Result of the calculations is the
gamma-percentile life of electronic equipment which in-
dicates the time during which equipment won’t reach it’s
limiting state with gamma-probability. Limiting state cri-
terion of electronic equipment is decided by a predeter-
mined percentage of equipment’s components reaching
their life expectancy (in the worst-case scenario — of any
component). Based on this, mathematical problem of
equipment’s operating life prediction comes to calculating

equation (1) for T P

L —p(7,,

100 P 2 TP~YEE ‘Tl’z < TP~YEE )’ (1)

for worst-case scenario equation (1) becomes:

t0 = PTn=T0) @

2 REVIEW OF THE LITERATURE

Many publications are devoted to the problems of
equipment’s operating life evaluation. They review three
main methods of operating life prediction — experimental,
analytical and experimental-analytical. Experimental
methods rely on operational life testing (usually, acceler-
ated testing) [1]. experimental-analytical methods assume
that dependability tests are performed for a part of equip-
ment’s composing elements (usually in place developed
elements), and the technical equipment’s operating life
itself is calculated. Since there is no equipment to test on
early stages of engineering and the equipment consists of
elements with known durability characteristics, these
methods won’t be reviewed. The most widespread dura-
bility assessment methods are the methods of calculating
mechanical equipment’s operating life under cyclic stress-
ing, mechanical wear and other fatiguing stresses. These
methods are used in calculating operating life of separate
elements of equipment’s carcass [2], which is a separate
problem and it will not be reviewed here. There are also
operating life prediction methods based on using prob-
ability-physical failure patterns [3, 4]. But using these
methods also requires experimental tests of the compo-
nent base, so they haven’t found much use in engineering
routine.
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Perhaps, the only document which regulates durability
prediction on the stages of development is the standard
[5], which is used ether directly (for example, [6]) or
serves as a base for creating factory-local standards (for
example, [7-9]).

Initial data for durability prediction using methods of
this standard are the element’s durability characteristics
which are detailed and systematized in the handbook [10].
The handbook is an official publication and it gives a list
of such experimentally obtained element’s durability
characteristics:

— gamma-percentile life;

— minimum operating time.

Fig. 1 shows a fragment of a Hand Book’s table of re-
sistor’s durability characteristics.

However, minimum operating time values are detailed
only for elements which have been produced under mod-
ern requirements. If an element is missing from the refer-
ence book, it has to be calculated using standard’s [5]
formula:

I_O’IS'Xh

T = T,..
mM = 0,15 1 Py (€)

As implied by (3) methods of standard [5] assume that
life of an element is a normally distributed random value:

_(tp—m(tp))z
_ T, ) 0
f<tp)_c(tp)-\/ﬂ J dt,.

Clearly, the number 0.15 in formula (3) represents
variation coefficient of life:

©)

It should be noted that in the document [7] value of v
is 0.25, and in the document [8] — 0.21.

On top of that each of those documents assumes that
the value of v stays the same for every element when cal-
culating durability characteristics. Therefore, if one ele-
ments has the same y value as some another element, but
one of the elements has greater 7, value, other durability
characteristics (7},,, u T,,,,) will also be greater.

Dependability characteristics and reference data
of individual types of resistors

. d, | he10°% T
F-Etfd'eucts pieces lfhou:r Thaw i thousand hours TP'T' in thousand hours (7 = 95%) Y;;:]I
Resistors, constant, non-conductor
Metal-dielectric (except for precision)
P1-1* - 25 (in all modes by DS) 50 (in all modes by DS) 15
P1-2* _ 30 (in all modes by DS) 60 (in all modes by DS) 25
100 (t<60°C,P/P,=1)
P1-3* 0 15 (in all modes by DS) 30 (in all modes by DS) 15
100 (t<60°C,P/P,=1)
P1-5* - 15 (in all modes by DS) 30 (in all modes by DS) 15
100 (t<60°C,P/P,=1)
P1-8MIM* - 20 (in all modes by DS) 40 (in all modes by DS) 15
P1-9* - 50 (in all modes by DS) 100 (in all modes by DS) 20
forP1-9-40:
100 (t = 85°C, P < 16 Br),
for P1-9-50:
0.049 | 100 (t < 85°C, P < 25 Br)
P1-10* 0 800 pulse P1-10-1 + P1-10-7; | 1200 pulse P1-10-1+ P1-10-7; 15
20 cycle P1-10-7, P1-10-8 30cycle P1-10-7,P1-10-8
(in all modes by DS) (in all modes by DS)
P1-21* B 6 (in all modes by DS) 12 (in all modes by DS) 12
(y=90%)

Figure 1 — Hand Book “Nadyozhnost EhRI”: part of a table with resistors’ durability characteristics
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Calculation of variation coefficient for different types
of elements shows that v values lie in the range of
0.1+0.25. As example, Fig. 2 shows distribution of the
variation coefficient for the “Receiving and converting

cathode-ray tubes” class.

N
5

B

4

3

2 I

N

0 - T

‘ . - v
0,09 0,13 0,16 0.19 0,23 0,26
Figure 2 — Distribution of the variation coefficient diagram

So, if variation coefficients of life differ between ele-
ments, it can happen that one element has 7, greater
than another, and 7, ,, in contrast, lesser.

To combat this, in [11] it has been suggested to use
mean value of variation coefficient of life:

il ©)

But neither documents [7, 8] nor monograph [11] de-
tail evaluation of error, which is based on assumption of
v, values equality.

Thus, one of the ways to increase durability prediction
of equipment is using not determinate, but probabilistic
characteristics of elements life.

3MATERIALSAND METHODS

In order to resolve this problem a method of statistical
modeling was used. This method is “a universal method
of calculation for objects of any structure, for any distri-
butions of operating time between failures and restoration
times, for any strategies and methods of restoration and
preventive maintenance...” [12].

In this case statistical modeling included following
stages:

— Calculating parameters of the life distribution (m(t,),
u o(t,),) using values of 7),,,, v, T, and v, = 99.9% for
each element (using normal distribution law).

— Performing simulation modeling:

— Calculating life realization for each element (using
Box-Muller transform);

— Calculating life realization for equipment using lim-
iting state criterion (Kis). The limiting state criterion in
standard [5] is interpreted as reaching operating life limit
by a defined percentage of total count of equipment. Us-
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ing this limiting state criterion for equipment’s life realiza-
tion means life realization’s vector is aligned in ascending
order. A value with number £ is chosen from this vector:

2PEE = ;Pk > (7)
where k is
Kis .
k= -int(N) |+1.

Obviously, if the limiting state criterion is formulated
as “reaching lifespan by any element”, then, with this
limiting state criterion:

lpgy = min (tpl,tpz,...,tpN ) 9)
n=I,N

— Carrying out simulation experiment and forming a
vector of life realizations of electronic equipment

— Calculating y-percentile life of electronic equipment.
Aligning the vector of life realizations in descending or-
der and selecting a value with number / from it:

Tpyge =tor (10)
where / is
Y
I=|1-——|-Mm 11
( 100j an

This method was implemented and included in
ASONIKA-K-D system of ASONIKA-K software pack-
age [13].

Fig. 3 shows results of modeling operating life of P1-1
resistor, which has T,,,, = 25 thousand of hours, 7,, = 50
thousand of hours (y = 95%), amount of simulation ex-
periments — 10°.

0.2 |
b Ty = 49,9563770169923

0.15
0.1
0.05

n T3 b -

v v

42 54.2 104.2 154.2

Figure 3 — Results of P1-1 resistor life modeling
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As seen in Fig. 3, statistically modelled value of resis-
tor’s 95% operating life (49.956 thousands of hours) al-
most coincides with predetermined one.

4EXPERIMENTS

To evaluate the influence of variation coefficient of
life a number of calculations inside ASONIKA-K-D sys-
tem was carried out.

Case 1. Equipment contains 5 elements with 7, ,, = 50
thousands of hours (v = 0.25) and 5 eclements with
T, ,» = 40 thousands of hours (v =0.1), K;s= 0%.

Case 2. Equipment contains 5 elements with 7,,, = 50
thousands of hours and 5 elements with with 7,,,, = 40
thousands of hours, K;¢ = 0%. The variation coefficient
for each element equals v,, which is calculated using for-
mula (6).

Case 3. Equipment contains 10 “P1-1” resistors (de-
picted in Fig. 1), K 5= 0%.

To evaluate the accuracy of calculations using a
method described in standard [5], a 95% operating life
calculation example was chosen.

The equipment consists of 101 resistors, 34 non-
electrolytic capacitors, 28 electrolytic capacitors, 22 sili-
con diodes, 14 low-powered silicon transistors, 5 high-
powered transistors, 37 microchips with low degree of
integration, black and white kinescope and 2 low-
frequency transformers.

limiting state criterion: “No more than 20% of ele-
ments should have their operating life used up”.

Since standard [5] does not include types of elements,
they were chosen match standard’s [5] example. That
means choosing elements in a way that makes the count
of elements with 95% life’s value to fit with the stan-
dard’s [5] example. Formed data is summarized in Ta-
ble I.

5RESULTS

Results of calculating 95% life’s value for case 1 are
shown in Fig. 4a. Calculations were performed using
ASONIKA-K-D system with a number of simulation ex-
periments M = 10°.

Fig. 4 b shows Results of calculating 95% life’s value
for case 2.

Results of calculating 95% life’s value for case 1 are
shown in Fig. 5. Calculations were performed with a
number of simulation experiments M = 10°.

Fig. 6a illustrates results of calculating 95% life’s
value calculated using ASONIKA-K-D system with a
number of simulation experiments M = 10° for K75 = 20%.
Fig. 6b shows results of calculating equipment’s 95%
life’s value for K;g= 0%.

Table 1 — Initial data for calculating 95% life of equipment

T, _ oco Data [1]
Ne Type products in thousand inTt;KZ) gs;n?hﬁl);rs Nl;rinel:();rs of All pieces T,y Total percent-
hours (y =95%) age
1 2 3 4 5 6 7 8
Ceramic capacitors for rated voltage 1600 V and higher
L KIS-15 l 2 I - > I 24 25 before 10000 100
Monochrome picture tubes
2 | 2JIK1b | 2 | 9 (y = 90%) | 1
Electrolytic capacitors
3 | K50-20 | 10 | . 13 | 1 2% 15000 80.6
Thermoresistors
4 | KMT-1 | 10 | 15 (y = 90%) | 25
Volumetric-porous capacitors
5 | K52-2 | 10 | 15 | 27
Ceramic capacitors for rated voltage 1600 V and higher 37 20000 79
6 | K15-148 | 7.5 | 15 | 10
Resistors, constant, metal-dielectric
7| €2:6 [ 15 | 2 [ 35 37 “30000 63.9
Low-voltage power transformers
8 | TAH | 12 | 27.5 | 2
Integrated microcircuits
9 | Hybrid | 25 | 50 | 37
Low-power silicon transistors
10 | 2T317A | 25 | 50 | 14
Silicon rectifier diodes w
11 | JI214 [ 25 | 50 | 22 9 50000 48.8
Powerful silicon transistors
12 | 2T808A | 25 | 50 | 5
Resistors, constant, metal-dielectric
13 | P1-12 | 25 | 40 | 17
Resistors, constant, metal-dielectric «
14 | P1-4 | 30 | 60 | 24 24 60000 99
Total: 244
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0.2+ 0.2 -
T = 1878818244443 Tor = 23,8346121763546
015 015
’ 1
.
0.1 0.1
’ L3 L
0.05 005 s
- 1 o
0 - 0 o =
18.49 38,45 58,49 266 12,66 2266 3266 42,66
a b
Figure 4 — Simulation modeling results:
a — for values v|_s = 0.1 and v¢_;o = 0.25; b — for values v;_jp=v,, = 0.175
oo
Tor = 34,068795110703
b :
’
0.1
" L
105 -
c - " -
.7 7N 57.71 n 9.7
Figure 5 — Simulation modeling results for a unit with 10 resistors
0.2- 0.12 —
| o .
Tp,=17,8274996023834 A 0.1
0.15 ! Tpr =2,45798890086916
.
0.08
! | i
J .
01 0.0
/ 0.04 -
0.05 1 3 |
J \ 0.02 - -
L] — 0 .
1275 14.75 16,75 18.75 20.75 1.85 3.5 585 7.85
a b

Figure 6 — Simulation modeling results:
a— for K 3= 20%; b — for K;5= 0%
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6 DISCUSSION

To determine the cause of discrepancy between results
of statistical modeling and standard’s [5] example a test
example was calculated (Fig. 4)

As Fig. 4a illustrates, the value of 95% life is equal to
18,788 thousands of hours. For comparison, Fig. 4b
shows the value of 95% life of the same equipment with v
for each element equal to v,, which is calculated using
formula (6). As shown in Fig. 4b, the value of 95% life
(23,834 thousands of hours) differs from the one with
using different v values as shown in Fig. 6a

However the calculated values are substantially lower
than the value of 95% life calculated using standard’s [5]
method (33.42 thousands of hours)

A calculation of a test example was performed to iden-
tify the reason behind such results of statistical modeling
(see Fig. 5). As illustrated in Fig. 5, the value of 95% life
is equal to 34.068 thousands of hours, but standard’s [5]
result is 50 thousands of hours.

Since the v, values in this case are same for all ele-
ments, this discrepancy is due to different elements’ life
values being independent random values.

When modeling independent random values (ele-
ments’ lifes), for each element a random value is gener-
ated (x1, xy,..., xy) and it’s used to calculate the life’s
value (¢y1, ty, -...tpn) as shown in Fig. 7.

X4

0 \~

tor tp2 Ip3 tps Ip
Figure 7 — Modeling of elements’ lifes

Removing discrepancy between results of statistical
modeling and standard’s [S] method can be achieved by
not only making v, values equal, but also creating func-
tional relation between elements of different types. That
means if the first element’s life realization equals to ¢,; for
a random value equal to x, then values of life realizations
of other elements (%1, 4, ...,t,y) must be the same (illus-
trated in Fig. 8).

However, this is impossible in practice. It is hard to
imagine skipping one type of element life verification but
checking all of the others when building equipment. Spe-
cifically it has to be verification of elements life which
would guarantee the element’s life with probability close
to 1.

Thus, if clements life are independent values, the
probability of equipment’s life being no lower than a cer-
tain value would decrease with increasing equipment’s
elements count.
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Figure 8 — Functional relation implemented by modeling ele-
ments’ lifes realizations

This can lead to calculated value of 95% equipment’s
life being lower than the gamma-percentile life calculated
using standard’s [5] method. Minimum operating time
would be lower too.

It should be noted that the value y = 99.9% in formula
(3) should be considered as an approximate one. Such
value is recommended in standard [5] for calculating 7,,,,
of elements with no T, values given in Data Sheet. By
definition, minimum operating time is a time period (life)
during which limiting state of an element won’t happen
with a probability of 1. Which means it should be consid-
ered as a shift parameter for life distribution function

(Fig. 9).

Pty)

Tax Ip
Figure 9 — Life distribution function

To confirm this, let’s find x,; value using formula (3).
In accordance with requirements of current standards,
95% element’s life should be no lower than it’s doubled
minimum operating time. Let’s assume 7,, = 2+T,,. In
this case, formula (3) will take the following form:

1-0,15-%,

Tun =115 1eas 2 T (12)
Solving (12) for y,; gives y,1 = 4,1568. For this value
the probability is almost equal to 1 (at y = 4.265
v =99.999%).
Based on this, it should be assumed that the element’s
life distribution function is shifted by 7, , value. In this
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case, statistical modeling of element’s life realization
should be performed using formula:

~ tp, =lp,:1p, > Tym,
Ipy =7A - 13)
tp, =Tum,> tpy < Thom,-

With taking into account all of the correction, statisti-
cal modeling was performed for standard’s [5] example.

As illustrated in Fig. 6 a, 95% equipment’s life is no
lower than 17.827 thousands of hours, which is 1.4 times
greater than the one calculated using standard’s method
(13 thousands of hours).

Besides, Fig. 6b shows results of calculating 95%
equipment’s life for K5 = 0%. Fig. 7 b shows that 95%
equipment’s life is no lower than 2.457 thousands of
hours, which is 2 times less than the one calculated using
standard’s [5] method (5 thousands of hours).

It should be noted that existence of reserved elements
(reserving using additional (reserve) elements) should be
taken into consideration when modeling equipment’s life
realizations.

For example, limiting state criterion for constantly
loaded reservation is formulated as “Expending operating
life of 100% of elements included in reserved group”. Kjg
value for such reserved group will be equal to:

KLSg = 100% .

Calculating realizations of reserved group for such K g
value is performed using following formula:

(14)

1y, = max (2 Lpy sl )
p ER \EP1ot Pyt p
i n=lN, 1> P2 Ng

CONCLUSIONS

Thus, performed studies and analytical experiments al-
low us to draw the following conclusions:

— value of minimum operating time as a minimum of
integral element’s minimum operating time can be used
for “lowest” estimation of gamma-percentile life of non-
reserved equipment;

— standard’s [5] method of calculating equipment’s
durability is applicable for calculating gamma-percentile
life only if it’s proven that lifes of integral elements have
strong correlative connection and equal variation coeffi-
cients;

— statistical modeling is the most reasonable way of
analytical gamma-percentile life calculation only if life of
integral elements are independent random values with
different parameters of their distributions;

— laws of life distribution with shift parameters equal
to the minimal operating time should be used for model-
ing element’s life realizations;

— existence of reserved elements (reserving using ad-
ditional (reserve) elements) should be taken into consid-
eration when modeling equipment’s life realizations.
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— specialized software should be used to calculate
gamma-percentile life of equipment (like ASONIKA-K-
D).

In conclusion, it should be noted that aforementioned
method of statistical modeling does not take into consid-
eration elements’ life dependence from equipment’s op-
eration model. Particularities of predicting life of ele-
ments whose total flow of failures consists of independent
failure flows of its components. These problems are re-
viewed in detail in [11] and [14]. Their suggested models
will be implemented with ASONIKA-K-D further devel-
opment.
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YK 621.396.6, 621.8.019.8
METOJ MPOTHO3YBAHHSA INTOKA3HUKIB JOBI'OBIYHOCTI EJIEKTPOHHHUX 3ACOBIB

Kannos B. B. — kanx. TexH. HayK., JOLEHT, npodecop JlenapraMeHTy eleKTpoHHOI imkeHepil HarioHansHOro 10CiiTHAIIBKOTO
yHiBepcuTeTy «Bumia mkoia ekoHoMikn», Mocksa, Pocist.

Kyaurin B. H. — Mmarictp TexHikM 1 TEXHOJOTiH, acmipaHT AcCHipaHTChKOI HIKOJM 3 TEXHIYHMX Hayk HamioHambHOTO
JIOCITITHULIBKOTO yHiBepcuTeTy «BHia mkoxa ekonoMikn», Mocksa, Pocist.
30t0oB A. H. — wMmaricTp TeXHIKM 1 TEXHOJOTiH, acmipaHT ACHIpaHTCHKOi IIKOJNM 3 TEXHIYHMX Hayk HamioHampHOTO

JOCIHITHAIIBKOTO YHiBepcHTeTy «Buima mkona ekoHoMikm», MockBsa, Pocist.

AHOTAIIA

AxTyanbHicTs. [TocTiiiHe MiJBHIIEHHS BUMOT 10 CTPOKIB aKTHBHOT'O iCHYBaHHs KOCMIUHMX allapaTtiB BUMarae CTBOPESHHS €JIeK-
TPOHHMX 3ac00iB, 10 BiJIIOBIJAaIOTh IIUM BUMOTaM. 3 Ii€l TOUKH 30py caMe MOKa3HUKHU JOBTOBIYHOCTI JIO3BOJISIIOTH OLIHUTH NPUH-
LIMIIOBY MOXJIMBICTb CTBOPEHHS €IEKTPOHHUX 3ac00iB TpuBaoro (GyHkKUioHyBaHHS. Ha paHHIX eTamax NpoeKTyBaHHS AJIS OLIHKH
MMOKa3HHKIB IOBIOBIYHOCTI 3aCTOCOBYIOThCSI PO3paXyHKOBI MeToMu. OUEBH/IHO, [0 YMM TOYHIIIE OL(iHKA, TUM Oijblia HMOBIPHICTH
TOTO, IO TPH BUMPOOYBAaHHIX 3pa3KiB MOKAa3HUKH JOBIOBIYHOCTI OyIyTh miATBEepKeHI. TOMY BIOCKOHANICHHS IHKEHEPHUX METO-
IIVK OI[IHKH TIOKa3HUKIB TOBTOBIYHOCTI EICKTPOHHHX 3aC00iB € aKTyaJIbHIM 3aBIaHHSIM.

Meta po6orn. IlinBuIIeHHSs SIKOCTI IPOSKTHUX POOIT 32 paXyHOK BIOCKOHAJICHHS IHXKCHEPHHX METOIMK PO3PaxyHKY pecypcy
CJIEKTPOHHUX 3aCO0IB, 10 JO3BOJISIOTH MiIBUIIATH TOYHICTb 1 JOCTOBIPHICT HOTO OIIHKH.

Metoa. it po3paxyHKy pecypcy eIeKTPOHHHX 3aco0iB 3aCTOCOBAHHMI METOJl CTaTHCTHYHOIO MOJeNtoBaHHs (MeTox MoHTe-
Kaps10), 1110 103BOJISIE BpaXxOBYBaTH IMOBIPHICHI XapaKTEPHCTHKHU PECYPCY KOMILIEKTYIOUMX €JIEMEHTIB.

PesyabTaTu. Po3B’a3aHa 3a1a4a MPOrHO3YBaHHS PECYPCY €JICKTPOHHHUX 3ac00iB Ha OCHOBI JOBIJIKOBHMX JaHUX MPO XapaKTepH-
CTHKax JOBrOBIYHOCTI €JIEMEHTIB Ha PaHHIX eTamax HpoeKTyBaHHA. [IpoBeaeHO aHalli3 CTaHAAPTH30BAHOTO METOHY PO3PaXyHKY
MMOKAa3HUKIB JOBTOBIYHOCTI 1 BHUSIBICHHS iICTOTHI OOMEXEHHS IIbOIO METOAY IIPH NMPOTHO3YBAaHHI PEeCypcy €JIEKTPOHHHUX MOIYIIB.
3a1pornoHOBaHO abTEPHATHBHUII METO]] IIPOTHO3YBAHHS PECYPCY €IEKTPOHHHUX MOJYJIIB, 3aCHOBAaHUH Ha CTATHYHOMY MOJICIIOBAH-
Hi, 1 cTBOpeHa ioro mporpamHa peamizarmis. IIpoBeneHO TecTyBaHHS po3poOIEeHOro IporpamHoro 3abesneueHHs. [IposexeHo
00UHCITIOBANBHI €KCIICPIMEHTH 3 JIOCIIKEHHS IOCTOBIPHOCTI 3alIPONOHOBAHOTO METOJY i HOTO IMOPIBHSHHS i3 CTaHJaPTU30BAaHUM
METOJIOM.

BucHoBkn. 3a pe3yjbraTaMu HPOBEICHHX EKCIIEPUMEHTIB ITOKa3aHO, L0 CTaHIAPTH30BAaHMI METOJ MOJXKHA 3aCTOCOBYBATH
TINBKU JUTS PO3PaxyHKy MIiHIMAJbHOTO HANpalOBaHH:] i 3pOOJCHO BUCHOBOK MPO HEOOXIMHICTH BpaxyBaHHs MapameTpa yCideHHs
Ppo3moaiTy pecypcy eleMeHTiB i koedirieHTa Bapiamii pecypcy, a TaKoK 0COOIMBOCTEH CXeMH PO3paxyHKy HAAIHHOCTI MPH MPOTHO-
3yBaHHS OKA3HUKIB TOBMOBIYHOCTI €NIEKTPOHHHX 3ac00iB.

KJIFOYOBI CJIOBA: enexktpoHHuii 3acid, HaAiHICTh, TOBTOBIYHICTh, PECypc, aBTOMATH3aIlisl MPOCKTYBaHHS, iMiTalliiiHe MO-
JIeTIIOBAHHSI.
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TEIBCKOT0 yHUBEpcUTeTa «Boiciias mkoaa S5KoHOMUKW», MockBa, Poccust.

Kyasirun B. H. — Maructp TeXHUKH ¥ TEXHOJIOTHH, aCOIMPAHT ACIUPAaHTCKOM IIKOJBI IO TEXHUYECKHM HaykaMm HarmoHamsHOTO
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AHHOTALUSA

AxTyanbHoOCcTh. [TocTosIHHOE TOBBILICHHE TPeOOBaHMI K CPOKaM aKTUBHOTO CYIIIECTBOBAHUS KOCMHYECKHX annapatoB TpeOyer
CO3/IaHHs ANEKTPOHHBIX CPEICTB, OTBEYAIONIMX ITUM TpeboBaHusaM. C 3TOW TOYKU 3PEHHS HMEHHO MOKA3aTeNld AOJITOBEYHOCTH MO-
3BOJISIFOT OLICHUTH MIPUHIUITHATIBHYIO0 BO3MOXXHOCTD CO3JaHUsI QIEKTPOHHBIX CPEACTB UIUTENBHOTO (QyHKIMOHHpoBanus. Ha panHux
JTanax MPOCKTUPOBAHUS IJIsl OIICHKU MOKA3aTeNeil JOJITOBEYHOCTH MPUMEHSIOTCS pacdeTHbIe MeTobl. OYEBHIHO, YTO Y€M TOYHEE
OIICHKA, TeM OOJIbIIIC BEPOSITHOCTh TOTO, YTO TPH HCIBITAHUAX 00pa3IOB MMOKA3aTEeNM JOJTOBEYHOCTH OYIyT MOATBEpXkIeHBI. [lo-
3TOMY COBEPIIICHCTBOBAHUE WHXKCHEPHBIX METOJUK OIICHKHU MOKa3aTesieii JONTOBEYHOCTH 3JICKTPOHHBIX CPEIICTB SBISCTCS aKTyallb-
HOI 3a7a4eil.

Hexaw. [TobieHne KauecTBa MPOSKTHBIX PabOT 3a CYET COBEPIICHCTBOBAHHE HMHKCHEPHBIX METOIMK pacdera pecypca dJieK-
TPOHHBIX CPECTB, NO3BOJIAIOIINX MMOBBICUTH TOYHOCTh U JOCTOBEPHOCTD €TI0 OLICHKH.
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Metoa. /s pacuera pecypca dIEKTPOHHBIX CPEACTB NPHMEHEH METOJ CTaTHCTHYECKOrO MOAeNupoBaHMs (MeTox MoHTe-
Kapi10), 03BOJISIFONIMI yYUTHIBATh BEPOSITHOCTHBIE XapPaKTEPUCTHKH PECypca KOMILIEKTYIOIIUX JIEMEHTOB.

Pe3yabTartsl. Pemiena 3a1aua mporHo3upoBaHus pecypca 3JICKTPOHHBIX CPEJICTB HA OCHOBE CIPAaBOYHBIX JAHHBIX O XapaKTepH-
CTHMKaX JIOJITOBEYHOCTH JIEMEHTOB Ha PAHHMX 3Tamax HpoeKkTupoBaHus. IIpoBeneH aHanu3 CTaHIAPTU30BAHHOTO METOJA pacuera
MOKa3aTeliel ONTOBEYHOCTH U BBISBICHHbIE CYIECTBEHHbIE OTPAaHUUEHUS 3TOTO METO/a MPH MPOTHO3UPOBAHUU Pecypca NEKTPOH-
HbIX MonyJiel. [Ipennoxen anbTepHAaTUBHBIN METOJ MPOrHO3UPOBAHUS pecypca dJIEKTPOHHBIX MOJYJIeH, OCHOBAHHBIM Ha CTaTUde-
CKOM MOJENMPOBAHWHU U CO3[aHa ero MporpamMHas peanmsarms. [IpoBeneHo TecTHpoBaHHe pa3pabOTaHHOTO MPOrPaMMHOrO odec-
nedeHys. IIpoBeneHb! BBIYUCIUTENBHBIC YKCIIEPUMEHTHI 10 MCCIEA0BAHUIO JOCTOBEPHOCTU IIPEUIOKEHHOIO METOA U €ro CpaBHE-
HUE CO CTaHAAPTU30BAHHBIM METOOM.

BriBoanbl. Ilo pesynbpTataM NpOBEAECHHBIX SKCHEPUMEHTOB IIOKA3aHO, YTO CTAHAAPTU30BAHHBIN METOJ MPUMEHUM TOJIBKO UIS
pacueTa MUHUMAJIbHOW HapaOOTKH U CIENaH BBIBOJ O HEOOXOAMMOCTH yueTa apaMeTpa yCeueHHs paclpeielICHs pecypea JIeMeH-
TOB U KO3(GHUIMEHTa BapHallUi pecypca, a TakkKe 0COOCHHOCTEH CXEeMbl pacueTa Ha/IeKHOCTH IPH NPOTHO3MPOBAHUS MOKa3aTesei
JIONTOBEYHOCTH 3JIEKTPOHHBIX CPE/CTB.

KJIIFOYEBBIE CJIOBA: >1eKTpOHHOE CPEACTBO, HAIECKHOCTB, OJITOBEYHOCTH, PECYpPC, aBTOMATH3aIHMs IMPOCKTUPOBAHWUS,
MMHTAIOHHOE MOJIEIMPOBAHHE.
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ABSTRACT

Context. We consider a Kolmogorov-Wiener filter for fractal random processes, which, for example, may take place in modern
information-telecommunication systems and in control of complex technological processes. The weight function of the considered
filter may be applied to data forecast in the corresponding systems.

Objective. As is known, in the continuous case the Kolmogorov-Wiener filter weight function obeys the Fredholm integral
equation of the first kind. The aim of the work is to obtain the Kolmogorov-Wiener filter weight function as an approximate solution
of the corresponding integral equation.

Method. The truncated orthogonal polynomial expansion method for approximate solution of the Fredholm integral equation of
the first kind is used. A set of orthonormal polynomials is used.

Results. We obtained approximate results for the Kolmogorov-Wiener weight function for fractal processes with a power-law
structure function. The weight function is found as an approximate solution of the Fredholm integral equation of the first kind the
kernel of which is the correlation function of the corresponding fractal random process. Analytical results for the one-, two-, three-,
four- and five-polynomial approximations are obtained. A numerical comparison of the left-hand and right-hand sides of the integral
equation for the obtained weight functions is given for different values of the parameters. The corresponding numerical investigation
is made up to the 18-polynomial approximation on the basis of the Wolfram Mathematica package. The applicability of the obtained
solutions is discussed.

Conclusions. The Kolmogorov-Wiener weight function for fractal processes is obtained approximately in the form of a truncated
orthogonal polynomial series. The validity of the obtained weight functions is discussed. The obtained results may be applied to the
data forecast in a wide variety of different systems where fractal random processes take place.

KEYWORDS: Kolmogorov-Wiener filter weight function, truncated orthogonal polynomial expansion, Fredholm integral
equation of the first kind, approximate solution.

NOMENCLATURE INTRODUCTION
T —time interval along which the input data are observed Nowadays fractal processes take place in a huge
k —time interval for which the forecast should be made variety of different systems (see, for example, [1-4] and
h(t) —Kolmogorov-Wiener filter weight function various references in [4]). This paper is devoted to the

obtaining of the Kolmogorov—Wiener filter weight
function for continuous fractal processes. The structure
function of the corresponding random fractal process is
supposed to be a power-law one. Such a model is widely

H —Hurst exponent
S, () — set of orthonormal polynomials in t €[0,T].

R(t) correlation function of the random fractal process

G’ process variance used for description of different systems in different fields
of knowledge; see, for example, [5] and references
therein.

© Gorev V. N., Gusev A. Yu., Korniienko V. 1., 2019
DOI 10.15588/1607-3274-2019-2-5

44



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

In paper [4] the problem of data forecast for fractal
processes in telecommunication systems was considered
on the basis of Kolmogorov-Wiener filter. The results of
paper [4] were refined in [5], but the Volterra integral
equation was considered in [4, 5] rather than the
Fredholm one. As is known [6], in the general case for
such a problem the Fredholm integral equation of the first
kind should be used. The exact analytical solution for
such equation meets difficulties, so an approximate
solution of the corresponding integral equation is obtained
in this paper.

The object of study is the Kolmogorov-Wiener filter
for continuous fractal processes.

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
Fredholm integral equation of the first kind.

1 PROBLEM STATEMENT
We consider the Kolmogorov-Wiener filter for
continuous fractal processes. As is known, the weight
function of the considered filter obeys the following
integral equation

}drh(r) R(t-1)= R & K, )

where T is the time interval along which the input data
are observed, K<« T the time interval for which the
forecast should be made, h(t) is the Kolmogorov-Wiener

filter weight function and R(t) is the correlation function

of the corresponding fractal process, the noiseless case is
considered. Here we consider a random fractal process
with the power-law structure function which leads to the
following correlation function [5]

R(1) = o> —%|t|2H : 2)

where G° is the process variance, o is a constant and
H is the Hurst exponent. The statement of the problem is
to obtain the weight function h(t) as an approximate

solution to the integral equation (1).

2 REVIEW OF THE LITERATURE

Nowadays fractal processes are used for the
description of a huge variety of different systems, and a
model with a power-law structure function is a popular
model of the fractal process, (see, for example, [1-5] and
references therein).

In paper [4] the Kolmogorov-Wiener filter is proposed
in order to make the forecast for the fractal traffic which
takes place in some telecommunication systems. Such a

© Gorev V. N., Gusev A. Yu., Korniienko V. 1., 2019
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traffic is rather data-intensive, that is why for convenience
it is described as a continuous process in [4].

But in [4] the Volterra integral equation of the first
kind is used rather than the Fredholm one. In [4] the
method of solution of the corresponding Volterra integral
equation is described and finally an exact analytical
solution of this equation was obtained in [5]. It should be
stressed that the Volterra integral equation is not so
complicated as the Fredholm one and it admits an exact
analytical solution. Maybe, in some cases the use of the
Volterra equation instead of the Fredholm one is a
reasonable simplification. But definitely in the general
case one should use the Fredholm integral equation of the
first kind rather than the Volterra one, see, for example,
[6]. So the aim of the paper is to solve the corresponding
Fredholm equation.

But the exact analytical solution of the Fredholm
integral equation (1) meets difficulties, so here we restrict
ourselves only to a search for an approximate solution of
(1).

It should be stressed that Fredholm integral equations
of the first kind take place in various fields of knowledge.
One of the most popular methods of their approximate
solution, which is used in this paper, is the expansion of
the unknown function into a truncated orthogonal
polynomial series, see the corresponding solution of the
kinetic equation in the framework of statistical physics [7,
8]. In fact, this method is a special case of the Galerkin’s
method described in [9].

3 MATERIALS AND METHODS
The solution of eq, (1) is sought as the orthogonal
polynomials series

h(t)=2 a5 (9 3)

where S (1) a set of polynomials which are orthonormal
in te[0,T] and g, are unknown coefficients.

The polynomials S, (1) are constructed as follows. As
is known [10], the polynomials S (f) orthogonal in
t €[0,T] can be constructed as follows:

Ho M1 M2 Hp
Hp o M2 M3 Mt
S, (r) | : : : EL “

Hn1 Hn Hnpp H2n

1 T 2 1"
Te [O,T]

where

T n+1

un=£x”dx—z+l )
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The numerical values of S (f) for t~T may be

rather large, that is why the use of the orthonormal
polynomials S, (t) may be convenient:

(s, (9)” ©

0

the polynomials (6) obey the property
T
[dtS () Sa(1=8m (7
0

where 8y is the Kronecker delta.

By a straightforward calculation on the basis of (4)—
(6) one can obtain explicit expressions for the first 5
polynomials:

T
(65 6
SZ(t):Tl/z(?tz T lj’
i 12, 30 5 20 (8)
Sj()_TIT[—l-F?t—T—th T—313\J,
3 20, 90 140 70
S4(t):m£l—?t+T—2t2—T—313+T—4t4)

On the basis of (3) one can rewrite (1) as
T
20 [dtSi(r) Rt1)= R & 8. ©)
n 0

After multiplying (9) by S,(? and integrating one can

obtain
2. 9Gmn= b (10)
n
where
T T
Gmn = J‘ dtj dTSn(T) Sm( 1) R(t _T) >

b, = | dS, (1) R(t+k),

O —

the quantities G,,, are called the integral brackets. The
obtained set of linear equations (10) is infinite, and
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solving (10) meets difficulties. So one should artificially
truncate (10):

-1 -
> InGmn=bm, m=0,1-1.
n=0

(12)

The set (12) is finite, and one can obtain the
coefficients g, as the solution of the set (12). The

corresponding
equation (1)

approximate solution of the integral

()= 3 ()

n=0

(13)

is called the solution in the | -polynomial approximation.
In matrix form (12) can be rewritten as

Gg=»b (14)
where
Goo QO ij
G G, C-‘;11 (;1J il

GOJ G\i GJJ
(15)

9 b,

a-| % | b- q :
g; b;

so the coefficients g, can the obtained in matrix form as

g=G'b. (16)

Now let us consider the properties of the matrix G.
First of all,

G = [ [ 15, (1) S,(IR(t-—1) = ft > 7} =
T T (17)
=[defdts (9 S.(x) Re- k.
The correlation function is an even one:
R(r—t)z R(t—r), (18)
and on the basis of (17) we have
G,y = [dtf dS, () S,(JR(x-1)=G,,  (19)
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Also the polynomials (6) obey the property

LIS
316“]: SSH(E;)tJn:\Z te[o,ﬂ. (20)

Let us consider the quantity G,,, where m and n are

of different evenness. On the basis of (11) and (18) we
have

T T
G, =[ [ drS, (1)
0 0

S, () Rt-1)=

—_—o

(SR

here the fact that the correlation function is even is used.
On the basis of (20) and the fact that m and n are of

different evenness, we have
T T T T
—+ X|S, | =+ Yy|=—8,| —— XS,| ——
Sr”(z j(z yj s“(z %(2 j -

and with account for (21) we have

(55 (z

= _Gmn = G'mn -

= dKj dyS

T
2

Syt | =

]R(y—x)

(23)

S

So the matrix G obeys the following properties:

1. G is a symmetrical matrix: G, = G,

2. G, =0 if m and n are of different evenness.

These properties allow one not to calculate all the
matrix G by a straightforward calculation. It is enough to
calculate by straightforward calculation only those
components G, for which m>=n and m and n are of
the same evenness.

By a straightforward calculation on the basis of (8)

and (11) one can obtain the components of the matrix G
upto G, :
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2H +1

2 (2H +1)(H +1) ’
_a 3H 2H+1

Y2 (2H+1)(H +1)(H +2) ’

5H- 7H

3 H+3Gi

G, =0 T—g

22 T

ck I

9H-3

“" 7H+s

2\/§aH 2H+

(2H +2)(2H +3)(2H +4) ’
o 24H(H-1)(2H-1)

2 (2H+6)(2H +5)(2H +4)
1
“(2H+3)(2H +2)
a 3VSH (H-1)(H -2)
C2 (H+1)(H+2)(H+3)

1 2H+1

V21H (H -1)
(H+1)(H +2)(H +3)(2H +3)

G

Gy =-

24

G40 ==

2H+1

42 =

2H+1

o
Gsl :E

On the basis of (11) and 8 the coefficients b, are
calculated up to b, :
1
T‘/2£ i J‘j’

b =

a3

b‘:__

> TT( J,—(2k+T)J,),

b, = [6J (12k+6T)J, +

Ts/z
+(6k2+6kT+T2)J1],
[

o
b, = e

+12(T? +5kT+5k2)J =30(T+2k) J, +203, |,

[ (T +12Tk+30Tk* +20K* ) J, +
(25)

b, =—= T9/2 [ (T*+20KT? +90k>T? +
+140K°T +70k" ) =203, (T* +9KT +21 K T+
+14K* ) +10J, (9T2 +42KT + 42K ) -
~140(T +2k) J, +70J |,
(TR e

2H +n

On the basis of (15), (16) and the above-mentioned
properties of the matrix G one can obtain the following
results:
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1 | T _&
W (0=6"8 (9. 6’ =g =
0= 65 (9+ ¢ S o - g7 -
W () =a"S(9+ ¢" S( 1+ § S( )t
B _ 4] bG,-b G, Gzo
go gO OOGZZ
B3] _ 4] bOGzo b Q,o
> 7% 7660,
ht*! (t) = gg‘” ( d‘ﬂ }_,_ 5] §(
+0,"'S, (1),
W _ g _RGs—BG, G;I
gl _gl GIIGB 1
(4] _ 5] hGn b G,
5 =0 (26)
’ ° -G,G,’
0678 (b 6 SO0 B S

+6S (9+d7 S ().

g ==,
n
§=(G22G40—G20GM) RG, - G b)_
-(6,6,-G,h)(G G- G &),
n:(Gzsz_G}oGhz)(on_ G G’4)_
—(G20G40 -Gy Ghz)(elz G -G 64):
g[s] :G4obz_c\§oq_(c';lo G -G 94) 5]
’ G4oG22_GzoGhz ’
[5] =b_4_&g[5]_& 955]’

’ G40 G4o ’ G

40

where explicit expressions for G, b,and S (t) are

given in (24), (25) and (8), respectively, and the
superscript [N] denotes that the corresponding quantity is
taken in the nN-polynomial approximation. The
approximations of a larger number of polynomials are
investigated in this paper only numerically because the
corresponding analytical expressions are too cumbersome.

mn >

4 EXPERIMENTS

As is known, the above-mentioned method of
truncated polynomial expansion is convergent if the
kernel of the corresponding integral equation is positively
defined function (see, for example, a similar discussion
for the solution of kinetic equations in electron-phonon
systems in [11]). The kernel of the integral equation (1) is
the correlation function (2), which is not a positively
defined function, so the proposed method is not
necessarily convergent for all the parameters. So the
obtained solutions should be checked at different
numerical values of the parameters, and the aim of this
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section is to answer the question for which parameters the
proposed method is reliable.
Let us take the following parameters:

T=100, k=3, 0=12, H=08, a=m/2 7)

and compare numerically the left-hand and right-hand
sides of eq. (1) for the obtained weight functions (26).
The corresponding numerical calculation is made in
Wolfram Mathematica 11 package. The corresponding
graphs for one-, two-, three-, four- and five-polynomial
approximations are given in Fig. 1, Fig. 2, Fig. 3, Fig. 4
and Fig. 5, respectively:

=
=

Figure 1 — Comparison the left-hand and right-hand sides of eq.
(1) for parameters (27) for the one-polynomial approximation

1
=]
Fa
[=]
[=]
[e:]
[=]
[=]
[=]

NN
=10Ud |-

Figure 2 — Comparison the left-hand and right-hand sides of eq.
(1) for parameters (27) for the two-polynomial approximation

[=]
e
(=]
[=]
(=]

=
=

Figure 3 — Comparison the left-hand and right-hand sides of eq.
(1) for parameters (27) for the three-polynomial approximation
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a 20 ) 20
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[=]
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—T2Ud -

Figure 4 — Comparison the left-hand and right-hand sides of eq.
(1) for parameters (27) for the three-polynomial approximation

]
[=]
P
[=]
[=]
[=]
[=]
(="
[=]

=TUd

Figure 5 — Comparison the left-hand and right-hand sides of eq. (1) for
parameters (27) for the three-polynomial approximation

It should be stressed that the left-hand side of (1) is
calculated numerically on the basis of Wolfram
Mathematica as

T T
.[d‘th(‘t) R( t—'c) :J. de P(t)(cz —%| t—1:|2H j:
0 0
t
=J.d1:h(r)(62 —g(t—t)ZH )+
0 2
¥ o
+Idrh(r)(02 -—(z- I)ZH j .
" 2
As can be seen from the figures, the one-polynomial
approximation is not quite accurate, but the accuracy of
the obtained solution increases with the number of
polynomials, and the three-polynomial approximation is
already rather accurate. For the five-polynomial
approximation the obtained curves are very close to each
other. Approximations of a larger number of polynomials
are made numerically in Wolfram Mathematica up to the
18-polynomial approximation. It should be stressed that
Mathematica is not able to calculate the approximation of
higher-than-18 polynomials adequately due to machine
errors (the corresponding «ripple» can be seen on the
graphs). A rather strange behavior of n-polynomial
approximation solutions is obtained: for 1<n<8 the
accuracy increases, and for n=7 and n=8 the curves
are in fact ideally identical. For 9<n<15 the method
fails — the left-hand and right-hand sides of (1) are totally
different. But for 16 <n<18 the method is again very

(28)
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good and the curves are in fact ideally identical. Such a
strange behavior can hardly be explained. Maybe the
reason is that the kernel of the integral equation (1) is not
a positively defined function and the convergence of the
method is not guaranteed. But nevertheless it should be
stressed that for parameters (27) and for 3<n<8 the
method works really good and the obtained solutions for
the weight function give the good coincidence of the left-
hand and right-hand sides of eq. (1).

Then let us change the parameters. The most
interesting change is the change of the parameter T
because this parameter may vary most significantly in real
systems. So let us take the parameters

T=10,k=3,0=12, H=08, a=m7/2. (29)

For parameters (29) the corresponding investigation is
also made up to the 18-polynomial approximation, and it
seems that for parameters (29) the method is really
convergent. The accuracy increases with the number of
polynomials, the three-polynomial approximation is
already rather accurate, for the five-polynomial
approximation the obtained curves are very close to each
other and starting from n=8 the curves are in fact
ideally identical.

Another set of parameters which is investigated in the
paper is the following:

T=1000, k=3, 6=12, H=0.8, a=n/2. (30)

For this set of parameters the method is not
convergent. For 1<n<4 the accuracy increases and for
n=3 and n=4 the coincidence of the curves is rather
good. But starting from n=35 the method begins to fail,
and the accuracy decreases with the number of
polynomials for n>5. The corresponding comparisons
of the left-hand and right-hand sides of (1) for the four-
and five-polynomial approximation are given in Fig. 6
and Fig. 7, respectively.

But, as can be seen, the four-polynomial
approximation gives a really good coincidence of the
curves. So, although the method is not convergent for
parameters (30), the four-polynomial approximation gives
a good approximate solution for the weight function.

(=N
[=]
(=N
[=]
=]
(=1
[=]
[=]
=N
[=]

onn A

igure 6 — Comparison the left-hand and right-hand sides of eq.
(1) for parameters (30) for the four-polynomial approximation

g
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Figure 7 — Comparison the left-hand and right-hand sides of eq.
(1) for parameters (30) for the five-polynomial approximation

It should be stressed that, strictly speaking, the
correlation function should obey the property

IR(9)] < R(0), 31)

so the considered parameters may not be physical. But if,
for example, we change the parameter o in such a way

that R(t) obeys (31), the situation does not change

significantly; anyway, the situation does not become
better.

If, for example, we take o =3-10" rather than
a=n/2 in (27), we have the following behavior of n-
polynomial  approximations. The  one-polynomial
approximation is not accurate, for the two-polynomial
approximation the curves on the corresponding graphs are
very close to each other. The three and four-polynomial
approximation give approximately the same pictures.
They are worse than the two-polynomial approximation,
but better than the one-polynomial approximation. But the
five-polynomial approximation gives almost identical
curves, and for 5<n<18 the qualitative behavior of the
solutions is the same as for parameters (27).

If, for example, we take o =10" rather than
a=n/2 in (29), we have the following behavior of n-
polynomial  approximations. The  one-polynomial
approximation is not accurate, the two-polynomial
approximation is much better than the one-polynomial
one, and for 2<N<6 the accuracy slowly increases with
the number of polynomials. The accuracy of the 7-
polynomial approximation is lower than that of 6-
polynomial approximation, but for 7<n<10 the
accuracy slowly increases with the number of
polynomials. For 11<n<17 the accuracy increases with
the number of polynomials and the curves on the
corresponding graphs are very close to each other.
Mathematica is not able to calculate the approximations
of more than 17 polynomials adequately due to machine
errors (the corresponding «ripple» can be seen on the
graphs).

If, for example, we take o=8-10"° rather than
a=m/2 in (30), we have the following behavior of n-
polynomial approximations. The one-polynomial
approximation is not accurate, but the two-polynomial
approximation is rather accurate: the curves in the
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corresponding graphs are very close to each other. For
n>3 the accuracy of the result decreases with the
number of polynomials, starting from n=35 the curves
are far from each other.

5 RESULTS

The method of truncated orthogonal polynomial
expansion is proposed in order to solve the integral
equation (1). Analytical expressions for a one-, two-,
three-, four- and five-polynomial approximation solutions
are obtained.

The kernel of this integral equation is not a positively
defined function, so the method may not be convergent, in
other words, the accuracy of the obtained solution may
not increase with the number of polynomials. But in a
rather wide range of parameters the approximations of
rather small number of polynomials are rather accurate
and may be applied to the following investigation of the
data forecast. Moreover, for some parameters the method
is convergent.

6 DISCUSSION
We propose the method of truncated orthogonal
polynomial expansion in order to obtain the Kolmogorov—
Wiener filter weight function on the basis of the Fredholm
integral equation of the first kind (1). A set of
polynomials orthogonal for t [0,T] is built (6), and this

set is convenient because of the above-mentioned
properties of the integral brackets. The analytical
expressions for the approximate solutions for the integral
equation (1) are obtained in the one-, two-, three-, four-
and five-polynomial approximation.

The kernel of the integral equation (1) is not a
positively defined function, so the proposed method is not
necessarily convergent for all the parameters. The sets of
parameters (27), (29), (30) are chosen to check the
convergence and the accuracy of the proposed method.
The investigation is numerically made up to the 18-
polynomial approximation.

For rather small T (T =10) the method is
convergent, and starting from the three-polynomial
approximation the left-hand and the right-hand sides of
(1) are rather close, starting from the eight-polynomial
approximation they are almost ideally identical.

For T=100 a rather strange behavior of n-
polynomial approximations is seen. The accuracy
increases up to the eight-polynomial approximation,
starting from the three-polynomial approximation the left-
hand and the right-hand sides of (1) are rather close, for
the seven- and eight-polynomial approximation they are
almost ideally identical. The corresponding graphs for the
one-, two-, three-, four and five-polynomial
approximations are given. Then for 9<n<15 the
method fails, and for 16 < n<18 the method again works
very well. Such behavior can hardly be explained. But it
should be stressed that the approximation of 3-8
polynomials works well, and the corresponding obtained
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TOJITHOMHI PO3B’SI3KHU 1711 BATOBOI ® VHKIII ®LITHTPA KOJIMOT OPOBA-BIHEPA JJISI ®PAKTAJBHUX
IMPOLIECIB

Topes B. M. — kana. ¢i3.-Mar. HayK, acuCTeHT Kadeapu Oe3rneku iHpopMalii Ta TeaeKkoMyHikalliid, HamioHaIbHIA TeXHIYHMMA
yHiBepcutet [lninposceka [lonitexHika, JHinpo, Ykpaina.

I'yceB O. FO. — xana. ¢i3.-mat. Hayk, IOLEHT, npodecop kadeapu Gesnexu iHGopmanii Ta TerekoMyHikanii, HanionaapHui
TexHiuHui yHiBepcutet Juinposchka [lomitexnika, Juinpo, Ykpaina.

Kopnienko B. 1. — 1-p texH. Hayk, mpodecop, 3aBigyBaud kadenpu Oe3mneku iHdopmalii Ta TerekoMmyHikamiid, HamionansHuii
TexHIYHUH yHiBepcuTeT JJHinpoBcrka [lomiTexnika, JHinpo, Ykpaina.

AHOTAIIA

AkTtyansHictb. Mu posrisinaemo ¢inerp Konmoroposa-Binepa miis BUnmagkoBHX (pakTalbHUX IMPOLECIB, sKi, HANPUKIAL,
MOXYThb MaTH Miclle B Cy4acHHX iH(OpMaIiHHO-TENCKOMYHIKI[IHHIMX CHCTEMaxX Ta y KepyBaHHI CKJIJIHUMHU TEXHOJIOTIYHUMH
npornecamu. Barosa ¢yHkIis GUIBTPY, M0 PO3IIIAAAETHCS, MOXKE OyTH 3aCTOCOBAHA JI0 IIPOTHO3Y AaHHX Y BIANOBIIHUX CHCTEMaXx.

Merta po6otu. Sk Binomo, y HerepepBHOMY BUIIAAKy PIBHSHHS Ha BaroBy ¢yHKuUito ¢iasrpa Konmmoroposa-Binepa € piBHIHHIM
@pearonbpma mepiioro poxy. MeToio poboTH € oTpumaTH BaroBy ¢yHkuito ¢inerpa Kommoroposa-Binepa sik HaGmmxeHuit
PO3B’A30K BiAMOBITHOTO iIHTETPANTBEHOTO PiBHSIHHS.

Meton. Buxopuctano meron o0ipBaHOTO PO3BHMHEHHS 3a OPTOTOHAIBHUMH TOJHOMAaMHU Ui HAaOJNM)KEHOTO PO3B’S3aHHSA
iHTerpanpHOro piBHsAHHSA PperoyibMa NepLIoro poay. BUKOpUCTaHO cicTeMy OPTOHOPMOBAHHX HOJIIHOMIB.

Pe3yasTatn. Hamu otpuMano HaOmmkeHi pesynbratu it Barosoi ¢yskmii ¢instpy Kommoroposa-Binepa s dpaxransanx
MPOIICCIB 3 CTENIEHEBOIO CTPYKTYPHOIO (pyHKINEr0. BaroBy QyHKIlO 3HAiICHO K HAOIMKCHUN PO3B’ 30K IHTETPATBHOTO PiBHSIHHS
®dpenronbMa MepIioro pojay, SIPOM SKOTO € KOpelsiliifHa (GyHKILisI BiMOBIHOTO BUMIAIKOBOTO (PPaKTaIBHOTO MPOIeCy. AHANITHYHI
pe3yJIbTaTH OTPUMAHO Uil HAOJMKEHb OIHOTO, JBOX, TPbOX, YOTHPHOX Ta II'ATH HOJIHOMIB. Iyt pi3HMX 3HAa4YeHb IapaMeTpiB
3pobJieHe YKCesbHE MOPIBHAHHS JIIBOI Ta MpPaBOl YaCTHH iHTErpaibHOTO PIBHSIHHSI Ul OTPMMaHMX BaroBux QyHKUii. Biamosigne
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YHCeNbHE JOCIIDKEHHSI 3po0ieHe y MareMarmuHoMmy mnakeri Wolfram Mathematica mo HaOmmkeHHS 18 IOJIHOMIB BKIJIIOYHO.
OOroBOpIOETHCS 3aCTOCOBHICTh OTPUMAaHHX PE3yJIbTaTiB.

BucnoBkn. HaGmmxeHo otpumano BaroBy ¢yHkuio ¢inetpa Kommoroposa-Binepa mist ¢gpakraqbHUX HpOLECIB Yy BHIIISAMIL
00ipBaHOrO psy 3a OPTOrOHAJIbHMMH HosiHOMamMu. OOrOBOPEHO 3aCTOCOBHICTh OTPHUMAaHMX BaroBux GyHKUid. Ortpumani
pe3yJIbTaTH MOXKYTh OyTH 3aCTOCOBHHMH [0 IPOTHO3YBaHHS JAHHUX M 0ararbOX pisHMX CHCTEM, A€ MaloTh Micue (pakTayibHi
IPOLIECH.

KJIIFIOYOBI CJIOBA: BaroBa ¢ynkmis ¢inetpy Kommoroposa-Binepa, oOipBaHe pO3BHHEHHS 32 OPTOTOHAJIBHUMH
MOJTIHOMaMH, iHTerpasibHe piBHAHHS Dpearobma meporo poay, HaOIMKEHHUH PO3B’I30K.

VK 517.968.21
MOJIMHOMHBIE PEINEHUSA JIJIA BECOBOM ®YHKIINUA ®UJIbTPA KOJIMOT'OPOBA-BUHEPA JIJIS
®PAKTAJIBHBIX ITIPOLIECCOB

T'opeB B. H. — kauja. ¢u3.-MaT. HayK, acCCUCTEHT Kadeapsl 6e30macHOCTH HHPOPMALMK U TelIeKOMMYHHUKaluii, HannoHansHbIi
TexHuuyeckuil yausepcuter Juenposckas [lonutexnuka, JJnenp, Ykpauna.

I'yceB A. FO. — kaHA. ¢wu3.-MaT. HayK, IOLEHT, mpodeccop kKadeapsl 0e30macHOCTH MHPOPMAIMH M TEICKOMMYHHKALHUH,
Hanyonansuelil TexHuueckuil yausepcuret J{nenposckas [lonurexnuka, Juenp, Ykpausa.

Kopuuenko B. U. — 1-p TexH. Hayk, npodeccop, 3aBenyronmii kadeapsl 6e30macHocTH HHGOPMAUY U TeIeKOMMYHHKAIHH,
HanuonansHelil TexHnueckuil yausepcuret J{nenposckas [lonurexnuka, [{Henp, Ykpausa.

AHHOTALUA

AxTtyansHocTh. Mbl paccmarpuBaeM ¢uibstp Kosmoropoa-BuHepa uis GppakTalibHBIX IPOLECCOB, KOTOPBIE, HATIPUMED, MOTYT
UMETb MECTO B COBPEMEHHBIX HMH(OPMAIHOHHO-TEJICKOMMYHUKALMOHHBIX CHCTEMaX M B  YHPABICHHH  CIIOKHBIMH
TEXHOJIOTHIECKHMH TIporieccamu. Becosast ¢yHKIns paccMaTpuBaeMoro (GuiisTpa MoxeT ObITh IPUMEHEHA AN IPOTHO3a JaHHBIX B
COOTBETCTBYIOIINX CHCTEMaX.

Ieas padorsl. Kak n3BecTHO, B HENIPEPHIBHOM CIIydae ypaBHEHHE Ha BecoBYIO ¢yHKuuio ¢puibTpa Konmoroposa—Buaepa ectb
HHTETpaNbHBIM ypaBHeHHeM PpenronasMa mepBoro pona. Llens paboTsl — moayduTs BecoBylo GyHKIuIo ¢uibtpa Kommoroposa—
Bunepa kax npuOIMKeHHOE pPellieHHe COOTBETCTBYIOLIET0 HHTETPAIBHOTO YPaBHEHHMSI.

Metoa. Mcnons30BaH MeTO[ OOOPBAHHOIO PA3JIOKEHHsI 110 OPTOTOHAIBHBIM ITOJMHOMAM JUISl IMOJYYCHUs] HPHOJIVKEHHOTO
peleHns HHTerpaabHOro ypaBHeHust Opearoasma nepBoro poja. Mcnonp3oBanack cuCTEMa OPTOHOPMUPOBAHHBIX MOJIMHOMOB.

PesyabraTrhl. Hamu monyueHsl mpuOnmkeHHBbIE pe3yibTaThl [Uisi BecoBoit (yHkuun ¢unbrpa Kommoroposa-Bunepa s
(paKkTanpHBIX IIPOIECCOB, CTPYKTypHAas (YHKIMS KOTOPBIX €CTh CTemeHHoil ¢ynknueil. BecoBas ¢ynkmmsa Haiinena xak
MIpUONIMKEHHOE PEIIeHNe HHTErPaIbHOTO ypaBHeHH PpenroasMa MepBoro poja, sApoM KOTOPOTO €CTh KOPPEISIMHOHHAS (YyHKIUS
COOTBETCTBYIOIIETO (PAKTAIBHOTO Ipolecca. AHATUTHYECKUE PEe3yJbTaThl IOIYyYeHBI Ul NPUOMMKEHHH OJHOTOo, IBYX, TpEX,
YeThIpeX W IIATH IOJIMHOMOB. [Iisi pa3HBIX 3HAUEHMI ITapaMeTpOB C/EJIAaHO YHCICHHOE CpaBHEHHE JICBOM W TpaBoH dYacTeit
HMHTETPAIFHOTO ypaBHEHHUS JUIS MONYYSHHBIX BECOBHIX (QyHKIUH. COOTBETCTBYIOIIEC UHMCICHHOE HCCIENOBAHHE HMPOBOJHMIOCH C
HOMOIIBI0 MaTeMaTuueckoro makera Wolfram Mathematica Brutote 1o npuOmmwkenus 18 nomuHoMoB. OOroBapuBaeTcs
HNPUMEHUMOCTD MOJTYYCHHBIX PEIICHUH.

BoiBoabl. Becosast dyukuust ¢punbrpa Kosmoroposa-BuHepa misi (pakTanbHbIX MPOLECCOB MPUONMKEHHO MOJyYeHa B BHUAC
000pBaHHOTO psijia 0 OPTOTOHANBHBIM MonuHOMaM. OOCyKAaeTcsl MPUMEHHMOCTD TOMYYEHHBIX BEeCOBBIX (QyHKUUH. [TomydeHHbIe
pe3yNnbTaThl MOTYT OBITH HNPHMEHEHBI K NPOTHO3MPOBAHHUIO ITAHHBIX B IIMPOKOM Pa3sHOOOpAa3sHU Pa3IUIHBIX CHUCTEM, B KOTOPBIX
HMEIOT MECTO CIydaiHble ()paKTaIbHBIE IPOIECCHI.

KJ/IIOUEBBIE CJIOBA: BecoBast ¢yHkuus ¢uibtpa Kommoroposa-Bunepa, o60pBaHHOE pa3IoKeHHE 10 OPTOTOHATBHBIM
MIOJIMHOMaM, HHTETpalibHOe ypaBHeHHe PpenroasMa epBoro pojia, IpHOIIKEHHOE PEIICHNUE.
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VIIK 519.24

NCCIEAOBAHUE MHOKECTBA IINTAHOB MHOI'O®AKTOPHBIX
IKCIIEPUMEHTOB C MUHUMAJIBHBIM YNCJIOM HEPEXO/10B
YPOBHEH ®AKTOPOB

Komesoii H. /I. — n-p TexH. Hayk, npodeccop, 3aBenyonnii Kadenpoil aBUallMOHHBIX NMPHOOPOB M M3MEPEHHH,
Hanmonanensiit a3pokocmuueckui yausepcuteT uM. H. E. XKykosckoro «XAWy, XappkoB, YkpauHa.

Koctenko E. M. — n-p TexH. HayK, JOIEHT, JOLUEHT Kadeapbl TEXHOJIOTHI 1 000pyAOBaHUs ITepepadaTHIBAIOIINX U
MUILIEBBIX MPOU3BOACTB, IlonTaBckas rocyaapcTBeHHas arpapHas akaaemus, [lonrtasa, Ykpauna.

MaBauk A. B. — kaHA. TeXH. HAyK, JOIEHT, JOICHT Kadeapbl aBHAIIMOHHBIX MPHOOPOB U M3MepeHwid, Harmonas-
HBIIA a3pokocmudeckuit yausepcuteT uM. H. E. XKykosckoro «XAWN», XaprkoB, YkpanHa.

Komeass U. U. — actiupanT kadenpbl aBUAIIMOHHBIX TPUOOPOB U M3MepeHui, HalmoHambHbIH a9pOKOCMUYECKHU
yausepcureT uM. H. E. XXykoBckoro «XAWN», XappkoB, YkpanHa.

PoxunoBa T. I'. — kaHx. TexH. HayK, CT. IIpenojiaBaresib KadeIpbl aBTOMaTH3aIMU IPOSKTUPOBAHHS BHIYUCIUTEIb-
HOH TeXHUKHU, XapbKOBCKUI HAllMOHAJIbHBIM YHUBEPCUTET PAJUOIIECKTPOHUKU, XapbKOB, Y KpauHa.

AHHOTADUSA

AKTyalbHOCTB. Pemena akTyanbHas 3aada COKPAIIECHHS MHOXECTBA IIAHOB MHOTO(AKTOPHBIX HKCIIEPHMEHTOB HPH MOUCKE

ONTUMAJIIBHOTO MO CTOUMOCTHBIM 3aTpaTaM.

He.]'lb paﬁOTLI — CHHTE3 U UCCJIICNOBAHUE MHOKECTBA IJIAHOB SKCIICPUMEHTAa ¢ MUHHUMAJIbHBIM YHUCJIOM IIEPEXO0J0B ypOBHeﬁ q)aK-

TOPOB.

Metoa. IIpuMeHeHue METO0B INIAHUPOBAHUS HKCIIEPUMEHTA I103BOJISIET COKPATUTh CTOUMOCTHBIE U BPEMEHHBIC 3aTpaThl IpU
HCCIIC0BAHUHN PA3JIMYHBIX TEXHOJIOTNYECKHUX IPOLIECCOB, IPHOOPOB U CHCTEM.

MuHHMHU3aLHsT KONUYECTBA MIEPeX00B YpoBHEH (akTOpoB B MiIaHe SKCIIEPUMEHTA, B CBOIO OUEPE/b, MPUBOAUT K YMEHBIIEHHUIO
CTOMMOCTH (BpeMeHH) ero peanusanud. OJHUM U3 METOJOB YMEHBIIEHHUsS KOJIMYECTBA IEPEXOJ0B YPOBHEH (aKTOPOB SBIAETCS

MIpUMEHeHHe Koaa I'pest mpyu MOCTpOeHNH IIaHa SKCIIEPHMEHTA.

Hoxa3aHo, YTO IIaHBI MHOFOq)aKTOpHI/IX OKCIICPUMEHTOB, IIOCTPOCHHBIE C HUCIIOJIB30BAHUEM KOOa Fpeﬂ, HUMCIOT MHHHMAaJIbHOC
KOJIM4YECTBO NIEPEXOA0B ypOBHeﬁ q)aKTOpOB, HO HE BCErja onTuMaJiIbHbI I10 CTOUMOCTH (BpeMeHI/I) peanmn3any SKCIEpUMEHTA.
ﬂﬂﬂ CHHTE3a MHOJKECTBaA IUIAHOB J3KCIEPUMEHTAa C MUHHUMAJIBHBIM YHUCJIOM IIEPEXOA0B ypOBHefI (1)aKTOp0B IIpH IMMOUCKE ONTH-

MaJIHOTO IUIaHA 0 CTOMMOCTHBIM (BPEMCHHBIM) 3aTpaTraM MpPEAioKeH METOJ, B OCHOBE KOTOPOT'O JIC)KHUT T'CHEpallis BapHaHTOB
JIBOMYHBIX KOJIOB, aHAJIN3 MX XapaKTEPHUCTHK W BHIOOP MOCIIEIOBATEIBHOCTEH, OTBCUAIONIUX 3aJaHHBIM TpeboBaHusIM. DopMupoBa-
HUE TUIOBBIX IUIAHOB 3KCIEPHMEHTa OCYIIECTBISIETCS MO METOAY, B OCHOBE KOTOPOTO JISKHT Te€HEpalysl BApUAHTOB IOCTPOCHUS
UIAHOB, OTPe/IeJICHHE KIIaCCOB YKBHBAJICHTHOCTH OTHOCHTENBHO 3aJaHHOM Tpymibl P mpeobpa3oBanuii u popmMupoBaHre MHOXKECTBA
TUTIOBBIX MPEACTABUTENCH TSI BEIACICHHBIX KIIACCOB SKBUBAJICHTHOCTH.

PesyabTathl. Pazpabotano mporpamMmHoOe oOeclieueHHe, pealn3yrollee IpeaaokeHHbIe METOIBI, KOTOPOE HCIOIb30BAHO IMPH
MMOCTPOCHUH MHOKECTBA TUIAHOB 3KCIIEPUMEHTOB JJISl KOIMYeCTBa (PaKTOPOB k=3 ¢ MHHUMAJBHBIM YHCIIOM NIEPEXOJI0B YPOBHEM.

BuiBoasl. [IpoBeieHHBIE 3KCIIEPUMEHTBI MTOJTBEPIUIN PadOTOCIIOCOOHOCTh MPETIOKEHHBIX METO/IOB M PEATU3YIOMIETO UX MPO-
rPaMMHOTO 00ECIICUCHHS, KOTOPOE MO3BOJISIET COKPATUTh MHOXKECTBO TUIAHOB SKCIICPUMEHTA JUTS TMOKCKa OoNTUMaibHOro. HayuHyro
HOBH3HY Pa0OThI MPEACTABIIAIOT METO/IbI, KOTOPBIC MO3BOJISIFOT CUHTE3UPOBATh MHOKECTBO ITIAHOB MHOTO(AKTOPHBIX 3KCIICPUMEH-
TOB, COKPAIIAIOIINX TOMCK ONTHMAJIBHBIX 110 CTOMMOCTHBIM (BPEMEHHBIM) 3aTparaM Iu1aHoB. [IpakTHueckas 3HAYMMOCTh pe3ybTa-
TOB paboTHI B TOM, 4TO pa3pabOTaHHOE MIPOTpaMMHOE 0OeCIIeUeHrEe, pealu3yolee NPeI0KCHHBIE METOIbI, MOXKET HAUTH LIMPOKOE
MIPUMEHEHHE TIPH UCCIIEIOBAHUH TEXHOJIOTHYECKUX MPOIIECCOB, MPUOOPOB U CUCTEM, Ha KOTOPBIX BO3MOXKHA PEaTH3alliisi aKTUBHOTO
9KCHEPUMEHTA.

KJIFOUYEBBIE CJIOBA: MeTo/pl, ONTUMAIBHEIN TUIaH SKCIIEPUMEHTa, MHOXKECTBO, IIPOTPAMMHOE 00CCIICUCHHE, CTOUMOCTbD.

HOMEHKJIATYPA

k — xonu4ecTBO (haKToOpOB;

X; — i-# ¢axrop;

Xmninn — MHOXXECTBO IIJIAHOB SKCIIEPUMEHTa C MUHH-
MaJIbHBIM YHCJIOM IIEPEXO/I0B YPOBHEH (haKTOPOB;

Xonrnn — TUIAHBI, TIOJYYECHHBIE METOZOM IIOJHOTO Iie-
pebopa;

Xonr r — TJIaHBIL, IOCTPOEHHBIE C MCIONB30BaHUEM KOJa
I'pes.

BBEJEHUE

Jnst noBblieHus: 3QQPEKTUBHOCTH 3KCIEPUMEHTANb-
HBIX HCCIICJIOBaHUI, HANPaBICHHBIX HA MOCTPOCHHE Ma-
TeMaTU4eCKUX Mojelell 00beKTOB, Lelecoo0pa3sHo MpH-
MEHSTh METOIbI IFTAaHUPOBaHUA dKcriepuMenTa. [1pu atom
M3MEHEHHE TIOpsAKa MPOBEJCHUS ONBITOB IIaHA JKCIIe-
pUMEHTa CYyIIECTBEHHO BIIMAET HAa CTOUMOCTH (Bpemsi)

peaim3alyy SKCIIePUMEHTa, TaK KaK Mepexojl OT OJAHOTO
OTIBITA K JIPYTOMY HE paBHO3aTpaTeH.
XapakTepHO, YTO IPU CTPEMIICHMH K MHUHHMAJIEHOMY
KOJIMUECTBY IIEPEX0/I0B ypOBHEH (akTOpoB OyIeM Takxke
NpUOIMKATECI K MHHUMH3AIMKA CTOMMOCTH (BpEMEHH)
peanuzanuy 3KcIepuMeHTa. MHUHNMaIbHOE KOJIMYECTBO
MIEpEX0JI0B YPOBHEH (DaKTOPOB HMMEIOT IUIAHBI SKCIECPH-
MEHTOB, MOCTPOCHHBIE C MpuMeHeHneM koma I'pes [1].
OpHaKO CyMIECTBYET MHOXECTBO IJIAHOB C MHHUMAIb-
HBIM YHCIIOM IIEPEXO0JI0B YPOBHEH (HaKTOpOB, KOTOpPOE
HEOOXOAMMO UCCJIENOBaTh IO KPHUTEPUIO CTOUMOCTH
(BpeMeHH) UX peanu3aluy.

OO0BeKT HccIel0BaHNSA: IPOLIECCH ONTUMM3ALINH 110
CTOMMOCTHBIM 3aTparaM ITaHOB MHOTO(AKTOPHBIX JKC-
MIEpUMEHTOB.
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IMpeamer McCaeA0BAHUSI: MHOXECTBA IUIAHOB MHO-
roakTOpHBIX IKCIEPHMEHTOB C MHHUMAIBHBIM YHCIOM
NepexXo/I0B YpOBHEH (pakTOpOB.

Ieap uccienoBaHMsI: CHHTE3 U HCCICIOBAHUE MHO-
)KECTBA IUIAHOB JKCIICPUMEHTa ¢ MUHHUMAJIBHBIM YHCIOM
MEePEeX00B YPOBHEH (paKTOPOB.

1 TIOCTAHOBKA 3ATAYA

st MOCTHIKEHUs! TOCTaBJICHHOW IIeIM HEo0X0AuMO
PELINTH CIEIYIOMINE 3aIaun:

— IOKa3aTh, YTO IDIAHBI MHOTO(AKTOPHBEIX SKCICpPH-
MEHTOB X, r, IIOCTPOCHHBIE C WCIONB30BaHHUEM KOIa
I'pes, WMEOT MHHUMAIbHOE KOJIUYECTBO IIEPEXOJOB
YpoBHEH (haKTOpOB, HO HE BCETNla ONTHMAIBHEI IT0 CTOH-
MOCTHBIM (BPEMEHHBIM) 3aTpaTaM Ha UX Peajii3allnio;

— paspaboTtaTh mporpamMmHOe OOecTieueHHe ajsl CHH-
Te3a MHOXXECTBA IUIAHOB JKCHEPUMEHTa X, , C MHHH-
MaJIbHbIM YHCJIOM TI€PEXO0/I0B YPOBHEH (haKTOpPOB;

— st KoJin4ecTBa (PakTopoB k& =3 ¢ MOMOIIBIO pa3pa-
00TaHHOTO MPOrPaMMHOTO OOECIIeYEeHHsI CHHTE3UPOBATh
U MCCIICJIOBATH IUIAHBI AKCTIEPUMEHTA Xpyin , ¢ MUHUMAITb-
HBIM YHCJIOM IIEPEX0/I0B YPOBHEH (pakTOpOB;

— TOKa3aTh, YTO ONTHMAJBHEIC IJIAHEI, MTOyYCHHEIC
MeTOJIOM TosHOTO Tepedopa Xyy; ,» U C TPUMEHEHUEM
koja I'pes Xonr r BXOAAT B MHOXKECTBO IUIAHOB Xpnip 4, T.€.
XO]‘[T nn eXnin ns XOHTFG Xmin n

2 OB30P JIMTEPATYPBI

Jlnst MoCcTpoeH!s ONTHMANIBHBIX INIAHOB SKCIIEPUMEH-
TOB MOYXHO HPUMEHSTH METOJbl KOMOWHATOPHOW OITH-
mu3ayu [2—-18]. DT MeToAbl UIMEIOT CBOM NMPEUMYILECT-
Ba U HemocTaTku. CyIIeCTBEHHBIMHM HENOCTaTKaMU IPH
UX MPUMEHEHHH SIBIISIIOTCS: HU3KOE OBICTpOJICHCTBHE, HE
BCErJa HAXOMUTCAd TOYHOE DEUICHUE, a yAaeTcsl HalTH
pelIeHne JUIIb OJIM3KOEe K ONTUMAIBHOMY.

M3BecTHBl mpumepsl [1] mocTpoeHus METoAaMH, Oc-
HOBaHHBIMH Ha WCIOJNB30BaHWMM Kojxa ['pes, onmrumans-
HBIX TIO CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM IUIaHOB
MHOTO(aKTOPHBIX 3KCIIEPUMEHTOB.

OpnHako IUIaHbI, CHHTE3UPOBAaHHBIE ITUMH METOJAAMH,
MMEIOT MHUHHMAJIBHOE KOJIMYECTBO IEPEXOJ0B YPOBHEH
(akTOpoB, HO HE BCErJa ONTUMAJbHBI 10 CTOUMOCTH
(BpeMeHHM) peann3auy S3KCIePUMEHTA.

OnTUMHU3alUI0 IJIaHOB IKCIEPHUMEHTAa MO CTOMMOCT-
HBIM (BpPEMEHHBIM) 3aTpaTaM METO/O0M IOJIHOTO Tepedopa
NP COBPEMEHHOM YPOBHE pPa3BUTHUS BBIYHCIMTEIBHOMN
TEXHUKH MOXKHO PEIINThH TOJIBKO JUIA KOJIHIECTBA (aKkTo-
poB k<3.

CrenoBaTenbHO BO3HHUKAET MpoOiIeMa COKpaIleHHs
MHOKECTBA IIJTAHOB MHOTO(AKTOPHOTO 3KCIEPHUMEHTA C
MHUHHMMAJIBHBIM YHCIOM IIEPEXO/0B YPOBHEH (akTopoB
JUIl TIOMCKa ONTHMAJbHBIX TI0 CTOMMOCTHBIM (BpEMEH-
HBIM) 3aTpaTaM Ha ero peaau3alfyio.

3 MATEPHUAJIbI U METO/IbI
B pabGote [6] mis uccaenoBaHus CIEAIICH CHCTEMBI
MIPUBEICHB UCXOMHBIA IUTAH MOJHOTO (DaKTOPHOTO IKC-
mepuMeHTa (Tabi. 1) ¥ CTOMMOCTH U3MCHCHUS 3HAYCHUM
ypoBHeit pakTopos (Tadm. 2).

Tabmuua 1 — McXoaHblii ¥ ONTUMAIBHBIN IUIAHbI
JKCIIEPUMEHTA

Vexombiii mwian [Tomy4yenHslit MeToTOM
MOJIHOTO nepedopa
fower x| | x| X X X
1 -1 -1 -1 +1 +1 -1
2 +1 -1 -1 +1 +1 +1
3 -1 +1 -1 +1 -1 +1
4 +1 +1 -1 +1 -1 -1
5 -1 -1 +1 -1 -1 -1
6 +1 -1 +1 -1 -1 +1
7 -1 +1 +1 -1 +1 +1
8 +1 +1 +1 -1 +1 -1

Tabnuua 2 — CTOMMOCTH U3MEHEHHS 3HaUCHUI ypOBHEH

(baxTopoB
CTOMMOCTH U3MEHEHHI 3HaUe- O6o3Hauenus GakTopos
HUH ypOBHEH (pakTopoB X, X X
n3 «—1» B «+1», ycu. ex. 8,0 2,0 1,0
u3 «+1» B «—1», yci. ex. 4,0 2,4 1,6

OnTumu3anust UCXOAHOTO IUIaHA 3KCIEPUMEHTa II0
CTOMMOCTHBIM 3aTpaTaM Ha €ro pealn3alfio OCYIIECTB-
Js71ach METOJOM MosHOoro mnepebopa. Ilpu stom crom-
MOCTbh pEalu3allMid JKCIEPUMEHTa MO ONTHMAILHOMY
ruia”y (cM. Tabi. 1) cocrasnsier 13,6 ycn. en.

B naHHOH crarbe onTHMH3anus IDIaHA MOJHOTO (ak-
TOPHOTO D3KCHEPHMEHTa JUIS WCCIECIOBAHMS CIesIen
CHCTEMBI OCYIIECTBIISUIACH METOJOM, OCHOBaHHBIM Ha
npuMeHeHuu koga I'pes [1].

Jns cuHTE3a MHOXECTBAa IUIAHOB HKCIIEPUMEHTa C
MHUHAMAJIbHBIM YHCIIOM TIEPEXO/I0B YpPOBHEH (akTopoB
IIpU TIOWCKE ONTHUMAIBHOTO IO CTOMMOCTH (BPEMEHH)
peanu3alyy IIaHa MPEIyIoKEH METOA, B OCHOBE KOTOPO-
ro JICKUT reHepanus BapuaHTOB JIBOMYHBIX KOJ/OB, aHa-
JIM3 UX XapaKTEPUCTUK M BHIOOP MOCIIEA0BATENLHOCTEH,
OTBEUAIOIINX 3aJaHHBIM TpeOoBaHUsAM. DOPMUPOBAHHE
TUIIOBBIX IUIAHOB HKCIIEPUMEHTa OCYLIECTBIISIETCS 110 Me-
TOJY, B OCHOBE KOTOPOTO JISKUT I'€HEepalys BapHUaHTOB
MIOCTPOEHMS TUIAHOB, ONPEIENICHNSI KIIaCCOB AKBHBAJICHT-
HOCTH OTHOCHTENBHO 3aJaHHON Trpynmsl P mpeoOpasosa-
HUHA ¥ (OPMHUPOBAHNE MHOKECTBA THIIOBBIX NPEICTaBH-
TEJIeH IJ1s BBIICNICHHBIX KJIACCOB AKBHBAIEHTHOCTH.

4 JKXCIIEPUMEHTbBI

[Tpy onTUMHU3aIUM IUIAHA MOJHOTO (AaKTOPHOTO JKC-
NEPUMEHTa METOAOM, OCHOBAHHBIM Ha MPUMEHCHUHN KOJa
I'pest, monmydeH BapuaHT, IPUBEACHHBIN B Ta0I. 3.

CTOMMOCTb peanu3aliy 3TOro IlaHa cocraBmusgeT 17,6
yci. ea. Takum oOpa3oM, IuiaH, MOJTYYEHHBIH METOJOM,
OCHOBaHHBIM Ha NPUMEHEHHH Koja ['pes, onTuMaibHbINA
[0 YHCIy IEPEeXOA0B YpPOBHEH (haKTOpOB, HO HE OINTH-
MaJIbHBII 110 CTOUMOCTH pean3aliy SKCICPHMEHTA.

CrenoBaTebHO, BO3HHMKACT 3a/lada CHHTE3a MHOXKe-
CTBa IUIAHOB O3KCIIEPUMEHTAa C MHHHMAIBHBIM YHCIIOM
HEepexolioM ypoBHeH (aKTOPOB AJISL TOUCKA ONTHMAJIbHO-
TO TUTaHa 10 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM.
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Tabmuua 3 — [Inan 3xcriepuMeHTa, NOJTy4EeHHbIH METOIOM Ha
ocHoBe Koza I'pest

Howmep ombita Xy X X
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

s pemieHus 3TOW 3aqadd aBTOpPaMHU pa3padoTaHa
KOMIBIOTEpHAsT TporpaMma (HOpMHUpPOBAHUS BapHUAHTOB
KOJIOB ¢ MHUHHUMAaJbHBIMU H3MeHeHUsMH [19], B ocHOBe
KOTOPOH JIC)KHUT TEHEpaIisl BAPHAHTOB TBOMYHBIX KOJIOB,
aHaTN3 WX XapaKTEPUCTHK W BBIOOP MOCIEIOBATEIBHO-
CTEi, KOTOpPBIC OTBEYAIOT 33JaHHBIM TPEOOBAHHSM.

B mporpamMMe BO3MOXHO 3amaHW€ MHHHMAIBHOTO H
MaKCHMAaJIFHOTO KOJTMYECTBA N3MECHEHHH.

ABTOpamH Takke pazpaboTaHa KOMIBIOTEpHasl MpO-
rpamma (OPMUPOBAHUS TUIOBBIX [IAHOB MHOTO(AKTOP-

HOro »KcnepuMenTa [20], B 0oCHOBe pabOTHI KOTOPOIi Jie-
JKUT T€HEpalysi BApPUaHTOB IIOCTPOCHMS IIJIAHOB, OTIpeJie-
JICHUE KJIACCOB 3KBHBAJIEHTHOCTH OTHOCHTEIBHO 3a/1aH-
HOH rpymnbl P npeoOpa3zoBanuii 1 (OpMUPOBAHHE MHO-
JKECTBA THUIOBBIX IPEACTaBUTENCH U BBIACIECHHBIX
KJIaCCOB 3KBHBAJICHTHOCTH.

Pa3paboTanHoe mporpaMmMHoe oOecriedueHHe pean3o-
BaHo Ha si3pike « TURBO PASCALy, mocTpoeHo 1o mMo-
JIyJTbHOMY TIPDHHIMITY M oOecreunBaeT THOKyro ajarra-
MO JIUISl pelieHust OoJiee IIMPOKOTo Kiacca 3a/1ad.

PaGora ¢ 3BM ocy1iecTBisieTcsl B peXXUMe Ualora.
ITpocyeTs! BHITOTHAINCH HA KOMITBIOTEPE C MPOLIECCOPOM
Intel Pentium G20 ¢ gacroroii 2,60 I'T'm.

5 PE3YJIBTATBI

C nmomompio nporpammsl [19] mns k=3, roe k — xo-
JIr4YecTBO (akTOpoB, ObUTM NOCTpOeHbI 144 rutaHa Kcrie-
pUMEHTa (IBOMYHBIE KOJbI) C MUHMMAJIbHBIM KOJIWYECT-
BoM m3MeHermii (2—1). ®parment sTOro MHOKecTBa
MPEJCTaBICH B Taba. 4 W BKIOYACT Takke IuiaH (N, =
137), mocTpoeHHBINI METOIOM Ha OCHOBe koma ['pes u
wial (N,,, = 57) nonHoro nepebdopa.

Tab6muna 4 — JIBOW4HbIE KOl C MUHUMAJIBHBIM KOJMYECTBOM U3MEHCHHH (2k—1) mi k=3

57 58 59 60 61 63 64 65 66 67
+1+1-1 +1+1-1 -1+1-1 +1+1-1 +1+1 -1 +1+1-1 —-1+1-1 -1-1-1 +1+1-1 +1+1-1 +1+1-1
+1+1+1 +1+1+1 +1+1-1 +1+1+1 +1+1+1 +1+1+1 +1+1-1 —-1+1-1 —1+1-1 —1+1-1 -1+1-1
+1-1+1 +1-1+1 +1+1+1 +1-1+1 —1+1+1 —1+1+1 +1+1+1 +1+1 -1 —-1+1+1 —-1+1+1 -1-1-1
+1-1-1 +1-1-1 +1-1+1 -1-1+1 -1-1+1 —-1+1-1 —1+1+1 +1+1+1 +1+1 +1 +1+1 +1 -1-1+1
-1-1-1 -1-1-1 +1-1-1 -1+1+1 +1-1+1 -1-1-1 -1-1+1 —1+1+1 +1-1+1 +1-1+1 -1+1+1
-1-1+1 -1+1-1 -1-1-1 -1+1-1 +1-1-1 -1-1+1 +1-1+1 -1-1+1 +1-1-1 -1-1+1 +1+1+1
-1+1+1 -1+1+1 -1-1+1 -1-1-1 -1-1-1 +1-1+1 +1-1-1 +1-1+1 -1-1-1 -1-1-1 +1-1+1
-1+1-1 -1-1+1 —1+1+1 +1-1-1 -1+1-1 +1-1-1 -1-1-1 +1-1-1 -1-1+1 +1-1-1 +1-1-1

68 69 70 71 72 74 75 76 71 78
-1-1-1 —-1-1+1 -1+1+1 -1+1+1 -1+1+1 —1+1+1 +1+1+1 +1+1+1 +1+1+1 +1+1+1 +1+1+1
—1-1+1 —1+1+1 -1-1+1 -1+1-1 -1+1-1 +1+1+1 +1+1-1 +1+1-1 +1+1-1 +1+1-1 +1+1-1
—1+1+1 —1+1-1 -1-1-1 +1+1-1 +1+1-1 +1+1-1 —-1+1-1 +1-1-1 +1-1-1 —1+1-1 +1-1-1
-1+1-1 +1+1-1 -1+1-1 +1+1+1 +1+1+1 -1+1-1 —1+1+1 +1-1+1 +1-1+1 -1-1-1 -1-1-1
+1+1-1 +1+1+1 +1+1-1 +1-1+1 +1-1+1 -1-1-1 -1-1+1 -1-1+1 -1-1+1 +1-1-1 -1+1-1
+1+1+1 +1-1+1 +1+1+1 -1-1+1 +1-1-1 -1-1+1 +1-1+1 —1+1+1 -1-1-1 +1-1+1 -1+1+1
+1-1+1 +1-1-1 +1-1+1 -1-1-1 -1-1-1 +1-1+1 +1-1-1 —1+1-1 -1+1-1 -1-1+1 -1-1+1
+1-1-1 -1-1-1 +1-1-1 +1-1-1 —-1-1+1 +1-1-1 —1-1-1 -1-1-1 —1+1 +1 —1+1+1 +1-1+1

79 80 81 82 83 120 121 122 123 124
+1+1+1 +1+1+1 +1+1+1 +1+1+1 -1 +1+1 -1-1+1 -1-1-1 +1-1+1 —-1-1+1 +1-1+1 +1-1+1
+1+1-1 —1+1+1 —1+1+1 —1+1+1 +1+1 +1 -1 +1+1 —-1-1+1 +1+1+1 +1—1+1 +1+1+1 +1+1+1
-1+1-1 -1-1+1 -1+1-1 -1+1-1 +1+1-1 +1+1+1 +1-1+1 +1+1-1 +1+1+1 +1+1-1 +1+1-1
-1+1+1 -1-1-1 +1+1-1 +1+1-1 +1-1-1 +1+1-1 +1+1+1 —1+1-1 +1+1-1 +1-1-1 +1-1-1
-1-1+1 -1+1-1 +1-1-1 +1-1-1 +1-1+1 -1+1-1 -1 +1+1 —1+1+1 +1-1-1 -1-1-1 -1-1-1
-1-1-1 +1+1 -1 -1-1-1 +1-1+1 —-1-1+1 -1-1-1 —1+1-1 —-1-1+1 -1-1-1 —1+1-1 -1-1+1
+1-1-1 +1-1-1 -1-1+1 -1-1+1 -1-1-1 +1-1-1 +1+1 -1 -1-1-1 —1+1-1 —1+1+1 —1+1+1
+1-1+1 +1-1+1 +1-1+1 -1-1-1 —1+1-1 +1-1+1 +1-1-1 +1-1-1 —1+1+1 —1-1+1 -1+1-1

125 126 127 128 129 131 132 133 134 135
+1-1+1 -1-1+1 -1-1+1 +1-1+1 +1-1-1 -1-1-1 +1-1-1 +1-1-1 -1-1+1 -1-1+1 +1-1-1
+1+1+1 +1-1+1 +1-1+1 +1-1-1 +1-1+1 +1-1-1 +1-1+1 -1-1-1 -1-1-1 -1-1-1 -1-1-1
—1+1+1 +1+1+1 +1-1-1 -1-1-1 +1+1+1 +1-1+1 +1+1+1 —-1-1+1 +1-1-1 +1-1-1 -1-1+1
-1-1+1 —1+1+1 -1-1-1 -1-1+1 +1+1 -1 +1+1+1 +1+1 -1 +1 -1 +1 +1-1+1 +1-1+1 +1-1+1
-1-1-1 —-1+1-1 —-1+1-1 -1 +1+1 —1+1-1 +1+1 -1 —1+1-1 +1+1+1 +1+1 +1 +1+1 +1 +1+1 +1
+1-1-1 -1-1-1 —1+1+1 +1+1 +1 —1+1+1 —1+1-1 -1-1-1 +1+1 -1 +1+1 -1 —1+1+1 -1 +1 +1
+1+1-1 +1-1-1 +1+1+1 +1+1-1 -1-1+1 —1+1+1 —-1-1+1 —-1+1-1 —-1+1-1 —-1+1-1 -1+1-1
—1+1-1 +1+1 -1 +1+1-1 —1+1-1 -1-1-1 —-1-1+1 —1+1+1 —1+1+1 —1+1+1 +1+1-1 +1+1-1

136 137 138 139 140 142 143 144
+1-1-1 -1-1-1 +1-1-1 +1-1-1 —-1+1-1 +1-1-1 —1+1+1 —-1-1+1 —1+1-1
+1-1+1 +1-1-1 +1-1+1 +1-1+1 -1-1-1 -1-1-1 —-1-1+1 —1+1+1 —1+1+1
+1+1+1 +1-1+1 -1-1+1 -1-1+1 +1-1-1 —-1+1-1 -1-1-1 —1+1-1 —1-1+1
—1+1+1 —-1-1+1 —1+1+1 -1-1-1 +1-1+1 —1+1+1 +1-1-1 —-1-1-1 -1-1-1
—1-1+1 -1 +1+1 +1+1+1 -1+1-1 -1-1+1 -1-1+1 +1-1+1 +1-1-1 +1-1-1
-1-1-1 +1+1+1 +1+1-1 -1+1+1 -1+1+1 +1-1+1 +1+1+1 +1-1+1 +1-1+1
—-1+1-1 +1+1-1 -1+1-1 +1+1+1 +1+1+1 +1+1+1 +1+1-1 +1+1+1 +1+1+1
+1+1-1 -1+1-1 -1-1-1 +1+1-1 +1+1-1 +1+1-1 —1+1-1 +1+1-1 +1+1-1
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[Ipn ncnosnp30BaHNM METOAA MOJHOTO mepedopa [uist
aToro cirydas ananmmupyercst 40320 BapuaHTOB.

[porpamma [19] mist k=3 mo3Bonmia mocTpouts H6a-
3y JIaHHBIX THUIOBBIX KOJOB C MHHUMAaJbHBIMH H3MEHE-
HUSAMH (Tabi1. 5), B KOTOPYIO TaKXKe BOILIN TUIAHBI dKCITe-
pUMEHTa, MOJIyYEHHbIE METOJAaMU Ha OCHOBE Koja I'pes
(Ne3) u mosHOTO TIepedopa (Ne 20).

6 OBCYXJAEHUE
ITpn cuHTe3e IUTAHOB U HCCIIEMOBAHUS CIIEAAIICH
CHCTEMBI ITOKAa3aHO, YTO IUIAHBI MHOTO(AKTOPHOTO 3KC-
MEPUMEHTA, OCTPOEHHBIE C UCTONIb30BaHUEM Koaa ['pes,
HUMEIOT MUHHMMAJIbHOE KOJMYECTBO IEPEX0JI0B ypPOBHEH
(hakTOpOB, HO HE BCErJa ONTUMAJBHBI [0 CTOMMOCTH pea-
JIU3aIMU YKCTIIEPUMEHTA.

Ta6m/111a 5 — MHO€eCTBO THIIOBBIX HpeZ[CTaBI/ITeHeﬁ IJIaHOB ¢ MUHHUMAJIbHBIMH U3MCHCHUSAMU

Howmep onsita
Ne

Howmep omnsita
Ne

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8

-1 | +1 |+ | -1 |-1]-1|+1]+1

-1 (+1 |+ | -1 | -1 |-1]+1]|+1

1 -1 | -1 -1 |-=1]+1 ] +1 | +1 | +1

2 | =1 | =1 | -1 ]-=11]+1|+1|+1]|+1

-1 | -1 |+l |+1|+1|-1|-1]+l

+1 |+l | -1 [ -1 -1 |+1]|+1]| -1

-1 | -1 | -1]-1]+1 |+ |+1 ]|+l

-1 |+l | A1 [ +1 [+ | -1 ] -1]-1

3| -1 | -1 [+ |+ |41 |+1|-1]-1

S S N SN S |

-1 [ +1 |+ | -1 | -1 ] +1 | +1] -1

+1 | +1 | -1 -1 |+1|+1 | -1]-1

-1 | -1 ] -1 ]-1 |+ |+1|+1 | +1

-1 | =1 | +1 | +1 | +1 | -1 ] -1]+1

S+l [+ | -1 | -1 ]-1|+1|+1] -1

6 | +1 [ =1 | -1 [+1 | +1 |[+1]-11]-1

+1 | -1 | -1 | +1 [ +1 [+ |-1]-1

1|+ | A1 [+ -1 | -1 ] -1]-1

-1 | -1 |41 | +1 [ +1 [+ |-1]-1

-1 | -1 | -1 [+1 [+ |+ |+l ]| -1

T |41 | +1 [+ | +1 | -1 | -1|-1]-1

8 |41 | +1 | -1 | -1 |+1|+1|-1|-1

+1 | =1 | =1 [ +1 |+ | -1]-1|+1

+1 (-1 | -1 |-1]-1|+1]+1]| +1

-1 | -1]-1]-1 |+ |+1 | +1 | +1

-1 | =1 | =1 |+1 |41 |+1 |+ ]| -1

10 | +1 | =1 | =1 | =1 | -1 | +1 | +1 | +1

I =1 | =1 |41 | +1 | -1|-1]+1]|+1

12 | +1 | =1 | =1 | +1 [ +1 | =1 | =1 | +1

I3 1| =1 [ +1 [+ |-1]-1]+1 ]+

4 -1 | =1 | +1[+1 [+ [+1]-1]-1

IS | -1 | =1 |41 |41 [+l |-1]-1]+1

16 | -1 | =1 | #1 | +1 [ +1 | =1 | =1 | +1

171 -1 |41 | +1|-1|-1]+1 ]+l | -1

18| -1 | =1 | =1 [ +1|+1|+1]+1]-1

19 | +1 | +1 | =1 | =1 | -1 |+ | +1 ]| -1

20 | 41 | 4L | A1 [ A1 | -1 | -1 | -1 ] -1

20 | +1 | A1 | =1 | =1 | +1 | +1 | =1 | -1

22 | 41 | =1 | =1 [ +1 | +1 | +1 | =1 | —1

23 1 +1 | =1 | =1 | 41 | +1 | -1 | -1 | +1

24 | +1 | =1 | =1 | =1 | =1 | +1 | +1 | +1
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B pesynbraTe aHann3a MHOXECTB IUIAHOB SKCIEPH-
MeHTa (CM. TalIl. 4 u 5), MOTyYeHHBIX ¢ IOMOIIBIO pa3pa-
0O0TaHHOTO MPOTPAMMHOTO OOECIIeUYeHus], BUIHO, UTO CY-
IIECTBEHHO COKPAIIACTCsl MHOXECTBO IIIAHOB 3KCIICPH-
MEHTa JUI1 TOWCKA ONTHUMAIBHOTO IO CTOMMOCTHBIM
(BpeMeHHBIM) 3aTpaTaM, IIOCKOJIBKY THOJy4YeHHas 0aza
JaHHBIX ( cM. Tabi. 5) BKIIIOYAET BCETo 24 TuiaHa, a mpu
UCIIONIb30BaHUU METOJIa TOJIHOTO mepedopa aHaIUu3upy-
etcs 40320 BapuaHTOB.

BbIBO/bI

1. B pabore pemieHa akTyanpHas mpodjeMa 1o co-
KpaIleHNI0 MHOXKECTBA TUIAHOB HKCIIEPUMEHTA JJISl TTOUC-
Ka ONTHUMAaJIbHOTO 10 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpa-
Tam.

2. Iloka3zaHo, YTO METOJbl CHHTE3a IUIAHOB MHOTO-
(haKTOPHBIX SKCHEPHMEHTOB, OCHOBAHHBIC Ha ITPHMEHE-
Huu xoxaa I'pes, He Bcerga NaroT ONTUMAJbHBINA IO CTOM-
MOCTH (BPEMEHH) pean3alyy IUIaH.

3. Pa3paboTaHbl KOMIBIOTEPHBIE MPOTPaMMBI, KOTO-
psie dopMupyroT 0a3bl JaHHBIX M 3HAYMTEIFHO COKpa-
L[AI0T MHOXECTBO IIJIAHOB JKCIEPUMEHTa A IOHCKa
ONITUMAJIBHOTO M0 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM
Ha ero peanm3anuio. s k = 3 MHOXecTBO BKIItovyaetr 24
maHa skcnepuMmenta BMecto 40320 BapuaHTOB NpU MOJ-
HOM Tiepebope.

4. Hayynasi HOBU3HA paboTHI:

— BIIEPBBIC TPEIJIOKEH METOJ CHHTE3a MHOXECTBA
IUTAaHOB AKCIEPHUMEHTa ¢ MUHUMAJIBHBIM YHCIIOM Iepexo-
JIOB YPOBHE#1 (h)akTOpOB, B OCHOBE KOTOPOT'O JIE)KUT T'eHe-
pamys BApHaHTOB BOMYHBIX KOJOB, aHAJIM3 MX XapakTe-
PUCTHK M BBIOOp IIOCIIEAOBATEILHOCTEH, OTBEYAIOIINX
3aJaHHBIM  TPeOOBaHUSAM, IO3BOJISIONIMA  COKPAaTHTh
MHOKECTBO JAJIsl IOMCKA ONTHMANBHBIX TI0 CTOUMOCTHBIM
(BpeMeHHBIM) 3aTpaTaM IUIAaHOB SKCIICPHMEHTA;

— BIIEPBBIC IIPEATIOKEH METo (OPMHUPOBAHMS THIIO-
BBIX IUTAHOB SKCIEPHMEHTA, B OCHOBE KOTOPOTO JIEXKHT
TeHepalys BapUaHTOB IIOCTPOCHUS IUIAaHOB, OIPE/IEIICHHS
KJIACCOB  SKBHUBAJIICHTHOCTH OTHOCHTENBHO 3aJlaHHOU
rpymnsl P npeoOpa3zoBanuii 1 OPMUPOBAHHE MHOXKECTBA
TUIIOBBIX IPEJCTaBUTENICH JJIS BBIIENECHHBIX KJIACCOB
SKBHUBAJICHTHOCTH, IO3BOJIAIONIMNA 3HAYUTEIHHO COKpa-
TUTb MHOXKECTBO JUISl MTOMCKA ONTHMAJbHBIX 110 CTOMMO-
CTHBIM (BPEMEHHBIM) 3aTpaTaM IJIaHOB IKCIIEPUMEHTA.

5. IllpakTHYecKkasi 3HAYUMOCTh PE3yJIbTaTOB PabOTHI
B TOM, YTO pa3paboTaHHOE MPOrpaMMHOE OOecIeyYeHue,
peanm3ylomee IPeUIOKeHHBIE METOIbI, MOXET HaWTH
[IMPOKOE TIPUMEHEHHUE MPU HCCIICAOBAHUH TEXHOIOTHYE-
CKHX MPOLIECCOB, MPUOOPOB M CHUCTEM, Ha KOTOPBIX BO3-
MOJXKHA pean3alysl aKTHBHOIO 3KCIIEPUMEHTa, HaIpH-
Mep, anmapaTHO-NPOTPAMMHBIH KOMIUIEKC 3KCHEPHMEH-
TaJbHOI O0TPabOTKH mporeccon [21].

6. IlepcneKkTUBBI JajdbHeHIINX HCCIEI0BAHMIA CO-
CTOSIT B INPUMEHEHUH pa3pabOTaHHOTO MPOrPaMMHOTO
obecrieueHuns ISl UCCIIeIOBaHMSI TPEXYPOBHEBBIX TUIAHOB
Y KOMIIO3UIIMOHHBIX IUIAHOB BTOPOTO MOPSAKA.
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IO HaIlIOHAJILHOTO YHIBEPCUTETY PalioeeKTpoHikH, XapkiB, YkpaiHa.

AHOTALIA

AKTyaJbHicTb. BupimeHo akTyanpHy 3a/1adqy CKOPOUCHHSI MHOKHHH TUIaHIB 0araTo(pakToOpHUX EKCIIEPUMEHTIB IS TMOIITYKY OIl-
THMAaJIBHOTO 33 BaPTiICHUMHU BUTPATaMH.

MeTta po6oTH — CHHTE3 Ta JOCHIIIKEHHS MHOXXUHH IDIaHIB €KCIIEPUMEHTY 3 MiHIMaIbHUM YHCIIOM IIEPEXO/IiB PiBHIB (haKTOpiB.

MeTtoan. 3acTocyBaHHSI METO/IB IJIAHYBaHHS €KCIIEPUMEHTY JI03BOJISIE 3SMEHIIUTH BapTiCHI Ta 4aCOBI BUTPATH IIPU JIOCIIKEHHI
PI3HHX TEXHOJIOTIYHUX MPOLECIB, IPUIAJIB i CHCTEM.

MiHimi3awis KUIBKOCTI MepexoAiB piBHIB (aKTOpPIB y IUIaHI EKCIIEPUMEHTY, B CBOIO 4epry, PU3BOJHUTH 10 3MEHIICHHS BapTOCTi
(uacy) #toro peamizarii. OxHEM i3 METO/IB 3MEHILICHHS KiJIbKOCTI MEPeXo/IiB piBHIB (akTopiB € 3acTocyBaHHs Koay ['pest aist moOy-
JIOBH IUIAHY €KCIIEPHMEHTY.

IlinTBepmKyeThCs, MO TIaHu OaraTo(akTOPHUX EKCIEPUMEHTIB, TIOOYI0BaHI 3 BUKOPHCTAHHAIM KOy ['pest, MatoTh MiHIMaJIbHY KiJlb-
KICTB MIEpeXO/IiB PiBHIB (PAaKTOPIB, ajie He 3aBKIH ONTHMAIBHI 32 BapTICTIO (YacoM) peasiizalii eKCIIepUMEHTY.

Jlnst cuHTe3y MHOXHHHM IUIaHIB €KCIIEPHMEHTY 3 MIiHIMAJIBHIM YHCIIOM NEPEXOAiB PiBHIB (paKTOPIB IS HONIYKY ONTUMAIEHOTO
IUTaHy 3a BapTiCHUMH (YaCOBUMM) BUTpPAaTaMH 3allpOIIOHOBAHO METOJ], B OCHOBI SIKOTO JISKHTh TeHEpallisl BapiaHTIB ABIHKOBHUX KOJIB,
aHai3 1X XapaKTEepUCTHK Ta BUOIp MOCNIIZOBHOCTEH, 10 BiANIOBINAIOTE 3agaHuM BUMoraM. QopMyBaHHS THIIOBUX IUIAHIB €KCIIEPHU-
MEHTY BUKOHYETBCS [I0 METO/Iy, B OCHOBI SIKOTO JIC)KUTDH TeHEepallis BapiaHTiB OOy JOBY IUIaHIB, BU3HAYEHHS KJIACiB €KBIBaJEHTHOCTI
BiIHOCHO 3a/1aHOi rpynHu P neperBopeHb Ta pOpMyBaHHS MHOKHMHM THUIIOBUX HPEJCTABHUKIB 171 BUAICHUX KJIACiB €KBIBAJIECHTHOCTI.

PesyabTaTu. Po3pobieHo nporpamue 3a0e3neyueHHs, o peallisye 3aporoHOBaHi METO/IH, IKe BUKOPHCTOBY€EThCS I 00y 10-
BU MHO)KHHU TIJTaHIB EKCIIEPUMEHTIB LTS KiTbKOCTI (pakTopiB K=3 3 MiHIMaIbHUM YHCIIOM MIEPEXOIIB PiBHIB.

BucnHosku. [IpoBesieHi eKCiepuMEHTH MiATBEPAMIN MPale31aTHICTh 3aIPOIIOHOBAHIX METOJIIB Ta Peaji3ylodoro iX mporpaMHo-
ro 3a0e3nedeHHs, sIKi JO3BOJIIOTh CKOPOTHTH MHOXKUHY IUIAHIB €KCIIEPUMEHTY JUIS MOIIyKy onTHMaibHoro. HaykoBy HOBH3HY po-
00TH CTAaHOBIIATH METOMH, SIKi JIO3BOJISIIOTH CHHTE3yBAaTH MHOXKHHY IUIaHIB 6araro()akTOPHUX €KCIEPUMEHTIB, 10 CKOPOUYIOTH I10-
LIYK ONTUMAJIBHHX 33 BapTiCHUMH (YaCOBMMHM) BUTpATaMH IUIaHiB. [IpakTHYHA 3HAYMMICTh pe3ysIbTaTiB poOOTH B TOMY, L0 PO3pPO0-
JIeHe mporpaMHe 3a0e3reueHHs], sIKe peasli3ye 3alpoIloHOBaHi METOAN, MOXKE 3HAWTH IIMPOKE 3aCTOCYBAHHS JUISl JOCIIDKEHHS TeX-
HOJIOTIYHHX MPOLECIB, MPUIIAIIB Ta CHCTEM, Ha SIKMX MOXJIMBA peallizallis aKTHBHOTO EKCIIEPUMEHTY.

KJIFOYOBI CJIOBA: meroau, onTUMabHUI TJIaH €KCIIEPUMEHTY, MHOXHHA, IPOrpaMHe 3a0e3neyeHHs, BapTiCTh.
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ABSTRACT

Contex. The actual problem of reducing the set of plans for multivariate experiments in searching for the best in price costs has
been solved.

Objective is the synthesis and study of a variety of experimental plans with a minimum number of transitions of factor levels.

Methods. The use of experimental design methods allows reducing the price and time costs in the study of various technological
processes, devices and systems.

Minimizing the number of transitions of levels of factors in terms of the experiment, in turn, leads to a decrease in the cost (time)
of its implementation. One of the methods for reducing the number of transitions of levels of factors is the use of the Gray code when
constructing a plan of an experiment.

It is shown that multi-factor experiments plans constructed using the Gray code have a minimum number of transitions of factor
levels, but are not always optimal in terms of the cost (time) of the experiment.

For the synthesis of many experimental plans with a minimum number of transitions of levels of factors in searching for the op-
timal plan for cost (time) costs, a method based on the generation of binary code variants is proposed. Analysis of their characteris-
tics and the choice of sequences that meet specified requirements were conducted. The formation of test plans for an experiment is
carried out according to the method based on the generation of variants for constructing plans, determining equivalence classes with
respect to a given group P of transformations and forming a set of typical representatives for the selected equivalence classes.

Results. Software that implements the proposed methods, which is used in the construction of a set of experimental plans for the
number of factors K = 3 with the minimum number of level transitions was developed.

Conclusions. The experiments, which were carried out, confirmed the efficiency of the proposed methods and the software im-
plementing them makes it possible to reduce the set of experiment plans for finding the optimal one. The scientific originality of the
research is presented by the methods which allow to synthesize many plans of multifactor experiments to reduce the search for opti-
mal plans in price (time) cost. The practical significance of the research results is in the developed software which implements the
proposed methods. It can be widely used in the study of technological processes, devices and systems, on which the implementation
of an active experiment is possible.

KEYWORDS: methods, optimal experiment plan, set, software, cost.
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ABSTRACT

Context. The problem of credit assessment of a client is considered. It is a simultaneous processing of lender’s data of different
nature with further definition of the credit rating. The object of this study was the process of lending to individuals by credit institu-
tions.

Objective. The purpose of the work is to study the process of improving the quality of lending through the development and use
of a scorecard model.

Method. An analytical review of the domain area was conducted. A business process model for assessing clients’ creditworthi-
ness in the form of an IDEF0 diagram is developed. Dedicated groups of indicators characterizing a potential lender from different
directions. Selected sets of values for each indicator of credit separately. The methods of solving the problem of clients’ creditwor-
thiness are analyzed. Selected Bayesian naive classifier as a method for solving the problem of classification of potential lenders. The
existing information systems for assessing the creditworthiness of clients are analyzed. A scoring model for assessing credit ratings
by the client in the form of an algorithm is developed. The list of functional requirements of the information system, which is pre-
sented in the form of a use case diagram is determined. Three-level architecture for the information system is proposed. A database
model has been developed to preserve customer information. An information system was developed for determining the credit rating
of a client based on the developed scoring model. Numerous studies have been conducted to determine the class of a potential credi-
tor. The process of determining the quality of credit activity is analyzed. Quality indicators for assessing the creditworthiness of cli-
ents are selected. The method of calculating the quality of credit activity is offered.

Results. The scoring model was developed, which was used in solving the credit assessment of clients through the help of the
proposed information system. The process of improving the quality of credit rating is investigated.

Conclusions. The conducted experiments have confirmed the proposed scoring model and allow recommending it for use in
practice for assessment process of client creditworthiness. Scientific novelty is to improve the process of credit activity by automat-
ing the use of naive Bayes classifier, which reduces the human factor in decision-making.

KEYWORDS: scoring model, classification task, naive Bayesian classifier, credit score assessment, lending, lender, borrower,
and creditworthiness.

ABBREVIATIONS
NBC — Naive Bayes classifier;
IS — information system;
IT — information technologies.

P(f / g) — conditional probability of occurrence j -
th value of i -th characteristic f;; from output class g ;

P(g) — probability of assignment to a client output

class ¢ ;
NOMENCLATURE

K — set of clients;
Q - set of output classes;

P(q / { ﬁjk“}) — conditional probability of assign-
ment to a client | -th output class based on conditionals
{ fijk+1} :

R(q) — probability of assignment to a k+1-th client

g — | -th output class, element of the set Q ;
gk — | -th output class of the k -th client, k € K ;

K, —set of clients from | -th output class;
output class ¢ ;

P — precision of NBC,;
R —recall of NBC;

| — set of client’s characteristics;
J;,i el —setof i -th characteristic meaning;

fij — j -th value of i -th characteristics, j e Jj,iel ;
k
client, jeJj,iel,keK;

Xilj — number of j -th value of i -th characteristics | -

— j -th value of i-th characteristics from Kk -th

th output class;
y; — number of | -th output class from set of clients

K|;
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a — the number of clients of a particular class that has
been allocated IS and which are really related to this
class;

b — the number of clients who were mistakenly at-
tributed to a particular group;

C — the number of customers who mistakenly was not
in a certain class.

INTRODUCTION
Lending is the main activity of credit institutions,
banks and credit unions. It provides almost 50% of the



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

profitability of these institutions [1]. The basic concepts
in the process of lending are a loan, a creditor and a bor-
rower. The credit is the relationship between two subjects
of credit relations the creditor and the borrower, in which
the creditor transfers the borrower’s money, and the bor-
rower undertakes to return the same amount of money
within a certain period [2, 3].

In the process of conducting credit operations, the in-
stitution works with a credit risk. It is the risk of non-
payment by the borrower of the amount of principal and
interests. Non-repayment of loans, especially large ones,
can lead to a bankruptcy of a credit institution, and this
may be the cause of bankruptcy of other enterprises,
banks and individuals associated with this bank or credit
union.

Therefore, credit risk management is an indispensable
part of the strategy and tactics of survival and develop-
ment of any bank or credit institution. Risk reduction in
the implementation of loan operations can be achieved on
the basis of a comprehensive examination of the credit-
worthiness of the bank’s clients. Credibility of a client is
the ability of a person to complete and to pay off in time
for his debt obligations [3, 4].

This topic is of great interest for the research of not
only Ukrainian but also foreign economists [2—8]. The
scientific literature focuses on lending to enterprises and
legal entities. In this case, there are many financial indica-
tors of the company’s work, which allow to assess the
degree of credit risk.

However, there is no effective method for determining
the individual’s creditworthiness, therefore, a great inter-
est is the increase in the quality of the credit assessment
process when working with the people. When it comes to
lending to the population, an important role in determin-
ing the creditworthiness is not so much the ability to re-
pay the borrower’s debt, but the willingness to pay the
loan and pay interest on time. Readiness for this is differ-
ent one; it depends on the personal characteristics of each
person. These characteristics may include education, age,
social class, gender, family status, etc. [7-9]. To analyze
personal and financial indicators of an individual is a
complex process for a financial consultant, which will
result in the adoption of sound financial decisions. In or-
der to minimize the subjectivity of a financial consultant
and reducing the time to take decisions on lending to in-
dividuals use scoring [10, 11].

Scoring is a way to quickly evaluate a potential client.
The result of it a client score. The received score can be
used to solve various financial issues.

Scoring model of credit assessment is a mathematical
model of the borrower’s behavior based on the accumu-
lated statistics. The result of the using is integral assess-
ment of the risk in the view of the probability of repay-
ment of the loan.

Therefore, the actual task is to develop a scoring mod-
el for assessing the creditworthiness of individuals, which
will increase the speed of analysis of information about
the client, reduce the time for approval of the decision on
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the loan and reduce the subjectivity of the assessment.
And all of this will increase the quality of credit activity.

The object of study is the process of lending to indi-
viduals by credit institutions.

The subject of the study is the theoretical and meth-
odological tool for assessing the client’s creditworthiness
by the use of a scorecard model.

The purpose of the work is to improve the quality of
lending through the development and use of a scoring
model that will satisfy the interests of the lending institu-
tion associated with the risk of non-repayment of credit.

1 PROBLEM STATEMENT

The problem of the assessment of creditworthiness is
the task of classification, where the classes are customers
from the database, which need to be classified according
to their indicators into two groups: reliable clients, that is,
the borrowers are creditworthy and unreliable when bor-
rowers are uncreditworthy.

The formal formulation of the task of classifying cli-
ents can be presented in the following way. Let X is a set
of clients of the bank, at the same time X ={x;,...x,,} .

Let Y is a set of classes that need to be broken up by cli-
ents, that is ¥ ={y,...y; } . The task of classification is a

reproduction of one set in another, in which each element
of the first set becomes unambiguous with the particular
element of the second set a: X —> Y .

To solve the problem of assessing the creditworthiness
of a client it is necessary:

—to allocate a set of characteristics of the client — in-
formation about the borrower, which will be taken from
the application form and documents provided by the bor-
rower;

—to choose a method that will allow to determine the
dependence between the characteristics of the client and
the level of his creditworthiness;

— define the client class.

2 REVIEW OF THE LITERATURE

At the present time almost all credit institutions use IT
in solving many financial problems, including lending.
Using IT can improve the quality of the results. An over-
view of IT used to assess the creditworthiness of indi-
viduals allows to emphases following IS:

1. The Ukrainian Bureau of Credit Histories (UBCI)
[12] is an IS that provides such services: collection, proc-
essing, analysis, keeping of information, which is a credit
history; providing legal and individual person with advi-
sory services; providing credit reports

2. Mobile app “Credit History” is app from the Google
Play service [13]. Functional abilities of IS: calculate a
credit rating; see your credit history online and find out
how to improve it; receive reminders for next payments;
analyze personal finances and make informed financial
decisions.

3. Online-banking Privat24 [14] is the IS for assess-
ment creditworthiness of clients. To calculate the credit
rating you need to go to the menu item “My accounts” —
“Credit rating” and fill in the necessary information.
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An analysis of existing IS for assessing creditworthi-
ness in Ukraine shows that the main disadvantage is the
secrecy of methods used by credit institutions to calculate
credit score. Also, systems do not allow to change the
indicators for the calculation of the rating credit assess-
ment. Therefore, the results indicate the relevance of this
study.

There are many methods to determine the credit rat-
ing, which have their advantages and disadvantages. All
methods can be divided into two main groups: expert me-
thods and scorecard models that use mathematical meth-
ods for processing information, such as Data Mining [15—
19].

Expert methods are use only the experience and know-
ledge of a financial advisor, so this approach is character-
ized by a high degree of subjectivity and a high probabil-
ity of error in deciding about issue a loan. The second
group of methods is scoring. The scoring procedure using
a scorecard model includes: information gathering, the
construction of a mathematical model (the choice of the
classification method and the definition of criteria for risk
categories) and the distribution of creditors by risk cate-
gory.

Among the main advantages of scoring systems, one
can distinguish:

— lowering the loan non-repayment level;

—increasing speed and impartiality in decision mak-
ing;

— possibility of effective management of a loan portfo-
lio;

— absence of long-term training of the employee.

The main disadvantages of a scoring system for as-
sessment of client’s creditworthiness:

— high cost of adaptation of the used model under the
current situation;

— the probability of a model error in determining the
creditworthiness of a potential borrower is due to the sub-
jective opinion of a specialist.

The methods and approaches in the scoring systems
are quite diverse, they can be use both individually and in
different combinations. An analytical review of the main
known and currently used methods for assessing credit-
worthiness is presented in Table 1.

Comparing the methods of assessing the creditworthi-
ness of the clients presented in the table above, one can
conclude that the “Naive” Bayesian classifier is a good
classifier in the scoring model for processing information
about a potential lender.

Table 1 — Review of methods for assessing creditworthiness

mathematical calculations.

Method Advantages Disadvantages

1. Experience and knowledge gained by credit experts. 1. Big probability of model error in determining the credit-
Expert 2. Pos‘sibility qf gbtaiping qua.ntitative estimates in cases when wqrthiness ofa pf)teptial borrower is due to the subjective
method there is no statistical information. opinion of a specialist.

3. The speed of obtaining results due to the lack of complex

2. Necessity of long-term training of the employee.

. Good results of classification.

1. Requires a sample containing all possible combinations of

1

2. Simple calculations. variables.
"Naive" clas- 3. Adaptation to new data. 2. Assumptions for the independence of variables.

. 4. High speed. 3. The need to convert different types of data to a category.

sifier Bayes .

5. Modest memory requirements.

6. Small amount of training data.

7. Effectively works with categorical data.

1. Finding the strongest differences between classes — predictors. | 1. Works with interval data or with a scale of relationships.
Discriminant 2. Ability to restore missed values. 2. There is a rather rough method for scoring of the assump-
analysis 3. Possibility of solving the problem of classification of new data | tions of the linearity of the discriminatory function.

using past learning.

1. Ability to choose the number of classes. 1. Complex calculations for obtaining weight coefficients,

2. Ability to find an assessment of the likelihood of non-return of | so it needs a more powerful computer base and advanced
Logistic the loan. computer security.
regression 2. Sensitivity to correlation between characteristics.

3. Low resistance to errors.
4. Dependency on the data set.

1. Ability to classify multidimensional observations.

Cluster analy- | character.
sis 3. Ability to work on small sample sizes.

of normal distribution of random variables.

2. Ability to work with indicators that may have non-numeric

4. Possibility of calculations in the conditions of non-fulfillment

1. The problem of choosing the distance metric in the space
between the centers of the classes.
2. The problem of checking the adequacy of the results.

1. Simple to understand and interpret.
2. Does not require thorough preparation of data.
Decision trees

out special training procedures.

3. Ability to work both with categorical and interval variables.
4. Allows you to work with a large amount of information with-

1. The problem of obtaining an optimal decision tree is NP-
task.

2. The problem of retraining is the problem of creating too
complex structures that do not sufficiently represent the
data.

1. Good results of classification.

Neural Net-

vations.
works

the values of risk factors and their level.

2. Ability to change the structure of the network for new obser-

3. Ability to explain the rather complicated relationship between

1. Great statistics for network learning are required.

2. The problem of choosing a network architecture is exist.
3. The difficulty of choosing a learning method is exist.

4 The complexity of calculations of weight coefficients
between separate layers during training of a network is exist.
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3 MATERIALS AND METHODS

The first step of assessing the client’s creditworthiness
with the help of the NBC is the choice of customer char-
acteristics. Consider the most significant indicators that
characterize the creditworthiness of clients, and their pos-
sible meaning:

— personal indicators;

— indicators on labor activity;

— financial indicators.

Personal indicators of client creditworthiness:

1) Sex = {Man, Woman}

2) Age = {< 25, 25-30, 30-35, 35-45, 45-50, 50-55,
>55}

3) Family status = {Unmarried, Married}

4) Number of dependents = {0, 1, > 2}

5) Education = {Secondary, Specialized Secondary,
Higher}

6) Period of residence in the region = {< | year, 1-3,
3-5, 5-7,7-10, 10-15, > 15 years}

7) Location = {Center, Region}

Indicators on labor activity of client creditworthiness:

1) Branch of the company = {Banking and financial
activity, Information Technology, Non-state medical ser-
vices, Industry, Construction, Service, Transport and
communications, Science or education or culture, State
and social organizations, Policy, Agriculture, Other}

2) Enterprise class = {Small, Medium, Great}

3) Professional experience = {< 3, 3-5, 5-10, 10-15,
> 15 years}

4) Experience in an enterprise = {<l, 1-3, 3-5, 5-7,
7-10,>10 years}

5) Position at an enterprise = {Manager, not a man-
ager}

Financial indicators of client creditworthiness:

1) Own land = {Have, Have not}

2) Own country house = {Have, Have not}

3) Private property = {Have, Have not}

4) Garage = {Have, Have not}

5) Car = {Domestic, Foreign, Have not}

6) An apartment = {Have, Have not}

7) The area of the apartment = { Have not, from 18 to
25 square meters, 25-32, 32-50, 50-70, > 70}

8) How did obtain an apartment = {Have not, Pur-
chase, Gift}

The second stage of solving the problem of assessing
the creditworthiness of a client with the help of NBC is
the development of a scoring model. To do this, first of
all, it is necessary to build a model of the business process
of assessing the creditworthiness of the client. The nota-
tion IDEFO was chosen for modeling process. It let to
create the context level of the business process (Fig. 1).
The input for the client’s creditworthiness assessment
process is a questionnaire. It contains general information
about the client, financial and social. With the help of a
scorecard model, a certain class of creditworthiness is
assigned to the client. After IS make a decision to issue a
loan. This process is a step-by-step process, therefore, for
the implementation of this business process, are needed a
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loan expert and a financial advisor who is responsible for
part of the procedures.

Interviewing  Scoring Validation Verification

regulations  model regulations  regulations
AJ A4 A4 Y
Client Calculate client creditworthiness Decision on issuing a
questionnaire credit to a client

Al
A 'y A 'y

Financial ) - Credit

expert IS Client expert

Figurel — Context level of assessment of client creditworthiness

The list of procedures for evaluating the client’s cred-
itworthiness is presented at the next level of detail of the
business process (Fig. 2).

The customer credit assessment process consists of
four steps:

—an interview: at this stage, the financial consultant
conducts a preliminary selection of clients by clarifying
all conditions of credit;

— validation and verification of the questionnaire: at
this stage, a credit expert with the help of the IS checks
the correctness of filling in the questionnaire, and then the
correspondence of the personal data to the real informa-
tion of the client;

—scoring of the questionnaire: the result of this proc-
ess is the assessment of the client’s creditworthiness,
which is calculated using a scoring model based on the
Bayesian Classifier;

— decision on granting a loan: the final decision on the
issue of a loan is taken at this stage.

A business process model for creditworthiness as-
sessment is the basis for developing a scorecard model
[15, 16, 20-22].

The NBC is a probabilistic classifier that uses the
Bayesian theorem to determine the probability of belong-
ing to the sample element to one of the classes assuming
the independence of the variables. The Bayesian Classi-
fier can be applied to any data set that can be represented
as categorical data or list of features. A feature is any
property that may be present or absent from the sample.
The NBC is often very effective when working with the
data despite assumptions about the independence of the
features. Another important feature of the NBC is that
classifier can be built on a new sample with missing val-
ues. The reason of it the assumption that the presence or
absence of values of variables is completely random. In
practice, the NBC, regardless of a number of shortcom-
ings, has proved itself to be quite good due to the high
speed of operation, simplicity, scalability and moderate
memory requirements. Examples of using are:

— data classification in real time [19, 20];

— classification of texts, for example, spam filtering:
Google Analytics and Yandex metrics confirm that Baye-
sian approach to classification has proven to be very good
when it detects spam emails [23];
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Figure 2 — Assessment process of client creditworthiness

— analysis of the tonality of the text: analysis of social
media, identification of positive and negative clients; this
approach, in conjunction with collaborative filtering, is
implemented in advisory systems [24].

Let consider more detailed using of the NBC for cal-
culating the credit rating. The algorithm of using the
Bayesian Classifier to determine the client’s creditworthi-
ness consists of two steps:

1) training of the NBC — based on data of clients who
have already been issued loans, and who in fact make a
monthly contribution;

2) using of the NBC — credit rating is calculated for
potential lenders.

Each new potential lender should be classified into

one of two classes O ={g;},/=12: the first class g
includes those customers who can give a loan, the second
one ¢, includes all other customers.

Taking into account the introduced notation, the cus-
tomer classification algorithm using the Bayesian Classi-
fier consists of the following steps.

1. Stage of training of the NBC:

I Select set of indicators /. Define set of each i-th

characteristic meaning J;,ie/. Find value for

2
fl-]k,k € K,K = U K, for each client and its output class
’ =1

G-l =1.2.
II Calculate number of j -th value of i -th indicator

ka from all clients for each output class separately

.xl{j: z zf;k’ KZEK,l:Lz.
jeJ; kek;
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[T Calculate number of / -th output class

Y= Z qik -
kek;

IV Calculate conditional probability P(f;; / q) of j-

th value of i -th indicator f; in output class g;

/
Xij

R

Jjedi

P(fij Jar) =

V Calculate probability P(g;) of client’s output class

Pa) =51

>

=1
2. Stage of using of the NBC:

VI Enter set of values { fij]-‘“}, jeJ;,iel for check-

ing k +1-th client.

VII Calculate conditional probability P(g; / { fl_-]]-‘ﬂ})

of /-th client’s output class according to the conditions
{ ij]-”]}, jedpiel
k+1 . .
Plgy [(F D) = P TLP(Sy ). i€ 1. j e ;.
l’.]

VIII Assign of conditional probability to the probabil-
ity R(q;) of the output class of & +1-th client

R(gp) = P(q L))
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IX Define output class of k +1-th client help” is showing information about the program and
FAQ.
=argmax R .
Ue+1 g/:ﬁ @) The classical three-level architecture is proposed for

IS. Each element of architecture is at its own level and
responsible for the implementation of a limited set of
functions. IS architecture is shown in Fig. 4 in the form of
a deployment diagram where it is possible to separate 3
main nodes presented by devices of different purposes.

The client part is presented with the graphical inter-
face of the web application. For efficient operation of IS,
customer information is stored in a database that should
be located on one of the servers of the credit institution.

For the automation of the calculating process of the
credit rating is using a scoring model. The following IS
functionality is proposed, which is presented in the form
of a use-case diagram (Fig. 3). This diagram shows the
user of the IS and all the actions that he can perform.
Consider these options for use in more detail way.

In order to work with customer data: to view, to edit,
to enter new data, the option “Management client’s data”

is provided. By analogy, the option “Management indica- Also this datab has inf. ) b horizi
tors” allows to work with the characteristics used in the so this database can has information about authorizing

scoring model. and accessing the database as a separate f:nFities in the

The main task of the IS is to assess the creditworthi-  database. In order to access the databgseg, it is necessary
to make requests from client part, which is presented as a
web application. The web server retrieves the requests to
database. The results of the request (sampling and proc-
essing) the web server will return to the client part.

The following model of the database is proposed for
storing information on existing and potential lenders

ness of a client. The use case “Calculate creditworthiness”
is responsible for it. This functionality involves the use of
a scorecard model and the generation of a relevant report
on the creditworthiness assessment of clients. The report
can be saved to file or can be showed on the screen. The
use cases “Use Scoring Model”, “Generate Report”, .
“Save to File”, “Display to Screen” are responsible for (Fig. 5).
these functionality accordingly. The use case “Get some

Add client
information

View client

Use scoring information

model

<<extend>

Edit client

- -~
<<egxtend>>
information

-
- -

<<include>>

Calculate
creditworthiness

- -~ <<egxtend>>

<<gxtend=>>--

Add an indicator
<<gxtend>>

<<gxtend>>

-

Delete client
information

<<py = .
Demonstrate <extend <<include>>

on display ———-
<<extend>>
- <<extend>> @

e 1 >
cad "About the extend
program"

Management
indicators

Credit
expert

“<<extend>>_
<<extend=>

Edit an indicator

Delete an indicator

Figure 3 — Use case diagram
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Figure 4 — Deployment diagram
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Figure 5 — Database model

The structure of Database model is consist of 6-th en-
tities (Table 2):

— the entity of “Client” corresponds to the main data
about clients of a credit institution;

— the entity “FeatureType” describes a group of indi-
cators used to assess the creditworthiness of clients;

— the entity “Features” is a vocabulary for the indica-
tors used for the scorecard model,

— the entity “Values” describes all possible values of
all indicators;

—the associative entity “Features Values” describes
the relationship between the entities «Features» and
«Valuesy;

So, a scorecard model based on NBC and IS was pro-
posed, which automates the process of solving the client’s
creditworthiness assessment task.

4 EXPERIMENTS
For the training of the Bayesian Classifier the data
was used for 113 clients who have already been issued a
loan or have been denied. Granting a loan was the case if
the last line received the value of “1”. An example of in-
put data is presented in Table 3.

Table 3 — Fragment of set with training data

- s ) Set 1 Set 2 Set 113
— the associative entity “Client Features Values” cre- Loan amount 7000 7500 — 110000
ates an interconnection between the entities “Client” and Loan term 6 6 . |12
“Features Values”. Sex woman man ... | woman
N Age 37 38 .| 41
Table 2 — Description of client database model Family status Unmarried | Unmarried Married
Number of de-
Attribute | Attribute description pendents 2 2 2
Entity “Client” Education Higher Secondary Secondary
Id_client Client’s Id Period of resi-
FirstName Client’s name dence in the re-
LastName Surname gion 22 12 21
MiddleName Third name Location Region Center Center
PassportData Passport Branch of the
IdentificationCode Code of Physical Entity company Industry Service Other
PhoneNumber Phone Number Enterprise class Medium Small Medium
Email Email Professional  ex-
Entity “FeatureType” perience 5 8 5
Id_featureType 1d of Feature Group Experience in an
Name Group name enterprise >10 >10 9
Entity “Features” Position at an | not a man- | not a | .. | not a
1d feature 1d of Feature enterprise ager manager manager
FeatureTypeld featureType Type of feature Own land Have not Have not Have
Entity “Values” Own country
Id_value Id of feature value house Have Have Have not
Value Value of feature Private property Have not Have Have not
Entity “Features_Values” Garage Have Have not Have not
Featuresld feature 1d of Feature Car Domestic | Foreign Domestic
Valuesld value 1d of feature value An apartment Have not Have Have
Entity “Client Features Values” The area of the
Clientld client Client’s Id apartm'ent ' 37 29 38
Features ValuesFeaturesld feature | Id of Feature How did obtain an
Features ValuesValuesld value 1d of feature value apart.ment Have not Have not Have not
To give a loan 1 1 ... |0
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All information from the Table 3 was divided into
three types of indicators: personal indicators, indicators
on labor activity, and financial indicators. After that each
indicator obtained appropriate meaning.

5RESULTS

The calculation of the creditworthiness of clients is
based on the trained Bayesian classifier. Using the NBC
was conducted on the example of three clients, one of
them was denied in the loan, for the second and third one
scoring model calculated the value of the credit assess-
ment, which corresponds to the economic expediency of
the loan. Example of calculated results and client’s infor-
mation according to table 3 are presented below.

Client 143 = {25500; 12; man; 25 — 30; unmarried; 0;
higher; 1 — 3; Center; Service; Medium; < 3; <I; not a
manager; Have not; Have not; Have not; Have not; Have
not; Have not; Have not; Have not; 0}

Client 97 = {14500; 12; man; >55; married; 1; higher;
> 15 years; Center; Banking and financial activity; Great;
> 15 years; 7 — 10; Manager; Have; Have; Have; Have;
Foreign; Have not; 32 — 50; Have not; 1}

Client 136 = {17000; 24; man; 30-35; married; 1;
higher; > 15 years; Center; Information Technology; Me-
dium; 5 — 10; 3 — 5; Manager; Have not; Have not; Have;
Have; Foreign; Have; 18 — 25; Gift; 1}

Clients 97 and 136 have a good credit assessment, so
they can obtain the loan. Another one doesn’t have any
financial support, so his credit value is very small for is-
suing the loan.

The issuance of money to the client, which the scoring
model has calculated the positive value of the credit as-
sessment, occurs after signing by the bank and the client
of the loan agreement and other agreements (mortgages,
guarantees of commercial pledge, etc.).

6 DISCUSSION

To use the developed IS in real conditions, it is neces-
sary to overcome the adequacy of the scoring model. To
do this, it is necessary to check the quality of the proposed
classifier, which is the basis for making decisions in the
credit activity. For the checking NBC we used client’s
data, which did not use in the training classifier.

The quality of credit activity is an integral characteris-
tic of a process that shows the degree of suitability of a
process for achieving certain goals. To assess the quality
of the classifier, we can use the following quality indica-
tors: precision, recall, measure of Van Risbergen [25, 26].

Precision is a criterion that shows the proportion of
clients that really belong to a particular class with respect
to all clients that IS has identified about this class:

pP=

5 The more precision, the fewer the number of
a+

false alarms.
Recall is a quality metric that shows the proportion of
clients that really belong to a particular class with respect

. The more recall

to all clients from this class: R =
a+c
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of the data obtained from the IS, the greater the benefit of
the received information.

A good metric for a joint assessment of precision and
recall is the F-measure or measure of Van Risbergen,
which is defined as the weighted harmonic average of

2PR

P+R

To check the quality of the work of the NBC 61 cli-
ents were taken, which were not used in the training. A
series of experiments were carried out with different con-
ditions. Firstly, the NBC obtained 61 cards for verifica-
tion, then some of these cards were used for training, and
the remainder was again checked for the definition of
customer classes. The process was repeated until all data
was used. The results of the experiments are shown in
table 4. We can also evaluate the client class definition

precision and recall: F' =

a+c
error: Error =

number of clients

Table 4 — Result of checking NBC

Num-
No a b c ber of P R F Error
clients
1 33 5 3 61 0,87 0,92 0,89 0,13
2 25 4 2 52 0,86 0,93 0,89 0,12
3 23 2 2 43 0,92 0,92 0,92 0,09
4 23 2 1 37 0,92 0,96 0,94 0,08
5 15 1 1 20 0,94 0,94 0,94 0,10
6 10 1 0 16 0,91 1,00 0,95 0,06

As can be seen from Table 4, as the training pattern
increases the Van Riesbergen measure increases (Fig. 6).
The error in determining the client’s credit rating
decreases.

1,05
1,00
0.95
0.90
0.85
0.80

g |

Recall

=« -Precision
Figure 6 — Quality metrics

The IS considered earlier [12—14] are characterized by
the closeness of the scoring model used for decision mak-
ing. This restriction does not allow doing many experi-
ments to test the performance of these IS.

The conducted studies and the obtained results show
the feasibility of using the proposed scoring model and
the developed IS in real conditions.

CONCLUSIONS
In the course of this research, the task of assessing the
creditworthiness of a potential creditor was solved. To do
this, an analytical review of the main methods for assess-
ing creditworthiness was conducted. Result of it is the
method of scoring-analysis based on Data Mining tech-
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nology. A scorecard model for calculating the credit rat-

ing based on the use of the NBC was developed.

A design stage of IS was conducted, during which a
diagram of activity was developed for a clear presentation
of the work of the classification algorithm, a use-case
diagram was developed for allocating functional capabili-
ties, a deployment diagram was developed for represent-
ing the architecture of the IS. A database model was de-
veloped that allows the knowledge domain to be struc-
tured. The conducted pilot studies have shown the prac-
tical significance of the results for credit institutions, as
evidenced by the calculated assessment of the quality of
credit activity.

The scientific novelty of the obtained results consists
in improving the client’s credit rating process by using the
scoring model based on NBC, which reduced the subjec-
tive factor in decision making and also reduced the time
for processing information about a potential creditor.

The results obtained in the course of this research
work indicate the feasibility of using the proposed solu-
tion under real conditions in credit institutions to increase
the quality of lending activities.

Prospects for further research are to automate the
process of selecting informative indicators of customer
creditworthiness.
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NIIBUINEHHA AKOCTI KPEIATHOI TIAJIBHOCTI 3A PAXYHOK BUKOPAUCTAHHS CKOPUHTOBOT MOJIEJII

Mensnuk K. B. — xangunar TexHiYHMX Hayk, IOUeHT Kagenpu IIporpamHol imkeHepii Ta iHpOpMamiiHMX TEXHOJOTIH
ynpasiiHHs, HanionanbHuU# TeXHIYHUN YHIBepcHTET «XapKiBChKHIA MOMITEXHIYHUI IHCTUTYTY», XapKiB, YkpaiHa.

BopucoBa H. B. — kaumunar TexHiyHHX Hayk, JOUEHT Kadenpu [HTeneKTyanbHHX KOMII'IOTEpPHHX cHcTeM, HauioHanbHuiA
TEXHIYHUH YHIBEPCUTET «XapKiBCHKUI MOJITEXHIYHUH IHCTUTYT», XapKiB, YKpaiHa.

AHOTAIIA

AKTyanbHicTh. Po3ristHyTO 1poGiieMy OIHKM KPeIUTOCIPOMOXKHOCTI KilieHTa. BoHa siBisie co6010 oHOYacHy 00pOOKy maHKX
KpeauTopa pi3HOI MPUPOAM 3 MOJAIBLIMM BU3HAYEHHSM KPEIUTHOro pedTHHry. O0’€KTOM JAaHOTO JOCHIIKEHHs BUCTYIAB IPOLEC
KpeAnTyBaHHs (i3HYHNX 0Ci0 KPETUTHUMH yCTaHOBaMHU.

Hiab. i poboTu € qocmimKeHHs mpoLecy MiIBUIIEHHS SIKOCTI KPEAUTHOT isUTBHOCTI 32 PaXyHOK PO3POOKH i BUKOPHCTAHHS
CKOPUHIOBOI MOJEIII.

Merton. [IpoBeaeHO aHANITHYHUNA OTJISA MpeaMeTHOI obnacTi. Po3pobiieHo Mozens Gi3Hec-mponecy OLiHIOBaHHS KPEeIUTOCIIPO-
MOKHOCTI KiieHTiB y Burani IDEFO piarpamu. BugineHi rpynu moka3HHKIB, SKi XapaKTepH3YIOTh NOTEHLIHHOTO KpeauTopa 3 pi3-
HuX O0kiB. OOpaHi HAOOPH 3HAUCHB IS KOXKHOTO TOKa3HUKA KPEIUTOCIPOMOXKHOCTI OkpeMo. [IpoaHanizoBaHO METOM BUPIIICHHS
3a1adi OIIHKK KPEeIUTOCIIPOMOXKHOCTI KiieHTiB. OOpano HaiBHMI kiacudikaTop Baiiecy sk mMeTox BHpimIeHHS 3amadi kiacugikarii
MOTEHIIHHUX KpeauTopiB. [IpoananizoBaHo icHyroui iHpopMaIiifHi CHCTEMH IS OLIHKH KPEIUTOCIIPOMOXKHOCTI Kili€HTiB. P03po0-
JICHO CKOPMHI'OBY MOJIENb OLIHKH KPEAUTHOTO PEHTHHTY KII€HTY y BUIJISII anroputMy. BusHaueHo nepenik GyHKI[IOHATEHUX MOX-
JMBOCTEH 1H(QOPMAIIHOT CHCTEMH, SIKi NPEACTAaBICHO Y BUIIIAAL JliarpaMyl BapiaHTIiB BUKOPHCTAaHHs. 3alPOIIOHOBAHO TPHPIBHEBY
apxiTekTypy mns indopmariiiiHoi cucremu. Po3pobiaeno Mozens 6a3u qaHux 1is 30epekerHst iHpopmaril moao kiieHTiB. Po3pobie-
HO iH(opMaliiiHy cucTeMy JUIl BU3HAYEHHS KPEIMTHOTO PEHTHHIY KIIIEHTY Ha OCHOBI BHUKOPHUCTaHHS PO3POOJICHOI CKOPHUHIOBOI
mozemni. [IpoBeaeHO YMCeNnbHI MOCTIMKEHHS BU3HAUCHHS KJacy MOTEHMIHHOTO Kpeaurtopa. [IpoaHanizoBaHO mporiec BU3HAYCHHS
SIKOCTI KpeAuTHOI HisutbHOCTI. OOpaHO MOKA3HUKHU SIKOCTI BH3HAYEHHS OIIHKHA KPEOUTOCIIPOMOXKHOCTI KIIIE€HTIB. 3ampOIIOHOBAHO
crocid po3paxyHKy SKOCTI KPEAUTHOT TisUTBHOCTI.

Pe3yabsTaTn. Po3pobieHo ckopuHroBy MoJeNb, sika Oyi1a BUKOPUCTaHA IPH BHUPIIICHH] OLIHKH KPEAUTOCIIPOMOXKHOCTI KIIIEHTIB
3a JIONIOMOT 010 3aIPOIIOHOBAHO]T iH(popMaLiitHoi cucTemMu. JIOCIIDKEHO MPOLEC MMiBUIIEHHS SKOCTI OLIHKH KPEAUTHOTO PEUTHHTY.

BucnoBkn. [IpoBesieHi eKCIepUMEHTH i ATBEPAMIN 3HAYMMICTh 3allPOIIOHOBAHOI CKOPUHIOBOI MOJIENI Ta J03BOJISIIOTH peKOMe-
HAYBaTH 11 Ul BUKOPUCTAHHS Ha MPAKTHLI JJIS aHaJi3y MpOLecy KPeIUTOCIPOMOXKHOCTI KiieHTiB. HaykoBa HOBH3HA moisrae B
yIOCKOHAJICHHI MPOLeCy KPEeAWTHOI AisUIbHOCTI 32 paXxyHOK aBTOMATH3allii BUKOPUCTaHHs HaiBHOro kiacudikatopa baiiecy, mio
JO3BOJISIE 3MEHIIUTH JIFOJCHKHUN (PaKTOp TP MPUHAHSITTI pillleHb.

KJIFOYOBI CJIOBA: cxopuHroBa MOJENb, 3a/1ada Kiacugikalii, HaiBHUI OaifeciBChbkui Kiacu(ikaTop, OIiHKAa KPEAUTHOTO
PEeHTHHTY, KpeIUTYBaHHs, HO3UYAIBHUK, KPEIUTOP, KPEIUTOCTIPOMOXKHICTb.

VJIK 004.9

MOBBIIIEHUE KAYECTBA KPEJUTHOM JESITEJILHOCTH 3A CYET HCIIOJIb30BAHHSI CKOPUHI'OBOI
MOJIEJIN

Mensnuk K. B. — kanguaar TexHHYeCKUX Hayk, goueHT kadeapsl [IporpaMMHoii nxeHeprn 1 HHGOPMALIMOHHBIX TEXHOJIOTHIA
yrpasienus, HalmonanbHbIM TEXHUYECKUH YHUBEPCUTET «XapbKOBCKUH MOIUTEXHUYECKUM HHCTUTYT», XapbKOB, Y KpauHa.

Bopucosa H. B. — kanauaatr TeXHMYECKAX HAYK, JOIEHT Kadeaphl HHTEIICKTYyadIbHBIX KOMIBIOTEPHBIX CHCTEM, HalmoHambHbIH
TEXHUYECKHI YHUBEPCUTET «XapbKOBCKHUH IOIUTEXHUYECKUI HHCTUTYTY, XapbKOB, YKpauHa.

AHHOTAIUSA

AKTyansHoOCTh. Paccmorpena mnpoGiieMa OLCHKH KPEAUTOCIIOCOOHOCTH KIMEHTa, KOTOpasi NMPEe/ACTaBIseT cOOOH OJHOBPEMEH-
Hy10 00paboTKy JaHHBIX KPEAUTOPa Pa3IMYHON HMPUPOIBI C MOCIEAYIOINM ONpelesieHHeM KpeAUTHOro pedTunra. OObeKToM JaH-
HOT'O MCCIIE0BaHUs BBICTYIAI MPOLECC KPEAUTOBAHNS (HU3NUESCKHUX JIUL KPEAUTHBIMU YUPEKICHUAMU.

Iean. Lenbto paboThI SBIISETCS MCCIIENOBAHHUE IIPOLECCa TOBBILICHHS KA4eCTBA KPEIUTHON JEATENbHOCTH 3a CYET Pa3paboTKu 1
UCIIOJIL30BAHNS CKOPUHTOBOH MOJICIIH.

Merton. [IpoBenen ananuTHdeckuii 0630p npeaMeTHol obmacTu. Pazpaborana monens GH3HEC-TIpoIiecca OLCHKU KPEIUTOCIO-
cobnocty xmenTos B Buje IDEF0 quarpammel. BeiieneHsr rpymnims! mokasaTesei, XapakTepru3yonX IOTeHIHATBHOTO KPEUTOPa C
pasHbIX cropoH. OmnpezeneHbl HAOOPbl 3HAYEHHMIT JUIS KaXJIOro MOKa3aTess KPeAUTOCIOCOOHOCTH OTAENbHO. IIpoaHanu3upoBaHsl
METOIbI PEIICHHUS 3a1a4l OLIEHKH KPEIUTOCIOCOOHOCTH KIMEHTOB. [130paH HauBHBIN Kiaccugukatop Baiieca kak MeTon perueHus
3a/1auM KIacCU(DUKALMYU TOTEHIMAIBHBIX KPeAUTOPOB. IIpoaHanu3upoBaHbl CyILECTBYIONME HHPOPMALMOHHbIE CUCTEMBI IS OLICH-
KU KPEJUTOCIOCOOHOCTH KJIMEHTOB. Pa3paboTaHa CKOPHMHIOBask MOJENb OLEHKH KPEJAUTHOIO PEHTHHra KIIMEHTa B BUJE alrOPUTMA.
OrnpernesieH nepedeHs GyHKIMOHAIBHBIX BO3ZMOKHOCTEH HHPOPMALIMOHHOIT CHCTEMBI, IIPEACTABICHHBIX B BUJE JUArpaMMbl BapHaH-
TOB HCIOJb30BaHus. IIpeasiokeHa TpeXypOBHEBas apXHTEKTypa MHGOpPMaMOHHON cHcTeMbl. Pa3paboraHa Mozenb 6as3bl JaHHBIX
JUISL XpaHeHMsT HHpOpMaIiK o KinneHTax. Paspaborana nudopManmonHas cucTeMa Ay ONpeeNICHUs] KPEJUTHOTO PEHTHHTa KIIUSHTY
Ha OCHOBE HCIOJIB30BAaHUS MPEUIOKEHHOH CKOPHHTOBOM Monenu. [IpoBeneHs! YnCciIeHHbIe MCCIISIOBAHUS ONIPEIENICHUS Kacca I110-
TEHIMAJIBHOTO Kpeautopa. IIpoaHann3upoBaH MpOLECC ONPEIEICHUs KayecTBa KPEOUTHOM AESATENbHOCTH. BpIOpaHbI mMokasarenu
KauecTBa OIPE/ICICHUs OLEHKH KPEIUTOCIOCOOHOCTH KIHEHTOB. [IpesioskeH crocod pacuera KauecTBa KPEAUTHON JIEATEIbHOCTH.

PesyabTarbl. PaspaboTaHa CKOPHHIOBast MOJENb, KOTOpask OblIa MCIIOJIB30BaHa IPH OLICHKE KPEAUTOCIIOCOOHOCTH KIIMEHTOB €
MIOMOLIBIO MPEIIOKEHHOW MH(OPMAIMOHHOHN crcTeMbl. FceneioBaH mporece MoBBICHHS Ka4eCTBa OLIEHKN KPEAUTHOTO PEHTHHTA.
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AHAJIN3 IBYX CUCTEM MACCOBOI'O OBCJIYKUBAHUS HE,/M/1
C OBbIYHbBIMM U CABUHYTbBIMMU BXO/JIHBIMU PACIIPEAEJIEHUAMMU

TapacoB B. H. — 1-p TexH. Hayk, nmpodeccop, 3aBeayronuii kadenapoil mporpaMMHOTo 00ecriedeH s U yIpaBlIeHUs
B TEXHUYECKHX cHucTeMaxX [IOBOIKCKOrO rocyJapCTBEHHOI'O YHHMBEPCHTETa TEIEKOMMYHHUKAUWH ¥ MH(OPMATHKH,
Poccus.

AHHOTAIUA

AKTyalIbHOCTB. B Teopun maccoBoro obciykuanus uccienoanus cucteM G/M/1 u G/G/1 akTyanbHBI B CBSI3H C TE€M, YTO IO
CHX TIOp HE CYIIECTBYET PEIICHHS B KOHEYHOM BHJE /UIS OOIIEro ciydas IPH NMPOHM3BOJIBHBIX 3aKOHAX PACIPEAENCHHI BXOTHOTO
MIOTOKA ¥ BpEeMEHU 00CTyXMBaHMA. PaccMoTpeHa 3aja4da BEIBOJIA PELICHYS JUIsl CPEIHET0 BPEMEHH OXKHJAHUS B OUepeI B 3aMKHY-
TOM (hopMe ISt ABYX CHCTEM C OOBIYHBIMU U CO COBHHYTHIMU I'MIIEPIPIAHTOBCKUMH U HKCIIOHEHIHAIEHBIMU BXOIHBIMU pacIpere-
JICHUSAMH.

Hears padorsl. [TonydyeHue penieHus Ui OCHOBHON XapaKTEPUCTHKU CHUCTEMBI — CPEIHEro BPEMEHH OXKHIAHUs TpeOOBaHMII B
oyepean AJs AByX cHCTeM MaccoBoro obciyskuBanus Tna G/M/1 u G/G/1 ¢ 0ObIYHBIMYU ¥ CO CABUHYTHIMH HIIEPIPIAHTOBCKUMU H
9KCTIOHEHIIANIbHBIMU BXOAHBIMU PacIpeieICHUsIMU.

Metoa. Jlns peuieHus MOCTaBIECHHOM 3a7jaud UCIOJIb30BAH KJIACCHUECKUH METOJ| CIEKTPAIbHOTO PA3IOKEHHs PEIICHUs] MHTE-
rpanbHOTO ypaBHeHUs JInHMIH. JIaHHBIM METOA MO3BOJISET MOTYYUTh PEHICHHE ISl CPEIHEr0 BPEMEHH OXHAAHMS UL PacCMaTpH-
BaeMBIX CHCTEM B 3aMKHYTOH (opme. MeToj CHEeKTpaJbHOrO pas3iioKEHHs! PELICHHs MHTErpalbHOro ypaBHeHus JIMHmmmM urpaer
Ba)kKHYIO ponb B Teopun cucteM G/G/1. [Inst mpakTH4IecKOoTo MPUMEHEHHS IOy YeHHBIX Pe3yIbTaTOB HCIIOIb30BaH H3BECTHBII METO
MOMEHTOB TEOPHH BEPOSITHOCTEHA.

Pe3yabTaThl. BriepBrie 10JIy4eHbI ClIEKTpaIbHBIE PA3JIOKEHHS PEIICHHs] MHTETPAILHOTO ypaBHEHUs JIMHAIM [UIsl ABYX CHCTEM,
C MOMOLIBIO KOTOPBIX BBIBEJCHBI PACYETHBIC BHIPAXKEHUS I CPEHEr0 BPEMEHH 0XKHIAHHS B OUYePEM B 3aMKHYTOI1 (hopMme.

BeiBoabl. [lomyueHs! crieKTpanbHbIe pa3IoKeHNs PEIIeHNs] HHTETPaTbHOTO ypaBHEHUs JIMHAIM Ui paccMaTpuBaeMbIX CHCTEM
U C UX MOMOIIBIO BBIBEJCHBI PACUCTHBIC BBIPAKCHUS AT CPEJHEr0 BPEMEHH OXHAAHMSA B OYEPEIM UL STHX CHCTEM B 3aMKHYTOH
(dopme. OTH BBIPAKEHUS PACIIUPSIOT U JOIONHSIOT H3BECTHBIE (DOPMYJIIBI TEOPUH MAacCOBOTO OOCITYKHBAHUS ISl CPEIHETO BPEMEHH
oxuganus st cucteM G/M/1 u G/G/1 ¢ npon3BOIBHEIME 3aKOHAMH paclpe/ielIeHHi BXOIHOTO II0TOKA X BPEMEHH 00CITyKHBaHHSI.
Taxkoif HOAX0/ ITO3BOJISICT PACCUNTATH CPEAHEE BpeMsl OXKHAAHHMS JUIS YKa3aHHBIX CHCTEM B MaTeMaTHYECKHX MaKeTax JUIsl ITHPOKOTO
JMaria3oHa U3MEHEHHMs MapaMeTpoB Tpaduka. Bee ocTaiabpHble XapaKTEPUCTHKU CHCTEM SIBIISIFOTCS IPOM3BOIHBIMHU OT BPEMEHU OXKH-
JaHUsL.

Kpome cpennero BpeMeHH O)XHJIAHUSI, TAKOW MOAXOJ AaeT BO3MOXKHOCTBH ONPEIEIUTh M MOMEHTHI BBICIIMX HOPSIKOB BPEMEHH
OKHMJAHUA. YUUTBIBas TOT (DakT, 4TO BapHaIMs 3aJepP>KKU MAKETOB (JUKUTTEP) B TEJIEKOMMYHHKAIMAX OINpPEAENsAeTCsl Kak pa3bpoc
BPEMEHH OXKHMJAHHS OT €r0 CPEITHEro 3HAUSHUs, TO [PKUTTEP MOXKHO OYyJIET ONpPENennTh 4epe3 JUCIEPCUI0 BPEMEHH OXKHUIAHMS.

KJIFOUYEBBIE CJIOBA: runepspiaHroBCKuil 1 9KCIOHEHIMATIBHBIA 3aKOHBI pacTpeieNieHHs, HHTETpajbHOe ypaBHeHue JInH-
JIH, METOJ CIIEKTPAIBHOTO Pa3IoXKeHus, mpeodpa3oBanue Jlammaca.

COKPAULIEHUA
NV JI — unterpansHoe ypaBHeHue JIunany,
CMO — cucTeMa MaccoBOTO 00CITy>KHBaHHS;
OPB — ¢yHKIus pacupenesieHnst BEpOSITHOCTEH.

HE, — CHBHHYTOE€ THIICPIPJIAHTOBCKOC paclpeaciie-

HHE BTOPOTO MOPS/IKA,;
G — IpOM3BOJIBHBIHN 3aKOH PACIPEICIICHHS;
M — 3KCIIOHEHIMANIBHBIN 3aKOH paclpeesICHuUs;

HOMEHKJATYPA M~ — CABUHYTBIN SKCIIOHEHLIMAIbHBIN 3aKOH pacIpe-

a(t) — QyHKIMA TUIOTHOCTH paclpeneneHus HHTepBa-
JIOB MEX]1y MOCTYILICHUSIMH TPEOOBaHHIA;

A’ (s) — npeobGpasosanne Jlamaca pyukiun a(t);

b(t) — ¢yHKIMS MIOTHOCTH pacrlpeneicHus BPEMEHH
00CITy)KUBaHMSI,

B"(s) — mpeobOpasoBanue Jlamnaca ¢pyskunu b(t);

C, — Kod(GHIMEHT BapHalUH HHTEPBATIOB IOCTYTI-

JIeHu# TpeOOBaHNUM;

Cy — KOO(UIHMCHT BapHaliK BPEMCHH 00CITyKHBa-

HUS,

Dy — MCIIEPCHS BPEMEHHU OXKUJIaHHUS;

HE, — runepaprnaHrosckoe pachpeieneHre BTOPOro
MOpsAKa;
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JICTICHUS;
W — cpejiHee BpeMsl 0KHIAHUS B OUEPETH;
W (9 — npeobpazopanue Jlamiaca (yHKIMH IUIOTHO-
CTH BPEMEHH OXKUJIAHHUS;
W(y) — ®PB Bpemenn oxunnanus TpeboBaHus B O4e-

peau;

Z— moboe yucino u3 uarepBana (—1, 1);

A — MHTEHCHBHOCTH BXOJIHOTO [IOTOKA;

A\q — HepBblil mapaMeTp rUIEP3PIAHIOBCKOIO pacipe-
JIeJIeHHs] BXOJHOTO MIOTOKa;

), — BTOpO¥ MapameTp IMIEPIPIAHTOBCKOTO pacipe-
JIeJIeHHs] BXOAHOTO MIOTOKa;

|l — MHTEHCHUBHOCTH OOCIY>)KUBAaHHS W MapaMerp JKC-

HOHEHIIUATILHOTO PACIIPEAEIIEHNUS;
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p — KO3 PHUIIUECHT 3arPy3KH CHCTEMBL,

T, — CPEIHMI MHTEPBAJI MEXAY IOCTYIUICHUAMHU Tpe-
OOBaHMUIA;

?;% — BTOpPOW HayalbHBIA MOMEHT HMHTEpBAJIa MEXIY

MIOCTYTUICHUSIMU TPeOOBaHMI;

u — CpenHee Bpems 00CITy)KUBaHHS,

2
n

BaHWS;
@, (s) — mpeoOpaszopanue Jlannaca ®PB Bpemenn

7. — BTOPOW HayaJIbHBI MOMEHT BPEMEHH OOCITYKH-

OXKUJAHUS,
v, (S) — mepBas KOMIIOHEHTa CHEKTPAILHOIO Pasiio-

JKEHHUS;
y_(S) — BTOpas KOMIIOHEHTa CHEKTPAIbHOTO Pa3yio-

KCHUA.

BBEJIEHUE

Hactosimmas crates mocBsmiena aHamuzy CMO
HE,/M/1 ¢ OObIYHBIMH U CO CIBHUHYTBIMU THIEpPIPJIAH-
roeckumu (HE,) u sxcnonennmanbabiMua (M) BXOIHBIMU
pacripeziesieHusiMU. B OTKpBITOM 0CTyIIe aBTOpY HE yla-
JIOCh OOHApYXXHUTh Pe3yJbTaThl Ul CPEJHEro BpPEMEHH
oxxunanusi TpeboBaHuii B ouepenn B Takux CMO. Kax
M3BECTHO M3 TEOPHU MAacCOBOTO OOCITy>KHBaHWUsI, CpelHEe
BpEMsl OKHJIQHUS SIBJISIETCS TJIABHOM XapaKTepUCTHUKON
st moosix CMO. Tlo aToli XapakTepUCTHKE, HalIpUMED,
OLICHHUBAIOT 3aJIeP)KKN [TAKETOB B CETSAX NMAKETHOH KOMMY-
Taluy Npu UX MozenupoBanuu ¢ momombio CMO. Pac-
cmarpuBaemass CMO ¢ OOBIYHBIME BXOAHBIMH pacrpeie-
nenusimu HE»/M/1 orHocurcst k tuny G/M/1, a CMO co
CIABUHYTBIMH PACIpPEACICHUSIMH OTHOCHTCS K THUILY
G/G/1.

B Teopun maccoBoro oOCIy)KHBaHHS HCCIEAOBAHUS
cucrem G/M/1 u G/G/1 akTyanbHbl B CBSI3U C T€M, YTO
OHM aKTHBHO HCIIOJIB3YIOTCSI B COBPEMEHHOH TEOPHH Te-
nerpaduka, K TOMY )K€ J0 CHX II0p HE CYIIECTBYET pelle-
HUS JUIA TaKUX CHUCTEM B KOHEYHOM BHJE ISl OOIIEro
ciryJas.

B uccnenoBarnu cuctem G/G/1 BaxxHYIO poiib UTpacT
METO/I CIIEKTPAIFHOTO Pa3/IOKEHUS PELICHUS] HHTErpallb-
HOTO ypaBHEHUs! JINHIIM 1 OOMBIIMHCTBO PE3YIbTaTOB B
TEOPUU MAacCcOBOTO OOCIYXHMBaHHS IOJy4CHbl UMEHHO C
MIOMOIIBIO JAHHOTO METO/IA.

Oo0bexToM mcciaenoBanus sBiuiercs CMO Ttuma
G/M/1 n G/G/1.

IIpeameTom Hccaeq0BaHMSA SBISIETCS CpETHEE BPEMS

oxuganus B cuctemax HE,/M/1 u HE; /M /1.
Henbio padoThl sBISETCS NOIYYEHUE pELICHUS B
3aMKHYTOH (OpMe UIi OCHOBHOHM XapaKTEpUCTHKH CHC-

TEMBI — CPE/IHETO BPEMEHH OXKHIaHUs TpeOOBaHUI B Oue-
penu s BeimenepednciaeHHsx CMO.

1 IOCTAHOBKA 3AJJAYHN
B paGorte aBTOpa [1] BIepBBIe IPUBEIECHBI PE3YIBTATHI
M0 MCCIIEIOBAHUIO CHCTEM C THIEPIKCIOHEHIIUAIbHBIMU
N JKCIOHCHIMAJIBHBIMU BXOJAHBIMU PACIIPCACICHUAMU,

© Tapacos B. H., 2019
DOI 10.15588/1607-3274-2019-2-8

72

MOJTy4eHHBIE C MOMOIIBIO METO/Ia CIIEKTPAILHOTO pasiio-
JKEHUSI pEIICHHs WHTErPabHOTO YypaBHeHus JlnHmmm
(MYJI). Pesynbratsl padoTs! [1] Mo3BONSIOT pa3BUTh TEO-
PHIO IaHHOTO METOJIa TaKXKe Ha MIICPIPIIaHIOBCKOE pac-
IIpe/iesieHue.

Onna w3 QopM HMHTErpasbHOTO ypaBHeHHs JIuHmIN
BBITJISIIUT Tak [2, 3]:

W(y)- _};W(y— udgu, y0;

0, y<O0.

IIpn KpaTKOM H3I0XKEHHHM METOJa CIIEKTPaIbHOTO
pasnoxkenus pemenus WYJL Oymem npuaepkuBaThCs
MOAXO0Ja U CHMBOJIMKH aBTOPA KJIACCHKH TEOPHU Macco-
Boro obciyxuBanus [2]. Cyte pemenus UYJI meromom
CHEKTPAIBHOTO Pa3IOKEHUS COCTOMT B HAaXOXKICHHUHU 3a-
KOHa pacHpelielieHUs BpPEMEHM OXHJaHWUA uepe3 clie-
Jaymouiee CHEKTPaIbHOE pas3ioXKeHue:

A*(=s)- B¥*(9-1=v, (9/y_($, te y.(s) n v_(s)
HEKOTOpbIE pallMoOHaAIbHbIE (PYHKIUH OT S, KOTOPBIE MOX-
HO Pa3JIOKUTh HA MHOKUTENU. DyHKIMU (s) uy_ (s)
JIOJDKHBI YZOBJIETBOPATH CIECIYIOUIMM yCIOBHUSIM COTJIAC-
HO [2]:

— U1t Re(s) >0 yHkuua vy (S) SIBIISIETCS AHAJIU-
THYECKOH 0e3 HyJIel B 3TOW MOTYIUIOCKOCTH;

— mist Re(s)<D dynkums y_(S) sBusiercs aua-

JMUTHYECKON Oe3 HyJel B 3TOU IMOYIUIOCKOCTH, THC (1)
D — HekoTopas MONOXKHUTEIbHAsT KOHCTAHTA, OIpe-

- at)
JensieMas U3 yCIOBUSA: lim ——-< 0.
t>o @ Dt
Kpome Toro, ¢ynkuum (s)  y_ (s) JIOJKHBI
YIOBJIETBOPATH CIEAYIOLIUM YCIIOBHSM:
S _(s
i v ( ):l; lim v-(s)
|s>o,Re(s)>0 S |s>w,Re(9)<D S

1. (2)

B pabote craButcs 3a/1a4a HaXOXKICHUS PEIICHHS IS
BpEMEHU OXHJaHusi TpeOoBaHuii B ouepean B CMO

HE,/M/1 u HE, /M" /1. Jlna pemenus 3amauu HeoOXo-

JUMO BHayajle IIOCTPOUTH Ul YKa3aHHBIX CUCTEM CIIEK-
TpaJIbHBIE Pa3iloKEeHus BUJA

A*(-s)- B*(9-1=y,( $/yv_( $ ¢ yuerom ycnoBuii

(1), (2) B kaxxgom ciyyae.

2 IUTEPATYPHBIA OB30P

Meroa cHekTpalbHOTO Pa3jOKEHUS! PELICHHUS WHTe-
TpajbHOTO ypaBHEeHUs JIMHIU BIIEpBEIC MTOAPOOHO MpEI-
CTaBJICH B KIJIACCHKE TCOPUHU MACCOBOTO OOCIY)KHUBAHHS
[2], a BHocieACTBUM MPHUMEHSUICS BO MHOTHX padoTax,
BKitoyast [3,4]. AHanoruuHbli nogxond kK pemenuto UYJI
HCIIOJIb30BaH B [5]. 31eCh BMECTO TEPMHHA «CIEKTPaJIb-
HOE Pa3lIo’KEHHEe» HCIOJIh30BaHA (PaKTOPHU3ALHsA, a BMe-
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cro QyHKumit (s) uy_ (s) — KOMITOHEHTHI (haKTOpH-

3alUd O, (z,t) 1 o_ (z,t) ¢byskumu 1—-z-%(¢).

Takoil moaxon IJisi MOJYyYEHUs] KOHEYHBIX PE3yjbTa-
TOB JUISl pacCMaTpHUBAaEMbIX CHUCTEM MEHee yJ00eH, 4eM
MOJXOJ, ONMCAaHHBI B [2] M NPOULTIOCTPUPOBAHHBIN
MHOTOUYHCICHHBIMH TPUMEPAMHU.

B paGore [6] aBTOpa BIIepBHIE MPEICTABICHEI PE3Yih-
tatel aHanm3a CMO co CIBUHYTBIMH 3KCIIOHCHITMATHHBI-
MU pacrpeIeICHUIMHE.

[IpakTryeckoe MpPUMEHEHHE METOJa CIIEKTPAIBLHOTO
paznoxenus pemenuss UYJI st uccienoBaHusi CUCTEM C
THIEPIKCIIOHCHITMABHBIMH B 9KCHOHEHIIHAIbHBIMH
BXOJHBIMH PacpeeICHUAMH MOKa3aHo B paboTax [7-9].
B To e Bpems, HayyHOH JuTepaTrype, BKIOuas web-
pecypcbl, aBTOpY He yIalloch OOHAPYKHUTh Pe3yiIbTaThl MO
BpemeHu oxuaanus 111 CMO ¢ 3KCTIOHEHIUAIBHBIMU 1
TUIIEP3PIIAHTOBCKUMY BXOJHBIMH PACHpPEAEICHUAMHU 2-T0
ropsiika o0Iero Buaa.

ATIpPOKCUMATUBHBIE METOJBl OTHOCHTEIFHO 3aKOHOB
pacupeneneHuit mogpoOHO onucaHk B padoTax [11-13], a
MTOXOXKUE WCCIIEOBAaHUS B TEOPUH MACCOBOTO OOCITYKH-
BaHUS B IOCIIEIHEE BpeMs MPOBEICHEI B [14—17]

3 MATEPUAJIbBI U METO/bI
Hnst cucrembr HE)/M/1 3akoHBI pacnpeneneHus: MH-
TEpBAJIOB BXOJIHOTO TMOTOKAa M BPEMEHH OOCIYKUBaHMS
3a7ar0Tcs QyHKIMSMHU IUNIOTHOCTH BHJIA:

a(t) = 4p?ﬁtei2klt + 4(1 - p)?uzztefz}”zt , 3)
b(t) = ue_w . 4)

Pemenne 1t cpeqHEero BpeMeHH OKHUAAHUS U CUC-
tembl HE,/M/1 Gynem cTpouTh Ha OCHOBE KJIaCCHUYECKOT0
MeToJa CIEKTPaJIbHOTO pasnoxeHus pemenus UYJI, kax
9TO Toka3aHo B [6—9]. Takoil moaxo/ Mo3BOJISIET ONpeie-
JIUTH HE TOJIBKO CpeHee BpeMsl OXKMAAHHs, HO 1 MOMEH-
THl BBICIIUX IIOPSAKOB BpeMeHH oxkuianusi. C yderoMm
OTIpe/ICTICHUST BapHallii 3aJCPKKH — JDKUTTEpa B Telle-
KOMMYHHUKAIISIX KaK pa30poc BpeMEHHU OKUAaHUS OT €ro
cpemHero 3HaueHus [10], TeM camMbIM TOJXYYHM BO3MOXK-
HOCTB OTIPENICJICHUS [DKUTTEpa Yepe3 AUCIEPCHI0 BpeMe-
HU OXHJIaHHS.

[IpeoOpazoBanus Jlannaca GpyHkuumit (3) u (4) Oyayr
COOTBETCTBEHHO:

2 2
2\ 21 *
A*(s)=p| —L—| +(1- zZ_ | =M
(S) p{s+2li +( p{s+2k2] B(s) S+

Torna cnekrpanbHOe pasnoxeHue pemeHus NYJI
st cucrembl HES/M/L A4*(=5)-B*(s)—1= vy, (s)/w_(s)

MpUMET BUI!

s ez etz o
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BripaxkeHue, crosiiiee B KBaJpaTHBIX CKOOKax, Mpej-
CTaBUM B BUJIE:

2 2
0, 2,
+l-p) ——| |=
p(ZM—sJ ( p{zxz—sJ

~ p(16x%732 160 30,5 + 47&s2)
- 20 —s (20, —s ’
1 2
1- p\6A3AS —16A,A5s + 425s?
142 12 25 ) _
(21— s) (21, - s)
ap —aps +02S2
(@ =sP@ny—s)

rAe  MOpOMEXYTOYHBIE ag =16 7»% 73,

a :167\,]7\,2[[?7\41 +(1—p)7\42] , dy :4[177“% +(1_p)7\’22] .

rapamMeTpsl

[Iponomxas pa3noxkeHue, MoIyyuM:

\u+(s) _ w(ag —ays +a2s2)—(2k1 —s)2(27»2 —s)z(qus) _
v_(s) (2%, =522y —sP(u+s)
—s(s4 +C3S3 +62S2 +es+cy)
(20 —sP2hy—sP(uts)
_ =S(As)(s =5)(s —53)(s —54)
@h —sPQhy —sP(uts)

OKOHYATENBHO, CIIEKTPAIBHOE PA3JIOKCHHE PEIICHUS
MY s cucremsl HE,/M/1 umeeT Bun:

\u+(s):—s(s+s1)(s—sz)(s—s3)(s—s4) ) )
(20 —s) (2hg =5 (u+s)

v_(s)

Mmuorounex ‘leTBepTOﬁ CTCIICHU B YUCIHUTECIIC PA3JI0-
KCHHUA

st + c3s3 + c2s2 + 18+ ¢ 6)

¢ koapoumueHTaMu: ¢ =g+ [y —u(y +25)],
e =4p(03 +4hhy +23) =161 ks (M +Ap) —aopt

¢y =400 +35) + 1600, —4u(h +4y),  c3=p—4(k; +1y)
HMMEEeT OJIMH JEHCTBUTEIBHBIA OTPULATENIBHBIH KOPEHb U
TPU TOJIOKUTENBHBIX KOpPHS (MO0 BMECTO MHOCIHIEIHUX
OJIMH JIEMCTBUTEIBHBIN IIOJIOXKATEJILHBIE KM JBa KOM-
IUICKCHO COINPSDKEHHBIX C ITOJIOKUTENIBHOW BELIECTBEH-
HOM wacThio). MccnenoBanne 3Haka muammero ko3 gu-
LIMEHTa C( IOKa3bIBAeT, YTO ¢( <0 BCerja B ciyyae cTa-
OmnpHOU cucTeMbl, Korga 0<p<l1. DTO Takke MOATBEp-

JKIIAeT MPETNOI0KEHHE O HAJIMYMH TaKMX KOpHEW MHOTO-
YJIeHa.
Hanee, ¢ yuerom ycnosuii (1) n (2) crpoum panmo-

HaJbHbIe QYHKINH (s) ny_ (s) :
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v, (s)=s(s+s1)/(L+s), T.K. Hynu MHorodieHa (6):
s=0,
Re(s)<0, a 3a
(21, —s)* (22 — )’
(5= )5 53)(s = 54)

nexar B obnacti Re(s)< D, onpenencHHOl ycnorem

§=-—51, U IOIOC s§s=-— JEXKaTr B obnactu

(byHKIHIO

, T. K. €€ HYJIH U TIOJIFOCBI

y_(s)=

(1). Bemonnenne ycnosuii (1) n (2) criekTpanbHOTO pas-
JIOKEHUS JUIsl IOCTPOCHHBIX QyHKUmA y, (s) 1 y_(s)

OYE€BUIHO, YTO TAKXE IMOATBEPKIAACTCS PUC. 1.

222 82 5 8

Re(s)

Pucynok 1 — Hymu u nomtoce! GyHKumn v (s)/y_(s) mis
cucrembl HE,/M/1

[pu moctpoennn >TUX QyHKIMH yI00HEe HYJIU U TO-
moca orsowenus W, (s)/y_(s) ormeruts Ha KOM-
TUIEKCHON § — IMJIOCKOCTH JIJIsl MCKIIOYEHHUs OIMOOK Mo-
crpoenns Gynkimit v, (s) u y_(s). Ha pucynke mo-
JIFOChI OTMEYEHBI KPECTUKAMH, & HYJIM — KPY/KKaMHU.

Jlaee MO METOMMKE CHEKTPAILHOTO Pa3loKEHHs
HaliieM KoHcTaHTy K

: s) . (s+s) s
K:hm—\h():hm—( ) L

50 (s+p) w’

s—>0 S

rae s; — abCONIOTHOE 3HAYCHWE OTPHUIATENIBHOTO KOPHS
—s) . Ilocrosannas K ompenenseT BEPOSATHOCTb TOTO, YTO

MOCTyMaromiee B CHCTeMy TpeOOBaHHE 3aCTaeT €€ CBO-
0OIHO.

Jlnst HaxoxkaeHust mpeodpazosanus Jlammaca GyHKIMA
IUIOTHOCTH BPEMCHH OKUIAHUS IMOCTPOUM (DYHKIIHIO

_ K _sl(s+u)
0 )

Ortcrona mpeoOpazoBanne Jlamiaca QyHKIWM TUIOTHO-

CTH BpeMenH oxunanus W (s) = s - @, (s) Gymer paBHO

si(s+
w(s :M, (7)
Hls +s1)
JIns HAXOXKJAEHUA CPENHETO BPEMEHH OKHIAHHS
HaiileM NpousBoaHyI0 oT GyHKuuH W (s) co 3Hakom

MUHYC B Touke § = 0:
dW*(s)‘ B —ps12+u2s1 11

W= -
ds |y 2 sou

OKOHYATEIbHO, CPEIAHEE BpPEeMs OXHIAHHS ISl CHC-
tembl HE,/M/1

W=1/s-1/n. )
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W3 BeIpaxkenus (7) Takke MOXKHO ONPEAETUTh MOMEH-
TBI BBICIIMX MOPSIKOB BPEMEHU OXUAaHMs. Bropas mpo-
u3BOAHAs OT mpeobpasoBanust (7) B Touke §=0 paer
BTOPOH HAYaIbHBII MOMEHT BPEMEHH OXXUAAHHS, HYTO
TIO3BOJISICT ONIPEACINTH TUCIICPCHIO BPEMEHN 0)KNUAAHHS:

Dy =2 [ 1 1}

SIS M
Jnist IpakTHYecKoro MpUMeHEeHHs BeipakeHus (8) He-
00XOJIMIMO OTIPENICUTh YHCIIOBBIE XapAKTEPUCTHUKH pac-
mpenenenus (3) HE,. [l pactipenenenus (4) 5Th xapak-
TEPUCTUKN HW3BECTHBI M3 Kypca TEOPHH BEpPOSTHOCTEH.
s 3TOrO BOCHOJNB3yeMCS CBOMCTBOM MpeoOpa3oBaHHA
Jlartaca BOCHIPOM3BEJICHHMS MOMEHTOB W 3alMIIEM Ha-

YaJbHbIE MOMEHTBI IO BTOPOTO TMOPS/KA JUIS paclpe/e-
nenus (3):

p (1-p) ©)

_ -
T%zz{pf’( zp)}‘
Mo M

Paccmarpusas paBenctsa (9) u (10) kak 3ammce MeTo-
Jla MOMEHTOB, HaiiIeM HEU3BECTHBIE MapaMeTphl pacipe-
nenenust (3) Ay, Ay, p. Cucrema nByx ypasHeHuit (9),

(10)

(10) mpu sTOM sIBISIETCA HEAOOMPENEIECHHOM, TO3TOMY K
Hell 100aBUM BBIpaXKEHHE IS KBaapaTa Kodpduimenrta
BapHalHH:

2 = \2

=5 (11

()

Kak cpszytoniee ycinoBue mexay (9) u (10). Kpome toro,

k03¢ dHULKEHT Bapuanuu OyAeM HCIOJB30BaTh B pacye-

Tax B KAauyeCTBE BXOIHOTrO Iapamerpa cucTeMsbl. Mcxoms
n3 BUA ypaBHeHUs (9) Moja0Xum

M =2p/T Ay =2(1-p)/7, (12)

u norpedyem BoinosHeHust ycinosus (11). [ToxcraBus BbI-
paxenus (9), (10) u wactaoe pemenue (12) B (11) u pe-
IIMB TOIyYEHHOE YPABHEHHWE UYETBEPTONW CTEHEHU OTHO-
CUTENIBHO MapaMeTpa p, BIOEPEM OJHO HY)KHOE 3HAaUCHHE
c ydyeToM ycioBus 0 < p < 1:

1 [20+¢))-3
p=ty )3 h)z (13)
2 8(1+C>\‘)
Otcroma cumemyer, 9to KOY(D(UIMEHT  BapHaIHA

¢ >1/ V2. Taknum 00pa3oM, IOJIy4EeHO YacTHOE pelle-

HUE He JI0OIpeeseHHONW cuctembl ypaBHeHuit (9) u (10)
METOJIOM Toab0pa.
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Takoil »e moaxoa K anmnpoKCUMallid 3aKOHOB pac-
NpeACICHNUA TUINCPIKCIIOHCHIIUAJIBHBIM PACIIPCACIICHUEM
npuUMeHeH B pabotax aBTtopa [6—9]. Takum oOpaszom, ru-
NEPIPIAHTOBCKUH 3aKOH PACHpEeNCHUs BTOPOro MOps-
Ka MOXET OIpPENENAThCS IOJHOCTBIO JIBYMsI MEPBBIMU
MOMEHTaMM M TEpPEKphIBaTh BECh AUANA30H HW3MEHEHUS

koa(ddunmeHTa Baprau ot 1/\/5 J10 00, YTO LIMPE, YEM
y THIIEPIKCIIOHEHIMANIBHOTO pacupenenenus (1, o) .

Benuuuns! 7, , T O € OyZeM CYMTaTh BXOJAHBIMU

rapamMeTpaMH U pacueTa CpeJHEro BPEMEHN OXKUIaHMS
s cuctembl HE)/M/1. Torga anroput™ pacdera CBEIET-
Csl K IIOCIIEIOBATEIHOMY OIIPEACICHHIO I1apaMeTpoB
pactpenenenus (3) n3 Beipakenui (13), (12) u k HaxOX-
JCHUI0 HYXKHOTO KOpHS MHOTrouieHa (6), a 3aTeM K HUC-
TI0JIb30BAHMIO PACUETHOTO BhIpaKeHuUs (8).

Janee paccMOTpUM HPUHIUIUAAIBHO OTJIMYAIOILYIOCS
or wucciaenosanHod CMO cucremy. [ng cucremsl
HE,/M/1 co caBuHYTBIMH 3aKOHaMH pacIipeaeieHuid nH-
TEpBAJIOB BXOJIHOTO IOTOKAa M BPEMEHH OOCIY)KHBaHMS
9TH 3aKOHBI 33/1a10TCSl QYHKIMAMH TUIOTHOCTH BHJIA:

alt)=4pa3 (1 —19)e 10 £ 4(1- pPE (1 —19)e 22070 (14)
b(t)=pe M), (15)

Takytro CMO B oTimune OT OOBIYHON CHCTEMBI 000-
3HauuM Kak HE,/M /1. B pabote aBTOpa [6] cuctema co
CIBUHYTBHIMH 3KCIIOHEHIIMAJbHBIMH BXOAHBIMU pacIIpe-
JIeTICHUsIMA 0003Ha4YeHa KaK CUCTEMa C 3alla3/bIBAaHUEM.
CaBur BO BpeMEHH JKCIIOHEHIIMAJILHOTO pPaCIpeeICHuUs
tpancdopmupyer cuctemy HE,/M/1 tunma G/M/1 B cuc-
temy tuna G/G/1.

VrBepxkaeHue. CrieKTpabHbIE pa3ioKeHUs pelIeHHs

f(_o). R* 1
UYIL A*(-s)-B*(s)-1=y_(s)/w_(s) mis cucrem

HE, /M /1 u HE,/M/1 OTHOCTBIO COBIIAAIOT W UMEIOT

Bux (5).
JHoxazarenbctBo. [IpeobpazoBanust Jlamtaca GpyHkumit
(14) u (15) OynyT COOTBETCTBEHHO:

2 2
2A 21 B
A*(s)=| p| = | 11 p) =2 | |.e70s;
() p[S‘l”z}\,]J ( p{s+2k2J

~toS

B*(s):&.
s+p

CrnexTpanbHoe paznokenue permenns UYJL s cuc-

tembl HE; /M7/1 A*(—s)-B*(s)—l:W (5) HOPUMET BUL:

v_(s)
2 2
\I!+(S)= » 2k -p 22, o105 5
\u_(s) 20— 20, =5
x| M eos =
P+
2 2
27\,1 27\.2 H
=| p| — 1- . -1
p[Zkl—sJ +( p{ﬂ»z—s] (u+s]
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3/1eCh SKCIIOHEHTHI M3-3a MPOTHBOIOJIOXKHBIX 3HAKOB
OOHYJISIIOTCS. U TEM CaMbIM OIepalys CIBHIa HUBEIHPY-
ercsi. CrnenoBarellbHO, CIEKTPAJIbHBIE PA3JIOKCHUSA IS

cucteM HE, /M~ /1 u HE,/M/1 nosiHOCTbIO COBIANAIOT U
uMeroT BUT (5). YTBEpKICHHE TOKA3aHO.
Taxum oGpaszom, no cucreme HE, /M /1 MBI IOJIHO-

CTBIO MOXXEM BOCIOJIB30BAThHCSI MOJYYEHHBIMH BBILIE pe-
synbratamu Uit cucteMbl HE)/M/1, HO ¢ M3MEHECHHBIMU
YHUCIIOBBIMH XapaKTEPHUCTHK CABHHYTHIX PacIpeeIICHIH
(14) u (15).

OnpenenuM YHCIOBBIC XapaKTEPUCTHKH WHTEpBaa
MEXIy MOCTYIDICHHAMHU TpeOOBaHWHA M BpeMeHH 00cCITy-

KMBaHus 1 HOBOM cuctembl HE, /M /1. ns storo
BOCIIONIb3yeMcsl  TpeoOpazoBanneM Jlaruaca  GyHKImid
(14) u (15).
1% v *
3HaueHne NepBOH Mpou3BOAHOW (yHKIMH A (s) cO
3HAKOM MHHYC B Touke s=0 paBHO

dA*(s)

-1 -1
y =ph +(1=phy +1p-
S ls=0
Orcrona cpegHee 3HaYEHHE HHTEPBAJIOB MEXIY CO-
CeIHUMH TPEOOBAHUSAMH BXOJHOTO TIOTOKA OYAET paBHO

T, = pA (- pS +1p - (16)

3HaueHHe BTOPOHW NMPOU3BOIHON (PyHKIUH A*(s) B

Touke s=0 maer BTOpOl HauyadbHBIH MOMEHT HMHTEpBasa
MOCTYTICHUS

o = +2t0[£+(1—p)]+37p+73(1—p).

(17)
Moo ol 23

Ortcrona ompenenuM Ksaapar Kodh¢uuueHta BapHua-
LM HHTEPBAJIOB ITOCTYIICHHS:

13 =200 00 =10) +p(-2p)00 =22)° (1)
2hy = p(hy —hy) + A hs 1

2_
=

Jig onpeneneHus YUCIIOBBIX XapaKTEPUCTHK paclpe-
nenenus (4) Bocrionb3yemcs pesyiabratamu [1].

Cpennee Bpems oOciyxuBanus B cucreMe HE, /M /1
paBHO
= -1
T, =H +ip- (19)
Bropoit HauanbHbIF MOMEHT BpeMEHH 00CITy)KUBaHUS

paBeH

) 2t 2
R P

(20)
H u2

Otcrona k03 (GUIHMECHT BapUallid BPEeMEHH O0CITyKHU-
BaHMs OyJIeT paBeH

21

oy = (1+ uto)_l.
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3ameruM, 4ro Kod(dULUEHTH Bapuanuu c¢; >0 u

cy <1 npu mapamerpe casura f; >0. Takum oOpazom,

Oo4YeBUAHO, 4TO cucteMa HE,/M /1 OTHOCHTCH K THUILY
G/G/1.

PaccmarpuBas Boipaxkenus (16)—(21) kak ¢dopmy 3a-
IMCH METOJ]a MOMEHTOB, Haii/IeM HEH3BECTHbBIC NapaMeT-
pol pacnpenenenus (14) u (15): Ay, A,, p, ¢y, n. Haxo-
XKJIEHHe TapaMeTpoB pacnpenenenus (14) Ay, A,, p Oy-
JIeT aHAJOTMYHBIM HAaXOXKIEHHIO 3THUX IapaMeTpoB UL
pactipenenenus (3). Terneps ucxozst U3 BUIA ypaBHEHHMS
(16) monoxum

M =2p/ (M ~1y)s Ay =2(1=p)/ (5. ~1) (22)
1 iotpedyem BemonHeHus ycnosus (18). [loxcraBus ya-
ctHOe pemienue (22) B (18) pemaem morydeHHOE ypaBHE-

HHE YCTBEPTOIl CTEHNECHH OTHOCHTEIBHO IapaMerpa p ¢
yuetom ycinoBust 0 < p <1 u BeibepeM HyKHOE pelieHne

1L 3@ )’
2 V4 8T —10)* +citr]

i

a 3aTeM orpezeisieM U3 (22) napaMeTpsl A U A, .

Ocraercs ONpefeNUTh MHapaMeTPhl PacIpeneneHNs]
(15) u3 ypaBuenuii momenToB (19)—(21). U3 (19) mony-

1

YMM 3HAYEHHE ) =T, —p~ M IOJCTABHB €ro B (21) naii-

aeM napametp pacmpenenenus (15) p=1/c, 7, . Torma
mapaMeTp caBura OyIeT CBs3aH C mapamerpamu 00cCiy-
JKMBaHUS yCIIOBHEM

to =T, (1-c,). (23)

Beipaxkenue (23) Oyner onpeiensaTs Juana3oH U3Me-
HEHUsA napaMmerpa casura ¢y < (0,1) .

3anaBas 3HA4YEHU T, , %H, ¢ » €, B KauecTse BXOJ-

HBIX [IAPaMETPOB CHCTEMBI, TAKHM 00pa3oM olpenernsieM
W3BECTHBIM METOJOM MOMEHTOB BCE HEHM3BECTHBIC Iapa-
MeTpHI pactpeneneHuii (14) u (15).

Tenepp paccMOTpHM BIMSHHE ITapaMeTpa CIBHIa Ha
KO3 GHUIHUEHTH! BapHaliii pactpeaenacHuit. s oOsraHO-
ro pacupenenenus HE,, kak cinenyer u3 Beipakernit (9)—
(11), nomyunm:

M =2phy (kg = k) + p(L=2p)(hy =19)*
200 = p(hy = )P

=

CpaBHuBas mocienHee BeipaxkeHue ¢ (18) ybexxmaem-
Csl, 4TO IapaMeTp CABUra BO BpeMeHHU f( > 0 yMeHbIIaeT
KO3(pUIMEHT BapHallMd HMHTEPBAJIOB TOCTYIUICHU B

tohhy

——— < pa3. AHaAJOTUYHO IJI1 SKCIIOHEHIIN-
[M(1=p)+2,p]
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QIPHOTO 3aKOHa BpeMeHH OOCIy)XHMBaHHs, NapaMeTp
C/BUTA yMEHbIIaeT KOA(QQUIMEHT BapHualMd BPEMEHHU
obciyxuBanus B 1+z, pa3. YUuTbIBas KBaJpaTHYHYIO

3aBHCHMOCTH CPETHETO BPEMEHH OXHIAHHS OT KOd(pH-
LMEHTOB Bapualllii HHTEPBAJIOB MOCTYIUIEHUH U BPEMEHU
obciy)xuBaHuUs, yOexKIaeMcsl B TOM, YTO BBEJCHHE Iapa-
METpa CIOBHTa B 3aKOHBI PACIpPEACICHHS, yMEHbBIIAeT
cpenHee BpeMs oxuaanus B ouepenu B CMO.

4 OKCIIHEPUMEHTHLI
Hwxe B Tabn. | mpuBeneHBI NaHHBIC PAacyeTOB JUIS
cucremsl HE,/M/1 s cmy4yaeB mainoi, CpeTHeH 1 BBICO-
KoW Harpy3ku p=0,1;0,5;0,9. lnsa cpaBHEHUsI B IpaBOH
KOJIOHKE TIPHUBEICHBI HaHHBIC i cucteMbl Hy/M/1, most
KoTopoit ¢; =1 [1].

Tabmuna 1 — Pe3ynmpratsl skcniepumentoB s CMO HE,/M/1 B
cpaBHeHnu ¢ Hy/M/1

BxozHble mapameTpbl CpeiHee BpeMst O3KUIaHUS
p e JUISL CHCTEMBI |  JUISL CHCTEMBI
HE»/M/1 Ho/M/1
0.71 0.03 -
2
0.1 0,08 0,19
4 0,10 0,23
8 0,11 0,25
0,71 0,62 -
0.5 2 2,00 2,16
4 4,62 4,83
8 10,15 10,40
0,71 6,61 -
0.9 2 22,59 22,41
4 77,28 75,79
8 295,96 289,13

3Ha4YCHUSI CPETHET0 BPEMEHU OXHIAHHS B CHCTEMax
HE,/M/1 u HyM/1 mocraTto4Ho ONHM3KH MpH CpEAHEH |
BBICOKOI HarpysKe CHUCTEM, XOTsi MOMEHTHI paclipezeie-
Hui (HaunHas co Broporo) HE, u H, pasusarcs. 3amerum,
gto cucteMsl H,/M/1 cnpaBemutiBa TOMBKO IpH ¢; =1 n

¢y =1, motoMy B Tab. 1 st ¢; <1 CTOSAT POYCPKH.
B T1abn. 2 mpuBemeHB! pe3yiabTaThl 3KCIEPUMEHTOB

s cuctemsl HE, /M /1, a Juid cpaBHEHHsA B IIPaBOU

KOJIOHKEC MpHBEACHbI IaHHbIE I OOBIYHOH CHCTEMBI
HE,/M/1.
Koaddunmenr 3arpy3ku p B o0enx Tabmumax onpe-

JensieTcst OTHOILICHHEM CPEIHHUX HHTEPBAJIOB
P=T, /T - Pacuetsl, mpuBeneHHbIE B Tabu. 1-2 mpoBse-

JACHBI JI1 HOPMHUPOBAHHOTO BPEMCHHU O6C.Hy)KI/IBaHI/IH

T =1
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Tabnuna 2 — Pesynbrarel sxcriepumenToB it CMO
HE, /M /1 u HEy/M/1

Bxomupre Cpentee BpeMsi 0)KUIAHUS
TapaMeTpsl pen P .
0 Cy st cuctemsl HE; /M7 /1 st
=01 =05 c, =0,99 | cucTembl
N iy " HEy/M/1
(%=0,9) (t=0,5) (t=0,01)
0,71 0,000 0,005 0,029 0,03
0,000 0,013 0,078 0,08
0,1
0,000 0,016 0,094 0,10
0,000 0,017 0,099 0,11
0,71 0,005 0,181 0,610 0,62
0,008 0,458 1,966 2,00
0,5
0,009 0,599 4,503 4,62
8 0,009 0,655 9,706 10,15
0,71 0,344 2,956 6,516 6,61
0,805 16,002 22,465 22,59
0,9
4 1,102 60,607 77,044 77,28
8 1,260 238,99 295,29 295,96

JanHble TaON. 2 TMONHOCTHIO MOATBEPXKAAIOT CICTaH-
HBIC BHIIIE MPEANOJIOKCHHS O CPeTHEM BPEMEHHU OXHIIa-
HUS B CHCTE€ME C 3ama3apiBaHueM. Kpome Toro, ¢ ymMeHb-
IICHWEM TIapaMmeTpa cIBura ty cpenHee BpeMs OXHIAHHS
B CHCTEME C 3ara3/bIBaHUEM CTPEMUTCS K 3HAYCHHIO ITO-
Tro BpeMeHI/I B O6]>I‘iHOI7[ CHCTEMC, YTO AOIIOJHUTCIIBHO
HOI[TBep)KL[aCT AICKBATHOCTH HOJ'Iy‘leHHI)IX peSyJ'IbTaTOB.

5 PE3YJIBTATHBI
B pabote momydeHbl CHEKTpajbHBIE Pa3JIOKEHUS pe-
LIEHHs WHTETPalbHOTO ypaBHeHUs JIMHAMM A1 ABYX

cucteM HE,/M/1 u HE,/M /1, ¢ IOMOLIBIO KOTOPBIX

BBIBC/ICHBI PACUCTHBIC BBIPAKCHHUS [UISL CPEIHETO BpeMe-
HHU O)KHIAaHHSl B OYCPENH ML 3THX CHCTEM B 3aMKHYTOU
¢bopme. Pe3ynbTaThl pacueToB CPaBHUBAIOTCS C PE3yJIbTa-
TaMu aHaJoruyHoM cucremsl Hy/M/1.

Juana3oH u3meHenus napamerpoB y napsl HE,/M/1 n

HE, /M /1 mupe, 4em y napsl HyM/1 u H, /M /1, no-
9TOMY yKa3aHHBIC CUCTEMbI C YCIIEXOM MOTYT OBITh MpH-
MEHEHBI B COBPEMEHHO# TeopuH TeseTpaduka.

6 OBCYXJIEHUE
Pe3ynbTaThl pacyeToB MOATBEPIKAAIOT TOT (HaKT, UTO
BBEZICHHE TapameTpa casura ty >0 B 3aKkoHBI pacmpene-

JIEHUs TIPUBOJNT K Ka4EeCTBEHHO HOBOW CHCTEME MacCOBO-
ro 00CITyXMBaHHUS, 00IaAOIIeH TPEUMYIIIECTBAMH TIEPeT
00BIYHOM CHCTEMOM. B mepByto ouepenb 3TO pacuiupeHue
Jiparna3soHa MpuMEHUMOCTHU HOBOM CHCTEMBI. KpOMe 3TOro,
cHCTeMa C 3ara3iblBaHueM OOEeCTeurBaeT MEHBIIYIO 3a-
JIEPKKY 110 CPABHEHHIO C OOBIYHOM CHCTEMOH.

BbIBO/IbI
Hayuynasi HOBHM3HA TIONyYEeHHBIX pE3yJbTaTOB 3a-
KJIFOYaeTCs] B TOM, YTO TIOJIyYEHBI CIIEKTpPaJIbHbBIC Pa3iio-
KEHUSI PEIICHHUs MHTETPAIbHOTO ypaBHeHus JIuHum s
paccMaTpUBacMbIX CHUCTEM M C UX TOMOILNBIO BBIBEICHBI
pacyeTHbIC BBIPAKEHHS JUISI CPEIHETO BPEMEHH OXKHJa-
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HUSL B OUepeJM JUIsl 3TUX CHUCTEM B 3aMKHYTOH (opme.
OTH BBIpAXXEHUS PACIIUPSIOT U JIOTOJHSAIOT HM3BECTHBIC
(GhopMyJIBI TEOPUH MacCOBOTO OOCITYKUBAHHS IS CPEIHE-
ro BpeMeHH oxuianus s cucreM thrna G/M/1 n G/G/1
C MPOM3BOJIBHBIMH 3aKOHAMH PACIpPECICHUIl BXOAHOTO
MOTOKA U BPEMEHH 00CITyKHUBaHHUSI.

I[pakTuyeckoe 3HaYeHHe PA0OTHI 3aAKIOYACTCA B
TOM, YTO MOJYyYEHHBIC PE3YJbTAThl C YCIHEXOM MOTYT
OBITH MTPUMEHEHBI B COBPEMEHHON TEOPUH TeNeTpaduka,
IJIe 33/IPXKKH TTaKeTOB BXOJSIIEro Tpaduka urparot nep-
BOCTENEHHYIO poiib. [ljisi 3TOro HEOOXOAMMO 3HATH YH-
CJIOBBIC XapaKTePUCTHKH MHTEPBAIIOB BXOJILETO Tpadu-
Ka U BPEeMEHHU OOCIy>KMBaHMS Ha ypPOBHE IBYX INEPBBIX
MOMCHTOB, YTO HC BBI3bIBACT prI[HOCTeﬁ Ipu UCIOJIB30-
BaHHM COBPEMCHHBIX aHAIM3aTOPOB Tpaduka [8, 9].

IlepcnekTHBBI AaJbHEHINNX HCCIEJIOBAHUH IIPO-
CMAaTPHUBAIOTCSI B TPOJODKCHHH HCCICNOBAHUS CHCTEM
tuna G/M/1 u G/G/1 ¢ apyrumu OOUIMMH BXOJHBIMH
pacrpeielieHUsIMU U B PaCUIMPEHUH U JOMOJHEHUH (op-
MYJI JUTSl CPETHETO BPEMEHH OXKHIaHUSI.
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AHAJII3 IBOX CUCTEM MACOBOI'O OBCJIYT'OBYBAHHS HE,/M/1 31 3BUMAMHAMU TA 3CYHYTUMHU
BXITHUMH PO3NOAINIAMUA

AHOTAULIA

AxTyanbHicTh. B Teopii macoBoro o6cmyroByBanus gociimpkenss cucreM G/M/1 1 G/G/1 akTyanbHi y 3B’S3Ky 3 THM, L0 Ha
CHOTOJIHI HE iCHY€ pillIeHHS B KiHI[EBOMY BHIJISAI JJIS 3aTalbHOTO BHIAJKY IPU JOBUTBHUX 3aKOHAX PO3MOMLTIB BXITHOTO MOTOKY i
yacy o0ciyroByBaHHs. Po3risHyTO 3a7ady BUBEACHHS PILICHHS U CEPEIHBOTO Yacy OYiKyBaHHS B yep3i B 3aMKHYTIH (opmi mis
JIBOX CHCTEM 31 3BUYaHUMH 1 31 3CYHYTHMH TilepepIaHTiBCbKUMH Ta eKCIOHEHTHUMH BX1THUMH PO3IIOIiIaMU.

Meta podorn. OTprMaHHS PillIeHHs JUIT OCHOBHOI XapaKTEPUCTUKH CHCTEMH — CEPeIHBOT0 4acy OUiKyBaHHS BUMOT B Uep3i I
JIBOX CHCTEeM MacoBoro oociyroByBanHs tiiy G/M/1 i G/G/1 3i 3BuuaifHUMU Ta 31 3CYHyTHMH TillepepiIaHriBCbKUMH Ta €KCIIOHEHT-
HUMH BXiJTHUMH PO3IIOJIJIAMH.

Mertoa. [{ns BUpIlICHHS NOCTAaBJICHOTrO 3aBaHH BUKOPUCTAHO KIIACHYHUIT METO/ CIIEKTPAIbHOTO PO3KIIaaHHs PO3B 3Ky iHTe-
rpanbHoro piBHsaHHA Jlinyi. Lleit Metox 103BoJIs€ OTPUMATH PO3B’SA30K UL CEPEAHBOTO Yacy OWiKyBaHHS IJIS POIIIIHYTHX CHCTEM
B 3aMKHYTill gopmi. MeTox CreKkTpanbHOro PO3KIaJaHHs PO3B’S3KY IHTErpajJbHOro piBHAHHA JIIHIUTI Tpa€ BaXXIHMBY pOJib B TEOpii
cucteM G/G/1. st mpakTUYHOTO 3aCTOCYBAaHHS OTPUMAHHX PE3yJIbTATiB OYJI0 BUKOPHCTAHO BIJOMHI METOJ MOMEHTIB TEOpii HMO-
BipHOCTEH.

Pe3yabsTaTn. Briepme oTprMaHo clieKTpanbHI pO3KIIaJaHHS PIMICHHS 1HTErpajJbHOTO PiBHSHHS JIIHIII U BOX CHCTEM, 3a JI0-
TIOMOTOIO SIKMX BHBEJICHI PO3PAaXyHKOBI (POPMYIIHN JUISl CEPeIHBOTO Yacy OUiKyBaHHS B Uep3i B 3aMKHYTIH Gopmi.

BucnoBkn. OTpuMaHO CIEKTpaJIbHI PO3KIIaJaHHs PO3B’ 3Ky IHTErpaIbHOTO piBHSAHHS JIIHUTI U1 PO3IIITHYTHX CHUCTEM, Ta 3 IX
JIOTIOMOTOI0 BHMBEJICHI PO3paxyHKOBI (pOpMyYJIH JJIsl CEPEeHBOTO Yacy OYiKyBaHHS B yep3i JUI LUX CHCTEM B 3aMKHYTIH ¢opmi. Li
(bopMyiH pO3IMIMPIOIOTE i JOMOBHIOIOTH BifoMi GopMyin Teopii MacoBoro o0CIyroByBaHHs UIsl CEPEIHBOrO Yacy OYiKyBaHHS IS
cucreM G/M/1 i G/G/1 3 HOBiIJIBHUMH 3aKOHAMH PO3MOALTIB BXiTHOTO MMOTOKY 1 yacy oOcimyroByBanHs. Takuit miaxin go3Bossie po3-
paxyBaTu cepelHiil yac O4iKyBaHHS IS 3a3HAUYCHHUX CHCTEM B MaTeMaTHYHHX IaKeTaX Ul MIMPOKOTO Jiana3oHy 3MiHM MapaMeTpiB
Tpadiky. Bei iHII XapaKTepHCTHKHA CUCTEM € TIOXITHUMH 9acy O4YiKyBaHHS.

KpiM cepeaHboro yacy o4iKyBaHHS, TAKUH MiAXil 1a€ MOKIIMBICTh TAKOXK BU3HAYMTH MOMEHTH BHILIHX HOPSIKIB 4acy O4iKyBaH-
H. 3 orysigy Ha TOH (akT, M0 Bapiallis 3aTPUMKH HaKeTiB (JUKUTTEp) B TENEKOMYHIKaIlii BU3HAYAETHCS SIK JUCIEPCIs 9acy OdiKy-
BaHH BiJl HOTO CEpeIHBOTr0 3HAUCHHSI, TO [DKUTTEP MOKHA Oyle BU3HAYUTH Yepe3 JUCIEPCilo Yacy O4iKyBaHHSI.

KJIFOYOBI CJIOBA: rinepepiianriBcbKii Ta eKCIIOHEHTHUH 3aKOHU PO3IOJUTY, iHTerpanbHe piBHAHHS JIIHIII, METOJ| CIIEKT-
paJbHOrO pO3KJIaJaHHs, epeTBopeHHs Jlamaca.

UDC 621.391.1:621.395
THE ANALYSIS OF TWO QUEUING SYSTEMS HE,/M/1 WITH ORDINARY AND SHIFTED INPUT DISTRIBUTIONS

Tarasov V. N. — Dr. Sc., Professor, Head of Department of Software and Management in Technical Systems of Volga State Uni-
versity of Telecommunications and Informatics, Samara, Russian Federation.

ABSTRACT

Context. In queuing theory, G/M/1 and G/G/1 systems research is relevant in that there is still no solution in the final form for
the general case for arbitrary laws of distributions of the input flow and service time. The problem of finding a solution for the aver-
age waiting time in queue in a closed form for two systems with ordinary and shifted hypererlangian and exponential input distribu-
tions is considered.

Objective. Obtaining a solution for the main system characteristic — the average waiting time in queue for two queuing systems
of type G/M/1 and G/G/1 with ordinary and shifted hypererlangian and exponential 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 waiting time 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 sys-
tems G/G/1. For the practical application of the results obtained, the well-known method of moments of probability theory is used.
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Results. The spectral decompositions of the solution of the Lindley integral equation for a pair of dual systems are for the first
time received, with the help of which the formulas for the average waiting time in a closed form are derived.

Conclusions. The spectral expansions of the solution of the Lindley integral equation for the systems under consideration are ob-
tained and with their help the formulas for the average waiting time in the queue for these systems in a closed form are derived.
These expressions expand and supplement the known queuing theory formulas for the average waiting time for G/M/1 and G/G/1
systems with arbitrary laws distributions of input flow and service time. This approach allows us to calculate the average latency for
these systems in mathematical packages for a wide range of traffic parameters. All other characteristics of the systems are derived
from the waiting time. In addition to the average waiting time, such an approach makes it possible to determine also moments of
higher orders of waiting time. Given the fact that the packet delay variation (jitter) in telecommunications is defined as the spread of
the waiting time from its average value, the jitter can be determined through the variance of the waiting time.

KEYWORDS: hypererlangian and exponential distribution laws, Lindley integral equation, spectral decomposition method,
Laplace transform.
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ABSTRACT

Context. Nonlinear nonstationary processes are observed today in various fields of studies: economy, finances, ecology, demog-
raphy etc. Very often special approaches are required for model development and forecasts estimation for the processes mentioned.
The modeling methodologies have to take into consideration possible uncertainties that are encountered during data processing and
model structure and parameter estimation.

Objective. To develop a modified methodology for constructing models for nonlinear processes that allows for achieving high
quality of forecasts. More specifically heteroscedastic processes are considered that create a wide class of nonlinear nonstationary
processes and are considered in many areas of research.

Method. To reach the aim of the study mentioned the following methods are used: systemic approach to model building and
forecasting, modified methodology for modeling nonlinear processes, methods for identification and taking into consideration possi-
ble uncertainties. To cope with the structural uncertainties following techniques: refinement of model order applying recurrent adap-
tive approach to modeling and automatic search for the “best” structure using complex statistical criteria; adaptive estimation of input
delay time, and the type of data distribution with its parameters; describing detected nonlinearities with alternative analytical forms
with subsequent estimation of the forecasts generated.

Results. The proposed modified methodology for modeling nonlinear nonstationary processes, adaptation scheme for model
building, new model structures proposed. As a result of performing computational experiments, it was found that nonlinear models
constructed provide a possibility for computing high quality forecasts for the process under study and their variance.

Conclusions. Application of the modeling methodology proposed provides a possibility for structural and parametric adaptation
of the models constructed with statistical data. The models developed exhibit acceptable adequacy and quality of short-term forecast-
ing.

KEYWORDS: nonlinear nonstationary processes, systemic approach to modeling, structural and parametric adaptation, com-

bined models, uncertainties in modeling and forecasting.

ABBREVIATIONS

ACEF is an autocorrelation function;

AIC is an Akaike information criterion;

AR is an autoregression;

ARCH is an autoregressive conditional heteroscedas-
ticity;

ARMA is an autoregression with moving average;

DW is a Durbin-Watson statistic;

EGARCH is an exponential generalized autoregres-
sion with conditional heteroscedasticity;

GARCH is a generalized autoregressive conditionally
heteroscedastic;

GMDH is a group method of data handling method;

GNP is a gross national product;

HSP is a heteroscedastic processes;

IDA is an intellectual data analysis;

KF is a Kalman filter;

MAE is a mean absolute error;

MAPE is a mean absolute percentage error;

MCMC is a Markov chain Monte Carlo;

ML is a maximum likelihood;

MLNSVM is a modified log-normal model of stochas-
tic volatility;

NLS is a nonlinear least squares;

NNP is a nonlinear nonstationary processes;

SS is a state space;

© Tymoshchuk O. L., Huskova V. H., Bidyuk P. ., 2019
DOI 10.15588/1607-3274-2019-2-9

80

U is a Theil coefficient.

NOMENCLATURE
h(k) is a conditional variance;

y1(K) is a gross national product logarithm;
Y, (K) is a logarithm of tax deductions;

y is a sample mean for the data window w selected

for computing conditional variance;
x(K) is a vector of state variables;

X1(K) is a level of internal investment;
X5 (K) is a level of external investment;

z(K) is a vector of time delayed values of dependent
variable y(K);

zi(k), i =1,2,...,m is an explaining variables for x(k);

oj, Yj 1s a model parameters to be estimated with maxi-
mum likelihood or Monte Carlo Markov chain procedures;

@i (X) is a set of linear and nonlinear functions;

¢(k) is a random process that influences financial
process under study;

&2 (k) is an account effects of absolute values.
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INTRODUCTION

The study is focused on combined models develop-
ment for forecasting nonlinear nonstationary heterosce-
dastic processes in economy, finances, ecology and other
areas. Most of the processes taking place in these areas
belong to the class of nonlinear and nonstationary due to
many random factors influencing their evolution in time.
Financial processes are influenced by various random
shocks happening inside of countries (local inflation, high
competition between companies, unstable market situa-
tions) where they are originated and by outside shocks in
the form of general economic crisis, fast variability of
prices on energy resources, raw materials and food etc.
Processes in modern ecology and climatology also often
exhibit unstable nonstationary development with nonlin-
earities. Thus, the problem of constructing forecasting
models for the process mentioned is urgent and it is con-
sidered by many researchers [1-4].

A simplified classification of NNP in economy, fi-
nances, demography, ecology, is shown in Fig. 1. The
figure provides information for a general situation in the
area of study.

Dynamic processes in finances,
economy. ecology and demography

= ]

[ Stationary M Nonstationary J Piecewise
stationary

Linearly Integrated
integrated

Nonlinear ]

Nonstationary

Cointegrated
Heteroscedastic

Figure 1 — A simplified classification of dynamic
processes

The object of study is the linear process can be non-
stationary only in a case when it contains linear trend.
Nonlinear processes can be piecewise stationary mostly in
their stable mode of operation. NNP are most commonly
met in many areas of study. They include nonlinear inte-
grated process with trends of order two and higher, coin-
tegrated processes with the same degree of integration,
and heteroscedastic processes. The latter suggest simulta-
neous constructing of the following two model types: first
model describing evolution of the process (amplitude)
itself, and the second model describing dynamics of con-
ditional variance that is widely used in practice for solv-
ing the problems of diagnostics (technical, medical, fi-
nancial and economic), risk analysis in various spheres
including, stock trading, investments etc. The article is
concentrated on the studying of nonlinear nonstationary
processes with time varying variance and mean on the
interval of study.
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The subject of study is the known mathematical
models and construct the new ones using statistical data.
An approach to modeling the processes mentioned is pro-
posed providing a possibility for constructing the models
of acceptable adequacy.

The purpose of the work is in development of
methodology and system for constructing mathematical
models of nonlinear nonstationary (heteroscedastic)
processes of acceptable adequacy and providing a possi-
bility for computing high quality of forecasts. Special
software was developed on the purpose and illustrative
examples are given.

1 PROBLEM STATEMENT

The purpose of the study is as follows: (1) develop-
ment of some generalized methodology for modeling and
forecasting nonlinear non-stationary heteroscedastic proc-
esses both for the process itself and its conditional vari-
ance; (2) development of combined model based upon
linear and nonlinear regression; (3) performing of compu-
tational experiments directed towards model constructing
for NNP and computing short term forecasts for the proc-
ess amplitudes and their conditional variances; (4) per-
forming a comparative analysis of the results achieved
with various models constructed with the computational
experiments.

The formal problem statement is as follows: statistical
data are given characterizing nonlinear nonstationary
processes with arbitrary probabilistic  distribution

{y(K)}~ Dist(u(k), 63 (K)) k=1,..,N,

p(k)=const is time varying mean; cs%, (K)=const is

where

process variance that is varying on the interval of the
process study. The statistical data parameters are subject

to the following restrictions: (k) <oo; 0< G%, (k) <o
on the interval of studying. It is necessary to con-
struct mathematical models for the process mentioned
of the general structure: y(k)=F[ y(k), x(k),6,e(k)],
where X(K) is possible independent variable; 6 is model
vector parameters; € (k) is stochastic process induced by
external disturbances and measurement errors. The con-
structed model selection criteria are based upon determi-
nation coefficient, R2, DW , MAPE, Theil coefficient,
U and combined criterion:

3=[1-R2|+[2-DW[+U —min. The models will be
0
constructed according to the methodology proposed.

2 REVIEW OF THE LITERATURE
A comprehensive study of nonlinear nonstationary
HSP is given in [5]. Here methodology of modeling and
forecasting HSP using ARCH models is provided based
on statistical data. Several parameter estimation methods
are considered including maximum likelihood. A set of
model misspecification tests is provided and fractionally

81



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

integrated models are analyzed. The volatility forecasting
problem is considered with one-step-ahead and multistep
forecasting using actual statistical data and known com-
puter based systems for time series analysis.

A comparative study of VaR estimation methods for
structured products is considered in [6]. The author stud-
ies forecast accuracy of GARCH and EGARCH models
by means of multivariate extension of the Diebold and
Mariano [7] test proposed for non-nested models. It was
shown that GARCH and EGARCH models often produce
higher capital requirements than ARCH models in order
to avoid default risks.

The article is concentrated on the problem of model-
ing and forecasting heteroscedastic processes using sys-
temic approach to solving the problems. Some special
software was developed for identification and taking into
consideration possible uncertainties relevant to statistical
data processing.

Thus, among possible data uncertainties are the fol-
lowing: missing measurements, random external influ-
ences (state noise), short low informative samples, possi-
ble outliers, noise corrupted measurements etc. These
uncertainties are relatively easy identifiable and easy to
correct with available data processing techniques for the
lost measurements imputation, bootstrap analysis and
filtering techniques. The model structure uncertainties
aforementioned are provoked by poor data structure that
does not contain enough information for model the struc-
ture and parameter estimation.

The parametric uncertainties are closely related to the
quality of available data and their influence is usually
related to biased parameter estimates and low model ade-
quacy. The remedy for avoiding the bias is in application
of alternative parameter estimation techniques, among
which are the following: maximum likelihood and
MCMC procedures. A substantial improvement of fore-
casts estimates can be reached with simultaneous hiring of
alternative forecasting methods and forecasts combining
techniques [8-12].

3 MATERIALS AND METHODS

Fig. 2 illustrates the scheme of the generalized ap-
proach proposed that is suitable for modeling both linear
and nonlinear processes as well as financial risk estima-
tion.

First exponential smoothing, optimal Kalman or elliptical
filtering is applied to input data to perform smoothing and
prepare the data to model constructing procedures. After
smoothing the model can be linear or nonlinear dependently
on the specific effects contained in the input data. Generally
data may contain linear and nonlinear part what will result in
linear and nonlinear models (or components of a single
model) simultaneously. In a case of heteroscedastic proc-
esses analysis usually the following problems are solved:
(1) constructing a model that describes formally the proc-
ess itself; (2) constructing a model describing dynamics of
conditional variance; (3) estimation of short-term fore-
casts using both types of models.
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Data and expert estimates

Data preprocessing ]

I

Statistical data analysis: correlation functions, lag estimation, tests
for stationarity|and linearity, distribution identification

!

[ Model structure estimation: a set of candidate models ]

:

Model parameter estimation: LS, RLS, ML, NLS, MCMC
(a set of parameter vectors for candidate models)

.

Selection of adequate models using a set of statisties
characterizing model adequacy

es
Figure 2 — An approach to modeling heteroscedastic processes
and financial risk estimation

The methodology proposed for modeling nonlinear non-

stationary processes includes the steps formulated below.

— Data pre-processing before modeling that includes
the following operations: imputation of missing observa-
tions, measurements normalization, digital and/or optimal
filtering, statistical processing of outliers etc.

— Identification and elimination (or decreasing of in-
fluence) of data uncertainties using the following data
processing procedures: estimation of non-measurable val-
ues, estimation of statistical parameters for observations
(variance, covariance, mean, median), appropriate data
structuring, analysis of random external influences and
their distributions, coping with measurement errors, tak-
ing into consideration probabilistic uncertainties etc.

— Model structure estimation using statistical (correla-
tion) and probabilistic (mutual information) data analysis
techniques providing a possibility for determining the
following elements of a model structure: model dimen-
sion (number of equations); model order (order of autore-
gression and moving average parts); nonlinearity and its
type (nonlinearity with respect to variables or with respect
to parameters); delay time estimate, and type of probabil-
istic distribution for the variables under study; it is always
desirable to estimate structures for several candidate
models to get a possibility for further selection of the best
one.

— Taking into consideration possible nonlinearities. It
is recommended to construct first nonlinear part of a data
model using various possibilities for describing nonlinear
parts: polynomials, exponents, squared harmonic func-
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tions, bilinear constructions etc. Then linear part of the
model is fitted using nonlinear model residuals. Good
results were achieved with combining linear and nonlin-
ear regression; linear regression and Bayesian networks;
linear regression and special nonlinear functions like non-
parametric kernels etc.

— Model parameters estimation using alternative
methods such as NLS, ML, MCMC procedures and others
providing unbiased estimates of parameters under specific
distributions of variables and model structures. Applica-
tion of alternative parameter estimation techniques pro-
vides a possibility for further comparison of the estimates
and selection of the best ones after comparison of the
models constructed.

— Computing statistical parameters characterizing can-
didate models adequacy and determining the most suit-
able (adequate) one(s) among them. It is not necessarily to
leave only one model for computing forecasts, it can be a
set of the “best” models based on different ideologies.
The final choice is always made after model application
for solving the following specific problems: forecasting,
control, constructing simulation model or deep analysis of
the process under study.

Computing model based forecasts for the process (un-
der study) evolution and their quality estimation for the
final selection of the best forecasting model. Here another
set of statistical quality criteria is used: MAPE, Theil coef-
ficient, mean absolute error, minimum and maximum fore-
casting errors etc. On the purpose of automatized model
selection the following combined criteria is proposed:

3=[1-R?+|2-DW|+U > min.
6

— Testing the model(s) constructed on similar proc-
esses (model calibration).

To timely and reliably monitor the methodology im-
plementation it is necessary to utilize in modeling system
at least three sets of statistical quality parameters: data
quality parameters, model adequacy and forecasts quality
statistics. Also the quality criteria selected/developed
should analyze alternative decisions based on the fore-
casts generated. Correct practical application of the meth-
odology proposed is an important task aiming construct-
ing adequate models suitable for solving the problems of
forecasting, automatic (or semi-automatic) control, finan-
cial risk estimation, business decision making, complex
system simulation etc.

Today there exist some known methodologies for
studying linear and nonlinear nonstationary processes,
and constructing adequate mathematical models in the
aforementioned fields (including financial processes) us-
ing statistical procedures for regression analysis and SS
representation [8, 9, 12]. Another popular approach to
development linear and NNP models is based on IDA
techniques: artificial neural networks, fuzzy sets, neuro-
fuzzy models, static and dynamic Bayesian networks,
complex multivariate distributions, non-parametric mod-
els, decision trees etc.
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When constructing linear and nonlinear time series
models it is convenient to use the proposed here unified
notion of mathematical model structure:

S:{r, p,m,n,d,w,l} )

where r is model dimension (number of equations); p is
model order (maximum order of differential or difference
equation used for process description); m is a number of
independent variables; n is nonlinearity and its type (with
respect to variables or parameters); d is input delay time;
w is external stochastic disturbance and its type of distri-
bution; | represents possible restrictions on variables and
parameter values. The aforementioned elements of a
model structure are estimated using available statistical
tests and correlation analysis techniques: correlation ma-
trix, ACF, partial ACF, bi-correlations, and higher order
correlation functions.

Some nonlinear models that were utilized successfully
in practice resulted from former studying of econometric
time series. Nonlinear regression of the type shown below
is used to describe GNP and tax deductions [10]:

yl(k)zao +a1 yl(k—l)+blzexp(y2(k))+ 5
+a2 Xl(k)Xz(k)+ Sl(k) ( )
Y2(K) =co + ¢y Yo (k1) + by exp(y; (k) +
+C2 X1 (K) Xp (K) + &2 (K).

Also widely used and convenient model structure is
generalized bilinear model:

P q
y(k)=ag+ a; y(k=i)+ > bjv(k—j) +
i=1 j=1

n @
+2, 2.6, y(k=Duk=j) + k),
i=1 j=1
where p, g, m and S are positive numbers that repre-

sent the model order [8].
Very often modeling nonlinear processes is based on
linear combination of linear and nonlinear components:

p
y =BTz + X o ;8] z(k) + (k).  (5)
i=1

where z (k) is a vector of time delayed values of depend-
ent variable y(k), as well as former and current values of
independent explaining variables x(k) with appropriate
time shift. Here ¢; (X) is a set of (linear and nonlinear)
functions that include the following components: power
e (¥ =x";
@i (X) =sin X or @; (X) =cosX etc.; this equation can be

function trigonometric functions
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expanded with quadratic form of the type z (k) Az(k);
0j (X) = o(X), Vi, where @(X) is a link function, for
example appropriate probability density function or logis-
tic function of the type:

1

A T

(6)
X(K) =op+ oy zi(K) + ...+ amzmk) + k), (7)

where zj(K),i =12,..,m are explaining variables for

x(K), and ¢(X(k 2)) respectively.
Another general class of nonlinear models can be pre-
sented in the following form:

p
0 =3 o (xk-1) yk—j) +
V=2 0j(x(k)y ®)

+u(x(k=1) + &(k),

where y(k) is [Nx1] a vector of dependent variables;
x (k) =[y(K), y(k=1),..., y(k—=n+1)] is a vector of state
variables; dynamics of the variables is described by the model:

x(k) = h(x(k=1)) + F(x(k-1)) x(k—1) + (k). 9)

The model based forecasts can be computed, for ex-
ample, with six selected (or more) techniques given in fig.
3. Regression model (autoregression or with moving av-
erage) is used for generating forecast as well as its trans-
formed version into SS form for further use by optimal
KF. Adaptive version of KF provides a possibility for
forecasting and on-line (off-line) estimation of state dis-
turbances and measurement noise covariance. The
GMDH generates models in the general form of Kolmo-
gorov-Gabor polynomial, and the last three methods are
related to the intellectual data analysis techniques. Thus,
here we have the combination of classic regression (statis-
tical) approach with intellectual data analysis techniques.
The best result of combining the forecasts is achieved
when variances of forecasting errors for selected forecast-
ing techniques do not differ substantially. Some other
possibilities for hiring nonlinear models for formal de-
scription of NNP are shown in table 1. Most of them have
been used successfully for modeling and forecasting eco-
nomic and financial processes.

The models (No. 1-8) presented in Table 1 have known
structure though it can be modified in the process of adap-
tation using specific statistical data. Model 1 was success-
fully applied for trend modeling of various orders together
with short-term deviations from conditional mean. Models
2, 4 can describe bilinear and exponential nonlinearities or
nonlinearity with saturation (model 3). Models 5 and 6 are
used for description of conditional variance dynamics while
modeling heteroscedastic process. The last one turned out
to be the best model for short term forecasting of variance
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Table 1 — Some linear and nonlinear models for describing
process dynamics

Z

Model description
Formal model structure
1 | AR + polynomial of time

y(k=ag+ Yy P a yk—i)+ bik+ ..+l kM +&(k)
k=0,1,2, ...

time.
2 | Generalized bilinear model

y=ao+ X a yk-+ X bjvk-i)=
= zurzl Z?=1 G Mk=Dwuk—]) + (k)
3 | Logistic regression

1
(P(X(KZ))—mv

X(K) = agt+ oy Z(K) + ...+ oy Zp(K) + (k)

is discrete time; t = kTs; Ts is sampling

4 | Nonlinear extended econometric autoregression
Yi(K)=ag+ ayy;(k—=1)+by; exp(y, (k) +
+a XX +81(K), Y2 (K)=Co+ ¢y (k-1)+
+0yy exp(y1(K)+ 6 X% +& (K)

5 | Generalized autoreg-ression with conditional heteroscedasti-
city

q p
hk) = ag + > e (k—i)+ > Bih(k—i) .

i=l i=l
6 | Exponential genera-lized autoregression with conditional het-
eroscedasticity

log[h(k)] = a +Zp:oci M+
i-1  yhk=1)
e(k—1)

p q
+ YB3y Tog[h(k—i)] + W(K)
21 h(k—i) zl

7 | Nonparametric model with functional coefficients

y(k)=3 P o+ (B +vi yk—d))-
exp(=0;y"(k—d))} + £(K)

8 | Radial basis function

M N
fo(x(k) = 304 exp(—(x(kz)—g“')J +e(),

i=1 Gj

0=[pi, i, A1 ;M =23,...

9 | State-space representation

x (k) = Fla(k),x(k-D] + B[b(k),u(k —d)] + w(k)
10| Neural networks — Selected (constructed) network structure

11| Fuzzy sets and neuro-fuzzy models — Combination of fuzzy
variables and neural network model

12| Dynamic Bayesian networks — Probabilistic Bayesian network
structure constructed with data and/or expert estimates

13| Multivariate distributions — Like copula application for describ-
ing multivariate distribution

14| Immune systems — Immune algorithms and combined models

in about 90% of applications performed by the authors.
Models 7, 8, 9 can describe arbitrary nonlinearities with
respect to variables of order 3—5 or higher. Fuzzy sets
based approach to modeling supposes generating of a set of
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rules that could describe with acceptable quality function-
ing of selected processes and formulate appropriate logical
inference. Neural networks and fuzzy neural networks are
suitable for modeling sophisticated nonlinear functions in
conditions of availability of some unobservable variables.
Dynamic Bayesian networks and multivariate distributions
are statistical/probabilistic models that could describe com-
plex multivariate processes (systems) with generating final
result of their application in the form of conditional prob-
abilities (probabilistic inference).

The model based forecasts for nonstationary process it-
self can be computed, for example, with six selected (or
more) techniques given in Fig. 3. Regression model (auto-
regression or with moving average) is used for generating
forecast as well as its transformed version into SS form for
further use by optimal Kalman filter. Adaptive version of
KF provides a possibility for forecasting and on-line (off-
line) estimation of state disturbances and measurement
noise covariance. The GMDH generates models in the gen-
eral form of Kolmogorov-Gabor polynomial, and the last
three methods are related to the intellectual data analysis
techniques. Thus, here we have the combination of classic
regression (statistical) approach with intellectual data
analysis techniques. The best result of combining the fore-
casts is achieved when variances of forecasting errors for
selected forecasting techniques do not differ substantially.
Some other possibilities for hiring linear and nonlinear
models are shown in table 1.

ke

{ Preliminary data processing J
[ Statistical analysis of data J

Regression Kalman GMDH Neu.ral Ba.ves1a.n. Imm\me
model filter network network algorithm

[ Combining f'oreca.sts J

l

Forecast
Figure 3 — Illustration of the combining principle
for alternative forecasts

Models of conditional variance. Today there exist a
wide variety of models describing dynamic of conditional
variance. Here we will mention only those that were
tested during experimental studies using statistical data.

We propose modified log-normal model of stochastic
volatility in the following form:

h(k)

yky=e 2 gk), ek ~N(0,1), k=1,..., N
h(k)=a+Bh(k-1)+..+B,h(k-p)+

(10)
2
n (k) ~ N(O, oq

+ 71 Y(K) +7, 82 (k—q)+ (k)
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is conditional

[y(h-y1°

where

h(k):% >

variance that characterizes dynamics of the financial time
series under study. The model proposed also takes into
consideration necessary depth of memory for the process
formed by the values of conditional variance h(K), as well

as the values of basic variable y(K), that provides a possi-

bility for taking into consideration influence of positive and
negative disturbances to conditional variance. The per-
formed testing of the model proved the possibility of its
practical application for forecasting conditional volatility
and financial risk estimation.

One of the best results so far with forecasting the vari-
ance was achieved with exponential generalized autore-
gression with conditional heteroscedasticity (EGARCH)
shown below [2]:

le(k —|)\
log[ h(k e
og[ h(k)] = 0‘0"’;% h(k )

> 11
gk —1i) 3 (1
ZB. h(k_)+2v.10g[h(k ]+ v(k)

i=l1

where h(k) is conditional variance; €(k) is random

process that influences financial process under study;
o, yj are model parameters to be estimated with maxi-

mum likelihood or MCMC procedures; v(k) are model
residuals.

4 EXPERIMENTS

The analysis included three experiments. In the first
experiment time series was applied for studying of the
gold prices within the period between 2005-2006 years.
The statistical characteristics showing constructed models
and forecasts quality are given in Table 2. Here the case is
considered when optimal KF was not used for preliminary
data processing smoothing.

The second experiment was statistical analysis of the
time series selected with application of Goldfeld-Quandt
test proved that gold prices data create heteroscedastic
process with time varying conditional variance. As far as
the variance is one of the key parameters that is used in the
rules for performing trading operations it is necessary to
construct appropriate forecasting models. Table 4 contains
statistical characteristics of the models constructed as well
as quality of short-term forecasting. To solve the problem
we used GARCH models together with description of the
processes trend which is rather sophisticated (high order
process). The models of this type GARCH demonstrated
low quality of short-term forecasts, and quite acceptable
EGARCH one-step ahead forecasting properties.

Forecasting financial process (stock prices) using com-
bined (linear + nonlinear) model — third experiment. The
combined model includes optimal and digital filters, linear
regression models and nonlinear logit model (Fig. 4).
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Optimal

Regression 1
filter
Digiral filter ]_‘_.lr Regression 2

Figure 4 — Combined model: filtering + linear
regression + nonlinear regression

The purpose of using the filters is to perform data
smoothing (suppressing high frequency components)
and this way prepare it for modeling. Besides, applica-
tion of optimal KF additionally provides a possibility
for solving the following problems: estimation of non-
measurable state vector components; variance (covari-
ance) estimation for observations and the state vector;
and short-term forecasting in a case of necessity.

The data used reflect dynamics of stock prices to-
gether with technical analysis indicators. The indicators
computed on the basis of actual dynamics of prices create
useful data for modeling and forecasting financial proc-
esses. Among widely used indicators are the following:
Pivot Point, Woodie’s Pivot Points, Fibonacci’s Pivot
Points, Camarilla’s Pivot Points.

5 RESULTS
Experiment 1 shown that the best model turned out to
be AR(1) + trend of 4™ order. It provides a possibility for
one step ahead forecasting with mean absolute percentage
error of about 3.19%, and Theil coefficient is U =0.024.

Table 2 — Models and forecasts quality without Kalman
filter application

Data Nonlinear Forecast
logistic

regression

Model quality Forecast quality
Model MS MA
type R | Y€k | bw MAE | pe*  [Theil
AR(1) [0.99 |25644.67 | 2.15 |49.82 | 41.356 8.37 | 0.046
AR(1,4) [0.99 |25588.10 | 2.18 [49.14 | 40.355 8.12 | 0.046
AR(1) +
Ist 0.99 |25391.39 | 2.13 (34.39 | 25.109 | 4.55 |0.032
order
trend
AP(1,4)
ISt 099 125332.93 | 2.18 |34.51 | 25.623 | 467 | 0.032
order
trend
AR(1) +
4th 0.99 | 25173.74 | 2.12 (25.92 | 17.686 3.19 | 0.024
order
trend

The Theil coefficient shows that this model is gener-
ally good for short-term forecasting. Statistical character-
istics of the models and respective forecasts computed
with KF application for data smoothing are given in ta-
ble 3. Here optimal filter (with random walk model)
played positive role what is supported by respective statis-
tical quality parameters.

Again the best model turned out to be AR(1) + trend
of 4™ order. It provides a possibility for one step ahead
forecasting with mean absolute percentage error of about
2.71%, and Theil coefficient is: U =0.019. Thus, in this
case the results achieved are better than in previous mod-
eling and short-term forecasting without filter application.
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Table 3 — Models and forecasts quality with
application of Kalman filter

Model Model quality Forecast quality

type R | 2€k) | DW |MSE [MAE |MA | Theil
AR(1) 0.99 | 24376.32 |2.11 |4521 |39.73 |[7.58 | 0.037
AR(1.4) | 0.99 | 24141.17 |2.09 |47.29 [38.75 |7.06 | 0.035
AR(1) +

1* order | 0.99 | 23964.73 |2.08 |31.15 [22.11 |3.27 | 0.029
trend

AR(1) +

4™ order | 0.99 | 22396.83 |2.04 [21.35 [13.52 |2.71 | 0.019
trend

Experiment 2. Statistical analysis of the time series se-
lected with application of Goldfeld-Quandt test proved
that gold prices data create heteroscedastic process with
time varying conditional variance. As far as the variance
is one of the key parameters that is used in the rules for
performing trading operations it is necessary to construct
appropriate forecasting models. Table 4 contains statisti-
cal characteristics of the models constructed as well as
quality of short-term variance forecasting. To solve the
problem we GARCH models together with description of
the processes trend which is rather sophisticated (high
order process). The models of this type GARCH demon-
strated low quality of short-term forecasts, and quite ac-
ceptable EGARCH one-step ahead forecasting properties.

Table 4 — Results of modeling and forecasting
conditional variance

Model quality Forecast quality
Model type > ez(k) M | MAP i
R pw | mse | M| Theil
GA‘(‘IC% 099 | 153639 | 0.113 | 9725 | - | 517.6 | 0.113
G‘?lf%{) 099 | 102139 | 0.174 | 4587 | = | 2113 | 0.081
G‘?lf%{) 099 | 80419 | 0337 4183 | — | 121.6 | 0.058
MLN(S;’ I;/; 099 | 61377 [ 0405 | 795 | — [ 997 |o0.027
EGAEC% 099 | 45184 [ 0429 | 678 | -~ | 874 | 0023

Thus, the best model constructed was exponential
GARCH(1,7). The achieved value of MAPE = 8.74%
comprises very good result for forecasting conditional vari-
ance. The second was the model proposed MLNMSV that
has two order parameters: p and q, with MAPE =

9.97%. Further improvements of the forecasts were
achieved with application of the adaption scheme [1, 7]. An
average improvement of the forecasts was in the range be-
tween 0.5-1.5%, what justifies advantages of the approach
proposed. Combination of the forecasts generated with
different forecasting techniques helped to further decrease
mean absolute percentage forecasting error for about 0.5 —
0.8% in this particular case. It should be stressed that
analysis of heteroscedastic processes is very popular today
due to multiple engineering, economic and financial appli-
cations of the models and forecasts based upon them. The
methodology developed also supposes constructing of
combined models including classical statistical regression
and probabilistic models in the form of Bayesian networks.
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Experiment 3. The following notations were used for
the indicators: Pivot is “turning point”; S1 is first level of
support; S2 is second level of support; S3 is third level of
support; R1, R2 and R3 are first, second and third levels
of resistance. All three indicators work in a similar way. If
open price is higher than, Pivot, and the price starts mov-
ing down, then from of view of technical analysis it is
probable that after reaching Pivot value, the price will go
up. In the case when this did not happen and the price con-
tinues moving down then, from the point of view of techni-
cal analysis, it is probable that the price may perform a turn
or stop moving down when it approaches the level of, S1.
The same situation takes place for S2 and, S3 . However,
price reaches the level of S3 very seldom. Even when the
price gets down lower than, S3 , then probability of its next
moving down is very low. The same situation takes place
in the case of a price moving up but here instead of indica-
tors S1, S2, S3 should be used R1, R2, R3.

To construct regression models first were used mini-
mum daily exchange rate for the pair USD/CHF (257 val-
ues for 2007). The first multiple regression model was
constructed for minimum price with independent vari-
ables, S1, S2, S3:

y(k)=-0.0164 + 0.1724 - S(R— 5.3885 - Q( k+

+4.2251 - S3(K), 12)

where K is discrete time as before. This model does not
include autoregression part because this variant results in
degeneration of measurement matrix. The model con-
structed has the following statistical characteristics of

adquacy: R? =0.9899; SSR=0.0038; AIC =-8.277;
DW =1.9542 All statistics exhibit quite acceptable val-

ues. Statistical characteristics that characterize quality of
one-step-ahead prediction are as follows: RMSE =
0.0038; MAE =0.003; MAPE = 0.2525%; U =0.0016.
Number of correct forecasts for direction of price evolu-
tion was 187 or 73.05%.

As far as evolution of stock prices very often takes
place along arbitrary nonlinear trajectories, to describe
correctly the processes it is necessary to use nonlinear
models. In some cases rather simple approach to solving
the problem is application of nonlinear logistic regression.
It can be helpful for forecasting direction of a price mov-
ing during the next step of its evolution. If at the moment
of time t+1 price will be higher than at the moment, t,
denote this situation (price growth) as “1”, and price de-
creasing denote as “0”. These values were used as inputs
(for left-hand-side) of logistic regression and classifica-
tion tree. The same notation was used for growth and de-
creasing of the Pivot Pointindicator with the following

additional notations for respective variables: él, é2,
é3, P s IQI, R2 S R3 . These variables were used as in-
dependent ones in logistic regression and classification

tree. The following model was constructed for the
minimum price:
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()
Omin (X2)=m, (13)
%, (K) = —0.683 +0.033- SI(K) +0.055 - S2(k) +
+0.055-S3(k)—0.4- P(k)+1.627 - RI(K) + (14)
+0.133- R2(K) +0.264 - R3(K),
e (K
gmax2(xl):m’ (15)
% (K) = —0.871+0.127 - SI(k) + 0.404 - S2(k) —
~0.36-S3(k) —0.247 - P(k) + +0.616 - RI(K) + (16)

+0.079- R2(k) — 0.009 - R3(k) +2.159 - {(K).

Results of forecasting direction for evolution of mini-
mum price are presented in Table 5.

Table 5 — Results of forecasting direction for
evolution of minimum price

Model type Probability of
correct direc-
tion forecast

Linear regression with indicators 73.05%
Logistic regression with Pivot Point 68.36%
Classification tree with Pivot Point 68.36%
Logistic regression with Pivot Point + forecast | 75.03%
by linear model

Classification tree with Pivot Point + forecast | 73.83%
by linear model

Logistic regression with Woodie’s Pivot Point 68.75%
Classification tree with Woodie’s Pivot Point 68.36%
Logistic regression with Woodie’s Pivot Point | 75.39%
+ forecast by linear model

Classification tree with Woodie’s Pivot Point + | 73.83%
forecast by linear model

Logistic regression with Fibonacci’s Pivot Point | 65.23%
Classification tree with Fibonacci’s Pivot Point 65.23%
Logistic regression with Fibonacci’s Pivot Point | 74.22%
+ forecast by linear model

Classification tree with Fibonacci’s Pivot Point | 73.83%
+ forecast by linear model

Thus, in both cases (logistic regression and classifica-
tion tree) the best results were achieved with the use of
additional forecast achieved by the linear model. The sta-
tistical quality characteristics of the forecasts achieved
show high quality of the forecasts and possibility of their
use in trading rules.

6 DISCUSSION

Based on table 5 we got the following results: for the
threshold value of probability 0.44 the first type error
accepted the value of about 53, and second type error was
28. The number of correctly forecasted directions for
price evolution was 175 or 68.36%. The use of the classi-
fication tree (CHAID algorithm) with threshold value
0.35 practically led to the same result.

To improve quality of the forecasts the models of lo-
gistic regression and classification tree were augmented
with forecasts of price evolution generated by linear re-
gression using the same notation for the growth and de-
creasing, where linear regression output that accepts the
value of “1” if forecast shows growth of the price, and “0”
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if forecast shows decreasing of the price. For the thresh-
old value of probability 0.39 the first type error accepted
the value of about 39, and second type error was 25. The
number of correctly forecasted directions for price evolu-
tion was 192 or 75.0%. When classification tree was used
for the threshold value of probability 0.32 the first type
error accepted the value of about 54, and second type er-
ror was 13. The number of correctly forecasted directions
for price evolution was 189 or 73.83%.

CONCLUSIONS

In this article we proposed an approach for obtaining
high-quality results of the adequacy of the final model
was obtained to describe formally linear and nonlinear
parts of a process under study using the software devel-
oped on the purpose.

The scientific novelty of obtained results is that the
original definition of model structure was given and a
short review of mathematical models for nonlinear non-
stationary processes was presented. Several application
examples were provided that exhibit high quality of final
results namely model adequacy and quality of the fore-
casts. A methodology was proposed for mathematical
modeling and forecasting nonlinear nonstationary in
economy and finances using statistical data, though the
methodology is applicable to constructing models in de-
mography, ecology as well as in many other spheres of
human activity where data is available in the time series
form. The methodology is based on general system analy-
sis principles that suppose hierarchical structure of data
analysis procedure, identification and processing of pos-
sible uncertainties. The systemic approach to modeling
also supposes development and implementation of adap-
tive schemes for model structure and parameter estima-
tion, application of statistical, probabilistic and other cri-
teria for model constructing procedure, and to selection of
the best model for specific application.

The practical significance of obtained results is that
the performed tracking the computational procedures at
all stages of data processing and model development with
appropriate sets of quality statistics provides a possibility
for achieving high quality of intermediate and final re-
sults. As instrumentation for fighting possible uncertain-
YK 004.942: 519.216.3

ties the following techniques were used: optimal filtering
procedures, missing data imputation techniques, multiple
methods for model parameter estimation, and Bayesian
programming approach, decision trees etc.

Prospects for further research will be focused on re-
finement of the methodology proposed namely model
structure and parameter estimation procedures, develop-
ment of new model structures for NNP and active use of
ideologically different approaches to modeling and fore-
casting in the frames of one modeling and forecasting
system.
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AHOTALISA

AxTyanbHicTb. HeniHiiiHi HecTalioHapHI NpOLECH CbOTOJHI CIIOCTEPIraloThCsl B Pi3HUX 00JACTAX JOCIIUKEHb: €KOHOMIKa, (iHaHCH,
eKouoris, reMorpadis i T. 1. Jlyske yacTo 11 po3poOKu Mozieneil i IporHo3iB 3raflaHUX MPOIeciB MOTPiOHi crenianbHi miaxomu. MeTogomno-
il MOJICITIOBaHHS TIOBHHHI BPAaXOBYBATH MOXIIMBI HEBU3HAYCHOCTI, 110 BUHUKAIOTh MPU 00pOOIIi JaHUX, CTPYKTYPI MOJIENi 1 OIIHKHU Mapame-

TpiB.

Meta podorn. Po3pobuti MoudikoBaHy METOAOJIOTIIO TOOY/JOBH MO/IENIEi HENIHIHNX MIPOLECIB, SKa J03BOJISIE JOCATTH BUCOKOI KO-
CTi HPOTHO3iB. BilbIl KOHKPETHO PO3IIAHYTI I€TEPOCKENACTHYHI HPOLECH, SKi CTBOPIOIOTH IIMPOKUH KIac HENMHIMHMX HeCTalliOHApHUX

MIPOIIECIB 1 PO3IJISIIAIOTHCS B 0araThOX 00JIACTSAX AOCIIKEHb.

Mertoa. Jlisi OCSTHEHHS. METH 3TaJIaHOTO JIOCIIIKCHHS BUKOPHCTOBYIOTHCSI HACTYIIHI METOAN: CUCTEMHHI MifXix 0 HoOyIOBH MoJe-
nell 1 IporHo3yBaHHA, MOAHU(IKOBaHA METOIOJIOriS MO/ICIIOBaHHS HENIHIHUX IPOLECiB, MeToau ineHTH(iKalii Ta BpaXyBaHHSA MOXKIHBHX
HEBHU3HAYCHOCTeH. J{JIs MOI0NIaHHS CTPYKTYPHHUX HEBH3HAUCHOCTEH BHKOPHCTOBYIOTHCS METOJN: YTOUHCHHS IIOPSIKY MOJENEeH 3 BUKOPHC-
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TaHHSM HEPiOJUYHOTO aJallTUBHOTO MiJXOAY 10 MOACNIOBAHHS i aBTOMAaTHYHHI TOLIYK «HAHKpANIOl» CTPYKTYPH 3 BUKOPUCTAHHSIM CKIIa[-
HHUX CTATHCTHYHHUX KPUTEPIiiB; afanTHUBHA OLIHKA Yacy 3aTPUMMKH BBEJCHHS 1 THIIy PO3MOJUILY JIaHUX 3 iX mapameTpaMu; OIMC BHUSBICHUX
HeJIIHEHHOCTEH 3a JJONIOMOT O albTePHATHBHUX aHATITHYHHX (POPM 3 MOAABUIO OLIIHKOK OTPUMAHUX MPOTHO3IB.

Pe3yabraTu. 3anpornoHoBaHO MOAN(IKOBaHY METOJIOIOTII0 MOAEITIOBAaHHS HENIHIMHUX HECTAalliOHAPHUX IIPOLIECIB, CXEMY aJanTaril Juis
o0y IOBH MOJIENIEH, 3aIpoOIIOHOBaHI HOBI MOJIENIbHI CTPYKTYpHU. B pe3ynbTaTi BUKOHAHHS OOYHCIIOBATIEHUX €KCIIEPUMEHTIB OyJI0 BHSBIICHO,
110 NOOy/I0BaH1 HEiHIHHI MOJIENi Aal0Th MOKIIUBICTh OOYMCITIOBATH MPOTHO3U BHCOKOI SKOCTI JUTS JOCHIKYBAHOTO MPOIIECy Ta iX AucCIep-
cii.

BucHOBKH. 3aCTOCYBaHHS 3aIIPONOHOBAHOT METO/IOJIOTIT MO/ICITIOBAaHHS JJa€ MOXKIIMBICTh CTPYKTYPHOI Ta IMapaMeTpUYHOI ajanTanii Mo-
nesieit, Ho0yI0BaHKX 32 CTATUCTUYHMMHU JaHUMHU. PO3po0IieHi MOJeTi IEMOHCTPYIOTh NPUHHSTHY aeKBATHICTD 1 IKICTh KOPOTKOCTPOKOBOTO
MIPOTHO3YBaHHSI.

KJIFOUYOBI CJIOBA: HeniHiiHI HecTalioOHapHI MMPOIECH, CUCTEMHHH X1 10 MOJCIIOBAHHS, CTPYKTYpHA 1 IIapaMeTpHyHa aJarra-
11is1, KoMOiHOBaHi MOJIeNi, HeBH3HAYCHICTh B MO/ICIIIOBAHHI Ta IPOTHO3yBaHHI.

YK 004.942: 519.216.3
KOMBHUHHPOBAHHBINI MOAXOJ K MOJAEJTUPOBAHUIO HECTAIIMOHAPHBIX TETEPOCKEJACTHYECKHUX
MNPOOECCOB

Tumomyk O.JI. — kaHJ. TeXH. HAyK, JOLEHT Kadeapbl MATEeMAaTHIECKUX METOJOB CHCTEMHOTO aHajin3a, IHCTUTYT NMPUKIaJHOTO CHC-
temHoro aHanuza, HTYVY «Kuesckuii nonutexunueckuii HHCTUTYT uM. Uropst Cukopckoro», Kues, Ykpauna.

I'yebkoBa B. I'. — acniupanT kadeapsl MaTeMaTHUECKHMX METON0B CUCTEMHOIO aHaiMu3a, MHCTUTYT NMPHUKIaAHOIO CHCTEMHOIO aHalu3a,
HTVY «Kuesckuii nonmurexuuueckuit HHCTUTYT M. Mrops Cukopckoroy», Kues, Ykpauna.

Bumwok I1.M. — 1-p TexH. Hayk, npodeccop Kadeapsl MaTeMaTHUECKUX METOI0B CUCTEMHOTO aHann3a, IHCTUTYT IPHUKIATHOTO CUCTEM-
Horo aHanu3a, HTYY «Kuesckuit nonurexunueckuit uHCTUTYT M. Uropst Cukopckoro», Kues, Ykpaunna.

AHHOTADNUA

AKTyaJibHOCTb. HenuHelinple HecTallMoOHapHbIEC MPOIIECCH HAOMIOIAITCS CErO/IH B Pa3IMYHBIX 00JIACTSAX MCCIIEIOBAHMIA: SKOHOMHKA,
(unaHChl, 3KoorHs, AeMorpadus u T. 1. OueHb YacTo [uis pa3paboTKU MOJeIel U MPOTHO30B YIOMSHYTHIX MPOLIECCOB TPEOYIOTCS CIIEIH-
aJIbHBIE T10JXO0Jbl. METONO0NIOTMH MOJEIMPOBAHUS JIOJDKHBI YUUTHIBATh BO3MOXKHBIE HEOINPEIENICHHOCTH, BO3HHKAIOIIME NpHU 00paboTke
JAHHBIX, CTPYKTYpPE MOJIEIN U OIICHKE MapaMeTpOB.

Leanb padorbl. Pazpaborath MOTUPUIPOBAHHYIO METOMOJIOTHIO TOCTPOSHHS MOJEIel HEeTMHEHHBIX MPOIECCOB, KOTOPask MO3BOJSET
JIOCTHYb BBICOKOTO KadecTBa MPOTrHO30B. bojiee KOHKPETHO pacCMOTPEHBI IeTEePOCKEAAaCTUYHBIE MPOIECCHl, KOTOPBIE CO3JA0T MIMPOKHMA
KJIaCC HEJIMHEHHBIX HeCTAllMOHAPHBIX TPOLIECCOB M PACCMATPUBAIOTCS BO MHOTUX O0JIACTSIX UCCIIENOBaHUI.

Metoa. Jlnst oCTHKEHHS LETH YIOMSHYTOTO MCCIEN0BaHMS UCIOIb3YIOTCS CIEAYIOIUE METOMBI: CUCTEMHBIN MMOJAXOA K MOCTPOEHHIO
MozieNneil ¥ MPOrHO3UPOBAHUIO, MOANGUIIMPOBAHHAS METOO0JIOTHS MOAEIUPOBAHUS HEIMHEHHBIX MPOIECCOB, METOAbl MACHTU(GUKALUM U
y4eT BO3MOXKHBIX HeolpeiesieHHOCTe!. Jlis MpeooaeH st CTPYKTYPHBIX HEONPEEIeHHOCTEH HCIONb3YIOTCSl METO/Ibl: YTOUHEHHUE MOpsIKa
MOJIeNIEH ¢ UCTIONB30BAaHUEM IIEPHOIMUECKOTO aJallTHBHOTO MTOX0/1a K MOAEINPOBAHUIO 1 ABTOMaTHYECKUH IMOUCK «HAIYYIICH» CTPYKTY-
PBI C HCIOJIBb30BAaHUEM CIIOKHBIX CTATUCTUYECKHX KPUTEPUEB; afaNTHBHAs OLIEHKA BPEMEHH 3a[CpiKKU BBOJA M THUIIA PACIPEENICHUs aH-
HBIX C MX IapaMeTpaMy; ONHCaHUe OOHAPYKEHHbIX HEJIMHEHHOCTEH ¢ MOMOILbIO aJbTEPHATUBHBIX AaHAIMTHYECKUX (HOPM € MOCIeyIomen
OLIEHKOH TOJIy4eHHBIX ITPOTHO30B.

Pesyabratbl. [lpemnokena MoAu(pUIMPOBaHHAS METOMOJOTHS MOJACIUPOBAHUS HEJIMHEHHBIX HECTALMOHAPHBIX MPOLECCOB, CXeMa
aJlanTalyy Ui TIOCTPOCHUS MOJIENEH, PEAIoKEeHbI HOBBIE MO/IENbHBIE CTPYKTYPBL. B pe3ynpTare BBITOIHEHUS BBIYUCIUTENBHBIX IKCIIEPH-
MEHTOB ObLIO OOHAPY)KEHO, YTO MOCTPOCHHbIE HEMHEHHbIE MOJENN IAI0T BO3MOXKHOCTb BBIYMCIISTH MPOTHO3bI BHICOKOIO KauecTBa JUIs
HCCIIeyEeMOro TpoLecca U X JUCHEePCHH.

BroiBoabl. [IprMeHeHne MpeniokeHHOH METOAO0JIOTHH MOACTUPOBAHUS Ja€T BO3MOXKHOCTh CTPYKTYpHOU M MapamMeTpHyecKol ajamnTa-
LMK MOJIeNiel, OCTPOEHHBIX CO CTATHCTMYECKUMHM JAaHHBIMU. PazpaboTaHHbIe MOJETH AEMOHCTPUPYIOT IPHUEMIIEMYIO aJeKBaTHOCTb M Kaue-
CTBO KPAaTKOCPOUHOTI'O TIPOrHO3UPOBAHMUSI.

KJIIOYEBBIE CJIOBA: HenuHelHbIE HecTallMOHAPHBIE TPOIECCHI, CHCTEMHBIN MOAX0 K MOJCIHPOBAHNIO, CTPYKTYPHAs U IapaMeT-
pudeckas axantanus, KOMOMHHPOBAHHBIE MOJIEIIH, HEONIPEISICHHOCTH B MOJICTIMPOBAHUH ¥ IPOTHO3UPOBAHUH.
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ABSTRACT

Context. The problem of increasing the efficiency of optimization methods by synthesizing metaheuristics is considered. The ob-
ject of the research is the process of finding a solution to optimization problems.

Objective. The goal of the work is to increase the efficiency of searching for a quasi-optimal solution at the expense of a meta-
heuristic method based on the synthesis of clonal selection and annealing simulation algorithms.

Method. The proposed optimization method improves the clonal selection algorithm by dynamically changing based on the an-
nealing simulation algorithm of the mutation step, the mutation probability, the number of potential solutions to be replaced. This
reduces the risk of hitting the local optimum through extensive exploration of the search space at the initial iterations and guarantees
convergence due to the focus of the search at the final iterations. The proposed optimization method makes it possible to find a con-
ditional minimum through a dynamic penalty function, the value of which increases with increasing iteration number. The proposed
optimization method admits non-binary potential solutions in the mutation operator by using the standard normal distribution instead
of the uniform distribution.

Results. The proposed optimization method was programmatically implemented using the CUDA parallel processing technology
and studied for the problem of finding the conditional minimum of a function, the optimal separation problem of a discrete set, the
traveling salesman problem, the backpack problem on their corresponding problem-oriented databases. The results obtained allowed
to investigate the dependence of the parameter values on the probability of mutation.

Conclusions. The conducted experiments have confirmed the performance of the proposed method and allow us to recommend it
for use in practice in solving optimization problems. Prospects for further research are to create intelligent parallel and distributed
computer systems for general and special purposes, which use the proposed method for problems of numerical and combinatorial
optimization, machine learning and pattern recognition, forecast.

KEYWORDS: metaheuristics, clonal selection, annealing simulation, optimization, technology of information parallel
processing.

ABBREVIATIONS NOMENCLATURE
CLONALG is a clonal selection algorithm;
SA is an algorithm for simulating annealing;
MSE is a mean square error;
CUDA is the compute unified device architecture. A" s the reduction operator;

A™ is the mutation operator;

A% s the cloning operator;

AP is the replacement operator;
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X is a solution (antibody);

X isa (quasi) optimal solution (antibody);

F(-) is the fitness function;

f(-) is the function for which the conditional mini-
mum should be found;

Fw () is the penalty function;

@ (-) is an affinity;

XM isa population at iteration n;

W is population and intermediate population power;
C is a set of antibody clones;

g is a number of clones for each antibody;

C is a set of mutated antibodies clones;
A is a power of the set mutated clones;
M is the intermediate population;

a is the cloning parameter;

p (-) is the mutation probability;

round() is the function, rounding the number to the

nearest integer;
U(0,1) is the function that returns a uniformly dis-

tributed random number in the range [0, 1] ;
N(0,1) is the function that returns a standard nor-

mally distributed random number;
d is a number of replaced antibodies;

d™ is the maximum number of replaced antibodies;

N is an iteration number;

max

n is the maximum number of iterations;

min max
X X
of the i ™ component of the antibody respectively;

A;j is a mutation step for the i ™ component of the

are the minimum and maximum values

clone;
d is the mutation parameter, 0 <3 <1;

T(n) is the annealing temperature at iteration n;

Ty is an initial annealing temperature;

B is a cooling ratio;

h,()) is the z "™ equality constraint;

g,(") isthe z ™ inequality constraint;

Z; is anumber of equality constraints;

Z, is a number of inequality constraints;

Xy 1s the subset of the current population containing
antibodies that satisfy all constraints;

I; is a number of arguments of the function for which
the conditional minimum should be found;

S is the partitionable set;

S¢ is a vector, one-to-one corresponding to the Kk hel-
ement of the partitionable set;

J is a number of features of the element parti-
tionable set;

K  is the power of the partitionable set;

I, is a number of classes into the partitionable set;

dX,Xj is the distance between points of the route

%5 Xj s
|5 is a number of points of the route;
W is a load capacity;
W is a weight of i ™ cargo;
V; is a value of the i ™ cargo;

l4 is a number of cargo.

INTRODUCTION

Today, the development of methods aimed at solving
problems of numerical and combinatorial optimization,
machine learning, etc., which are used in general and spe-
cial-purpose intelligent computer systems, is an urgent
task.

Existing optimization methods that find the exact so-
lution have high computational complexity. Optimization
and machine learning methods that find an approximate
solution through directional search have a high probabil-
ity of falling into a local extremum. Random search
methods do not guarantee convergence. In this connec-
tion, the problem of insufficient efficiency of optimization
methods, which needs to be solved, arises.

The object of study is the process of finding solutions
to optimization problems.

The subject of study is the methods for finding a
quasi-optimal solution based on metaheuristics.

The purpose of the work is to increase the efficiency
of searching for a quasi-optimal solution at the expense of
a metaheuristic method based on the synthesis of clonal
selection and annealing simulation algorithms.

To achieve this goal, it is necessary to solve the fol-
lowing tasks:

1) to create a quasi-optimal method based on the syn-
thesis of clonal selection and annealing simulation algo-
rithms;

2) to adapt the proposed method to the problem of
finding the conditional minimum of functions;

3) to adapt the proposed method to the problem of op-
timal partitioning of a discrete set;

4) to adapt the proposed method to the traveling
salesman problem;

5) to adapt the proposed method to the knapsack prob-
lem;

6) to conduct a numerical study of the proposed opti-
mization method.

1 PROBLEM STATEMENT
The problem of increasing the efficiency of searching
a solution to an optimization problem based on clonal
selection is represented as the problem of finding such an

ordered set of operators {Amt, AC s A s Arp} , the itera-
tive application of which provides finding such a solu-
tion X in which F(X*) — min and T — min, more-
over, the solution structure X, fitness function F(-) and

mutation operator A depend on the problem to be
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solved, and the structures of the cloning ACI, reduc-

tion A and replacement AP operators are independ-
ent.

2 REVIEW OF THE LITERATURE

To accelerate a quasi-optimal solution of optimization
and machine learning problems and reduce the likelihood
of falling into a local extremum, metaheuristics (or ad-
vanced heuristics) are used [1-5]. Metaheuristics expands
the capabilities of heuristics by combining heuristic
methods based on a high-level strategy [6—10].

However, modern metaheuristics have one or more of
the following disadvantages:

— there is only an abstract description of the method or
the description of the method is focused on solving only a
specific task [1];

— the influence of the iteration number on the solution
search process [2] is not taken into account;

— the convergence of the method [11] is not guaran-
teed;

— there is no possibility of using non-binary potential
solutions [12];

— the procedure for determining the values of parame-
ters [13] is not automated;

— there is no possibility to solve the problems of con-
ditional optimization [14];

— insufficient accuracy of the method [15].

Therefore, the efficiency of the method for the search
of quasi-optimal solution is of paramount importance.

The clonal selection algorithm, proposed by Castro
and von Zuben [16—17], developed in [18-21] and pro-
grammatically implemented in [22], is one of the popular
metaheuristics.

3 MATERIALS AND METHODS
The optimization method based on the synthesis of
clonal selection and annealing simulation algorithms is
developed.
The sequence of procedures of the proposed optimiza-
tion method based on the synthesis of clonal selection and
annealing simulation algorithms is shown in Fig. 1.

In block 1, an initial population XM = {x} with pow-
er p is created, and each antibody of this population cor-
responds to a potential solution of the problem.

In block 2, the current annealing temperature at itera-
tion N is calculated

T(N)=B"Ty, Tp >0, 0<B<I.

In block 3, the value of the fitness function F(Xx) for

each antibody X, which is determined by the specificity
of the particular optimization problem, is calculated.

In block 4, the affinity value for each antibody X is
calculated.

Affinity is a function that determines the proximity of
antibody X to the best antibody in the current population

and is calculated based on the utility function. The affinity
value is calculated as

max F(x) — F(X)

(m
q) (X) — Xe X . .
max F(X)— min F(X)
xe X (M xe XM

If ©(x) =1, then the antibody is the best.
If d(X) =0, then the antibody is the worst.

In block 5, the mutation probability for each anti-
body X which depends on the affinity value @ (X) and

the annealing temperature T(n) is calculated

P(X) =exp (- ® (%) exp (~1/T(n)).

In block 6, the cloning operator for each antibody X
is executed.

The cloning operator A plays a role similar to the
operator of genetic algorithm reproduction.
The number of clones q for each antibody X is de-

termined as

q=round(o-p), ae(0,1].

As a result of applying the cloning operator A% to the
current population X m - {x}, a set of antibody
clones C ={c} are formed.

In block 7, the mutation operator for each clone C is
executed.

The mutation operator A™ allows to obtain new an-
tibodies from antibody clones with sharply different prop-
erties.

The mutation based on the annealing simulation over
each component of each «clone c is executed
when p(x)<U(0,1).

The features of the proposed variant of the mutation
operator are the following:

— there is an inverse relationship between the muta-
tion probability and the affinity value, i.e. the best (in
terms of affinity) clones change less often than the worst
(in terms of affinity) clones;

— there is an inverse relationship between the muta-
tion probability and the iteration number, i.e. at the initial
iterations the entire search space is explored and at the
final iterations the search becomes directional.

As a result of applying the mutation operator A™ toa
set of antibody clones C={c}, a set of mutated
clones C = {C} is formed.

In block 8, the reduction operator is executed.

As the reduction operator AT s the
scheme (u+A) [9] is used, which provides the direction

of the search (the best antibodies are preserved) and
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v

1. The creation of initial population X (1)

|

v

2. The calculation of the current annealing
temperature T(n)

v

3. The calculation of the value of the fit-
ness function F(X)

v

4. The calculation of the value of the af-
finity function ® (X)

v

5. The calculation of the mutation prob-
ability based on annealing simula-
tion P (X)

v

6. The execution of cloning operator A

]

] 2

7. The execution of the mutation operator

with annealing simulation AmM

v

8. The execution of the reduction opera-
tor Ard

v

9. The execution of dynamic replacement

operator AP

v

10. The determination of the best anti-

body X"

no

Figure 1 — The sequence of procedures of the optimization method based on clonal selection and annealing simulation

the The
tion XM ={x} of power p and the set of mutated

consists  in following. current popula-

clones C = {C} of power A =(-pn are combined and or-
dered by affinity value ® (X). The first p (best in affin-

ity) individuals of the intermediate population are selected
for the intermediate population M = {m;} .

In block 9, a dynamic replacement operator is exe-
cuted.
For a broader study of the search space an opera-

tor A™ | which replaces the last (the worst by affinity)
antibodies of the intermediate population with new anti-
bodies, is used.

The number of replaced antibodies d is determined as

max nmax —-n max
d=round| d — | d e[o,u).

nm

A peculiarity of the proposed dynamic replacement
operator is the following — there is an inverse relationship
between new antibodies number and the iteration number,
i.e. at the initial iterations the entire search space is ex-
plored and at the final iterations the search becomes direc-
tional.

As a result of the application of the replacement op-

erator AP to the intermediate population M ={m}, a

new population X (D = {x} is formed.
In block 10, the best antibody by the value of the fit-
ness function X' = arg min F(X) is determined.
xe X ("D
In block 11, the condition for completing the solution
search is checked.

If n=n"*, then a quasi-optimal solution X
is obtained.

The adaptation of the optimization method based on
the synthesis of clonal selection and annealing simulation
algorithms for the problem of finding the conditional min-
imum of the function is given.

The proposed method is used to minimize the func-
tion, taking into account equality constraints and inequal-
ity constraints. For this task, each antibody is a collection
of function arguments, and blocks 1, 3, 7, 9 have the fol-
lowing features.

In block 1 and block 9, each component X of each

antibody X is initialized as

max

X; = (XX ity Y0, 1) + ™ i e {1, ...

RS
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In block 3, the value of the fitness function F(X) for
each antibody X is calculated as

X1 3 <
Fu(9 =n| === 2091+ 2 (max{0.9,09)) |

z=1 z=1
F(X) = f(X)+ Fy(X).

In block 7, a mutation based on annealing simulation
algorithm over each component ¢; of each clone C is

executed as

i =U(0,1),
. nmax _
PALIC et ] exp(-® ()N (0, 1), [<p,
0, i>p
xmin (G +4;)< xmin

max

G =1(G+a), W™ <(g+47)<x
xmax (G +A;)> xmax

For this task, the mutation operator, besides the fea-
tures indicated in the description of the developed meth-
od, has the following additional features:

— the value of each component C; is always in the al-

lowable range [x™", ™ ];

— there is an inverse relationship between the magni-
tude of the mutation step and the affinity value, i.e. the
best (in terms of affinity) clones change less than the
worst (in terms of affinity) clones;

— there is an inverse relationship between the magni-
tude of the mutation step and the iteration number, i.e. at
the initial iterations the entire search space is explored
and at the final iterations the search becomes directional;

— it does not require the use of binary potential solu-
tions, i.e. there is no need to convert real potential solu-
tions into binary ones before the mutation and to convert
binary potential solutions into real ones after the muta-
tion, which reduces the computational complexity of the
mutation operator and speeds up the search for a solution.

The adaptation of the optimization method based on
the synthesis of clonal selection and annealing simulation
algorithms to the problem of optimal discrete set parti-
tioning is given.

The proposed method is used to minimize the root-
mean-square error of the partition of a finite discrete set
into a given number of classes. For this task, each anti-
body is a set of class centers, and blocks 1, 3, 7, 9 have
the following features.

In block 1 and block 9, each component X; of each

antibody X is initialized as

X = (x4 —x‘jni“)U(O, 1)+xﬁni“,
ie{l...lh}, jef{1,.., 3}

In block 3, the value of the fitness function F(x) for
each antibody X is calculated as
. . 2
jk =arg min s - %[,
ieLl,
s €S, ke{l,...,K},

F00= s,
k=1

In block 7, a mutation based on the annealing simula-
tion algorithm over each component ¢ of each clone ¢

is executed as

rj =U(0,1),

5 (ernax _ ymin )( n:ax — n]exp(—(b (X)) N(0, 1), i < P(X),

Aj — J max
0, lij > P(X)
min min
Xj N (Cij.+Aij)S Xj
~ min max
Cij = (Cij +Aij), Xj <(Cij +Aij)< Xj
max max
Xj s CIJ +Aij )Z Xj

For this task, the mutation operator, besides the fea-
tures indicated in the description of the developed meth-
od, has the following additional features:

— the value of each component Cj; is always in the al-
lowable range [x{"", X[ ];

— there is an inverse relationship between the magni-
tude of the mutation step and the affinity value, i.e. the
best (in terms of affinity) clones change less than the
worst (in terms of affinity) clones;

— there is an inverse relationship between the magni-
tude of the mutation step and the iteration number, i.e. at
the initial iterations the entire search space is explored
and at the final iterations the search becomes directional;

— it does not require the use of binary potential solu-
tions, i.e. there is no need to convert real potential solu-
tions into binary ones before the mutation and convert
binary potential solutions into real ones after the muta-
tion, which reduces the computational complexity of the
mutation operator and speeds up the search for a solution.

The adaptation of the optimization method based on
the synthesis of clonal selection and annealing simulation
algorithms for the traveling salesman problem is given.

The proposed method is used to minimize the length
of the route, passing only once through all points. For this
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task, each antibody is a collection of route points, and
blocks 1, 3, 7, 9 have the following features.

In block I and block 9, each component X of each
antibody X 1is initialized with a randomly selected route
point number, and the point numbers should not be dupli-
cated.

In block 3, the value of the fitness function F(Xx) for

each antibody X is calculated as

-1
F(X)=d>q,x1 + Zd)ﬁ,xm .
i=l

In block 7, the mutation based on an annealing simula-
tion algorithm over each component ¢; and a randomly

selected component ¢ of each clone is executed as

i =U(,1),
k=round((I;-1)U (0,1)+1),
c :{ck, ri < p(x)
Coles > P’
: _{ci, < p(x)
K e, 1> p0)”

For this task, the mutation operator, besides the fea-
tures indicated in the description of the developed meth-
od, has the following additional features:

— the value of each component always belongs to an
admissible set {1,...,13};

— it does not require the use of binary potential solu-
tions, i.e. there is no need to convert integer potential so-
lutions into binary ones before the mutation and
to convert binary potential solutions into real ones after
mutation, which reduces the computational complexity
of the mutation operator and speeds up the search for a
solution.

The adaptation of the optimization method based on
the synthesis of clonal selection and annealing simulation
algorithms for the knapsack problem is given.

The proposed method is used to select from a given
set of objects with the properties “cost” and “weight” the
subset with the maximum cost, while observing the limit
on the total weight. For this task, each antibody is a col-
lection of weights, and blocks 1, 3, 7, 9 have the follow-
ing features.

In block 1 and block 9, each component X of each
antibody X is initialized as

% =round U (0,1)), ief{l,....14}.

In block 3, the value of the fitness function F(x) for
each antibody X is calculated as

4
>y
f0=7—,

4
DU
i=1

Iy
Fu(X)=n (M) [max{o,z W X —W}] ,
H i=1

F(x)= f(X)+Fy(x).

In block 7, the mutation based on an annealing simula-
tion algorithm over each component ¢; of each clone C

is executed as
r,=rand(),

6i :{l’ (ri = p(X)/\(Ci =1))v((ri < p(x))/\(cl =0))
0, (=2pM)A(C=0)v((r<pX)Aa(G=1)

For this problem, the mutation operator has the fea-
tures indicated in the description of the developed
method.

4 EXPERIMENTS

A numerical study of the proposed optimization meth-
od was carried out using the CUDA technology of infor-
mation parallel processing, the number of threads in the
block corresponded to the population size, the population
was sorted based on the paired-disparity sorting algo-
rithm, the antibody with the lowest value of the fitness
function was searched.

Let the size of the population p =100, the maximum

number of iterations N™®* =100, the initial temperature
Ty =106, the cooling ratio =094, the cloning

parameter 0=0.1, the maximum number of antibodies

replaced d™ =02 p.

For the task of:
— finding the conditional minimum of the function, the
search for a solution was carried out on Rosenbrock test

function f(xy)=(1-x)>+100(y—x>)*>  with con-

straints (X—1)*—y+1<0 and Xx+y-2<0,
moreover, —1.5<x<1.5, -0.5<x<2.5;

— optimal partitioning of a discrete set, the search for a
solution was carried out on the standard BSDS500 data-
base;

— “the traveling salesman”, the search for a solution
was conducted on the standard berlin52 database;

— “the knapsack”, the search for a solution was carried
out on the standard KNAPSACK 01 database.

The study leads to the conclusion that the proposed
method provides a high accuracy of finding a solution.

and,

5 RESULTS
The function of the annealing temperature decrease is

determined by the formula T(nN)=p" T, and is

shown in Fig. 2.
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Figure 2 — The function of the annealing temperature decrease

The dependence (Fig. 2) of the annealing temperature
on the iteration number shows that the annealing tempera-
ture decreases with increasing of the iteration number.

The mutation probability in the case for the worst an-
tibody (CD x)= 0) is determined by the formula

p(X)=exp (— 1/ T(n)) and is shown in Fig. 3.

The dependence (Fig. 3) of the mutation probability
on the annealing temperature shows that the mutation
probability decreases with temperature decreasing.

The results of the comparison of the proposed method
with the method based on the theory of clonal selection
and described in [16—22] are presented in Table 1.

6 DISCUSSION

The selected values of the parameters of the proposed
optimization method provide a high probability of muta-
tion at the initial iterations and a low probability of muta-
tion at the final iterations. For example, for the worst an-
tibody with the maximum probability of mutation, the
mutation occurs with a probability of no less than 0.9 for
the first 40% iterations and with a probability below 0.1
for the last 10% iterations (Fig. 3).

Method based on clonal selection theory [16-22]:

— does not take into account the iteration number in
the operator of mutation and replacement, which reduces
the accuracy of the search for a solution (Table 1);

— does not allow real potential solutions in the muta-
tion operator, which increases the computational com-
plexity of the mutation operator and slows down the
search for a solution. This is due to the need to convert
non-binary potential solutions into binary before the mu-
tation and binary potential solutions into non-binary after
mutation (Table 1);

— does not allow to find the conditional extremum.

The proposed method allows to eliminate these draw-
backs.

CONCLUSIONS
In this paper, the actual scientific and technical prob-
lem of increasing the efficiency of optimization methods

was solved by dint of creates the method of finding a qua-
si-optimal solution by a metaheuristic.

The scientific novelty of obtained results is that the
optimization method based on the synthesis of clonal se-
lection and annealing simulation algorithms is proposed.
It allows to increase the search accuracy through the ap-
plication of the principle of organizing the study of the
entire search space at the initial iterations and focusing of
the search on the final iterations.

The adaptation of the proposed method both for the
problem of finding the conditional minimum of functions
and for the problem of optimal partitioning of a discrete
set:

— allows real potential solutions in the mutation opera-
tor, which reduces the computational complexity of the
mutation operator and speeds up the search for a solution;

— uses a dynamic mutation step, which allows to in-
vestigate the entire search space at the initial iterations
and to make the search directional at the final iterations,
that ensures high accuracy of the search.

The solution of finding the problem of conditional
minimum of functions and the knapsack problem by the
proposed method uses a penalty function, which allows to
find a conditional extremum.

In addition, the application of the proposed method for
solving the traveling salesman problem allows integer
potential solutions in the mutation operator, which re-
duces the computational complexity of the mutation op-
erator and speeds up the search for a solution.

The practical significance of the obtained results lies
in the fact that the scope of application of metaheuristics
is expanding on the basis of the theory of clonal selection
by adapting the proposed method for the indicated opti-
mization problems. This contributes to the effectiveness
of intelligent computer systems for general and special
purposes.

Prospects for further research are the study of the
proposed method for a wide class of artificial intelligence
tasks.
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Table 1 — The comparison of the proposed optimization method with the existing one for solving optimization problems

Root-mean-square error | Conversion time of antibody clones
No. Problem of of the method of the method
proposed existing proposed existing
1 finding the conditional minimum of the function 0.02 0.07 - proportionally [1( |1
2 optimal partitioning of a discrete set 0.02 0.06 - proportionally pql 2
3 “the traveling salesman” 0.03 0.08 - proportionally pql 3
4 “the knapsack” 0.04 0.1 - -
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METO/] ONTHMI3ALIL HA OCHOBI CHUHTE3Y AJITOPUTMIB KJIOHAJLHOI'O BIIEOPY TA IMITAII{
BIJAIIAJTY
I'purop O. O. — kaHA. OepxX. yIp. HayK, AOLEHT, peKTop UepKachkkoro AepKaBHOTO TEXHOJIOTIYHOTO yHiBepcUTeTy, Uepkacw,
Vkpaina.

®enopos €. €. — 1-p TexH. HAYK, JIOLEHT, Mpodecop kadeapu poOOTOTEXHIKU Ta CIIEIiani30BaHUX KOMIT IOTepHUX cucteM Yep-
KacCBhKOTO JePKaBHOTO TEXHOJOTIYHOTO yHiBepcuTeTy, Uepkacu, YkpaiHa.

Yrkina T. FO. — xana. TexH. HayK, JOLEHT, JOIEHT Kadeaprn poOOTOTEXHIKU Ta CIeliaNi3oBaHUX KOMII'IOTepHHX cucteM Yep-
KaCbKOTO JIep)KaBHOTO TEXHOJIOTIYHOro yHiBepcuteTy, Uepkacu, YkpaiHa.

Jlykamenko A. I'. — kaHA. TeXH. HayK, CTapIINii HayKoBHi criBpoOiTHUK [HCTHUTYTY enekrpo3BaproBanHs iM. €. O. IlaroHa,
Kuis, Ykpaina.

Pynakos K. C. — xaHz. TexH. HayK, CTaplIMid BUKIagad Kadeapu pOoOOTOTEXHIKH Ta CIICHialli30BaHUX KOMIT IOTEPHHUX CHCTEM
UepkacbKOro Jep>kaBHOTO TEXHOJIOTIYHOTO YHIBEpCcHTETY, UepkacH, YKpaiHa.

Tappep . A. — Monoxmmii HayKoBHif criBpoOiTHHK [HCTHTYTY enekrpo3BapioBanHs iM. €. O. [larona, Kui, Ykpaina.

Jlykamenko B. M. — n-p TexH. Hayk, mpodecop, 3aBinyBau Kadenpu kadenpu poOOTOTEXHIKH Ta CIIeIiaNizoBaHHX
KOMII'IOTepPHUX cucTeM YepKachKoro Aep»aBHOTO TEXHOJIOTIYHOro yHiBepcuTeTy, Uepkacu, YkpaiHa.

AHOTAIIA

AxTyanbHicTh. Po3risHyTa 3anaya miJABHINEHHS €(EKTUBHOCTI METOJIB ONTHMi3alil NUIIXOM CHHTE3y METaeBPUCTHK.
OG6’€eKTOM JOCIIKEHHSI € MPOLEC MOLIYKY PillIeHHs ONTHMI3alifHNX 3a1a4.

MeTo10 poOOTH € MiABUIIEHHS €()EKTUBHOCTI MOLIYKY KBa3iONTHMAJIbHOTO PIlICHHS 32 PaXyHOK METaeBPUCTHYHOTO METOIY Ha
OCHOBI CHHTE3y aJITOPUTMIB KJIOHAJIFHOTO BiAOOpyY Ta iMiTamii BiAmaiy.

MeTtona. 3anponoHOBaHUK METO ONITHMI3allii YIOCKOHATIOE alTOPUTM KIIOHAIEHOTO BiZOOpY 3a paxyHOK AWHAMIYHOI 3MiHH Ha
OCHOBI aJITOPUTMY iMiTamii Bigmary KpoKy MyTamii, HMOBIpHOCTI MyTaii, KUTBKOCTI 3aMiHHMX HOTEHHiHHMX pimens. Lle 3menmrye
PH3HUK MOTPAIUISIHHS B JIOKQJIbHUI ONTUMYM 3aBJISKH LIMPOKOMY JOCII/DKEHHIO IPOCTOPY MOIIYKY Ha TOYaTKOBUX iTepallisx i rapa-
HTYy€ 30DKHICTD Yepes CIPsSMOBAHICTh HOIIYKY HA 3aKJIIOYHMX iTepamisx. 3alporoHOBaHUI METOM ONTHMI3allii JO3BOJISIE 3HAXOIUTH
YMOBHUH MIiHIMYM 3a paxyHOK AuHamiyHol mTpadHOi (yHKIIT, 3HaUSHHS SIKOT 3pocTac 31 301IbIICHHsIM HOMepa iTepalii. 3amporo-
HOBaHHUII METO/ oNTHMIi3alii Joyckae HeOiHApHI MOTEHLIHHI PillleHHs B OmepaTopi MyTallii 3aB/sKA BUKOPUCTAHHIO CTaHIAPTHOTO
HOPMAaJIBHOTO PO3MOALTY 3aMiCTh PIBHOMIPHOTO PO3MOIiY.

Pe3yabTaTn. 3anponoHOBaHUI METO ONTHUMI3aLii OyB MPOrpaMHO peali3oBaHHUA 32 JONOMOTOI0 TEXHOJIOTIT apaiensHoi 00po-
oxu iHdpopmanii CUDA 1 mocmimkeHuil ans 3agadi 3HAXOHKEHHS YMOBHOTO MiHIMyMY (YHKIII, 3aa4i ONTHMAlIEHOTO PO30OHTTS
IVICKPETHOI MHOKHHH, 3a7adi KOMiBOsDKEpa, 331a4i PO PIOK3aK Ha BIANOBIAHUX IM MPOOIEMHO-OpieHTOBAaHHUX 0a3ax maHuX. OTpu-
MaHi pe3yJIbTaTH JO3BOJIMIIH JOCTIPKYBaTH 3aJIeXKHICTh 3HAUEHb ITapaMeTpiB Ha HMOBIPHICTD MyTallii.

Bucnoskun. I[IpoBeneni ekcriepuMeHTH MiATBEPAIIH MPaIe3JaTHICTh 3alIPOIIOHOBAHOTO METOY Ta J03BOJITIOTH PEKOMEHIYBATH
HOro Juisi BUKOPYCTAaHHs Ha MPAKTHI IPY BUPILICHH] 3a1a4 onTuMi3anii. [lepcrieKTHBY MoaaibmnX JOCTiPKeHb OJSraloTh Y CTBO-
PEHHI iHTENEeKTyalbHHUX MapaJIelbHUX W PO3IOAUICHUX KOMIT FOTEPHUX CUCTEM 3arajbHOrO i CIEI[iabHOTrO IPU3HAUCHHS, SIKi BUKO-
PHCTOBYIOTH 3alIPONOHOBAHUI METOJ AJIs 33724 YHCENIbHOT Ta KOMOIHATOPHOI ONTHMIi3allii, MAIIMHHOTO HaBYaHHS H pO3Mi3HaBaHHS
o0pa3iB, IPOTrHO3Y.

KJIFOYOBI CJIOBA: meraeBpucTrKa, KIOHAIBHAN Big0ip, iMiTaIlisl BiAMaly, ONTHMI3allisl, TEXHOJOTI HapaaenbHoi 00poOKH
iH(popMmarii.

YK 004.93
METOJ OITUMHU3AIIMU HA OCHOBE CUHTE3A AJITOPUTMOB KJIOHAJIBHOT'O OTBOPA U UMUTALIUNA
OTXKUT A

I'purop O. A. — kaHA. TOC. yNp. HAYK, JOLIEHT, peKTOp YepKaccKoro rocy1apcTBEHHOr0 TEXHOJIIOTHYECKOT0 yHUBEpCcUTeTa, Yep-
Kacchbl, YKpauHa.

®enopos E. E. — 1-p TexH. HayK, JOIEHT, nmpodeccop kadeapsl poOOTOTEXHUKH U CHENHATH3NPOBAHHBIX KOMITBIOTEPHBIX CHC-
TeM YepKacCcKoro rocyJapCTBEHHOI'O TEXHOJIOTHUECKOT0 YHUBEpCUTETa, Yepkacchl, YKpanHa.

Yr1kuna T. FO. — xanj. TexXH. HayK, JOLEHT, JOIEHT Kadeapsl POOOTOTEXHHKH U CHEIUATH3UPOBAHHBIX KOMIBIOTEPHBIX CHCTEM
UepkaccKoro rocyJapcTBEHHOI0 TEXHOJIOTMYECKOro yHUBepcuTeTa, Uepkaccesl, YKpauHa.

Jlykamenko A. I'. — kaH[. TexH. HayK, CTapluMid Hay4yHblid coTpyaHuk MHctutyTa 3nekrpocsapku uM. E. O. Ilatona, Kues, Vk-
pavHa.

Pynakos K. C. — xaH1. TeXH. HayK, CTapIIUi IpenojaBaresb Kadeapbl pOOOTOTEXHUKH U CIELHATM3UPOBAHHBIX KOMIBIOTEP-
HBIX cHCTeM UepKacCKOro rocy1apCTBEHHOTO TEXHOJIOTMUECKOT0 YHHBEpCHUTETa, Yepkacchl, YKpanHa.

Tapaep [. A. — Mimagmmii Hay4HbIi coTpyaauk MHCTHTYTa 3N1ekTpocBapku uM. E. O. I[latona, Kues, Ykpanna.

Jlykamenko B. M. — n-p TexH. Hayk, npodeccop, 3aBeayromas kadeapoid poOOTOTEXHUKH U CIICIHATH3UPOBAHHBIX KOMITBIO-
TepHBIX cucTeM YepKaccKoro rocy1apCTBEHHOIO TEXHOJIIOIMYECKOTO YHUBEpCUTETa, Yepkacchl, YKpauHa.
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AHHOTALUA

AKTyaJIbHOCTB. PaccMoTpeHa 3a1aua MoBbIIeHHS 3PPEKTUBHOCTH METOI0B ONTUMH3AIINH IyTEM CHHTE3a METadBpUCTHK. O0b-
€KTOM HCCJICIOBAHUS SIBJISIETCS MPOLIECC MOUCKA PELIEHHsI ONTUMHU3aLMOHHBIX 3a7au.

eabro paGoTh siBiIsieTCs MOBbILICHHE Y(P()EKTUBHOCTH MONCKA KBA3HONTUMAIBHOTO PEIICHHUS 32 CYET METadBPUCTUIECKOTO Me-
TOJla HA OCHOBE CHMHTE3a aJITOPUTMOB KJIOHAJIBHOTO 0TOOPa M HMHUTALIMK OT)KUTA.

Meton. [IpeanoxeHHbII METO] ONTUMH3ALIUH YCOBEPIICHCTBYET aJTOPUTM KIOHAJIBHOTO O0TOOpa 3a CYET AMHAMHYECKOTO H3Me-
HEHHS Ha OCHOBE aJITOPUTMa UMHTAIWU OTXKHUTa MIara MyTaluH, BEPOATHOCTH MyTallUH, KOJMYECTBA 3aMCHIEMBIX MOTCHIHATBHBIX
peleHnid. OTO YMEHBIIAET PUCK MOMAAaHUs B JIOKATBHBIA ONTHMYM OJIaroJiapsi MIMPOKOMY HCCIICIOBAHUIO IIPOCTPAHCTBA ITOKCKA Ha
HAYaIbHBIX HTEPAIMAX W TAPaHTHPYET CXOIAMMOCTh HM3-32 HANPABICHHOCTH IMOKMCKA Ha 3aKIIOYATEIBHBIX UTEparusx. [IpemioxkeH-
HBIA METOJ ONTHMH3AIUHU MO3BOJIICT HAXOJUTh YCIOBHBIA MUHUMYM 32 CUET JUHAMHUYCCKOU mTpadHOi QyHKIMH, 3HAYCHHE KOTO-
poli BO3pacTaeT ¢ yBEIMUCHHEM HOMepa utepanuu. [IpenokeHHbIi METOT ONTUMH3AIIUH JIOIyCKaeT HEOMHAPHBIC OTCHIIHATBHBIC
pelieHns B omepaTope MyTauuH Ojarofapsi WCIOJIB30BAHUIO CTAaHAAPTHOTO HOPMAIBHOTO paclpelesieHdus BMECTO PaBHOMEPHOTO
pacrpeneneHusl.

PesyabTathl. [IpemiokeHHBI METOJ ONTUMH3ALUKN OBUI MPOTPAMMHO PEAM30BaH MOCPEICTBOM TEXHOJIOTHH MapajuiedbHON
o6padotkn mHbopMarmun CUDA u nccrnemoBaH A 3a/1a4d HAXOXKICHHS yCIOBHOTO MHUHUMyMa (DYHKIIHH, 3aa9d ONTHMAIBHOTO
pa3OueHHs IHCKPETHOTO MHOXKECTBA, 3aJa4d KOMMHBOSDKEpA, 3a/ladyd O PIOK3aKe Ha COOTBETCTBYIOUIMX KM HPOOIIEMHO-
OpUECHTUPOBAHHBIX 0a3ax JaHHEIX. [loydeHHBIC pe3yIbTaThl TO3BOJIMIIN MCCIIEI0BATh 3aBUCHMOCTh 3HAUCHHUH TTapaMEeTPOB Ha BEPO-
SITHOCTh MY TaI[HH.

BoiBoabl. [IpoBecHHBIC SKCIIEPUMEHTBI IOATBEPIHIN PAOOTOCIOCOOHOCTh MPENIOKEHHOTO METO/IA M TIO3BOJISIOT PEKOMEHI0-
BaTh €r0 IS UCIIOJIb30BAHUS HA MPAKTHKE NPHU PELICHUH 3a/ad ONTHMU3AIMU. [lepcreKTHBbI JanbHEHIINX UCCISOBAaHUN 3aKII0-
YaloTCS B CO3JJAHUHM MHTEJUIEKTYAIbHBIX MapajyieNIbHbIX U PAcIpeeNIeHHbIX KOMIBIOTEPHBIX CHCTEM OOIIEro M CIEIHANbHOrO Ha-
3HA4YEHUsI, KOTOPBIC UCTIONB3YIOT MPEIOKEHHBIH METO [UIs 3aa4 YMCICHHOW U KOMOMHATOPHON ONTHMH3ALUH, MAITHHHOTO 00Yy-
YeHHUS U PacIo3HaBaHUSA 00pa30B, MPOTHO3A.

KJIFOUEBBIE CJIOBA: Metas’BpucTHKA, KIOHAIBHBIA 0TOOP, UMHTAIHS OTXKHTa, ONTUMH3ALUS, TEXHOJIOTHS MapalIeIbHOI
06padoTky nHGOPMAIHL.
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YK 004.932.2:004.93°1

BUBUYEHHS CTATUCTUYHUX BJJACTUBOCTEM MOJEJII BJIOYHOT'O
HOJAHHA JI1A MHOKUHHU JECKPHUIITOPIB KJIIOYOBUX TOYOK
30BPA’KXEHb

I'opoxoBatcbkuii B. O. — 1-p TexH. Hayk, npodecop, npodecop kadeapu iHpopMaTHKK, XapKiBCbKHI HalliOHANb-
HU YHIBEPCUTET pajioeNeKTpOoHIKH, XapKiB, YKpaiHa.

lagenbka C. B. — kaHza. di3.-MaT. Hayk, ONEHT, 3aBijyBad kadeapu iHpopMamiiHUX TEXHOJOTIH, XapKiBChKUI
HaBuaJIbHO-HayKoBHH iHCcTHTYT JIBH3 «YHIBepcuTeT OaHKiBChKOI cripaBm», XapKiB, YKpaiHa.

Crarmuk H. 1. — xana. men. Hayk, AONCHT Kadeapu iHQOpPMAIIHHUX TEXHOJOTiH, XapKiBCHKHI HaBYaIbHO-
HaykoBui iHcTUTYT JIBH3 «YHiBepcuTeT GaHKIBCHKOI cripaBm», XapkKiB, YKpaiHa.

AHOTANIA

AxTyanbHicTh. baratoBumMipHa npupona oOpoOIIOBaHMX JAaHMX Y CYYaCHUX CHCTEMaxX KOMII'IOTEPHOIO 30py IOTpedye HOBHX
MiXOaiB 10 OOy I0BU pe3yJIbTaTHBHHUX [IPOCTOPIB O3HAK, IO CIPOIIYIOTh ONMPALFOBAHHS 32 PAXYHOK y3arajJbHEHHS HasBHOI iHPOP-
Mauii. CTpyKTypHi MeTOu po3Ii3HaBaHHs 300pakeHb BUKOPUCTOBYIOTh OMKCH Bi3yaJbHUX 00 €KTIB y BUIIISAAI HAOOPIB JECKPHUIITO-
PiB KJIIOYOBUX TOYOK SIK MHOXXMHH YHCIIOBUX BEKTOPIB BHCOKOI po3MipHOCTi. OCHOBHHM IHCTPYMEHTOM 3HIDKEHHS PO3MIpHOCTI
BHUCTYIIA€ NPEJCTABICHHS JaHUX y BUIJIAAI CUCTEMH IX OJIOKIB Ta CTATUCTHYHE JIOCII/PKEHHS TAKUX CTPYKTYP JAHUX, SKE B aCIICKTi
po3mi3HaBaHHS NOKJIAAEHEe BioOpaXkaTH cyMapHi BIACTHBOCTI 00 €KTa SIK CyKYIHOCTI HOro (hparMeHTiB. Y 3B’SI3Ky 3 IIMM BHHUKA€E
npo0iieMa BUBYCHHS 0COOIMBOCTEH MPUKIIAHOTO 3aCTOCYBAHHS Ta XapaKTEPHCTUK MOJEINI OJIOYHOrO MOJAHHS B aCIEKTi Il BXKUBaH-
HsI JUIsl BU3HAUYEHHS! PEJICBAaHTHOCTI ONMCIB Ta Kiacu(ikamii JaHuX B MeKax 0a3u eTaJIOHHUX 300paKeHb.

Meta po6oTn. 3miliCHEHHS] CTATUCTUYHOTO OLIHIOBAHHS 3HAUYIIOCTI NMPHUHHATTS KilacH(ikalilHUX pillleHb Ha OCHOBI 00YHMC-
JICHHsI PEJIEBAHTHOCTI OMUCIB 00 €KTIB [UIs1 MOJIEi OJI0YHOr0 MOJAHHS JaHUX JECKPUITOPIB KIIFOYOBUX TOUOK 300paKeHb.

MeToa. 3anponoHOBaHO CMOCOOHM PO3PI3HEHHS OMKCIB HAa OCHOBI MOJIENi OJIOYHOTrO MOJAHHS JAaHUX ACCKPHUIITOPIB KIIOYOBHX
TOYOK 300pakeHb i3 BUKOPUCTAHHSAM KPUTEPilB MATEMaTHYHOI CTATUCTUKH Ta IHCTPYMEHTapito Teopii indopmarrii.

Pe3yabTaTu. T0JIOBHUM pE3yJIbTaTOM CTAaTTi € MiATBEPIXKEHHS TOTO, IO BXXHBAHHS KIACHYHHMX CTATUCTHYHHX KPHUTEPIiB Ui
aHaJi3y eMIIPUYHIX JaHUX Y BUTISII CTPYKTYPHHX OMHKCIB 300paXKeHb 1a€ MOKIMBICTh BU3HAYUTH AKICTh TOOYIOBAHOTO MPOCTOPY
O3HaK, JIOCTaTHIO JUIsl PO3PI3HEHHs Bi3yalbHHX 00’€KTIB IpH iX PO3Mi3HABAHHI y CHCTEMax KOMII'FOTEPHOTO 30py. BripoBa/pkeHHs
Moyiesti 6JI0YHOTO MOJAHHS Ta CTATUCTHYHOTO aHAII3Y IS 3HAYCHB JECKPHITOPIB KIIFOYOBUX 03HAK 300paKeHb CIIPHSIE i JBUILCHHIO
e(eKTUBHOCT] TPOIECY PO3Ii3HABAHHS Bi3yaJbHUX 00’€KTIB, IIO MiATBEPIXKYETHCS MOKPAIICHHSIM PIBHS PO3Pi3HEHHS HpH 3011b-
LIEHHI pO3Mipy (parMeHTy y noOy10BaHii JaHIIOKKOBIH CTPYKTYypi OImucy.

BucHoBKH. 3acTOCyBaHHs Pi3HOMAHITTS CTATHCTUYHHX KPHUTEPIiB A0 iACHTUYHHUI BHCHOBOK IPO 3HAYYILICTh BiIMiHHOCTEH
EMITIPUYHUX OMHUCIB Bi3yalbHUX 00’€KTIB y MOOYyIOBaHOMY MPOCTOPI O3HAK, IIO MiAKPECITIOE 00 €KTUBHICTH MTPOBEACHOTO IOCITi-
JDKeHHA. BripoBampkeHa Moenb GJIOUHOTO MOJAaHHS JaHHX 30epirae po3pi3HIOBANBHI BIACTUBOCTI CTPYKTYPHOTO OIMHUCY 3 eheKToM
CYTTEBOTO MOKPAIICHHS MBUIKOIT MPUHHATTS KITacCU(iKaifHOTO pillleHHS.

HaykoBy HOBH3HY JOCIIIDKEHHS CKJIAJa€ yJOCKOHAJICHHS Ta CTATUCTHYHE OOIPYHTYBAHHS MOJENCH MPUUHSATTS PIllICHHS W00
pO3Mi3HaBaHHS Bi3yaJIIbHUX 00’€KTiB Ha OCHOBI OOYMCIIEHHS PEJIeBAHTHOCTI iX ONMCIB CTOCOBHO €TAJOHIB i3 BIIPOBAPKCHHIM 0JIOU-
HOTO IIOJIaHHS IECKPHUIITOPIB KIFOYOBHX TOYOK 300pakeHb.

[IpakTryHa 3HAYYIIICTH POOOTH MOJATae y MiATBEPDKEHHI NOLIIBHOCTI BBEICHHS OJOYHOI CTPYKTYPH JUIs JECKPHIITOPHOTO
onucy 00’exTa sIK e()eKTUBHOTO MiAXOAY NPH BUPIIICHHI 3a7adi po3Mi3HaBaHHS HA MMPUKIAAAX 300pa)keHb 3371 BIPOBAKCHHS Y
CHCTEMaX KOMII I0TEPHOTO 30Dy.

KJIFOYOBI CJIOBA: koM’ 10TepHUIA 3ip, CTPYKTYpHE PO3Mi3HABaHHS 300paKeHb, MHOKHHA KIIOYOBHUX TOYOK, JECKPHITOPH
BRISK, peneBaHTHiCTH ONHCiB, OJIOYHE MOJAHHS, CTATUCTUYHUHA PO3MOIiN, KPUTEpil Xi-KBaApaT, pO3XOKeHHS Pen’i, kpurepiit
3HAKIB, 3HAYYIICTh BIIMIHHOCTI OITUCIB.
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ABPEBIATYPU

BRISK  (Binary Robust Invariant  Scalable
Keypoints) — MeTo1 BUSBICHHS, OMKUCY Ta BiIIOBITHOCTI
KITIOUOBHX TOYOK;

Open CV — 06ibmioTeka mporpaMHoro 3a0e3neyeHHs
JUISL CHCTEM KOMIT IOTEPHOTO 30pY;

KT — xmo4oBa Touka.

HOMEHKJIATYPA
Z — onc y Burisiai MHOXIHA KT;

B" — MHOXMHA GiHAPHMX BEKTOPIB;

z,, — OlHapHUI JECKPUNTOD;

7 — PO3MIPHICTb IIPOCTOPY AECKPUNTOPIB;

S — KUIBKICTb JIECKPUIITOPIB Y OIHCI;

M — KUIBKICTh ()parMeHTiB (OJIOKIB) IECKPUNITOPA;
k — KUTBKICTB €JIEMEHTIB y OJIOL Yy JIECKPHUIITOPI;

O — MHOXXMHA PO3NOALIIB ISl OJIOKIB IECKPHUIITOPA;
g;j — CIEMEHTH MaTPULI PO3LOALLB O;

p; — BIIHOCHA 4acTOTa;

W — KIbKICTb JIAHOK PO3IOJLTY;
a — piBeHb 3HAYYMIOCTI MPH 3aCTOCYBAaHHI CTATHCTHY-
HOTO KpHUTEPiro.

BCTYII

[Mpouec peanizauii nieBux kiacupikaliiHUX pilieHb y
CY4YacHHMX CHCTEMax KOMII'IOTEPHOI'0 30py MoTpedye BH-
pileHHs psgy npoOneM, OB’ sI3aHUX 13 6araToBUMipHOIO
MIPUPOIOI0 OOPOOITIOBAaHUX JaHHUX. Y CTPYKTYPHHX METO-
Jax po3mi3HaBaHHA 300paKCHb OMHCH  Bi3yalbHUX
00’€KTiB MONAIOTHCS Y BUTILAAI HabopiB neckpunropis KT
SIK CKIHYCHHOI MHOXXHHHM YHCIJIOBHX BEKTOPIiB JOCTATHBO
BHCOKOi po3mipHOCTi [1-4]. Tak, OiHapHi MOJaHHS, OTPH-
MaHi gerekropom BRISK, mictars mo 512 koMmoHEHTIB
[5]. Y TakoMy BHUIaAKy mepexis 10 MpeaCTaBICHHS JaHUX
y BUIJISII CUCTEMH 1X (pparMeHTiB MeHIIoi po3MipHOCTI
CIIpHsIE CYTTEBOMY CIIPOIICHHIO iX BUBYEHHS Ta MPUKJIa-
JHOTO 3acTtocyBaHHs [6]. OCHOBHMM IHCTPYMEHTOM IpHU
LIOMY BHCTYIA€ CTaTHCTHYHE JOCIHIKEHHS AaHUX OITH-
CiB, SIKC B aCICKTi PO3Mi3HABaHHs MOKIAJCHE BimoOpaxa-
TH y3arajJbHEHI BIaCTHBOCTI 00’€KTa y BHUIJISI CyKYyIHO-
cTi pparmenrtis [6-8].

Bitoa mpupona neckpunropis KT y mpocropi 6inap-
HHUX BEKTODIB Ja€ MOXKJIMBICTH BIIPOBAIUTH HPEICTaB-
JICHHS Ta aHaJIi3 IECKPUIITOPa SK MOCIIJOBHOCTI eJIeMEH-
TiB i3 BiIOMHMM [ialla30HOM 3HAYEHB, IO A€ 3MOTY 3Mil-
CHIOBaTH OOpOOJIEHHS Ta CTATHCTUYHHUH aHAN3 yIOps-
KOBaHMX YHCIIOBHX JIAHIFOKKIB JaHuX. biodHa cTpykry-
pa JaHWUX JOIMYCKA€ 3aCTOCYBAHHS IIIXOIB IHTECIEKTYa-
JIBHOTO aHaJli3y, 3aCHOBAHMX Ha HWMOBIPHICHHMX OIliHKax
HasIBHUX 3HAuYeHb, MO0 MPUIHATTS PIlIEHHS PO BijHeE-
CCHHS 00’ €KTY 3 OITMCOM JI0 BiJIIIOBITHOTO KJIACY.

O0’eKTOM JOCTITKEHHSI € MOJIENb OJIOYHOTO IMOJIaH-
HS JUIi MHOXXHMHH JIECKPHUIITOPIB KIIIOYOBUX TOYOK 300pa-
KEHHSI.

IIpeameTom pocizKeHHSI € CTATUCTUYHE OLIHIOBaH-
HS 3HAYYIIOCTI NPUHAHATTA KIacU(iKaIifHAX pillleHh Ha
OCHOBI OOYNCIICHHSI PEJIEBAHTHOCTI OMHCIB 00’ €KTIB s
MoJeNi OJIOYHOTO MONAHHS NaHWX AECKPHUIITOPIB KITFOYO-
BHX TOYOK 300paXCHb.
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1 IIOCTAHOBKA 3AJTAYI
Bu3HauMMo JIECKpUNTOPHUI OMMC JIOCHIPKYBaHOTO
Bi3yaJIbHOTO 00’ €KTY Y BHIVIS/II CKIHUEHHOI MHOKUHU

Z={z,}}-1,2, €B".

Buxonsun 3 TOro, 10 mapamerp 7 po3Mipy aHali3o-
BaHUX EJIIEMEHTIB — JECKPHIITOPIB CSTa€ KiIbKOX COTCHb,
MOHU3UMO PO3MIPHICTh JaHUX MUIIXOM PO3OUTTSA Jie-
ckpuniropa KT ©Ha mocmigoBHiCTH i3 m  (parMeHTiB
(m =n), M0 NOBHICTIO HOTO IMOKPUBAIOTh. Y TakoMy pasi
neckpuntop BRISK i3 512 GiTiB Moxxe OyTH mpeacrasiie-
HO, HANpHKJIAJ, TMOCTiOBHICTIO i3 512 ¢dparmeHTiB no
onHomy Oity (0 abo 1), abo mocmigoBHICTIO 13 256 ¢par-
MEHTIB TI0 2 €JIEMEHTH, SKi MOXXYTh MaTH OJHE 3 BIHKO-
Bux npenctasierp 00, 01, 10, 11, abo mocmimoBHICTIO i3
128 ¢parmenTi mo 4 enxeMeHTH, KOXKEH 3 SKAX Ma€ BUJ
KOPTEXY IBIHKOBHX €JIeMEHTIB (KLTbKICTh TAaKHX Ipe.-
CTaBJICHb TYT JOPiBHIOE 16) TOLIO.

VY pe3ynbTaTi JaHII0KKOBOTO TOAaHHs onuc Z Oyne
MaTd BUJ MaTpulli i3 S psAAKIB Ta m CTOBIIIB, KOXEH 3
€JIEMEHTIB SIKOi € GparMeHTOM po3mipy k = n/m [4].

VY pesynbrari po30UTTSI Ha GparMeHTH 3/1HCHEHO me-
pexin Bix 6araTOBUMipHOTO BEKTOPHOTO MPOCTOPY O3HAK
JI0 CYKYIHOCTiI BEKTOPIiB CYTTEBO MEHIIOI PO3MIipHOCTI.
BuHukae nUTaHHS, HACKUIBKA HOBOCTBOPEHA CHCTEMa
O3HaK 3/1aTHa IO PO3PI3HEHHs OMKCIB 00’€KTIB y MOpiB-
HSIHHI 3 0araTOBUMIPHHMM IIPEACTAaBJICHHSM Ta SIKI HOBI
MOXJIMBOCTI Y acHeKTi kiacuikarii BiAKpUBarOThCS i3 11
BIIPOBAJPKCHHSIM.

3agayaMu JIOCITI/DKEHHSI € BHBYEHHS JOLLIBHOCTI Ta
PEe3yIBTaTUBHOCTI 3aCTOCYBaHHS MOJETI OJOYHOI CTPYK-
TYpH TpPEACTABICHHS IaHUX JIECKPUITOPHOTO OIHCY
00’€KTa y BHUTJISII JAHIFOXKKOBOI CTPYKTYPH SIK MPOIYK-
TUBHOTO TMIAXOMy [UISI PO3PI3HEHHS JOCIiIKyBaHUX
00’€eKTiB.

2 OTJiAd JIITEPATYPH

dopMasibHa TOCTaHOBKA 3a/ladi pO3Ii3HABaHHS 30-
OpakeHb 3 BUKopucTaHHIM MHOXHHU KT cdopmyrnpoBa-
Ha y [1], ne Takox BUBYAIOTHCSI OCOOIUBOCTI Ta HEHOJIKU
MOJIEJII ONUCY SIK MHOXHMHHU 0araTOBUMIpHHMX BEKTODIB.
3a3HayaeThCs, MO KIOYOBUM HEIOJIKOM € 3aBeNHKi
00’eMH OOYHCITIOBANTBHUX BUTpaT. Y crarrsax [2, 3] Bu-
BYAIOTHCS MOJIEINI sl TOOYyAOBH Moau(ikaliii cucTeMu
CTPYKTYPHHX O3HaK 3aIUIsI CKOPOYEHHS oO0csry oOumc-
JIeHb, 30KpEMa, pO3IJIAJAEThCS 3aCTOCYBAaHHS METOJIB
kimacrepm3anii manux. Poboru [4, 6, 7] micTaTe aHaumi3
0JIOYHOTO MOJIAHHS Ta 3aCO0M KOHCTPYIOBAHHS CTaTHCTH-
YHHUX PO3MOIUIIB, IO JAI0Th MOXJIMBICTH CPOPMYBaTH
y3araJibHeHe MOJaHHs JIECKPHUIITOPIB y BUIIISL iX cHCTe-
MU ¢parMeHTiB. Y npociipkeHHsAX [4, 7, 8] BukiageHo
pe3yJbTaTh 3aCTOCYBaHHS CTATUCTUYHUX Mip AJIsl 004mnC-
JICHHSI PEJIEBAaHTHOCTI OIKUCIB, IO MiJAKPECIIOE TiCHUH
3B’S30K METPUYHUX Ta CTATUCTHYHHUX MimxoxiB. PoGota
[5] micTuth ocobmmBOCTI (QopMyBaHHS OiHApHOTO Je-
ckpunropa BRISK, mo nmae moxmmBicTh 3acTocyBaTtn
epextuBHe OiHapHe 00poOieHHs maHmx. Pobotm [9-14]
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BUKOPHCTAHO SIK JDKEpesa KIaCHYHUX METOJIB CTaTHCTH-
YHOTO OLIHIOBaHHSI, a [15] MICTUTh MOCHIIaHHSI HAa BUKO-
pHCTaHe IPOrpaMHe 3a0e3eUeHHS.

3 MATEPIAJIM I METOAU

Posrisemo BimoOpaxkenns: Z — QO i3 MHOXUHH 0i-
HapHUX BeKTOpiB — geckpunrtopiB KT y mMHOXUHY O iX
OJIOYHHUX PO3MOJITIB, SKE Ja€ MOXKIWBICTH TPOBOJIUTH
ineHTH(IKaIlI0 Ta PO3PI3HEHHS Bi3yaJbHUX 00 €KTIB Ha
MiZCTaBi JaHUX MEHIIoi po3MmipHocTi [4]. Posmonin Bia-
NOBIAHO 70 (IKCOBaHOTO (parMeHty i3 HOMEpPOM J,
j=1,...,m, momaMo Yy BHUIJISAI BEKTOpa IUIUX YHCEN
q;= (ql,...,qw)j, e qij,izl,...,w — 4acToTa IOSBH i-T'O

Buay (parMeHTy, po3TaIlOBAaHOTO HA j-My MICIIi JaHIIO-
KKa cepell YCIX NECKPHIITOPIB OMHCY, KUIBKICTh SIKHX
w
JOPIBHIOE § = Z%’ U OYIb-SIKOTO HOMEpa .
i=1

qi . .
ZL)i=1...,w, € BiIJHOCHUMH YaCTO-

3HayeHHa p; =

TamMu (omiHkamu HmoBipHOCTi). [lpm mpomMy w= 2k s
w

Z p; =1. IloBHicTIO MHOXHHA () OMHCY€ETHCS CHCTEMOIO
i=1

PO3MOLTIB
0=1{q; =(q1>qw) j}j=1 (1

JUISL KOXKHOTO 13 m (hparMeHTiB, OT)Ke, MOKe OyTH mpen-
CTaBJicHa MATPHIICIO 13 m PSAAKIB Ta w CTOBIINB. [l HO-
PMOBAHOT'O BUITAJKY MAaEMO CUCTEMY PO3IIOJILIIB

Onorm :{pj :(pls~~-’pw)j};"1:1 . ()

Hampuknan, y BUIAAKy BHKOPHCTAHHS JIECKPUITOPA
BRISK mipu po36utTi Ha Oaiitu mist n=512 maemo m=64,
w=256, orxe, Matpuus Q (Q,,m) MICTHTh BiIHOCHI

YaCTOTH MOSIBM BCIX JOIMYCTUMHX 3HaueHb ()parMeHTiB
po3MipoM y GalT Ayl HASSBHOT MHOKUHH Z.

OcHOBHa ifes AOCHIIPKEHHS TMOJsrae y 3ailiCHEeHHI
aHaJli3y BIIACTHBOCTCH PENIEBAHTHOCTI 00 €KTIB IIIIXOM
3icTaBiIeHHS CPOPMOBAHHMX 3HAYCHD CJIEMEHTIB MaTPHIb

Ql = {ql-(jl)}, i=l.,w j=L..ml=12 (I - Homep

00’exry) Buriiny (1), (2), mo BimoOpaxaroTh BHYTPIIITHIO
CTaTUCTHKY OMHCIB. 30CepearMO JOCIHIIKEHHS Ha IIOTa-
pHOMY TTOpIBHSHHI BiIOBITHUX PSAAKIB MaTPHIb Ql .

[lepmroueproBo BHIAETHCS BUPIMICHHS 3a7adi MOpiB-
HSIHHSL IBOX PO3IOJLNIB, Ky MOXHA 3JIHCHUTH CIiBCTaB-
JICHHSIM TiCTOrpaM 4epe3 3aCTOCyBaHHS MOH(iKOBaHOTO
KpHUTEPiIo Xi-KBaJpaT, MPU3HAYCHOTO JJIs BHIIAIKY E€MIIi-
puuHHX posnoniniB [9]. Po3paxyHOK eMITlipu4HOro 3Ha-
YeHHsSI KpuUTepito sl (parMeHTiB ONMCIB 3 HOMEPOM j
31ifiCHUMO 3a (OpMYJIIOI0
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Y (61,-(]-1) —f1,§-2))2
Kemp.j = 2 @) ®)
-1 4" T4q;

Kputnune 3HaueHHS KpUTEPitO xgr j(a,s') sHaxo-

JIITHCS 32 BCTAHOBJICHUM pIBHEM 3HAYYMIOCTI ¢ 1 CTyIe-
HEM CBOOOJH s, [0 HE TIepeBHINYye s—1 (5 pO3TILAAETHCS
SIK KUIBKICTB CIIOCTEPE)KEHb) 1 PO3PAXOBYETHCS JIMIIE LIS
TUX THIIB JIAHOK, SIKi BXOJAATH J0 BiIIIOBIAHOTO (pparMeH-
Ty 3 omHCy X04a O oHOTO 3 00’ €KkTiB. OOMACTh MIPHIAHSAT-
TS HYJIBOBOI TINOTE3W IMPO OIHOPITHICTH aHANI30BaHHUX
ricrorpam BHU3HAYAETHCA HEpIBHICTIO

Ximp, ;< xg,’j (a,s"), a obnacTh NPUUHATTS AJIbTEPHATH-

BHOI TilTOTE3H MO0 3HAYYIIOI BiAMIHHOCTI MK HUMH Ha
piBHI 3HAYYIIOCTI @ € TPaBOCTOPOHHBOI KPUTHIHOIO
obacrio, o BH3HAYAETHCA HEpIBHICTIO
Xgmp,j > Xgr,j(aosl) .

Hacrymauii kpok mepenbadae mifpaxyHOK J0Ji 3HA-
9ymIo BiAMIHHUX PO3MOJLTIB, HA TiACTaBi 90TO POOUTHCS
BHCHOBOK IIPO PiBEHH peieBaHTHOCTI 00’ekTiB. [Ipupon-
HIM BUIA€ThCA OUYIKYBaHHS IMiABUINCHHS TOYHOCTI pO3Mi-
3HABaHHs MMPH 30UIBIICHHI JOBKHHU k QparMeHTy y JiaH-
I[I0’KKOBOMY TIOJ[aHHI.

[HImIM croco6oM 3iCTaBICHHS PO3MOMLTIB € 3aCTOCY-
BaHHA B SIKOCTI MIpH PENICBAHTHOCTI O-PO3XOKEHHS
Pen’i [7, 10], sixe MoXHa po3risaaTH SIK iH(pOpMAIlio
nopsiaky oo >0,a#1) momo ix BiaMiHHOCTI. OGuMC-

JICHHA PO3XOUKEeHHS Pen’i Doc/(PS'D Hps.z)),j:l,...,m,

100 BiZIMIHHOCTI 00’exTy 3 PpO3MmoIiIoM
o _ (Y] ; 6’ ;

p;’ = (pl,...,pw)j , BiZ O00’€KTYy 3 pO3NOILIOM
2 _ ( @) ;

Pj Dloeees pw)_ i (nns kokHOTO  (piKCOBAHOTO

j=1,...,m), 30ilCHIOEMO, BHXOASYM 3 DSIKIB MaTpHUIb

Ohorm =Py }i=loow, j=1..m,1=12, mo cave i

MAarOTh BHTJIS py) = (pl,...,pw)(.l), Jj=l..,ml=12:

LY (piH*™
D e
l=1(pij )

Dy (PPl PP = )

Mipa (4) € HecnagHOIO (YHKII€I0 apryMEHTY 0, IIPH-
iiMae HeBil €MHI 3HaYEHHs, a HyJIbOBE 3HAUCHHS J10CATa-

(ORI )

€Tbes nmme mpu p;° = p; . IlponoHyethes 3acTocy-

BaHHS MipH (4) pu 3HaYeHH]I mapameTpa 0=0,5:
w
Dos,j (P 11 P =23\ ool = lam - )
i=1

3ayBaxkumo, o Mipa (5) € METPHUKOIO, a TAKOX €IH-
HUM BHIIQJIKOM CHMETPHYHOCTI PO3XOKeHHs Pen’i Bif-
HocHO aprymenTiB. [oseneno [11, 12], mo 0=0,5 € ontu-
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MaJlbHUM y TOMY CEHCI, 10 BeauuuHa (o —1)- D, (0—Z J )

mpu 0=0,5 mpuitMae HaWOiIbIe 3HAYEHHS, SKE BiATIOBI-
Jla€ HIDKHIA TPaHUI IMOBIPHOCTI IIOMIUTKA PO3ITi3HABaH-
HA. 3 mi€i TOUkW 30py 3Ha4eHHS nmapamerpy o=0,5 MmoxxHa
BB)XaTH HAWKpallUM [l PO3PI3HEHHS CTPYKTYPHHUX
OITUCIB.

3 MeTor BCeOIYHOTrO OIIHIOBAHHS OLLIBHOCTI BBE-
JICHHS JIaHIIIOXKKOBOI CTPYKTYpH AJIsl Omucy 00’ekra i
aHai3y HOro CTaTUCTUYHOrO MOAAHHS K e(EeKTHBHOTO
MiAXOMy JJIs PO3Pi3HEHHS 00’€KTIB MPOMMOHYEMO TAKOXK
repexij Bif OJIOYHOTO IOJAHHS LMX OIMCIB JO OIUCY 3
KOIYyBaHHIM CTPYKTYp (parMeHTa i3 3aMiHOI0 pO3MOJILTY
(parmMeHTa 4uciIoM, SIKe JOPIBHIOE CEPEIHBOMY KOJOBHUX
3Ha4YeHb. Hampuximan, y BUmagky 2-0iTOBOTO po30UTTS
JIecKkpunTopa, onepxanoro gerekropom BRISK, xomyemo
yuciamu Big 1 1o 4 mocmiposuicts 00, 01, 10, 11, mo
BKJIIOYA€ MOXJIMBI 3HaueHHA (parMeHTa. 3TigHO i3 cTa-
TUCTUYHMM IOJAHHAM BUAY (2), Temep MaeMO B MeXax
ofHOTO (parMeHTa 3 HOMEpPOM j PpO3MOJUT BUIIISLY
P =(p1,P2,P3,P4) j - BIANOBiIHO 10 KONOBUX 3HAYCHD

1, 2, 3, 4, MaTeMaTHUYHE CIIOMIBaHHS (CEpEIHE 3HAUCHHS)
PO3TOALTY TOPIBHIOE:

4
M ;= ip;s, j=1..,256. (6)
i=1
Toni cratuctuune mojaHHs (2), IO CKJIATAETHCS 3
256-TH pAaKiB Ta 4-X CTOBIILIB, IEPETBOPIOETHCS HA T10-
CJIITOBHICTH 13 256-TH €JIEMEHTIB, KOXKHUH 3 SKUX € yCe-
penHeHHsIM (parMeHTa:

M =(Mi,...M»ys¢6) . (7

V¥ 3aranpHOMY BHIaAKy Bupasu (6), (7) mis 00’exta 3
HoMepoM /=1,2, HaOyBalOTh BUTIIALY

w
1 )
MY = ipf), =l ®
i=1

MD =y, m,) . )

[TopiBHSIHHA 1BOX OITUCIB 3/1IHCHIOEMO Yepe3 CIiBCTa-
BJICHHS DPI3HMMH CIOCO0aMU JBOX KOPTEXiB BUay (9).

Hanpuknan, mopiBHSHHS mociifgoBHOCTeH M (1), MP
SIK JIBOX 3B’SI3HUX BHUOIPOK JOBUILHOTO PO3MOILTY MOXK-
JIMBE 13 3aCTOCYBaHHSM HelapaMEeTPUYHUX KPUTEPIiB
BIZIMIHHOCTI, HAIPUKJIaJI, KpuTepito 3HakiB [13], akuii Ha
BCTaHOBJICHOMY DiBHI 3HA4yHIOCTI IOKa3ye, HACKIIBbKH
OJTHOCTIPSIMOBAHHMH 32 3HAKOM € Pi3HUIIL:

MP -m® =1 (10)

3rifHO 3 KpPUTEPIEM 3HAKIB PO3PAXOBYEMO OKPEMO
CYMH JIOJaTHHX i Bim’eMHUX pi3zHHLS (10), Oinbmma 3 HUX
MPU3HAYAETHCS THUIIOBUM 3CYBOM, MEHIIIA — HE THUIIOBUM.
3a Tabmumsmu [13] 3HaYCHHS THIIOBOTO 3CYBY 3iCTaBIIS-
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€TbCs (Ha MEBHOMY PiBHI 3HaYYIIOCTi) 3 KDUTUYHUM 3Ha-

YEHHSIM, HE EPEBHUIICHHS SIKOTO BEJITMYMHOIO HETUTIOBOTO

3CYBY CBIJJUUTB PO 3HAUYIIY BiJJMiHHICTb BUOIPOK.
[HommM  criocoGoM  3icTaBieHHS  ITOCHIJOBHOCTEH

MmO , M 2 Moxe OyTH momapHe MOPIBHAHHS 3HAYEHb
M l.(l) Ta M l-(z) MOCIIZIOBHO JUISL PO3IMOJUTY KOKHOTO

(parmMeHTa SIK JBOX CEepelHIX Ul JOBUIBHO PO3MOJiJie-
HHUX CYKYITHOCTEH 3a JIOIIOMOTOI0 Z-KPUTEPIilo, 10 € KO-
PEKTHUM JIMILIE Y BUNAAKy JOCTATHBO BEJIMKHX BHOIPOK
[14] i y3romkyeTbCcs 3 BHMOTOIO JOCTaTHBO BEIHMKOTO
yucna s. Po3paxyHOK eMIipHYHOTO 3HA4YEHHSI KPHUTEPilo
3IIMCHIMO SIK

MWD @
| J J | =1,...m,

Zemp,j = > J= (11)
Jovo)s

w
e D§l) :Z%pl(jl)(i—Mﬁ.l))z, /=12 — gucmepcis BH-
i=

Oipku, 3amaHoi PO3IOIIIOM py) =Py pw)(j[), =12,

13 BIAMTOBIIHMMH KOJOBMMH 3HAYEHHAMH i=1,...,w.
KpuruiaHe 3Ha4CHHS KPHTEPIIO Zz, ;(a) 3HAXOMHUTHCS

3a piBHEM 3HAYYLIOCTI a 13 Tabnuui 3Ha4eHb GyHKIT Jla-
mwiaca ®(x) 1 O(z,, ;(a)) = (1-2a)/2.

OO0nacTh MPUHAHATTS HYJIHOBOI TIMIOTE3H PO PiBHICTH
yCepeIHEHNX KOJOBHX 3HaUeHb B MeXax j-ro (parmeHTa
BU3HAYAETBCSA HEPIBHICTIO Z,,, ;(a) <z j(a), obJacTb

NPUHHATTS aJbTEePHATUBHOI TiIOTE3W BU3HAYA€ETHCS HEpi-
BHICTIO Z,,, (@) >z, ;(a). HacrynHuii kpok nepenba-

Yae MiIPaxyHOK JIOJ TaKUX PO3MOALTIB (parMeHTiB, Bil-
MOB1THI HOMEPH AKUX IS 000X 00’€KTiB MAIOTh 3HAYYIIO
BIZIMIHHI ycepeAHEeHI KOJIOBI 3HAU€HHs, Ha ITJICTaBl YOTro
POOHUTHCS BUCHOBOK IPO PiBEHb PEIEBAHTHOCTI 00 €KTIB.
[IpupoaHiM BHUIAETHCS OYIKYBaHHS JOCTATHBO BEIHUKOTO
3HAYCHHS TAKOI JIOJI JUIs 00’ €KTIB, IO JIHCHO € Pi3HUMH,
a TaKOXX WOTro MiJBUIICHHS NpH 30UIBIICHHI (pparMeHTa.
ExcriepuMeHTanbHa YacTHHA POOOTH BKITFOYAE Pe3yibTa-
TH TECTYBaHHSI TA PO3PAXYHKIB 33 eMITIPUYHIUMH JTAHUMH.

4 EKCHEPUMEHTHU

3arpornoHoBaHi MiaXOIU MPOTECTOBAHO Ha MPHKIAI
300paxkeHb ikKoH po3mipoM 400x540 i3 BHKOPHUCTAHHIM
3aco0iB Oibmioreku Open CV [6, 7, 15]. 3actocoBano
neckpuntopu BRISK posmipnictio #n=512 Ta umnciom
700. TIpukian po3noaily 3HA4YEeHb OMMCIB JUIs Tap OiTiB
HaBeJIeHO y Tabu. 1.

Sk 6aunmo i3 Tabi. 1, po3noainy GpparMeHTiB 3 o1Ha-
KOBUMH HOMEpaMH UII 000X 00’€KTIB JOCHTH CYTTEBO
BiJIPI3HSIOTECS, IO Ma€ OyTH MiATBEPIKCHO BiIMOBIIHU-
MH PO3paxyHKaMH.

[IpoBeneMo MOCTIIKEHHS OJHOPITHOCTI PO3MOALTIB
MoTapHo MixX (pparmenTamu s 2-X, 4-x Ta 8-mu 0iTOBO-
r0 PO30OUTTIB MEPEBIPKOI0 CTATHCTHYHOI TiMOTE3U Mpo 1X
OJTHODIZHICTh 3a KputepieM Xi-kBaapar (3). YV rtabm. 2
HaBEJICHO PE3yJIbTATH 3aCTOCYBaHHS KPUTEPIIO.
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Tabmus 1 — [Mpuxnang po3noainiB st 2-6iToOBOro po3OHUTTS

Tabmuns 4 — PesynpTraTy 3acTOCYBaHHS KPUTEPIIO 3HAKIB

Jlanku juist ikonu 1 Jlanku fyist ikoHu 2
®dparmeHT
00 01 10 11 00 01 10 11
1 468 | 21 22 | 189 | 459 | 47 25 | 169
2 213 | 101 | 236 | 150 | 175 | 102 | 263 | 160
256 357 | 90 | 58 | 195|351 62 | 64 | 223

Tabnuws 2 — Yucno HeOTHOPIAHMX PO3MO/LTIB 32 KPUTEPIiEM
Xi-KBagpaT

Yucno 6itiB 6:104HOTO PO30HTTS

2 4 8

Yucno ¢gparMeHTiB i3 3Hauy- 167 i3 109 i3 64 i3
IO HEOJHOPIAHICTIO PO3- 256 128 64
noxiniB (Ha piai 0,05) (64,45%) | (85,16%) | (100%)

[lizBuIeHHS PiBHS PO3pi3HEHHS 00 €KTIB 32 PaxyHOK
MTOJTOBKEHHS ()ParMeHTIB Yy JIAHITIOXKKOBIA CTPYKTYpi Jie-
MOHCTpPY€E TaKOX PO3PAaXyHOK O-po3XokeHHS Per’i (mpu
0=0,5) MK po3moaiaMu BimmoBimHO 10 BHpazy (5). Y
TabJ. 3 MpeACTaBICHO Jiana3oHu 3Ha4YeHb MIpU peJieBaH-
THOCTI, 3BiIKHM 0a4MMO CyTTEBE 3POCTAHHS ITOKa3HUKA
py 301IbLICHHI KIJIBKOCTI OITiB Y )parMeHTi.

Tabnums 3 — 3HaueHHs a-po3xomkeHHs Per’i (0=0,5) B
3aJIeKHOCTI Bijt yncia 0iTiB y pparmMeHTax

3HaueHHs Yucno 6itiB 6109HOTO PO3OHTTS
Ol-po3xouKeHHs Pen’ 3 7 3
MiHnimManbHe 0,00008 0,00397 0,05111
MakcumanbHe 0,02112 0,03248 0,18575

IIponoBKUMO CTATUCTHYHUN aHAI3 PIBHS BiIMIHHOC-
Telt 00paziB, BUXOASAYH i3 HOPMOBAHUX PO3IOALTIB, 1 00-
YHCIMMO U KOKHOTO PO3MOALTy (hparMeHTa MaTeMaTH-
YHE CIIOJIBaHHS], 3HIDKYIOUYHM THM CaMHM PO3MIpHICTh
cTpyKkTypu omucy. Hanpuknan, y Bumanky 2-6iToBOro
pO3OUTTSI MaEMO CTAaTHCTHYHI PO3MOIUIN U TEPIIOTo
¢parmenta l-ro i 2-ro o0’extiB BiamoigHo (0,669;
0,030; 0,031; 0,270) i (0,656; 0,067; 0,036; 0,241) i3 ma-

TEeMaTUYHUMHU CIIOIBAHHIMU M 1(1) =1,903,

M S) =1,862 . IIpn upoMy craTucTU4Hi NojaHHs (2) me-
PETBOPIOIOTHCS Ha MOCHIJOBHOCTI 13 256-TH €lIeMEHTIB:
MW =(1,903;2,461;...;2,130)

M@ =(1,862;2,583;...;2,227) (12)
JocnimKkeHHsT Ha OTHOPIAHICTh OTPUMAHHMX Y TaKHUH
croci0 y3arajJbHEHHX OINKCIB 00’€KTiB Ha OCHOBI KpuTe-
pito 3HaKiB IPUBOAXTH O BHCHOBKY IPO iX 3Hadymly Bi-
aMiHHIcTh (Ha piBHI 0,05) mpu pi3HUX JoBXkMHax (par-
MeHTiB. Y Tabi. 4 HaBeICHO Pe3yJbTaTH 3aCTOCYBaHHS
KpHTEDIIO.
VY Mexax OCTaHHBOrO MiJXOIy 3 BUKOPUCTAHHSIM IIO-
cigoBHOCTEH BUTIAAY (9), CKIaNCHUX i3 MaTeMaTHIHUX
CHOZiBaHb KOAIB ()parMeHTiB, BHKOHAHO IOMapHE TOPiB-

HAHHS Mﬁ-l) i M§2) MOCIZIOBHO s j, j=1,...,m, 13 BHU-
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KinpkicTs Kinp- Kinbkicts Kputnune BucHoBoK
OiTiB y KIiCTh HETHIIO- 3HAYCHHS 100
(dparMeH- | THIIOBHX | BHX 3CYBiB (piBeHb 3HaYyLIOC-
Ti 3CyBIB 3HAYYLIOC- Ti

i 0,05)
3Hauymia
2 197 59 87 (59 < 87)
3Hauyma
4 100 27 41 (27 < 41)
3Hauymia
8 48 16 17 (16< 17)

KOPUCTaHHSM z-KpHuTepito. Po3paxyHOK eMIipu4HOro
3HAUEHHsI KPUTEPIIO Il pparmMenra 3 HoOMepoM j=l,...,m
3nilicHioBaBcst 3a (opmyioro (11), KpuTHYHE 3HAYEHHS
KpuTepito Ha piBHi 3Hauymocti 0,05 cranoButs 1,64 [14].
Hanpuknan, s mocmigoBHocTed  (12)  3HAYeHHS

M 1(1) =1,903, M 1(2) =1,862 3HaUyIIO HE BiAPI3HAIOTHCH,
a 3HAYEHHS M;l) =2,461, M§2) = 2,583 € 3HaUymmo Bij-
MminHuMH (Ha piBHi 0,05). ¥V Tabmn. 5 3BeaeHO OCHOBHI pe-

3yJIBTaTH 3aCTOCYBaHHS KPUTEPIIO.

Tabmus 5 — KinekicTh 3HAUyIUX BiIMiHHOCTEH
3a z-KpHUTepieM

Yucno 6itiB 6:104HOTO PO30HTTS
2 4 8
Yucio pparMeHTis i3
3HAYyIMMH BiJIMiH- 148 i3 256 84 i3 128 44 i3 64
HOCTSIMU (Ha piBHI (57,81 %) (65,63 %) (68,75 %)
0,05)
5 PE3YJIBTATH

Kiro4oBHM HaCHiAKOM CTaTTi € MiATBEPIKEHHS TOTO
¢bakTy, 010 BXKUBaHHA TPAJULIMHUX CTATHCTUYHHX KpHU-
TepiiB Xi-KBagpaT, KPHUTEPIiI0 3HAKIB, Z-KPHUTEPIIO IS
aHaJli3y eMITIPUYHUX JaHHUX 32 31CTABICHHSIM PO3MOJLTIB
CTPYKTYPHHX OMNHCIB 300pakeHb 1a€ MOXKJIMBICTh BH3HA-
YUTH JTOOPOTHICTh Ta NPUKIAAHY e(EeKTUBHICTH MOOYI0-
BaHOT'O MPOCTOPY O3HAK 3311 PO3PI3HEHHS Bi3yaJbHUX
o0’ekTiB  mpu  IX  pO3Mi3HAaBaHHI Yy  CHCTeMax
KOMIT FOTEpPHOTO 30py. BripoBamkenHs Mozeni 61049HOTO
MOJAaHHS Ta CTATHCTHYHOTO aHaNi3y JuIsi 3HA4YEHb Jie-
CKPUITOPIB KIIOUYOBHX TOUOK 300pakeHb CIIPUSE ITiJBH-
MICHHIO €()eKTUBHOCTI MpOIIeCy po3Mi3HaBaHHS 00’€KTiB,
IO MiATBEPIPKYEThCS HMOKPAICHHAM PIiBHS PO3Pi3HEHHS
mpu 30UTBIICHHI PO3Mipy (parMeHTy y moOyAoBaHii na-
HITIO)KKOBIH CTPYKTYpi OIUCY.

6 OBTOBOPEHHSI

Sk GaunMo 3a pe3yJbTaTaMH aHamizy TaOll. 2, Heol-
HOPIIHICTh PO3MOALUIIB CTA€ OULIBII BUPAKEHO TPU 3pPO-
CTaHHI po3Mipy (hparMeHTa.

Jani Tabn. 3 AEMOHCTPYIOTh CYTTEBE IIiJBHUICHHS
SIKOCTI PO3pI3HEHHS MBOX pPi3HMX 00’€kTiB. Tak, Hanpu-
KJIaJI, HAlIMEHIIIe 3 MOXJIMBUX 3HAYCHb MIpH MOMIOHOCTI
npu 8-06iToBoMy Tumi po3outTsa Ha (parmentu (0,05111)
MIEPEBUIITYE HAHOLIbIIE 3 MOXKIUBUX 3HAYCHb MIpH TOJi-
6nocri npu 4-6itoBoMy THI po30ouTTs (0,03248).
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Amnani3 tabia. 4 nokasye, o A Pi3HOT KUIBKOCTI Oi-
TiB y (parMeHTi CIOCTEpIracThbcsi HasBHICTh 3HAYYILOT
CTATUCTUYHOI BIAMIHHOCTI MIX ONKMCAaMH IBOX 00 €KTiB,
BI3YaIbHO JTOCHUTH CXOXHX MK COOOI0, IO B YEPrOBUil
pa3 MiATBEpPKY€E NOUUIBHICT i€l moj0 O1oYHOro mo-
JIaHHS JTAaHUX JECKPUNTOPIB KIIOYOBHX TOYOK iX 300pa-
JKeHHS. 3ayBa)kKUMO, M0, SIK BUAHO i3 Tabm. 4, HaBIiTH 3Me-
HIIICHHS TOBXKUH IOCIiOBHOCTEH BUTIsiay (9) mpu Bin-
MOBiTHOMY 30UTBIICHHI MTOBKWHH (parMeHTIB JEMOH-
CTpYy€ 3HAYyIIy BiAMIHHICTb IUX MOCTIIOBHOCTEH, IO, B
CBOIO HYEpry, € MiATBEPKCHHAM PO3PI3HEHOCTI IOCIHi-
JOKyBaHHUX 00’ €KTIB.

Sk BUAHO i3 Ta0JI. 5, pO3paxyHKH 3a Z-KPUTEPIEM € IIIe
OJTHMM CBIJJYEHHSM IIOJI0 BCTAHOBJEHHS 3HAUYUMHUX Bij-
MIHHOCTEH O0’€KTIB, SIKI pEalbHO € PI3HUMH, a SKICTh
PO3pi3HEHHs 3pocTae Mpy 30UIbIICHHI TapaMeTpa KilbKo-
CTi OiTiB y ()parMeHTi.

BHUCHOBKH

BkvBaHHS KIIACMYHHMX CTaTHCTHYHUX KPUTEPIiB IS
aHaJi3y eMIIPUYHUX JaHUX Y BUTISAL CTPYKTYPHHUX OIH-
ciB 300pakeHb a€ MOKJIMBICTH IiJ PI3HUMH KyTaMH 30-
Py BHU3HAUUTH JOOPOTHICTE MOOYAOBAaHOTO MPOCTOPY
03HaK 3aiJIsl PO3PI3HEHHs Bi3yaJbHUX OO0 €KTIB MpH iX
pO3Ii3HaBaHHI y cHCTeMax KOMIT'I0TepHOro 30py. Brpo-
Ba/KEHHsI MOJielli OJIOYHOTO IMOJAHHS Ta CTATUCTUYHOTO
aHaNI3y JUIsl IECKPUNTOPIB KIIFOUOBHX O3HAK CIIPHSIE ITij-
BUIIEHHIO  €(EKTUBHOCTI  MNpOLECY  PO3Mi3HAaBaHHS
00’€KTIB, 1110 MIATBEPKYETHCS MOKPALCHHSIM PiBHS PO3-
Pi3HEHHS TIPU 3POCTaHHI PO3MIpY (PparMeHTy y JaHIFOXK-
KOBIH CTPYKTYpi OITUCY.

3acTocyBaHHS Pi3HOMAHITTS CTaTUCTUYHHX KPHUTEpiiB
JTAJIO IACHTUYHI BUCHOBKH PO 3HAYYIIICTh BiAMiHHOCTEH
OMHCIB  BI3yaIbHUX  O0’€KTiB, IO  MiJKPECIIOE
00’ €KTHBHICTH MPOBEACHOTO JOCITIHKEHHS.

HaykoBy HOBU3HY AOCIHIKEHHs CKJIQJA€ YIOCKOHA-
JICHHSI Ta CTaTHCTHYHE OOIPYHTYBaHHSI MoOJEJel MpHiiH-
ATTS KJIacuQiKaliiHUX pillleHb Ha OCHOBI OOYMCIICHHS
PEJIeBaHTHOCTI OMHCIB 00 €KTIB 13 OJOYHHM TOIaHHIM
JICCKPHIITOPIB KITFOYOBUX TOUOK 300paKeHb.

[IpakTryHa 3HAYYyOIiCTE POOOTH TOJATAE Yy MiATBEp-
JUKEHHI TOUUTBHOCTI 3alpOBaKCHHS OJOYHOT CTPYKTYPH
IUIsL IECKPHUIITOPHOTO OMHUCY O00’€KTa SIK e(EeKTUBHOTO
MiAXOMy AJsl BUPIMICHHS 3a4ad pO3IMi3HAaBaHHS Ha IpH-
KJIa/1ax 300pakeHb y CHCTeMax KOMIT I0OTEpHOTO 30Dy.

IlepcriekTBY IOCTiKEHHS OB’ A3aHI 13 3aCTOCYBaH-
HSM IHTEJIEKTyalbHUX Npoleayp Kiacudikamii Ha migcra-
Bi pillIeHb CHCTEMH OJIOKIB 0OpOOIIIOBAaHUX JAaHUX CTPYK-
TypHHUX ONHMCIB. [HIINM HampsIMKOM MOXe OyTH BIIPOBa-
JDKEHHS alapaTy HTeNeKTYaJIbHOTO aHalizy 3aulsl BUSB-
JICHHSI TIPUXOBAHUX 3aKOHOMIPHOCTEH 4YM 3HaHb y HasB-
HUX ONKCaX Bi3yalbHUX 00’ €KTIB.

NOASAKHU
Po6oTta BuKOHaHa B pamkax aepkOromkeTHoi HJIP
XapKiBCHKOTO HAI[IOHAIBHOTO YHIBEPCHUTETY pajioeneKT-
poHikn «Po3pobka riOpugHHX CHCTEM 1 METOIB 0OdMC-
JIIOBAJIBHOTO IHTENEKTY A OOpOOKH IOTOKIB HEUITKOI
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YK 004.932.2:004.93°1
U3YYEHUE CTATUCTHYECKHUX CBOMCTB MOJEJHA BJIOYHOI'O IIPEJCTABJIEHHUS 1)1 MHOKECTBA
JTECKPUIITOPOB KJIKOYEBBIX TOYEK N30BPAKEHMIA

TI'opoxoBatckmii B. A. — 1-p TexH. Hayk, mpodeccop, mpodeccop kadenpsl HHPOPMATHKH, XapbKOBCKUI HAI[MOHAIBHBIA YHH-
BEPCUTET PaJluONIEKTPOHUKHU, XapbKOB, YKpauHa.

Tagenxas C. B. — kana. ¢pus.-Mart. HayK, JAOICHT, 3aBEAYIOMUI Kaeapoil HHPOPMAIIMOHHBIX TEXHOJIOTHIA, XapbKOBCKUIH 00pa-
30BaTEIbHO-HAYYHBI MHCTUTYT TOCYJAPCTBEHHOTO BBICHIErO y4eOHOTO 3aBEJECHUs «YHHBEPCUTET OAHKOBCKOIO Jena», XapbKOB,
Ykpauna.

Crarauk H. U. — xaHz. nea. HayK, TOUEHT Kadeapsl HHPOPMAIIMOHHBIX TEXHOJIOTHH, XapbKOBCKHN 00pa30BaTelbHO-HAYYHBIN
HWHCTHTYT FOCY/IJapCTBEHHOTO BEICIIETO YI€OHOTO 3aBE/ICHUS «Y HUBEPCUTET OAaHKOBCKOTO JieTa», XapbKoB, YKpanHa.

AHHOTADIUSA

AKTyaJIbHOCTb. MHOTOMEpHast MpupoAa 00pabaThiBaeMbIX JaHHBIX B COBPEMEHHBIX CHCTEMaX KOMIIBIOTEPHOTO 3peHHs TpeOyeT
HOBBIX MOAXOJO0B K IMOCTPOSHUIO PE3yIbTaTUBHBIX MIPOCTPAHCTB MPHU3HAKOB, YIPOLIAIOIINX 00paboTKy 3a cueT 0000IIeHHsT UME0-
mefica nadopManuu. CTPYKTYpHBIE METOJIBI PACIIO3HABAHHS M300paKEHUH HCIONB3YIOT ONHMCAHUS BH3yalbHBIX OOBEKTOB B BUJE
Ha0OpOB AECKPUNTOPOB KITIOYEBBIX TOUEK KAK MHOXKECTBA YHCIOBBIX BEKTOPOB BBICOKOH pa3MepHOCTH. OCHOBHBIM MHCTPYMEHTOM
CHIDKEHHUS pa3MEPHOCTH BBICTYIAET NPEACTAaBICHUE JAHHBIX B BUJE CHCTEMBI UX OJOKOB M CTaTHCTHYECKOE HMCCIEJOBAHUE TaKHX
CTPYKTYp AaHHBIX, KOTOPOE B aCIIEKTE PACIIO3HABAHHS JOJDKHO 0TOOpaxaTh 0000IIEHHbIE CBOCTBA 00BbEKTa KaKk COBOKYITHOCTH €r0
(dparMeHTOB. B cBsI3u ¢ 3TUM BO3HHMKaeT npobiemMa M3ydeHUs: OCOOCHHOCTEH MPUKIIAJHOTO IPUMEHEHHUSI U XapaKTEePUCTHK MOJIEIH
OJIOYHOTO IPE/ICTABICHUS B aCIIeKTE €€ HUCIIOJIb30BaHUs I ONPE/ISNICHUs] PEIEBAaHTHOCTH ONHMCAHUH U KiIacCH(UKALMH JTaHHBIX B
npezaenax 0a3sl 3TAIOHHBIX N300PaKEHHH.

Henar padoTel. OCylecTBIEHHE CTATUCTUYECKOTO OLIEHWBAHUS 3HAUUMOCTH MPHHATHS KJIACCH(PUKALMOHHBIX PEHIeHUN Ha OcC-
HOBE BBIUUCIICHHS PEIEBAHTHOCTH ONMHCAHHUI OOBEKTOB IJISI MOJETH OIOYHOTO IMPEACTABICHUS JAHHBIX IECKPHUITOPOB KIFOUEBBIX
TOYEK M300paKeHUH.

Meton. IIpennoskeHsl criocoObI pa3IMUYeHNUs ONHMCAHUH HA OCHOBE MOJEIH OJOYHOTO NPEACTABICHMS JAHHBIX JIECKPUIITOPOB
KIIFOYEBBIX TOUEK M300paKEHUI ¢ NCIIOIb30BAHUEM KPUTEPHEB MAaTEMaTHUECKOH CTATHCTHKU ¥ MHCTPYMEHTapHs TEOpUH HH(OpMa-
M.

Pe3yabTaThl. [1aBHBIM pe3yIbTaTOM CTAaThH SBISIETCS HOATBEPIKICHUE TOTO, YTO YIOTPEOICHHE KIAaCCHYECKUX CTaTUCTHYECKUX
KPHUTEPHEB ISl aHAIIM3a SMITUPUUECKUX JaHHBIX B BUJIE CTPYKTYPHBIX ONHMCAHUH M300paKeHUH TaeT BO3MOXHOCTD ONPEIEINTh Ka-
YECTBO MOCTPOEHHOTO MPOCTPAHCTBA MPHU3HAKOB, JOCTATOUHOE JUIS PA3NIUYEHUS] BU3yalbHBIX OOBEKTOB MPH MX PACIO3HABAaHUHU B
cHcTeMaX KOMIBIOTEPHOTO 3peHus. BHenpeHne Mozenu 610YHOTO MPeCTaBICHUS U CTATUCTUYECKOTO aHaIM3a AJIsl 3HAUSHUH JecK-
PHIITOPOB KIFOUEBHIX MPH3HAKOB H300paKE€HHH CIIOCOOCTBYET MOBBIMICHHIO () (HEKTUBHOCTH TPOIIecca PacIio3HABAHUS BU3YaTbHBIX
00BEKTOB, YTO MOATBEPKAAETCS yIyYIICHHEM YPOBHS Pa3iIn4Yusl MPH YBEIMYECHHM pa3Mepa (parMeHTa B MOCTPOCHHOH ILEmHOi
CTPYKTYpE OIHCAHUSI.

BriBoasl. [Ipumenenre MHOrooOpasnst CTaTUCTHUECKUX KPUTEPUEB A0 HACHTUYHBIA BBIBOJ] O 3HAUMMOCTH Pa3IHIUil SMIUPH-
YECKHUX OIMCAHMI BU3YaJIbHBIX OOBEKTOB B IIOCTPOSHHOM IPOCTPAHCTBE NMPU3HAKOB, YTO IOJYEPKUBACT OOBEKTHBHOCTH POBENICH-
HOTO HCcienoBaHHs. BHenpeHHas Mozenb OJOYHOro MpeicTaBiICHHs JAHHBIX COXPaHSET Pa3IMYalollfe CBOWCTBA CTPYKTYPHOTO
onucaHus ¢ 3G(HEeKTOM CYIIECTBEHHOTO YIIy4IIeHUs ObICTPOACHCTBUS IPUHATHS KIACCU(DUKALIMOHHOTO PEILICHHUS.

HayuHyro HOBU3HY HMCCIIEZJOBaHHUs COCTABIISAET yCOBEPIICHCTBOBAHNE U CTATHCTHYECKOE 000CHOBAHUE MOAENEH MPUHATHS pellie-
HUS 110 PAcHO3HABAHMIO BU3YalbHBIX OOBEKTOB Ha OCHOBE BBIYMCIICHUS PENICBAHTHOCTU MX OINHMCAHMI OTHOCHTENIBHO 3TAOHOB C
HCTIOIB30BaHUEM OJIOYHOTO MPEACTABICHHUS JECKPUITOPOB KIFOUEBBIX TOYEK H300pakeHHI.

IIpakTHdeckas 3HaUUMOCTH pabOTHI 3aKIIOYAECTCS B TIOATBEPKICHUH [EJICCOOOPAa3HOCTH BBEJCHUS OJIOYHON CTPYKTYpHI [UIS Je-
CKPHUIITOPHOTO OIHCAaHNUs 00bekTa Kak 3(p(HEeKTHBHOTO MOAX0/1a K PEIICHHUIO 3aJady PAacIIO3HABAHNS Ha IPUMEPax N300paXKeHUH IIIst
BHEJIPCHUSI B CHCTEMaX KOMIIBIOTEPHOTO 3PCHUSL.

KJIIOYEBBIE CJIOBA: xoMmbloTepHOE 3peHUE, CTPYKTYpHOE PACIIO3HABAHUS M300payKEHUH, MHOXECTBO KIIFOUEBBIX TOYEK,
neckpunropsl BRISK, peneBantHOCTs Onucanuid, 6:;104HOE HMpeACTaBICHUE, CTATUCTUYECKOE paclpeieieHie, KpUTEpUil XU-KBajpar,
pacxoxxaeHue PeHbu, KpuTepuil 3HaKOB, 3HAUMMOCTb Pa3IMyus ONUCAHUMN.
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ABSTRACT

Context. The multidimensional nature of the processed data in modern computer vision systems requires new approaches to the
construction of effective feature spaces that simplify processing by summarizing the available information. Structural methods of
image recognition use descriptions of visual objects in the form of sets of key point descriptors as sets of numerical vectors of high
dimension. The main tool for reducing the dimension is the presentation of data in the form of a system of their blocks and a statisti-
cal study of such data structures, which in terms of recognition should display the generalized properties of an object as a set of its
fragments. In this connection, there is problem of studying the features of the applied application and the characteristics of the block
representation model in the aspect of its use to determine the relevance of descriptions and classify data within the base of reference
images.

Objective. Perform statistical estimation of the importance of making classification decisions on the basis of the calculation of
the relevance of object descriptions for the model of block representation of descriptors of key points of images.

Method. Methods are proposed for distinguishing descriptions based on the application of the block representation model of the
data descriptors of key points of images using the criteria of mathematical statistics and information theory tools.

Results. The main result of the article is the confirmation that the use of classical statistical criteria for analyzing empirical data
in the form of structural descriptions of images makes it possible to determine the quality factor of the constructed feature space for
distinguishing visual objects when they are recognized in computer vision systems. The introduction of the block representation
model and statistical analysis for the values of descriptors of key features of images contributes to the efficiency of the process of
recognizing visual objects, which is confirmed by the improvement in the level of difference by increasing the fragment size in the
constructed description chain structure.

Conclusions. The use of a variety of statistical criteria gave an identical effect on the significance of the differences in the em-
pirical descriptions of visual objects in the constructed feature space, which underlines the objectivity of the study. The implemented
model of block representation of data retains the distinguishing properties of a structural description with the effect of a significant
improvement in the speed of classification decision making.

The scientific novelty of the study is the improvement and statistical substantiation of models for making decisions about the
class of visual objects based on the calculation of the relevance of their descriptions with references using a block representation of
descriptors of key points of images.

The practical significance of the work is confirming the advisability of introducing a block structure for the block description of
an object as an effective approach to solving the problem of recognition with examples of images for implementation in computer
vision systems.

KEYWORDS: computer vision, structural image recognition, multiple key points, BRISK descriptors, descriptive relevance,
block representation, statistical distribution, chi-square test, Renyi divergence, sign criterion, significance of the difference of de-
scriptions.
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ABSTRACT

Context. The subject of this paper is adversarial attacks, their types, reasons for the emergence. A simplified fast and effective logistic
regression attack algorithm has been presented. The work’s relevance is explained by the fact that neural network’s critical vulnerability the
so-called adversarial examples is yet to be deeply explored. By exploiting such a mechanism, it is possible to get a deliberate result from it
breaking defenses of neural-network-based safety systems.

Objective. The purpose of the work is to develop algorithms for different kinds of attacks of a trained neural network with respect to
preliminary the network’s weights analysis, to estimate attacked image quality loss, to perform a comparison of the developed algorithms and
other adversarial attacks of a similar type.

Method. A fast and fairly efficient attack algorithm that can use either whole image or its certain regions is presented. Using the SSIM
image structural similarity metric, an analysis of the algorithm and its modifications was carried out, as well as a comparison with previous
methods using gradient for the attack.

Results. Simplified targeted and non-targeted attack algorithms have been built for a single-layer neural network trained to perform
handwritten digit classification on the MNIST dataset. A visual and semantic interpretation of weights as pixel “importance” for recognizing
an image as one class or another is given. Based on structural image similarity index SSIM an image quality loss analysis has been
performed for images attacked by the proposed algorithms on the whole test dataset. Such an analysis has revealed the classes the most

vulnerable to an adversarial attack as well as images, whose class can be changed by adding noise imperceptible by a human being.
Adversarial examples built with the developed algorithm has been transferred to a 5-layered network of an unknown architecture. In
many cases images that were difficult to attack for the original network have seen a higher transfer rates, then the ones needed only minor

image changes.

Conclusions. Adversarial examples built upon the adversarial attack scoping idea and the methodic of the input data analysis can be
easily generalized to other image recognition problems which makes it applicable to a wide range of practical tasks. This way, another way
of analyzing neural network safety (logistic regression included) against input data attacks is presented.

KEYWORDS: adversarial attacks, fast adversarial attack algorithm, logistic regression, neural network vulnerabilities.

ABBREVIATIONS

FGSM Fast Gradient Sign Method;

L-BFGS Limited-memory BFGS (Broyden-Fletcher-
Goldfarb-Shanno) algorithm;

MAE Mean Absolute Error;

MNIST Modified National Institute of Standards and
Technology;

PSNR Peak Signal-to-Noise Ratio;

RP2 Robust Physical Perturbations;

Softmax Softened (via exponent) max function.

SSIM Structural Similarity Index;

NOMENCLATURE

b —biases vector;

| — feature space dimensionality, neuron count in the
network’s input layer;

image —source image;

K — number of classes, neuron count in the output
layer;

M — training batch size, used to define number of
images used in a single optimization method step during
training;

max_Steps -number of attack steps;

min _difference — minimal difference between

classes’ weights allowed for a pixel attack;

S — source class;

source_weights #rained network’s weight matrix for
a class predicted by the neural network for the source
image;
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step — value, which defines pixel brightness change

on a given iteration;

T —target class (desired result);

target_weights —trained network weight matrix for
the target classification class;

W — network’s weight matrix;

X — network’s input vector, image pixel brightness
vector;

Yy — unit vector, which defines object attribution to

one class or another;
z —network’s output vector;
2 — desired (target) neural network’s output;
o — algorithm parameter;

ok () — output layer’s K™ neuron softmax activation
function, which computes layer output by its input.

INTRODUCTION

An increasing number of tasks is being solved with
neural-network-based solutions. Neural networks have
reached the dominant position in image recognition
since 2012, when in ImageNet Large Scale Visual
Recognition Challenge AlexNet has got first place with a
large margin [1]. A growing need of analyzing neural
networks and their vulnerabilities arises with a more
prominent use in security, video surveillance systems,
self-driving cars and robots.

Pretrained neural networks are being used by many
companies to reach their goals. A set of security
vulnerabilities is disclosed due to a wide spread of neural
networks with similar architecture that are trained on
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publicly available datasets. Given a slight modification of
an input data small enough to be imperceptible by a
human being it is possible to make the neural network
misclassify the data or even output some specific class.
These are known as non-targeted and targeted adversarial
attacks respectively.

By exploring trained neural network attack
algorithms, understanding attack preconditions and
structural image changes caused by it, it will be possible
to make neural networks more efficient and robust to the
input data perturbations.

In most cases the process of neural network inference
can be treated as a black box even though its architecture
and training dataset is known, giving a clear interpretation
of underlying weights is a difficult problem. Lately a
range of research papers with an attempt to track and
formalize network inference model through its input data
and with the use of optimization and statistics theories has
been published (i.e. [2—4]). Despite that fact, development
of the toolchain for understanding and diagnosing
machine learning is still a prioritized research problem.

The object of study is the neural network attack
process.

The subject of study is the types of adversarial
attacks, consequences caused by them and possible
reasons of their existence.

The purpose of the work is to: 1) develop different
attack algorithms on a single-layer trained neural network
given the results of a preliminary analysis of the
network’s weights; 2) estimation of image quality loss
after the modification; 3) comparison of the attack results
conducted by the developed algorithms with different
adversarial attack types that were previously published in
the research papers.

1 PROBLEM STATEMENT

Given a training set

. N . .
X:{x(”,y(”}j XD Ry e RK,

-
( e ()
v =0vivi, Yy =1vj.

k=1
1. Find a weight matrix W:[Ix K] and a vector

b=(Q,b,..., k), which minimize function

M
GW, @=ﬁZV(V\L b &, Y=
m=1

L33 i g (4w b))

where
K
YW,k z y=-3" ylog( ),
k=1
zZ=oc(X-W+b,
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2. Find such a perturbation Axe R', which for a

G(Z) = (61(2)502(2)3""GK( 3) > Gk(z) = eZk/

1

given value T e{l,2,..,K} and deliberately chosen x,
such that Zg = max z,S#T>
k=1,K
2r = max %
k=1,K
where Z2=o((X+AX)-W+ D).

3. Find such a perturbation Axe R', which for a
deliberately chosen x, such that 7o - max z.,
k=1,K

le{l,2,.,K} can be found that meets a condition of
4>2%.
2 REVIEW OF THE LITERATURE

The term “Adversarial attack” has been first
introduced in the work [3], where it has been shown how
with a minor change of an image’s pixels leads to a
misclassification during neural network inference
procedure. What makes the problem more severe is that in
many cases these changes cannot be observed by a
human. As it has been shown by the authors, such a
perturbation is not a random network’s training issue. The
very same modified image can be transferred with a
success to a different network trained on a different but a
similar dataset. To archive that goal a Box-constrained L-
BFGS algorithm has been introduced. Another algorithm
FGSM (Fast Gradient Step Method) has been developed
as an enhancement, where a first-order approximation of
the loss function is used to generate adversarial examples
[6]. I-FGM is an iterative algorithm that builds on top of
the ideas introduced previously and uses gradient of the
loss function. These algorithms have a simpler
interpretation and are faster to perform the attack. In 2017
an international neural network defense and attack
competition has been held by the Google Brain team. The
competition’s winners have developed an algorithm to
attack neural networks with a known architecture. As it
has been shown, the generated images have been able not
only to mislead the target network, but also other
networks trained on other datasets of a similar kind or
networks with another architecture. In all the cases attacks
were performed on a bitmap to retain the perturbations
untouched.

A lot of modern computer vision systems that are
being used in security critical domains use deep neural
networks behind the scenes. That’s why many of the
research papers target a scenario of a real-world attack.
As such, paper [9] offers a road sign attack algorithm
RP2. By placing stickers and drawing graffiti on the real
signs, it has been made possible to force the network to
misclassify “Stop” sign as a “Speed limitation”.
Moreover, the perturbations have been shown to be robust
to the angle and distance change to a camera.
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Other algorithms of generating reliable physical
adversarial perturbations are shown in papers [10, 11 and
others].

An efficient black box attack algorithm ZOO has been
presented in the paper [12]. This type of an attack can be
conducted without any knowledge of the neural network
inner workings, the only requirement is to have access to
its inference engine: one should be able to send input data
and get back class probability distribution. A method of
stochastic coordinate descent has been used to optimize
the target function. The coordinate to be updated next is
chosen by utilizing computed gradient and hessian.
Gradient components are calculated with a finite
difference method. To further optimize the speed, attack
is performed in a hierarchical method, where small scaled
images are attacked first and get enlarged over time.

An algorithm to generate efficient targeted adversarial
images using optimization methods has been proposed in
[13] (C&W attack).

Implementations of the described algorithms as well
as some other can be found in an opensource library
cleverhans[14].

Different contemporary methods of generating
adversarial examples in the field of deep learning were
explored and summarized in [15]. Where classification of
attacks by characteristics, target goal and features has
been presented. A vast review of a research held in the
field of machine learning attacks, analysis of the
adversarial example precursors and defense methods
against them was done in [16].

An attempt to build simplified yet efficient adversarial
attack methods on a logistic regression trained on the
MNIST dataset has been made in this work. We are
exploring two types of white box attacks (based on an
assumption of full network weights and architecture
knowledge): targeted and non-targeted. Such a choice has
been motivated by the following factors:

1) a simplicity of a network’s configuration and
interpretability of its weights as of an importance of
image pixels towards recognizing a picture as a sample of
this or that class;

2) an ability of adversarial examples to efficiently
highjack neural networks different to the one for which
they were generated (as noted in [17]).

3 MATERIALS AND METHODS

The MNIST dataset will be used for the neural
network training. Among its advantages is a small size
and ability to make accurate predictions even using
simple neural networks. The dataset consists of
handwritten digits 0-9 of size 28x28. Each digit is a
normalized grayscale image. The training subset consists
of 60.000 examples, the testing subset 10.000. Both
contain samples of digits handwritten by distinct people.
Let’s unroll images into single-dimensional vector and
assume each pixel to be a separate input feature. As a
prepossessing step the pixel intensities are normalized
into [0, 1] range, which is done by dividing its values by
255 (0 stands for black pixels, 1 for the white ones).
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A single-layer neural network is built with an input
layer of | =784 neurons (by the number of pixels in the
unrolled image) and K=]0 in the output layer (by the
number of classes).

Should be noted that during mathematical neural
network training problem statement Softmax activation
function was not chosen at random. As is known, softmax
serves a goal of transforming an arbitrary real-valued
vector into a probability distribution of the inferred
classed. For example, a network can identify a picture as
8 with a probability 0.9 and as 6 with a likelihood of 0.1.
Considering such a “probabilistic” classification during
neural network training, cross-entropy loss y(W,b z y

has been selected as an error metric between computed
outputs Y and desired z.

By performing gradient descent for minimizing
G(W, b function, in 12 epochs (roughly 40 seconds

worth of training time) an accuracy score of 97.0% and
92.7% on training and test sets has been achieved.

As it has been noted above, the logistic regression’s
key advantage, which will be used further down to build
an attack algorithm, is interpretability of a weight matrix

W as of an importance or a contribution of 1" image

pixel towards k™ class classification. Precisely, if
Wy >0, it is expected that an increase of pixel

brightness by a some 6>0 will lead to a higher confidence

towards classifying an image as an example of K™ class,
and if the weight W, < 0 its decrease will lead to a

decay of the probability.

Representation of all inferred classes in a form of a
pixel importance map towards classifying each image as
an instance of i”™ class is shown on Fig. 1.

The presented illustrations can be thought of as some
generic neural network digit representation.

As shown by the detailed weight matrix analysis: if its
element W, has a large enough positive value (relatively

to other matrix elements), then i image pixel “whiteness”
is important for classification of a digit as an instance of
K™ class; in the opposite case, when W is large enough by

modulo, but is negative, then black regions are important
for K™ class. W that is close to zero means that color of

that pixel has no importance for classification towards k™
class. Following the above-described logic, we can use an
element-wise multiplication to get pixels equally
important for an image classification as of an instance of
both classes and element-wise subtraction to get regions
whose pixel brightness is more important for one class
than the other. Fig. 2 has an example of an element-wise
multiplication for digits 0 and 8, where light regions are
equally important for both classes.

The result of a subtraction Wig —W,, Vi is shown on
Fig. 3. It is easily seen that in this case light tones signify
pixel importance for classifying 8, the dark ones for
classifying 0.
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Figure 1 — Image pixel weights for each dataset digit
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Figure 3 — Pixel importance difference for classes 8 and 0

Similar products and subtractions can be obtained for
all pairs of classified examples.

Obviously, subtraction matrices are more significant
for performing a targeted attack. By increasing pixel
brightness in regions with a large difference (light regions
on the figure), one can increase probability of
classification of an image as of an instance of the
subtrahend and decrease as of an example of the minuend.

To estimate image quality loss L. -norm has been

used in [8], that is the largest deviation of a pixel
brightness over entire image. For images, whose pixel
values are bound in the range [0,255] deviations up to

15 points were permitted. However, such a metric allows
to generate nearly unrecognizable (when compared to the
source) images, which is not something we are up to. So,
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a metric that is highly correlated with a human perception
is needed. The best results can be obtained by using one
of the following metrics: MAE (Mean Absolute Error),
PSNR (Peak Signal to Noise Ratio), SSIM (Structural
Similarity Index). The first two are easy to compute and
are frequent to be used, but they do not take human vision
features into account. SSIM metrics has been introduced
as an improvement on top of MAE and PSNR and is
tuned to match human visual perception system as it is
shown in [18]. SSIM metric values lie in range [—1,1].

The maximum value signifies that images are identical.
This is the metrics that is to be used for an algorithm’s
quality estimation.

Let’s denote neural network attack problem statement.
The output is presented as a probability distribution of
handwritten digit classes z. Consider that the network
predicts image as an instance of class Se{0,1,2,...,9} if
zg = I:n?x z,.. By changing some pixels’ brightness, we
want to change neural network prediction to
TE{O,I,Z,...,9},T¢S, ie. 2.'. =|fnla)|(<2k’
Z2=0o((x+AX-W + b). In so doing, we enforce image

correctness by clamping brightness values into a range
X €[0,1],i=1,784.
Single algorithm step pseudocode:
attack step (image source_weights, target weights,
a € {0;0.5;1} , min_ difference- 0,

step>0)
for each point i in the image
find corresponding weights Wg and W in weight

matrices for source Sand target T classes
let delta= a W —(1—a) W
if |delta > min_ difference then
X = X+ step delta
if X<0, then X=0
if x>0, then X=1.

Where imageis an image obtained on the previous
algorithm step or the source one if this is the first
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algorithm step; source_weightsis the trained network
weight matrix for original image label; target_weightds
the trained network weight matrix for a class, towards
which we want to change the prediction; min_differences
the minimal difference between classes’ weight matrices
for a pixel to be an attack target; step signifies pixel
brightness change on the current iteration; « € {0;0.5;1}

defines an algorithm modification.

Note, that together with «, stepand min_difference
the number of algorithm steps max_stepsould also be
treated as algorithm parameter. Recommended values for
the described parameter values are to follow.

As it was remarked above, by the constraints on the
target class j, adversarial attacks are divided into two

subtypes:
— if the goal is to assign to an image class | instead of

class K, then such an attack is called targeted. This type
of attack can be accomplished via the described algorithm
with a=0.50r o=1. With that, it is said that the
algorithm has succeeded to attack an image only if the
algorithm has been able to change neural network’s
predicted class into digit j in a finite number of steps,
and has failed in all other cases;

— if the goal is to reassign classification of an image of
a class K, to any different one j # k , then the attack is

called non-targeted. The algorithm parameter o=0 can
be used to perform such an attack. The result is a success
if an incorrect classification has been achieved in a finite
number of steps.

4 EXPERIMENTS
By using the developed algorithm, an attack 0 - 8 is
performed with a goal to force a neural network to
misclassify 0 as 8. A generalized pixel importance matrix
is used for that (Fig. 3). Adversarial attack results are
shown on Fig. 4. Algorithm parameters: o=0.5,

min_difference .0, step =0.01, max_steps#0. As is
seen, the attack has succeeded: the digit has been

classified as 8 with a probability 44%, in the meantime
5 (P:0(0.948), 55IM: 0.939

o P: 0 (0.924), SSIM: 0.995

3]

BB G5

] I0 20
0 P: 0 (0.693). 55IM: 0.964

a 10 20 ] 10
0 P: 0 (0.589). SSIM: 0.956

w

10 10

15 15

B 8 G o=

¢ 10 20 10

a P: 0 (0.891)}, 5SIM: 0.989

0 P: 0 (0.470}, 55IM: 0.948

the source and modified images are virtually the same,
which is approved by the SSIM metrics value 0.934.

It should be considered, that if all image pixels are
being attacked by bearing in mind only the sign of the
attack difference (as it is done in [6]), then the attack will
still be successful. However, in such a case image noise
can be viewed easily. Moreover, for an attacked image
that is classified as 8 with a probability 0.396, SSIM
metric value drops down to 0.892, which is significantly
lower.

Let’s visualize influence of min_differenceattack
parameter onto the attack result. The algorithm step has
been increased for the effect to be more pronounced. In
our case 99% of pixel weights lie in range [-1;1], so the
difference by modulo is within [0;2], that’s the range for
the min_differenceparameter. Fig. 5 has the results of
targeted attack 0- 8 displayed with algorithm
parameters: o=0.5, min_difference= 1.2, step =0.1,
max_steps 40. As it turns out, it has been enough to
modify pixel brightness of only 4 source image points for
the attack to succeed. SSIM value of 0.954 has been
achieved on the 8" algorithm step. Experiments akin to
the one presented above have been performed on a set of
images and all with a success. However, it has been
noted, that an algorithm has an interesting feature, where
in some cases it leads the attack not directly to the target
clas For example, for the targeted attack 6 into 1 during
the first algorithm steps we have 6 misclassified as 2. In a
case when such an intermediate class appears during the
attack, perceptual image quality is degraded (for the
example above we got SSIM = 0.635).

The problem’s roots have been investigated by
utilizing PCA (Principal Component Analysis). It has
been noticed after having visualized scatted plot for points
of classes 2, 6 and 1, that intercluster difference for digits
2 and 6 is a lot lower that the one for 6 and 1. And as is
shown on fig. 6 (for 0=0.5), the difference vector between
the target and source classes passes through the field of
twos.s, but through some intermediate instead.

o P: 0 {0.842), SSIM: 0.981

o P: 0 {0.777), SSIM: 0.972

BB & B

20 4] 10 0 [] 10 0

0 P: 0 {0.362), SSIM: 0.941 0 P: 8 {0.437). SSIM: 0.834

w

20

B ¥ & B

25

a 10

20

¢ 10 20

Figure 4 — 0 — 8 attack. Algorithm parameters: min_difference= 0.0, step =0.01, max_steps =10
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While performing targeted attack such issues can be
avoided by using another algorithm modification with
parameter a=1. Thus, by applying such a modification on
the one hand, for a targeted attack we will strive to
maximize output of the target neuron when compared to
others. On the other hand, we will minimize source
neuron output in respect to other ones to accomplish non-
targeted attack, which can be achieved with an additional
algorithm modification with o =0.

Much better modified image quality can be obtained
by the virtue of such algorithm modifications (for
example, for the same 6 -, 1 attack SSIM score has risen
to 0.780). Fig. 6 has trajectories of the source image 6
while being a subject to modification by the original
algorithm and both its variations (targeted and non-
targeted).

5 RESULTS

Generalized attack analysis was performed next. By
launching targeted attack for each pair of source and
target classes, a success rate heatmap has been drawn
P: 0 (0.941), SSIM: 0.991 a P: 0 {0.911), 55IM: 0.976

10
I3

20

BB B B

25

10 20
a P: 0 {0.404), SSIM: 0.955

a hiv] 20 4]

P: 0 (0.552), S5IM: 0.857

w
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sl 25
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10 [}

20

a 10

o P: O (0.863), SSIM: 0.96%

10

0 P: 8 {0.405), SSIM: 0.854

10

(Fig. 7). Source classes are shown on the left, the target
ones in the bottom.

Heatmap elements are SSIM values averaged across
all the attacks for a given source, target pair. Mean quality
over the whole test dataset is 0.76 — such images after
attack will still be correctly classified by a human. Top
score has been achieved for an attack of similar digits i.e.:
859, 9,8 058, 3,8 The worst quality
degradation was for attack 1 0. This can be explained
by the fact that the vital region for zero is a black hole in
the middle, which gets usually overlapped by a white bar
of a one digit. Should be noted, that 0 , 1 attack requires
much fewer image modifications then the one into
opposite direction, which is proved by comparing SSIM
metric value (higher by 0.21). As attacks have been built
on real test set samples opposed to the generic digit
silhouettes which got learnt by the neural network, the
heatmap SSIM values lack symmetry. Training set quality
loss heatmap has a similar feature in it.

a P: @ {0.730), 55IM: 0.964 0 P: D {0.685), SSIM: 0.960
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Figure 5 — 0 - 8 attack. Algorithm parameters: min_difference= 1.2, step =0.1, max_steps 40
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Figure 6 — 6 —» 1 attack trajectory as projected onto a surface using PCA: targeted attack with a.=0.5 (the longest trajectory),
targeted with =1 (route of an average length), non-targeted with oo =0 (the shortest path)
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Figure 7 — SSIM metric values heatmap for each source, target
attack pair

Lower average image quality loss can be attained by
employing a stricter parameter selection algorithm. While
fig. 7 has losses computed for a low empirically chosen
min_difference0.5 value, by selecting the best value
from range [0.5, 1.2] an increase of SSIM to 0.87 score
has been observed.

A higher average SSIM score 0.93 has been reached
for the non-targeted attack case, which means that source
and target images are nearly impossible to distinguish
with a naked eye. As previously, digits 0, 8, were the best
ones to attack, 1 has proved to be the most problematic
(see the boxplot on Fig. 8). By analyzing non-targeted
attack results, one can come up to a conclusion that if
image quality loss deviation is high for different images
of a certain class (i.e. some images are easy to attack,
while others not), then algorithm is inefficient (as it can
only change digits that look similar to several classes); if,
conversely, the deviation is small, then the algorithm is
efficient.

SSIM plots with respect to min_differenceparameter
value have allowed to make a conclusion about the fact
that each class has a tendency of an image quality rise
jointly with min_differenceincrease up to 0.9 point, such
a trend is especially noticeable for the class of nines.
Specifically, the human perceived image quality loss will
be substantially lower in case of a strong change of
several pixels, then when all image points are slightly
modified. Taking this feature into account is the thing that
makes our algorithm standout among all other known in
literature methods.

Among the fast gradient methods, the most efficient
algorithm is [-FGM with L, norm loss [7]. An attack for
each source, target pair has been conducted by following
the above described procedure for the case without
min_differenceselection. Algorithm has been successful
on all test images but has achieved a lower SSIM score of
0.83.
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Algorithm is good at attacking diverse images of a single class
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Figure 9 — Single-layer to 5 layer fully connected network
transfer success probability heatmap

Lastly, the question of adversarial image transfer has
been considered. This way, we want to perform the so-
called black box attack, when we don’t have any
knowledge about network’s weights or architecture, the
only allowed operation is to query neural network
prediction engine by submitting some images. The attack
will be performed by using the above described logistic
regression architecture, then an attempt to transfer each
image to a S-layered unknown neural network will be
made.

For the results reproducibility neural network
architecture is to follow, yet this knowledge has not been
used in any way during the attack phase. The neural
network has a 5-layer fully-connected architecture with
layer sizes of 200, 100, 60, 30, i.e. 4 hidden, one output
with 10 neurons and one input with 784. As a mean of
regularizing the network Batch Normalization has been
applied after the first layer, Dropout after the second one.
ReLU has been used as an activation function for all
layers but the last one, where we have switched to a
Softmax function instead. After 100 epochs of training
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using Adam optimization algorithm, training set accuracy
has reached 98.65%, the test one 98.51%.

Figure 9 has a generalized heatmap representation of
an attack transfer success probabilities. By the above-
described procedure an average probability of 33%
successfully transferred images has been achieved.
Interesting to note, that in many cases images that were
difficult to attack for the original network have seen a
higher transfer rates than the ones needed only minor
image changes. For instance, it has been possible to
successfully transfer 87% of 1 0 attack images, which
have been one of the most challenging ones, but only 14%
9 _, 7 attack images.

Let’s follow along the 4 5 9 attack procedure. Each
step will have the predicted digit with its probability
shown for the attacked single-layer classifier (SL) and 5-
layer fully-connected network (FC5) (Fig. 10). It should
be observed that after there were enough changes to cheat
the original network, it has been necessary to make 4
more steps to deceive the 5-layer one. This means that
while the two networks have a similar decision boundary
yet each one has it biased with respect to another one.

Considering the above-described thoughts, a
generalized targeted attack with neural network transfer
has been conducted once again. This way, after having
performed a successful attack on the source network, 5
more algorithm steps were made (where number 5 was
chosen empirically), which makes it possible to transfer
91% of adversarial images with a minimal image quality
loss.

6 DISCUSSION

Hence, another way of analyzing neural network
safety has been presented (logistic regression in
particular) against input data attacks. Simplified targeted
and non-targeted logistic regression attack algorithms for
handwritten digit classification problem on the MNIST
dataset has been built. A visual “importance”
interpretation of each image pixel for its classification as
of an instance of a class has been given. An analysis has

been performed that has permitted to define classes the
most vulnerable to the attack as well as images for which
class predicted by the neural network can be changed
unnoticeably for a human being. The proposed algorithm
gives a possibility of conducting a successful adversarial
attack by modifying only several image pixels which
minimizes image data loss.

The analysis of image quality loss performed based on
Structural Image Similarity Index (SSIM) for targeted and
non-targeted neural network attacks for the proposed
algorithm shows that the developed algorithm provides a
better image quality of the attack in comparison to other
gradient methods.

Adversarial examples, built with the developed
algorithm, have been successfully transferred to a
different neural network with 5 layers of an unknown
architecture. High change of adversarial image transfer to
a network with a vastly different network architecture
makes the algorithm applicable for attacking restricted-
access systems.

CONCLUSIONS

A logistic regression adversarial attack algorithm for
the MNIST dataset handwritten digit classification task
has been proposed. Targeted and non-targeted neural
network attacks can be performed by utilizing one of the
two algorithm modifications. The relevance is explained
by the fact of an increasing growth of neural network use
in the field of public safety and of a critical need of
exploring neural network attack methods and of their
precursors.

The scientific novelty of obtained results is that for
the first time adversarial attack algorithm has been built
upon the attack scoping idea. The presented fast and
efficient attack algorithm is able to attack both the whole
image as well as separate image regions, which makes the
attack algorithm more flexible. An image information loss
can be minimized by modifying only a couple of pixels.
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Figure 10 —4 = 9 attack. Adversarial image transfer to a fully-connected 5-layer network. Algorithm parameters:
min_difference= 0.45, step =0.2, max_steps =10
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The practical significance of obtained results is that
an early neural network vulnerability diagnostic can be
performed by utilizing the proposed algorithms and image
quality loss analysis system, which is a pivotal point
towards a safer practical neural network use.

Prospects for further research are to study physical
neural network adversarial attack transfer with the use of
an ordinary pen, based on a pixel importance of the
selected class.
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MOKPAIIEHHA AKOCTI 3MATAJIbHOI ATAKH IIUIIXOM YTOYHEHHS i OBJIACTI
Xaobapaak K. C. — marictp kadenpu cuctemHoro anainizy i ynpasiinds HamionansHoro TY «/[HinmpoBchka MOMITEXHIKa,

VYkpaina.

Kopsimkina JI. C. — xanxa. ¢i3.-maT. Hayk, goueHT Kadeapu cucTeMHOro ananidy i ynpasiinHs HanionansHoro TV

«/IHinpoBchKa momiTexHika», YKpaiHa.

AHOTAIISL
AKTyanbHicTb. [IpenMeToM KocniukeHHs 1aHoT POOOTH € 3MarajibHi aTakd, BUIH, NPUYUHN BUHUKHEHHS, a TaKOX aJrOPUTMU
atak. [IpeacTaBneHnii MBUIKKI CIIPOIIEHUH 1 OUTBII e(eKTUBHIIA (TIOPIBHSAHO 3 ICHYIOUMMH aHAJIOTaMH) aJITOPUTM aTaKd Ha MOJEITh
JIOTiCTHYHOI perpecii. AKTyanbHICTh pOOOTH MOSCHIOETHCSI MAJIOIO OCHIIKEHICTIO KPUTUYHOI YPa3INBOCTI HEHPOHHHUX MEpex — TaK
3BaHMX 3MaraJbHUX MPUKIAMAIB, SIKi JO3BOJSIOTH 3IaMyBaTH MEXaHi3M HepenbdadeHHs 1 OTPIMYBaTH JOBUIBHUH pe3ybTaT, poOIistan
cucTeMH Oe3IeKH, 3aCHOBaHI Ha HEHPOHHHUX Mepexax, Maloe()eKTUBHUMH.
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Meta. Po3poOka anropuTMiB pi3HHX THIIB aTakd Ha HaBYCHY OAHOIIAPOBY HEHPOHHY MEpexy 3 ypaxyBaHHSM pe3yJbTaTiB
MOMEPEHFOT0 aHaNI3y MapaMeTpiB camMol MEpEeKi, a TaKOXK OI[iHKa BTpPAT SKOCTI 300pakeHb, M0 OyiM mimmaHi Momudikarii,
MOPIBHSHHS Pe3yJIbTaTiB IPOBEICHHS aTaK 3a JOIIOMOTOI0 PO3POOJICHHUX AITOPUTMIB 1 3MarajlbHUX aTak MOMIOHOTO poy.

Metoan. Ha ocHOBI pe3ynbTaTiB aHanizy MaTpullb Bar HaB4YEHOI HEHPOHHOT Mepexi copmyboBaHa ies 0Oy JOBH aITOPUTMIB
aTaKky Ha HEHPOHHY Mepexy, BUIUIAIOUM JUIS aTakd NeBHI oOnacti Ha 300paXkeHHI 3 ypaxXyBaHHSAM Di3HMI[I BaroBMX MaTpHIb
LUTBOBOTO 1 BUXiAHOTO KiaciB. [IpencTaBneHnit MBUAKKMIA 1 JOCUTh e)EeKTHBHUN alTOPUTM aTaKH, SKUH 3IaTHUH BUKOPHUCTOBYBATH
UL aTakd SK BCe 300pa)KeHHS MOBHICTIO, TaK 1 OKPEeMi HOTO PETiOHHU, MO POOUTH aNropUTM OUTBII THYYKHM. BHUKOpHCTOBYIOUH
METPHUKY CTPYKTYPHOI CXOKOCTi 300paxkeHb SSIM, npoBeneHmid aHali3 alropuTMy i Horo Moaudikalliif, a TakoX NOPIBHSHHS HOTO 3
TIoTepeJHIMI METOAAMH, SIKi BAKOPUCTOBYIOTH JJISI aTaKU 3BUYAHHUN TPajli€HT.

PesyasTatn. [1o0ynoBaHO CHpOIIEHI aNrOpUTMH HALJICHOI 1 HEHAIJICHOi aTak Ha OJHOIIAPOBY HEHWPOHHY Mepexy, sKa
3aCTOCOBYEThCS Ui Kiacuikaiii pykomucHux nudp 3 Habopy manux MNIST. [lana BisyanpHa 1 3MICTOBHA iHTEpIpeTAallis
HAJIAIITOBAaHUX Bar MEPeXi SK «BaXJIMBOCTCH» TOYOK 300paXEHHs Ul PO3Mi3HABAHHA HOTrO SK HMPEACTABHUKA TOTO YM IHILOTO
ki1acy. Ha oCHOBI MOpIBHSHHS CTPYKTYPHOI CXOXOCTi 300paxkeHb aiaroputMoM SSIM OyB mpoBeneHuii aHami3 BTpaT sSKOCTI
300pakeHb T 33/1a4 HAIUJICHO! 1 HeHAIIJICHOI aTak HaBEACHNUMH CIIPOILECHUMH ITOPUTMAaMH Ha BCii TecToBoi BuOipIi. [TomiOHmit
aHaJi3 JO3BOJIMB BU3HAYUTH KJIACH, L0 HAHOINBII MiINalOThCA aTakaM, a TaKoXK 300pakeHHs, U AKUX Kiac, mependadeHuit
HEHPOHHOIO MEPEKEI0, MOXKE OyTH 3MIHCHUIT HETIOMITHO JIJISt JIFOAWHH.

3MaraibHi IPUKIIAIH, TO0YIOBaHI 3a JOIOMOTOI0 PO3pOOIEHOTO B CTAaTTi alrOpUTMY, HEpeHEeCeHi Ha MEpexy 3 5-10 mapamu
HEBIZJOMOT apXiTeKTypu. Y psii BUNAAKIB 300pakeHHs I KiaciB, siki OyJo CKJIQJHO aTaKkyBaTH Ui BHXiJHOI Mepexi, BAAIOCS
MEPEHECTH 3 OUIBIINM YCIiXOM, HIXK Ti, JJIsl 3MIHH KJIacy SIKHX OYJIO TOCHUTh MiHIMAIbHHX 3MiH.

BucHoBku. [ToOynoBaHi Ha ocHOBI inei oOMexeHHs1 00JIacTi aTaky 3MarajibHi HPUKIIA/M, a TAKOXK cHCTeMa (METOJHKa) aHaIi3y
BXIJHUX JaHHUX JIETKO Y3arajJbHIOEThCS 1 Ha IHII 3a7adi po3Mi3HaBaHHS, 110 POOHTH MPEACTABICHY METOAUKY IPHAATHOIO UIS
aHami3y pAOy NpakTWYHuX 3amad. OTxe, MpEACTaBICHUI HIe ONUH MiAXix X0 aHamily Oe3leKkd HEHpOHHHX Mepex (30Kpema,
JIOTICTUYHOI perpecii) MpoTH aTak Ha BXiIHI IaHi.

KJIIOYOBI CJIOBA: 3MmaranbHi ataky, MIBUAKAH alTOPUTM 3MarajbHOI aTakH, JIOTICTHYHA PETpecis, ypa3IuBICTh HEHPOHHHUX
MEpeK.

YJIK 004.93
VJIYUIIEHUAE KAYECTBA COCTSI3ATEJIBHOMN ATAKA ITYTEM YTOYHEHME EE OBJIACTH

XaoapJaak K. C. — maructp xadeapsl CHCTEeMHOT0 aHanu3a U ynpasienus Hammonansaoro TY «JlHenmpoBcKast ONMUTEXHHUKAY,
Ykpauna.

Kopsimkuna JI. C. — kann. ¢us.-mar. Hayk, OOLEHT Kadeapsl CHCTEMHOro ananu3a U ynpasieHus HamwonansHoro TY
«JlHeTIpOBCKast MOJUTEXHUKA», YKpanHa.

AHHOTAIUSA

AKTyanbHOCTb. [IpeMeTOM WCCIIeOBaHMSI [JaHHOH pPabOoThl SIBISIIOTCS —COCTS3aTeNIbHBIE aTakW, BHABL, TPUYUHEI
BO3HUKHOBEHHMS, @ TAaKXKe AJTOPUTMbI aTak. lIpencraBieH ObICTPbIA ympolueHHbIH u Oonee d(deKTuBHbIA (M0 CpaBHEHHIO C
CYIIECTBYIOIIMMHU aHAJIOTaM1) aJTOPUTM aTaKH Ha MOJEIb JIOTHCTUYECKOH perpeccui. AKTYalbHOCTh PabOThI 0OBACHAETCS Masoit
HCCIEAOBAHHOCTRIO KPUTHUYECKON YSA3BUMOCTH HEHPOHHBIX CeTell — TaK Ha3bIBa€MBIX COCTS3aTEIBHBIX HPHUMEPOB, KOTOpBIE
MO3BOJISIIOT  B3JIaMBIBaTh MEXaHW3M IIPEICKA3aHWsl W IIOMydaTh MHPOW3BONBHBIM pEe3ydbTaT, Jelas CHCTEMBl OE30MacHOCTH,
OCHOBaHHBIE Ha HEHPOHHBIX CETAX, MAITOI(P(PEKTHBHBIMA.

Hean. Llens nanHoit paboThl — pa3paboTKa aJrOpUTMOB Pa3HBIX TUIIOB aTaKH HA OOYUCHHYIO OJHOCIOHHYIO HEHPOHHYIO CETh C
Y4YETOM PpEe3yJbTaTOB IPEIBAPUTEIIBHOIO aHalM3a MapaMeTPoOB CaMOM CeTH, a TAaKKe OLEHKAa I0Tepb KayecTBa H300paXkeHHil,
HO/BEPTHYTHIX MOAW(HKAIMK, CpaBHEHHE pPE3yJbTAaTOB IIPOBEICHHS aTak C IIOMOIIBIO pa3pabOTaHHBIX aJTOPUTMOB H
COCTA3aTENbHBIX aTak MoAOOHOTo poa.

Metoabl. Ha ocHOBe pe3ysbTaToOB aHanW3a MaTpUIl BECOB OOy4YCHHOH HEHpPOHHOW ceTn cHopMyIHpoBaHA Hesl HOCTPOCHHS
AJITOPUTMOB aTaKW Ha HEHPOHHYIO CETb, BBIACISIS [UIsl aTAKX ONpeJielIeHHbIe 00JacTH Ha N300paKEHUH! C YUeTOM Pa3HOCTH MaTPHUIIBI
BECOB I[ENIEBOTO M MCXOJHOTO KiaccoB. [IpeacTaBien OBICTPHIA U HOCTaTOYHO 3(Pp(HEKTUBHBINA adTOPUTM aTakH, KOTOPBIH CIIOCOOEH
HCTIONB30BATh ISl ATaKU KaK Bce M300pa’keHUe, TaK M OTJEIBHBIC €r0 PEernoHbI, YTO JeJaeT aJIrOpuTM Oonee THOKNM. Vcrons3ys
METPHUKY CTPYKTypHOH IoxoxecTr n3o0paxxenniit SSIM, ObIT poBeeH aHAIN3 allTOPUTMA U eT0 MOIU(UKanuii, a TakKe CpaBHEHHE
€ro C MpeAbIIYIIHMH METOJaMH, HCIOJIb3YIOIINMH JUIsl aTaKH OOBIYHBIN TPaHeHT.

PesyabTatsl. IlocTpoeHb! ynpoleHHbIE alrOPUTMBbl HAIEJICHHOW M HEHAlleJCHHON aTak Ha OJHOCIIONHYIO HEHpOHHYIO CeTb,
KOTOpas MNpUMEHsSeTCs A 3afavyd KiacCUpUKAuMK pyKOMUCHBIX Hudp n3 Habopa manHeix MNIST. [lana BusyanbHas u
coJiepKaTeNbHasl WHTEPIPETalusl HACTPOSHHBIX BECOB CETH KaK «BaXKHOCTEHW» TOUEK M300pa’keHUs IJIsl PAaclO3HABAHUsS €ro Kak
MPECTABUTENS TOTO WJIM WHOTO Kiacca. Ha OCHOBe cpaBHEHHSI CTPYKTYpHOU MOXOXECTH M300pakeHHi anroputMoM SSIM Obut
MIPOBEAEH aHAIN3 MOTEPh KadecTBa M300paKeHUH IS 3a7ad HAIEIEHHOW M HEHANEJICHHON aTak NMPUBEJCHHBIMU YIPOIICHHBIMHI
ITOpPUTMaMH Ha HEHPOHHBIC CeTH Ha Bceil TecToBoH BhIOOpKe. ITomoOHBIN aHANM3 IO3BOJIMII ONpPEAENUTH KIIacchl, Hamboiee
MOBEPXKEHHBIE aTake, a TakkKe M300paXeHHs, JUIl KOTOPHIX KJIacC, NMPEACKa3aHHBIH HEHPOHHOH CEThIO, MOXKET OBITh M3MEHEH
HE3aMETHO JUIS YENIOBEKA.

CocTs3aTenbHbIE TPUMEPEI, TIOCTPOEHHBIE C TIOMOIIBIO Pa3pab0TAHHOIO B CTAaThE AITOPUTMA, IIEPEHECEHBI HA CETh C 5-10 CIOSMHU
HEU3BECTHOH apXUTEKTyphl. B psne ciaydaeB n3o0paskeHHs JUIf KJIacCOB, KOTOPbIE OBLIO CIIOXHO aTaKOBaTh JUIs UCXOAHOI ceTw,
yIaJIoCh MEPEHECTH C OOIBIINM YCIIEXOM, YeM Te, I H3MEHEHHUS Kilacca KOTOPBIX ObIIO J0CTaTOYHO MUHUMAIbHBIX H3MEHEHHUH.

BriBoasbl. CocTs3aTensHbIe IPUMEpPHI, OCTPOSHHBIE HA OCHOBE MAEH OrPaHHYCHHS 001acTH aTakH, a TAKXKEe METOJHUKY aHAIN3a
BXOJHBIX JAHHBIX JIETKO 0000maeTcs M Ha JpyrWe 3aJadd PaclO3HABAHUS, YTO JAENAeT ee NPUMEHMMOH Ui aHaimW3a psiaa
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MIPAaKTHIECKHUX 3a1ad. TakuM o0pa3oM, NpeacTaBiIeH ele OJUH MOAX0A K aHaIn3y 0e30ImacHOCTH HeHPOHHBIX ceTel (B 9aCTHOCTH,
JIOTHCTUYECKUX PErpeccopoB) IPOTHB aTak Ha BXOJHBIC JaHHBIE.
K/IIOYEBBIE CJIOBA: cocts3aTenbHble aTaky, OBICTPBIA alrOpUTM COCTSI3aTENbHONM aTakW, JIOTUCTUYECKas perpeccus,
yS3BUMOCTb HEHPOHHBIX CETEH.
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ABSTRACT

Context. The problem in substantiation for methods on constructing models of trainer and trainees, taking into account the
peculiarities of their information activity, is considered. The object for the study were the models of trainer and trainees as
participants in information interaction.

Objective. The goal for the work is the solving of the tasks in conceptualization and formalization, aimed at modeling the
trainer’s subsystem in the framework of information technology for instruction, as well as modeling information flows and
information procedures in the model of the trainee’s subsystem.

Method. The key components of learning systems and processes are the trainer and trainees. The essential features of
information interaction between the instructor and trainees are highlighted. The basis is the concept of the information flow, the
specific properties of information flows that are characteristic of learning processes and important for their successful progress are
identified. Methods for modeling the key components of the training system as an information system are proposed, such as: the
trainer's subsystem, considered from the point of view of the application for learning information technologies; a subsystem of the
trainee, represented from the perspective of the use for information flows and information procedures.

Results. The proposed models were implemented programmatically and studied practically in the learning processes as a result
of working out the modeling tasks for the trainer and trainees as participants in information interaction.

Conclusions. The conducted experiment confirmed the effectiveness and validity of the concepts and formalisms, the
appropriateness for their implementation in information systems, processes and technologies of teaching with the purpose of
increasing the processes efficiency on obtaining and practical implementation of information activity models for the trainer and
trainees. Further development of research implies the consideration for a wider range of the information activity aspects on the
educator and trainees, as well as the corresponding experimental approbations.

KEYWORDS: modeling, trainer, trainee, information, information systems, information processes, information technologies.

NOMENCLATURE

A is a memory operator;

A'is an inverse memory conversion;

Ay is an initial nondegenerate memory operator;

A is a parameter vector with components m, s, 6;

g is an i-th implementation for the vector of
parameters &,

C is an assessment scale of learning error;

Cy» are grades obtained for educational trajectories &~
of the i-th learning stages;

Cy; 1s an estimate obtained for the x;-th segment on the
i-th stage of the learning trajectory;

dimX is a dimension for a subset of the set M at the

input;

dimY is a dimension for a subset of the set M at the
output;

f is a functor for the operator of signal
transformations;

/!is an inverse transformation functor for f;

) is a function for the signal conversion operator;

/710 is a reverse signal conversion;

grad is a gradient function designation;

H{() is an entropy associated with the information
process I and the time parameter ¢

H_ () is an entropy of the =k cross-section for a

random process describing the information flow I;
© Khodakov V. Ye., Sokolov A. Ye., Veselovskaya G. V., 2019
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I is a designation of an information flow associated
with the functional dependence /(¢), a flow of information
from the trainer;

1 is an input information flow;

1,. is an output information flow;

1, is an information flow describing the model of the
student’s representations;

1() is a functional dependence on the argument ¢,
which determines the instantaneous value of the
information flow amplitude;

°J() is a random component of an information process,
determined by the normalized flow;

i — index variable;

i is an index variable;

k is some specific value of the time variable ¢ in the
formula for finding M{/} in the cross-section =k;

k; is a quantity of the i-th stage segment in the learning
path;

k", is the [-th partial learning path (/= 1, 2, ..., N);

log, is a mathematical operation of calculating the
logarithm for the base a;

M is a set of elements m;

M{} is a function for determining the value of a
mathematical expectation used to obtain the expected
value of an information flow;
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M{},— is an expectation for an information flow of the
learning process as a random function of a time in the
cross-section =k;

M) is an expectation function associated with the
information process / and the time parameter #;

m is a number of options;

m;is an i-th memory element;

n is a number for topics of the studied course;

N is a variable that stores the number of summable
elements;

P is a probabilistic characteristic of an information
flow associated with the functional dependence P(¢);

P() is a generalized random process that describes an
information flow in accordance with a given timeline as a
function of the argument ¢,

P() is an i-th discretization of a random process
describing an information stream in accordance with a
given timeline as a function of the argument ¢;

r is a designation of the barrier function weight;

S'is a set of connections s;;

s is some connection of memory elements;

sup is a mathematical operation of finding the exact
upper bound;

s;1s an i-th relationship between memory elements;

t is a current time of the information flow passing;

U is a designation for the optimal control model,
described through sequences of the partial trajectories;

u is an information flow while minimizing the student
error;

x is an argument of the target function f{);

x*is an x value corresponding to the solution of the
optimization problem (the optimum point);

x*@is some optimum point O();

X() is some event flow vector;

Aa is some deviation of the vector a;

Al is an information flow, evaluating the mutual
deviation of information flows;

O is a set of weights 0;;

0 is a weight (significance) of the memory component;

0; is some weight characterizing the i-th memory
component;

¢;() is an i-th constraint in the optimization problem;

®() is some modified objective function f);

Q is a set limiting a possible values of the x*.

INTRODUCTION

The increase in labor market requirements, objectively
conditioned by the current realities of the course and the
forecasted trends in the development of social and
economic processes, requires an increase in the
intensification of the specialists (professionals) training.

The learning processes are characterized by high
information saturation and dynamism of information
spaces for studied subject areas, which determines the
high level in relevance and practical value for researching
information aspects of learning processes, including such
aspects of their study as information, information objects,
information  processes, information systems and
information technologies.
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DOI 10.15588/1607-3274-2019-2-13

120

Strengthen these features also such factors as
increasing activity and the growing volume for
information needs and information requests of
participants in the learning process.

It is important to consider the information components
of the learning processes within a single integrated
system, based on the methodology of the system-technical
approach.

No less important is also the allocation within this
review of a separate, special, more thorough study of such
key elements of information systems that provide the
learning process, both trainer and trainees.

The object of study is a set of models for trainer and
trainees, considered as participants in information
interaction.

The subject of study is a set of concepts and ways for
modeling the trainer and trainees, studied from the point
of view of the basic components for an integrated system
of information technologies in teaching.

The purpose of the work is to solve the problems of
conceptualization and formalization, aimed at creating
methods in modeling the trainer’s subsystem in the
framework of information technology for training, as well
as modeling information flows and information
procedures in the model of the trainee’s subsystem.

1PROBLEM STATEMENT

The theoretical and applied research conducted in the
sphere of modeling systems, processes and technologies
for training examined from the point of view of their
informational aspects is still not fully complete, detailed
and systematically covers issues related to modeling
methods for key subsystems of the information system of
education, in particular, information subsystems of the
trainer, trainee and their dynamic components such as
information flows and information procedures [1-16].

Proceeding from the above, the key task of research
and development in the presented work was the creation
of concepts and modeling methods for the following two
basic subsystems of the information learning system: the
subsystems of the instructor as a source of dynamic
information flows in information technologies of
instruction; the subsystem of the trainee, viewed from the
point of view of the dynamic information flows and
procedures in which he participates as a component of the
information learning system.

When modeling the information subsystem of the
trainer in the framework of the information technology for
education, it was necessary to obtain: for the training
information flow / as a time process [(f), having
probabilistic elements and considered in time sections =
k — functional dependencies for the expected value
M{I} — and the random component °/(); structural model
of the information subsystem for the trainer, taking into
account the consideration of the educational system as an
information technology complex with optimization
management; the structural model on the dynamics of the
information subsystem for the trainer as a generalized
object with an inertial link of the first order; formular and
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structural view of the optimization model of learning
process control as a movement along information
trajectories with minimization of the training error,
assessed by scale C.

When modeling the student’s information subsystem,
from the angle of information flows and information
procedures functioning in it, it was necessary to obtain in
the work: classification of information flows; structural
model of information flows, with the release of the types
of information technologies on which it is based; the
formula model for transformations of the input
information flow /. into the output information flow I,
taking into account the peculiarities of the information
signal space, memory and memory operator A; the
formula model for describing information in memory
using direct f and inverse /' transformations of signals
carrying information; the formula model of condition for
the completion of training as an information process; the
structural model of information flows in memory;
formula models for estimating the gradient of the
deviation for information flows in learning gradAla
taking into account the information reproduction error
Al(a), descriptions of the gradient training procedure, the
optimization task of learning as an information process
using the penalty and barrier function methods; the
structural model of the student subsystem as an
information system for optimal control of information
accumulation.

2 REVIEW OF THE LITERATURE

Improvement of the modern education is based on the
use of advanced technologies related to the categories of
computer, network, information, information and
communication (including distance) technologies based
on advanced hardware and software means of information
broadcast, and also possessing a high degree of
interactivity [1-12].

Wherein, because of the possibility, the widest range
of advantages and achievements in the sphere of modern
information systems, processes and technologies is used
[1,4-5, 17-23].

The basis of the learning processes is the use of
information, and, consequently, an important role in
ensuring their effectiveness is played by the expedient use
of information systems, information processes and,
accordingly, information technologies.

In connection with the foregoing, high relevance and
practical value have effective models and algorithms for
information components of learning processes.

In this regard, the key starting point is the information
flows and the corresponding dynamic information
procedures in the learning processes, their interactions
and models, which was reviewed by the authors in their
previous publications.

In this paper, we consider the questions on modeling
of the trainer (teacher) subsystem in the information
technology of instruction, as well as information flows
and information procedures in the model of the student’s
subsystem.
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For definiteness of further consideration, we will
adopt the most common definition of information
technology [6, 17-22, 25-26], according to which, further
information will be presented in Table 1.

It should be noted that information technology is
based on the following basic principles: interactive
(dialog) mode of operation with a computer; integration
with other software products; the flexibility of the
process for changing data and setting tasks.

All basic information technologies (Table 1) are used
in educational processes, being their basis and the main
tool.

The notion of information flow is inextricably linked
with the notion of information technology [25-26].

The well-known notion of information flow, which
came from logistics [25-26], is evidently inherent in any
information system and information technology.

The desire to connect the notion of information flow
with the information system and information technology
[25-26] leads to the following definition: the information
flow is considered the totality of messages circulating
within the information system, as well as between this
system and the environment external to it, necessary for
management and control of information technology
operations.

It is advisable to use the classification [25-26] of
information flows (Table 2).

Table 1 — Types of information technology

Information Content of activities, related to the
technology implementation information technologies
classes
Data processing | Processing according to a known, specific
algorithm
Management Ensuring the adoption of management
decisions
Automated Organization and support of information
office processes
Support The development of a management decision
for that occurs as a result of an iterative process, in
decision- which a decision support system (a
making computational link and an object of
management) and a person participate
Using Based on the use of artificial intelligence,
of expert expert systems provide an opportunity to
assessments receive expert advice on any problems about
which these systems have accumulated
knowledge

Table 2 — Classification of information flows

Names of Content
information of information flows
flows

Horizontal Coverage of messages between partners on
production relations in one level of management

Vertical Coming from above, from the leading instances
to the subordinate instances or links of the
system

External Flow in an environment external to the system

Internal Circulate within one system

Input Messages entering (arriving) to the system or to
one of its subsystems

Output Messages that go beyond one system or one of its
subsystems
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The method of modeling information systems is based
on the following “cornerstones”: the simplest property of
the information flow is one-pointedness (from source to
receiver); the narrowness of information interaction only
the source and receiver processes; the general principle of
modeling is optimality.

On the one hand, the desire to achieve the optimality
of the model is considered as a tool for obtaining a valid
(which corresponds to the original with the greatest
possible deviation or error if possible) representation of
the object and its environment, which requires special
procedures for finding the appropriate conditions and
constraints, and also for the dynamic step-by-step
approximation of the model to the object.

On the other hand, the optimality of learning
processes models involves the use of optimization
procedures in order to obtain an effective representation
of information processing processes.

On the third hand, it is the optimization procedures, on
which progressive information technologies are based,
that make it possible to realize them highly efficiently
[14, 16, 24].

In all the cases presented, we have the following
features: the optimality of the modeling for the
information components of the training systems is closely
associated with the dynamic nature of the information
training procedures; the key consequence of the
optimization procedures dynamism, which increasingly
leads to the need for their consideration as independent
dynamic objects and most clearly manifested with a
decrease in the step of their sampling, are the significant
time costs for optimization, related to the high complexity
of the corresponding tasks on system control [14, 16, 24].

An immediate consequence of the above is the need in
effective modeling of the dynamics for optimization
procedures and the relevance of improving the methods
for constructing these models.

It should be noted that there are certain scientific
results concerning the speed of convergence for search
procedures of the optimal, however, the subject area of
methods for modeling optimization procedures that are
considered as independent dynamic objects remains
extremely inadequate [14, 16, 24].

It is important to note that the classification that was
mentioned above in Table 2 is oriented to various
structures that arise in the implementation of information
systems, but in any case, there are unidirectional
information flows, and for them the approach to structural
modeling of information systems is valid.

It should also be noted that the focus on higher
efficiency  (productivity, effectiveness, reactivity,
accuracy, etc.) of information processing processes
required improved concepts for determining the amount
of information, as well as performing analytical and
synthetic operations for research and development of
information systems in the information space [13-16, 19—
22,24-26].

Let’s give a quantitative estimate for the information
transmitted from the transmitter to the receiver.
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The instantaneous value of the information flow
amplitude, which coincides with the definition of information
[14-16, 24-26], is represented by the formula (1):

1(r) = ~log, P(7). @)

The expected value of the information flow is
represented by the formula (2):

M{I}=-M{ log, P }. ©)

The aim of the research presented below is to solve
the problems of conceptualization and formalization,
aimed at creating methods for modeling the trainer’s
subsystem within the information technology of
instruction, as well as modeling information flows and
information procedures in the model of the trainee’s
subsystem.

3. MATERIALS AND METHODS
The information flow in learning is a random function
of time. The mathematical expectation of the specified
process in the section =k is determined by the average
(on implementation) value of the information by the
formula (3):

M{Il},_, ==Y P(t)log, P.(t) = H,_(I).
i=1
t=k

3)

The entropy of the cross-section of the random
process describing the information flow is not random,
and determines the expected information for the
transmitted information stream. In relation to learning, we
have a planned flow of information created by the
instructor.

The random component of the information process is
determined by the normalized flow by the formula (4):

1) = 1)~ M 1 () = 1)~ H 1 0. “)

Thus, the centered information flow, as a random
process, allows you to determine the deviation of
information flows, as the trainee’s information flow,
centered on the entropy of the trainer’s flow.

In this case, it is possible to assess the deviation of the
learning process from a given trajectory.

Considering the educational system as an information
complex, including the trainer’s subsystem and the
trainee’s subsystem, we note that the main properties of
this complex are:

— the presence of memory, in which the transmitted
information and algorithms for its transmission are stored;

— the availability of an algorithm for comparing the
flow of information transmitted to the trainee’s subsystem
and information reproduced by the trainer;
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— the availability of algorithms for managing the
selection of information depending on the deviation of the
training stream from the reproduced stream;

— the presence of an objective function or functional
and algorithms for optimizing the control of the learning
information flow.

In this case, the structural model takes the following
form (Fig. 1).

For each block there is information technology. The
memory block is supported by the information technology
of the automated office, where storage, transformation
and transmission of information is envisaged. The
memory sampling control unit is based on information
technology of expert assessments and decision support.

In its turn, the objective function adopted in the task
ensures the application of information control technology.

An essential point is the presence in the structure of
the trainer's subsystem the optimization procedure, which
ensures the achievement of the necessary level for the
criterion of the instruction quality.

The presence of an optimization procedure in the
system causes the formation of dynamic properties for the
entire subsystem.

Thus, evaluating the optimization procedure as a
gradient one, we obtain a model for the dynamics of the
trainer’s subsystem as a generalized object with an inertial
link of the first order (Fig. 2).

The trainer, having found a deviation in the pupil’s
presentation about the material presented, with some
“dynamic” delay corrects the material presented, reducing
the error of the trainee.

Therefore, by dividing the training course into topics
and selecting a certain number (let’s denote it by m) of
variants for presentation or sequences of information
blocks within each of the topics, we can represent the
learning process as trajectory motion from initial state to
completion of the trajectory, aiming to minimize learning
error, estimated scale C.

Comparison of information

Control

of selection Trainee

Optimal
control

Target
function

Figure 1 — The structural model for the trainer’s subsystem

Comparison of information

H 1
u
Memary and
control

of selection

Optimization
W=1/{pT+1)

|

Control

Trainee

Figure 2 — Model of the trainer’s subsystem
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In this case, for N topics, where each i-th stage
contains x; segments and each segment of the trajectory
gives an estimate of C,;, we obtain the problem of
determining the optimal control as a sequence of partial
trajectories, by the formula (5):

U*Z{k*l,k*z,...,k*N}. (5)

We have the task of dynamic programming,
represented by the formula (6):

n
U* - supZCl-k* ) (6)

1

In this way, the learning path is selected (Fig. 3).

o} ka1 Gz ke2 Citn1) k=n
___"I“ \\ kl\l
o o P

Vo wr

,.-_,“ ’;
0L

- .I
Y

Figure 3 — Choosing the optimal trajectory of learning

The solution of this problem is determined by the
Bellman principle, within the framework of the dynamic
programming method ([13-16, 24] — the optimum is
achieved by a search of variants with backward and
forward movement).

Important is the process of changing the state of the
teacher in time. The environment changes — the
knowledge amount of the learner changes, the traveled
trajectory of learning is accumulated. Consequently, the
trainer's subsystem is not stationary.

Compensation for degrading trends is achieved
through additional training, attestation and retraining.

Consider information procedures in the model of the
trainee’s subsystem.

The evaluation of learning is approved for the results:
the repetition of the information received from the
instructor; the construction of a model adequate to the
description given by the instructor. The following
information flows are distinguished in the trainee’s
subsystem (Figure 4):

— I — information flow of the trainer;

— I, — a flow of information describing the model
constructed by the trainee, based on information stored in
the trainee’s memory;

— Al — the information flow estimating the deviation of
the instructor’s information and the student’s
presentation;

— u — the information flow created when the trainee’s
error is minimized.
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The model shown in Fig. 4, relies on the information
technology for decision making by the trainer and data
processing when correcting the content of memory, as
well as the technology for information systems control
while minimizing the presentation error:

| ly

Memory

1
Optimization

Al

procedure

Trainer

Figure 4 — Information flows in the trainee’s subsystem

This view is based on the process for identifying the
model of the surrounding world through training, as a
correction for the contents of memory.

The gradualness of information perception observed
during training is related to the dynamic properties of the
algorithm for minimizing learning errors, which are
individual and must be taken into account when forming
the information flow of the instructor.

Despite the convenience of describing the model using
the notion of information flows, it is not possible to
completely ignore the signal space. Describing the
memory as a set of elements {m,}, the set of connections
{s;}, and the set of weights {6;}, we can represent the
memory model as a triplet of sets M, S, ®.

The specified triple forms the memory operator 4, as
its subset, which ensures the transformation of the input
information stream /, into the output information stream
I,. In this case, the memory operator depends on the
parameter vector a, with the components m, s, 0, and we
can write, by the formula (7):

A(@)*1, =1y. (7)

In this case, it is necessary to take into account that the
incoming information flow /, does not interact with the
entire set M, but only with its subset having dimension
dimX.

The necessary condition for the absence of
information loss during the conversion by memory is the
condition of preserving the dimension dimX=dimY.

Considering that the information flow is inextricably
linked with the flow of events X(f), at the same time, that
the external information flow and the information flow in
memory do not need to have the same signal space, select
the signal conversion operator f.

In this case, the transformation operator does not
influence the information flow, that is, /) = I, but it
converts the signals carrying the information.

In this case, the information inside the memory is
described as follows, by the formula (8):

fh=1 - A@=*f,)=1, ®)
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The adopted learning paradigm requires the learner to
reproduce the information received from the instructor.
Therefore, it is also need to execute the reverse
transformation, by the formula (9):

A @7y =1 ©)

However, the mapping (9) does not necessarily exist,
since the operator 4 defines a one-to-one mapping only if
the information 7, (or a part of it) is already mapped in the
memory.

The condition for completing the training we obtain in
a simple form, by the formula (10):

A @) T 4@ fUO)) =1, (10)

Assuming the linearity of the operators A7) and £ (),
we can write by the formula (11):

-1 -1
S A@)* fIy) = A@)* [ = f(U,). an
Therefore, taking into account (11), we obtain the
condition for completing the training in the form of the
formula (12):

et S (12)

AN a)* A(a) =1
dim X =dimY

Condition (12) says that information is assimilated if
convolution of associative and direct memory results in an
identity operator.

Condition (12) is only a formalization of the accepted
learning paradigm, but it allows to obtain a structural
model of information flows in memory, while learning
(Fig. 5).

The nondegeneracy condition of the transformation,
taking into account the conservation of dimension,
generates a learning procedure based on the sequential
determination of the vectors a, which ensure the selection
of a nondegenerate transformation with a sequential
increase in dimension, up to a dimension that ensures the
identity of the input information stream and the
information flow generated by the model.

Thus, the training procedure consists of a sequence of
steps to minimize the information reproduction error
Al(a), with a consecutive increase in the dimension of the
memory operator, condition (12).

Iy T iy

Figure 5 — Information flows in memory during training
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Restricting ourselves to the gradient optimization
procedure [13-16, 24], we obtain to estimate the gradient
of the information flow deflections by the formula (13):

_Al(g +Aa)-Al (&)

gradAl, ~ A (13)

Using gradient estimation (13), we will write the
learning procedure as a gradient procedure by the formula
(14):

gradAl,

®H=%+E;&LJ- (14)

Since for a gradient procedure the starting point of
motion is essential, we define the initial non-degenerate
operator Ay, formed by a subset included in the set that
generates the required operator. This is the mapping of the
principle from simple to complex.

As a consequence, we come to the methods of penalty
and barrier functions, with the inherent dangers in the
appearance of gully.

In fact, the method of barrier functions, in this case, is
used to solve a problem with restrictions of the
inequalities type for the dimension of the memory

operator.
So, assuming the existence of an objective function
f(X) and the limitations ¢i(X) < 0,i =1, 2, ..., n, an

optimization problem is posed, represented by the formula

(15):

X' —> min f(x),

: | (1s)
X €Q|gi(x)<0,i =1,2,...,m.
Within the framework of the method, a change in the
goal function is provided such that when approaching the
boundary, there is a “repulsion” from the barrier formed
by constraints (Fig. 6).
To organize a "barrier", the restriction ¢; < 0; i = 1,
2,..., mis usually used, taking into account that the actual
boundary is given by equations ¢;=0;i=1,2,...,m.

Kamase

rg> |r; 2 ry >

£ X 40 @ (x)

Figure 6 — Method of barrier functions
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Thus, we form a new goal function by the formula
(16):
nooq
D)= F(X)+—5—.

16
i=10;"(X) (16)

and, using the gradient procedure, we solve the problem
in finding the minimum of a new objective function ®(X),
we find the point of its minimum X, , which, in general,
does not coincide with the optimum point X* because of
the barrier function influence.

To eliminate the error in the x* definition, we
eliminate the influence of the barrier function by
organizing a stepping procedure with decreasing barrier
function weight, by the formula (17):

n>r>.>rn=0,

a7

no
O (X)=f(X)+r; ) ——, j=1..,k*
: ‘Ecpf(x)

The number of steps for the procedure k and the
sequence I are chosen in advance from the conditions of
the problem.

Thus, a sequence of connecting the elements to the
model formed in the memory is formed.

In a situation where there is no single-valued memory
operator, its search can be provided using the method of
penalty functions.

When solving a problem with constraints of equations
type, represented by the formula (18):

X — min f(X),

. (18)
X €Q|ei(x)=0,i=12,...,m,

a similar method is used.

The difference is in the formation of the penalty
function, which is assigned in such a way as to ensure the
approach to the border, by the formula (19):

M <ry<..<rg>0,

19

Dj(x)= f(x)+rjq)i2(x),j =1..k-

The disadvantage of this method is its “ravine type”,
which requires the use of the steepest descent method at
each of the steps.

Thus, it is possible to construct a structural model of
the trainee’s subsystem as an information system for
optimal control of information accumulation (Fig. 7).

procedure

Figure 7 — Model of the trainee’s subsystem
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We got a conception for the process of information
accumulation by an information and control system with a
goal functional, defined as the minimum deviation in the
information flow of the trainer from the information
stream being reproduced by the trainee. This model
allows us to evaluate the dynamics of the process.

Based on the evaluation for the dynamics of the
gradient procedure, which determines the behavior of the
entire subsystem, one can construct a simple model
similar to the gradient procedure model.

Assuming that the information flow of the trainer
increases its intensity step by step, according to the degree
in assimilation of the material, we get a simple model
(Fig. 8,9).

For clarity, we use the tools of the SIMULINK
system, which allow us to obtain convenient models of
system dynamics.

In Fig. 8 the information flow from the trainer | is
modeled by a series of pulse parcels storing the input
information Ic.

The accumulation of information by trainee Iu is
determined taking into account the dynamics of the
optimization procedure.

The transient processes in Fig. 9 illustrate the
possibility of coordinating the information flow of the
learner with the trainee’s capabilities.

At optimum coordination, the moment of end for
fragment preservation is combined with the beginning for
the following fragment of a training trajectory.

1 1
|||| P ; P
0.5s+1

| le Wy

]

Scope

Figure 8 — Modeling the dynamics of information accumulation
(scheme of the model executed in the SIMULINK system)

0n

Figure 9 — Modeling the dynamics of the information
accumulation (in SIMULINK system)
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4EXPERIMENTS

The implementation of the experiment was based on a
set of programs (both standard and expanding the range of
their functional capabilities of author’s developments),
which allowed to realize the generalized models of trainer
and trainees as key subsystems of information learning
systems, as well as to make their expert evaluation.

The trainer and trainees models were tested in such a
way that the initial data for testing models were combined
into 150 tuples of data.

Based on the experimental results, the validity
estimates of the trainer and trainees models were
obtained, from which it follows that the obtained and the
reference values of these estimates coincide.

5RESULTS

The following results were obtained.

1. The analysis on the development in the theory and
practice of learning is carried out, the special relevance
and practical value of the information approach to the
modeling of learning systems is highlighted.

2. As the key objects of the study, the models for the
information subsystems of trainer and trainees are
considered.

3. The modeling for the trainer subsystem in the
framework of the training information technology is
performed.

4. The generalized methods for modeling the trainer
and trainees subsystems are obtained.

The models of trainer and trainees were implemented
programmatically, studied in real learning processes, and
the results of these studies (in the form of generalization
of demonstrative samples of experimental data, with a
sample length of 150) are summarized in Table 3 and
Table 4.

Table 3 shows four types of trainers, in accordance with
their relative graduation in terms of professional
qualifications: Type I — Doctors of Sciences, Professors;
type II — Candidates of Sciences (Ph.D.), Associate
Professors; type III — Seniors Lecturers; type IV —
Assistants and Trainee Teachers.

The resulting data in Table 3 shows the following
positive increments of the indicators: increment 1 —
according to the speed of training; increment 2 — by
coverage of training information; increment 3 — according
to the quality of knowledge achieved by the trainees;
increment 4 — integral increment (generalized for all
indicators).

The demonstrative characteristics (Table 3) of the
learning processes effectiveness are improved due to the
introduction of the generated methods for modeling the
information subsystem of the educator, including for
those with a lower category of professional qualification.
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Table 3 — The model of the trainer information subsystem

Positive dynamics
n o o 2 in the effectiveness
5 % g £ £ of training activities
R S S ° .
= = § 273 based on the practical
R 21| g gz g implementation results
= -
= gg % 52 § < of the developed
Type ; £E|& £ 8 %é modeling methods:
oftrainers | E €85 | 9 £.2 29
=0 g =25 g
o 28| £ E,E &2 — ~ e <
5 .
5 2lz2 2= 5| 5| 5| 8
8 gl|lbFH v« 5 5 5 3]
A E ° & £| & | | £
Type 1 10 90 6 10 8 8
Type 11 30 80 4 6 5 5
Type I 30 70 3 5 4 4
Type IV 30 60 3 3 3 3
Average 25 75 4 6 5 5
value

Table 4 shows six types of trainees that correlate in
academic performance with the European grading scale
for the EKTS grades as follows: type 1 — A; type 2 — B;
type 3 — C; type 4 — D; type 5 —E; type 6 — F, FX. The
results shown in Table 4 are the following increments: 1 —
to reduce the duration for the implementation of
information activities by the trainees in the learning
process; 2 — to increase the amount of information
consumed by trainees; 3 — in increasing quality
assimilation of information by trainees; 4 — on the
integrated indicator for the effectiveness of learning
activities within the information subsystem of the trainee.

The results of the trainees activity improved for all
types of research, and, especially, for the most
problematic type, six where previously positive estimates
were mainly obtained exclusively after a number of
retakes.

The  conducted experiment confirmed  the
effectiveness of the generalized methods for modeling
information subsystems of trainer and trainees, taking into
account, as an actual factor, the dynamics of information
procedures in the training system.

Table 4 — The model of the trainee information subsystem

9 Positive dynamics

= — & of learning outcomes

2 E] i

P =t E when using

[ a .8 .

Type g =8 the proposed modeling methods
of g éﬂ S

trainees 2 % 2 _ ~ o <

-

- 5| 8| B | B

n 3] 15} 5] 5]

= g g g

Type 1 10 92 2 3 1 2
Type 2 20 86 3 5 4 4
Type 3 20 78 7 6 5 6
Type 4 20 69 9 9 6 8
Type 5 20 62 12 11 10 11
Type 6 10 40 15 14 22 17
Averag 16,6 83.5 8 8 8 8
e value
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6 DISCUSSION

The modeling methods expand and supplement the
tools of modeling. As a result, it is important to note the
following:

— the currently existing theoretical and practical
research and development on a number of authors’
collectives and individual authors mainly reflect
separately  taken, isolated subproblems in the
methodology of modeling for dynamic information
systems (objects, processes, procedures, technologies,
etc.) related to teaching by trainers and assimilation by
trainees, which does not allow, on the whole, to obtain a
sufficiently satisfactory state of the general model;

— the methods in modeling for the information
subsystems of the trainer and trainees developed by the
authors of this publication expand the capabilities of
previously developed by other authors methodological
developments, allowing to significantly increase the
effectiveness of information learning processes
(according to Tables 3 and Table 4, the integral indicators
of effectiveness increase by 5% and 8% respectively).

CONCLUSIONS

In paper, the results of research on the methods
formation in modeling of information subsystems for the
trainer and trainees, complementing and developing
existing approaches were presented.

The carried out experiment substantiated the practical
effectiveness of the proposed modeling methods and the
expediency of using them to enhance the effectiveness of
information subsystems of the trainer and trainees.

The scientific novelty of the achieved results consists
in the fact that for the first time methods have been
proposed for modeling the trainer subsystem within the
learning information technology, as well as information
flows and information procedures in the trainee’s
subsystem, which are based on the complex application of
the information theory methodological apparatus and the
conceptual basis of studying the activity processes for the
trainer and trainees as integral, purposeful, dynamically
proceeding information processes, which are a full-scale
complex of interrelated information procedures to provide
the required state for information base of trainees
competencies.

The proposed methods make it possible to ensure,
with an allowable accuracy, the optimal modeling for
information subsystems of the trainer and trainees taking
into account the dynamics factor, which makes it
possible: to reduce the time intervals for the flow of
information learning processes; to increase the volumes of
information presented, consumed and qualitatively
assimilated at the theoretical and practical level.
Accordingly, a higher level of knowledge, abilities and
skills of the trainees is achieved, with reception them the
best points.

Within the created methods, key concepts and
mathematical modeling apparatus of information
subsystems for trainer and trainees are proposed.
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The practical significance of the work results is to
ensure that they increase the effectiveness of information
subsystems for the trainer and trainees.

Prospects for further development of the work
involve the consideration in a more wide range of the
characterization aspects for the information subsystems of
the trainer and trainee, as well as the results of their
activities.
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V]IK 510.6

MOJIEJTIOBAHHS TOT' O, SIKA HABYAE, TA TUX, AKX HABYAIOTH, HA 3ACAJIAX KOMIUIEKCHOT' O
THO®OPMAIIMHOI'O MIIXOIY 10 BIOCKOHAJIIOBAHHA IHOOPMAIIMHAX TEXHOJIOIT I CHCTEM
HABYAHHSI

XoaakoB B. €. — 1-p TexH. Hayk, mpodecop, 3aBimyBau Kadeapu iHGpopMamiHHUX TEXHOIOTiIH XEPCOHCHKOTO HAIIOHAJIBHOTO
TEXHIYHOTO YHIBEpCHUTETY, XepcoH, YKpaiHa.

CoxoJioB A. €. — kaHJ. TeXH. HayK, JOIEHT, IONEHT Kadenpu iHGOpMAIIHHUX TEXHOJOTiH XepCcOHCHKOro HaliOHAILHOTO
TEXHIYHOTO YHIBEPCUTETY, XepCoH, YKpaiHa.

BecenoBcbka I'. B. — kaHJ. TeXH. HayK, JOLEHT, JAOICHT Kadeapu iHGopMamiiHIX TEXHOJIOTI XEpCOHCHKOr0 HAIlIOHAIEHOTO
TEXHIYHOro yHiBepcuteTy, XepcoH, YkpaiHa.

AHOTAULIA

AKTyanbHicTb. Po3risiHyTO 33134y OOIDYHTYBaHHS METOIIB MOOYZOBH MOAeNei TOro, sSKUi HaBuYae, Ta THUX, SKMX HABYAIOTh,
10 BPaxOBYIOTh OCOOJIMBOCTI iXHBOI iHPOpMaMiiHOi AissmbHOCTI. O0’€KTOM AOCTiIKEHHS OyJIM MOJAENI TOTo, KM HaByae, Ta TUX,
SIKMX HaBYAIOTh, SIK YYACHUKIB iH(opMariiiHoi B3aemozii. Mera po6oTn — po3B’si3yBaHHS 3a/1ad KOHIENITyasi3amii Ta Gopmamizamii,
OpIEHTOBAaHMX HA MOJEIIOBAHHS MiACHCTEMH TOTO, SIKMH HaByae, B paMKax iH(popMamniifHoi TexHoJyorii HaBYaHHS, a TaKoX Ha
MOJIEITIOBaHHS 1H(pOPMaLifHUX MOTOKIB Ta iHOpPMaNifHNX NPOLEAYP B MOAEIII MiACUCTEMH TOTO, SIKOTO HABYAIOTb.

Meton. KimrouoBUME CKJIaJOBUMH CHUCTEM 1 TPOIECIB HABYAHHS € TOM, SKUH HaBYae, Ta Ti, SKUX HABYAIOTh. BUIUICHI iCTOTHI
ocobnrBoCTi iH(pOpMaLiitHOl B3aeMO/ii TOro, sSIKMii HaBYa€, Ta THX, SIKMX HABYAIOTh. B OCHOBY MOKIIajeHe HOHATTS iH(OpMaIiiiHOrO
MOTOKY, BUAUIEHI crenudivHi BIacTHBOCTI iHPOPMALIHUX MMOTOKIB, XapaKTePHi Ul MPOLECIB HABYAHHS Ta BaXJIUBI ISl IXHBOTO
yCHIOIHOTO Tepediry. 3ampomoHOBaHO METOMM MOJACTIOBAHHS KIIOYOBHX KOMIIOHEHTIB CHCTEMH HaBUaHHA K iH(opmamiiHOi
CHCTEMH, TaKUX SK: MiJICHCTEMa TOTO, SIKAH HaBYa€, PO3TIISIHYTA 3 TOYKH 30pY 3aCTOCYBaHHS iHPOPMAIIHHUX TEXHOIOTiH HABYaHHS;
IiICKCTEMA TOTO, SIKOTO HaBYAIOTh, IIJ0 HAAETHCS ITi] KyTOM 30py 3alisiHHS iHPOpPMALiIfHIX ITOTOKIB Ta iHpOpMaNiitHUX IIpoLeayp.

Pe3yabTaT. 3anponoHoBaHi MOJelN peaji30BaHI IPOrpaMHO Ta BHBYEHI IPAKTHYHO B IIPOIECAaX HABYAHHS B MiJACYMKY
BiZINTpaIfOBaHHs 3aBJjaHb MOJICITIOBAHHS TOTO, SIKMI HAaBYA€, Ta THX, SIKMX HABYAIOTh, SIK yYACHHUKIB iHGOpMaLiiHOT B3aeMOiT.

BucnoBkn. I[IpoBeneHnii €KCIIEPUMEHT MIATBEPIMB MI€BICTh 1 BaJTIMHICTh KOHIEMI i (OpMaNi3MiB, MOUUIBHICTh IXHBOTO
BIOPOBA/DKEHHST B iH(GOpMaUiiiHi CHCTEMH, TPOIECH Ta TEXHOJOrii HaBYaHHS 3 METOI IMiJBUIIEHHS €(QEKTHBHOCTI IMPOIECIB
OTpUMaHHs Ta IPAKTUYHOTO BTUICHHs Mojesei iHhopManiifiHol qisTIbHOCTI TOTO, SIKHI HABYA€E, Ta THX, IKUX HaBYaIOTh. [loganpiunit
PO3BHTOK JIOCTIKEHb Mepeadadae po3riis MHUPIIOro Koja acleKTiB iHPOpMaIiiHOI JisIIBHOCTI TOTO, SKUH HaBYa€, Ta THX, SKUX
HABYAIOTh, & TAKOXK BIIMOBIIHAX EKCIIEPIMEHTAIBHUX anpoOariil.

KJIIFIOYOBI CJIOBA: wMmojenmoBaHHS, TOH, sSKWH HaB4ae, TOH, SKOr0 HABYalOTh, iH(poOpMaIis, iHGOpPMALiiHI CHCTEMH,
indopmariiiai nmponecy, iHpopMariiHi TeXHOJIOTI.

VK 510.6

MOJEJIMPOBAHUE OBYYAIOIIETI'O U OBYYAEMBIX HA OCHOBE KOMIIVIEKCHOI'O
HH®OPMAILIMOHHOI'O MMOJAXOJA K COBEPIIEHCTBOBAHUIO WH®OPMAIIMOHHBIX TEXHOJIOT A
U CUCTEM OBYYEHUA

XonmakoB B. E. — n-p Ttexn. Hayk, mpodeccop, 3aBemyromuii kadenpoil HHPOPMALMOHHBIX TEXHOJOTHH XepCOHCKOTo
HAIMOHAJIBHOI0 TEXHUYECKOTO YHUBEPCUTETA, XEPCOH, YKpauHa.

CoxoJioB A. E. — kaHx. TeXH. HayK, JOLEHT, JOLEHT Kadeapbl HHGOPMAIIMOHHBIX TEXHOJOTHH XEePCOHCKOr0 HAI[HOHAIBLHOTO
TEXHUUYECKOT0 YHUBEPCUTETA, XEPCOH, YKpanHa.

Becenopeckass I'. B. — KkaHa. TexH. HayK, IOLEHT, IOLEHT Kadenpel HH(POPMALMOHHBIX TEXHOJNOTUH XEpCOHCKOTro
HallMOHAJIBHOTO TEXHUYECKOTO YHHUBEPCUTETA, XEPCOH, YKpauHa.
AHHOTALUA

AxkTyanbHoOCcTh. PaccMoTpeHa 3aada 000CHOBaHHSI METOJIOB IIOCTPOSHMS MOZeNel 00yJaromero 1 00y4JaeMbIX, YIUTHIBAIOIIHX
0co0EHHOCTH MX MH(OpPMAIMOHHOH AesTensHOCTH. OOBEKTOM HCCIIEOBAHUS SBISUINCH MOJETH OOYydaroero M o0y4aeMbIX Kak
YYacTHHKOB HH(MOPMAIMOHHOTO B3amMmoneicTBus. Llens pa®oTsl — pemreHne 3amgad KOHIENTyalnn3alud W (HOpMalIM3aliiH,
OPHEHTHUPOBAHHBIX HA MOJEIMPOBAHKE MOACUCTEMBI 00YYaIOIIEero B paMKax MH(POPMALMIOHHON TEXHOJIOIMH OOYyUYeHUs, a TakkKe Ha
MOJIeIMPOBaHNE HH(POPMAIOHHBIX IIOTOKOB U MH()OPMAIIMOHHBIX MPOLEAYP B MOJIEIH MOACUCTEMBI 00y4aeMoro.

Metoa. Kito4eBBIMH COCTaBISIOLIMMU CHCTEM W NPOLECCOB 00ydeHHs SBISIOTCS oOydaromuii u oOyuyaemble. BulaeneHs
CYIIECTBEHHBIE O0COOEHHOCTH HH(OPMAIMOHHOTO B3aMMOJAEHCTBHS 0Oydaromero u oOydaeMbIX. B OCHOBY MONOXEHO TNOHATHE
MH()OPMAIIMOHHOTO ITIOTOKA, BBIJEIEHBI CHElU(pHIECKHEe CBOWCTBA HMH(OPMAIMOHHBIX ITOTOKOB, XapaKTEpPHBIC IJISI IPOIECCOB
00yd4eHHsI ¥ BaXXKHBIC A UX YCIHENIHOTO MpOoTeKaHWs. IIpeayokeHbl MeTOIbI MOASIHPOBAHUS KIIIOUYEBBIX KOMIOHEHTOB CHCTEMEI
o0ydeHns: Kak HHPOPMAIMOHHONH CHUCTEMEI, TaKUX Kak: MOACHCTeMa 00ydYalomero, paccMaTpuBaeMasl C TOUKH 3pEHHsS IIPUMEHEHUS
MH(OPMAIIMOHHBIX TEXHOJOTHWIl OOydYeHHUs; IOJACHCTeMa O0ydJaeMoro, IpeACTaBIseMas IO YIJIOM 3peHHs 3aneiicTBOBaHUS
HH(pOPMAIMOHHBIX TOTOKOB U HH()OPMALIMOHHBIX MTPOLEAYP.

PesyabTatsl. [IpeioxkeHHbIe MOAENN PEATN30BaHbI IIPOrPaMMHO M HM3Y4YEHBI MPAKTHYECKH B Ipoleccax oOy4eHHs B HTOTe
0TpabOTKHU 3alaHU MOJENHPOBAHKS 00yYaIOIIero U 00y4aeMbIX KaK Y4aCTHUKOB HH(GOPMAIIIOHHOTO B3aUMOJEHCTBUS.

BbiBoabl. [IpoBeneHHBIM SKCIEPUMEHT MOATBEPAMI JICCTBEHHOCTh W BaNMIHOCTh KOHLENMUMH U (POpMaIU3MOB,
1eNeco00pa3sHOCTh MX BHEIPEHHS B HMH(POPMAIMOHHBIE CHCTEMBI, MHPOIECCHl M TEXHOJIOTHH OOydYeHHs C IElbl0 pocTa
3¢ }eKTHBHOCTH NMPOLIECCOB MOIyYEHHs M MPAKTUYECKOTO BOILIOMIEHNS MOoJeIel HH(POPMAIIMOHHOH NeATeIbHOCTH 00yJalomero u
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KOMIT’IOTEPHE MOJEJIOBAHHS KIBEP-®I3UYHOI
IMYHOCEHCOPHOI CUCTEMHU HA TEKCATOHAJIbHIN PEIIITIII 3
BUKOPUCTAHHAM PEIHNITYACTUX TUPEPEHIIAJIBHUX PIBHAHD
I3 BAIII3BHEHHAM

Mapueniok B. II. — 1-p texH. Hayk, npodecop kadenpu iHGOpMATHKHE Ta aBTOMATUKU YHiBepcuteTy B benbcko-
Bamiii, m. benbcko-bsina, IToabia.

Caepcriok A. C. — kaH]. TeXH. HayK, JOUEHT Kadeapu meandHoi iHpopMaTuku TepHOMIIBCKOTO AEPIKABHOTO Me-
au4yHoro yHiBepcureTy iMeHi 1. S1. T'opbaueBcbkoro, YkpaiHa.

AHOTAIIA

AKTyanbHicTh. Baxmsum eTanom npoekTyBaHHs Kibep-(i3nIHNX IMyHOCEHCOPHUX CHCTEM € po3po0Ka Ta JOCIiLKEHHS IX Ma-
TEeMaTHYHHUX Ta KOMII IOTEPHUX Mojeliel, To0yjoBa SKuX onupanacs 6 Ha Gi0NOTIYHMX MPUITYIIEHHSX JUI OTPUMAaHHS BIATIOBITHIX
cucteM auQepeHiaIbHUX PIBHSAHb NOMYJIIHHOT AMHaMiKM. MaTeMaTHyHe MOJSNIOBAaHHS JO3BOJIWIO O OTpUMAaTH 3HAYCHHS
napameTpiB, ski 0 3abe3nedntn onepauiiiHy CTiHKICTh IMyHOCEHCOPHHX CHCTEM.

Meta. MeToto po6oTH € po3poOka MaTeMaTHYHOI Ta KOMII IOTepHOI Mozeli Kibep-(hi3nuHOT iMyHOCEHCOPHOT CUCTEMHU 3 BUKOPH-
CTaHHSM peUliT4acThX qudepeHIiaIbHIX PIBHAHD i3 3aMi3HEHHSM Ha reKCaroHaabHIi PeliTii Ta J0CIiKEHHS 11 CTIHKOCTI.

Meton. B poGoTi po3poOiieHO MareMaTWdHy Ta KOMITIOTEPHY Mopedi Kibep-¢i3udHoi iMyHOCEHCOpHOI CHCTEMH Ha
reKcaroHaJbHId pemiTmi. g MozpenroBaHHS HEMEpPEepBHOI MUHAMIKM BHKOPHUCTAHO CHCTEMY PEIIiTYacTUX AU(epeHLiaTbHIX
PIBHSHB i3 3ami3HEHHSM. {11 MOAENIOBaHHS IUCKPETHUX MOAIH BHKOPHUCTAHO IMHAMIYHY JIOTIKy IIepIIoro mopsiaky. OmmcaHo
TIOCTiIHHI CTAaHM MOJEINI SK PO3B’SI3KH BIANOBITHUX aNreOpaidHuX CHCTeM. BUCHOBOK IO CTIMKICTH pOOMTHCS HAa OCHOBI aHANI3y
BIANIOBIAHMX (DAa30BUX JliarpaMm, pelriTyacTiux 300pakeHb Ta CUTHAJIB, OTPMMAHUX 3 BIJIIOBIIHOI KOMITIOTEPHOI MOJEIII.

PesyabTaTn. [IpeacTaBieHo aHaniz pe3ysnbTaTiB YUCEIFHOTO MOJEIIOBAHHS JOCIIDKYBaHOT MOZEIN y BUMIIAAL 300pakeHHs (a-
30BHX IUIOLIMH, PEIITYACTUX 300pa’keHb HMOBIPHOCTI 3B’S3KiB aHTHI'CHIB 3 aHTUTIJIAMH Ta SJISKPUYHOTO CUTHAITY 3 IEPETBOPIOBaYa,
SKUI XapaKTepr3ye KiIbKiCTh (IIyOpecIifol0unX MiKCeiB.

Bucnosku. [IpoBeneHo MaTeMaTHYHE Ta KOMIT FOTEPHE MOJEIIOBaHHS Kibep-(i3muHol iMyHOCEHCOpHOI crcTeMu. BeTanoBneHo,
1o i1 sIKiCHa TIOBE/IiHKA CYTTEBO 3aJI€KHUTh Bi Yacy iIMyHHOI BiIOBiAi. BUCHOBOK IO CTIMKICTh iMyHOCEHCOPIB MOXke OyTH 3p0obie-
HO Ha OCHOBI PEIIITYacTOro0 300pa’keHHs MiKcemiB, mo (iayopecuitorors. EnekTpuyHmMii CHUTHAJ, IO MOJENIOETHCS KUIBKICTIO
IMyHOITIKCEeIIiB, SIKi ()IyOpECIIOI0Th, € BXKIIMBUM IIPHU IIPOEKTYBAHHI Kibep-(Qi3nYHIX IMyHOCEHCOPHHUX CHUCTEM Ta JOCHIKEHHSX 1X
criiikocti. ['paHnynuii nukn abo CTifikuii (OKyC BHU3HAYAIOTH BIAMOBIMHUN BHIVIAA IMYHOCCHCOPHOTO CJICKTPHUYHOTO CHTHAIY.
OTpHMaHi eKCIepUMEHTANIbHI Pe3yJIbTaTH Jajld 3MOTY BHKOHATH ITOBHHM aHali3 CTIMKOCTI Mozeni iMMyHOCEHCOopa 3 BpaxyBaHHSIM
3alli3HEeHHS B 4aci.

KJIIOYOBI CJIOBA: xomm’roTepHe MOAECNIOBAHHSI, MaTeMaTHYHE MOJCIIOBAaHHI; Kibep-¢i3udyHa cucTeMa; iMyHOCEHCOpHa
cucreMa; 6ioceHcop; iMyHOCEHCOp; AnudepeHmialbHi PIBHSAHHS i3 3ali3HEHHAM; pemIiTdacTi Au(epeHIianbHl piBHSIHHS, CTIHKICTh
MOJIeNTi; TeKCaroHallbHa PelIiTKa.

ABPEBIATYPU (uryopeceHIIii 10 KiTbKOCTI KOHTAKTIB MK aHTHTLIAMHU
K®C — kibep-¢hiznuna cucrema; Ta aHTUT€HAMU;
K®CC - kibep-i3znuHa ceHCOpHA CHCTEMA; n — xoediuieHt audysiiHoro nucbanancy;
K®ICC — kibep-iznuna iMyHOCEHCOPHA CHCTEMA,; N — 1mise HaTypagbHE YHCIIO, IKE XapaKTePU3ye Killb-
'l - ribpuana nporpama. KICTh IMYHOITIKCEJIIB B T€KCArOHAJIBHIN PEIiTIi;
HOMEHKIATYPA - PP, — dasosi noprpern iMyHOIIKCEiB IMYHOCCHCOPA
Bl — pemirdyacte 300paxeHHs HMOBIPHOCTI I

R . . . . QA — HalIp BUXIIHUX 300paXCHb Ta CHTHAIIB, 11O
3B’s13yBaHHS AHTUTCHIB aHTUTLIAMH B IMyHOCEHCOPI | ;

D - KOG(biIIiCHT HI/I(I)y311, XapaKTCpU3yroTh JUHAMIYHI BJIACTUBOCT1 IMYHOCCHCOPA,

DA~ o (ysii Sj — 300pa)KCHHs BUXiJHOTO CHIHAJIy IMyHOCEHCOpa
— MBHUIKICTH AUQY3ii;
Fi, i (t) — KOHILIEHTpAIlisI AHTUTLI B IMyHOIIIKCEJTi; ]
FLj — pemiryacte 300pakenns ¢iyopecieniiiioio- St| — CTaH yopecueHLii;

YUX MKCENiB B IMyHOCEHCOP | ; Shonfl — HEQIYOPECIEHIIEHTHHI CTaH;

A

S — mpocropoBuii oneparop audy3ii Mk CycCiaHIMU
MKCEJISIMU;

Vi, j,k(t) — KOHIIGHTpAIlisl aHTUTCHIB;

ISB —Habip iMyHOCEHCOPIB;
i, j,K — KoopauHaTH iMyHOITIKCETiB;

ki — xoedimieHT mHpomoOpUifHOCTI IHTEHCHBHOCTI . ) . R
Y — WMOBIPHICTHA IIBUIKICTh HEWTpamizalil aHTure-
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HIB aHTHUTIIaMU;
A — BificTaHb MK MKCEISIMU;
8¢ — WIBMIAKICTb, 3 KOO HOILYJIALs aHTUTLI IIparHe

IO JIEAKOI MEK1 HAaCHYEHHS
8, — MIBUJIKICTb, 3 KOO IOIMYJIALis aHTUI'€HIB IIpar-

HE JIO JIeSIKOT MEX1 HAaCHYCHHS,
€jk — CTaH pIBHOBArH;

siojok — CTiiiKuii cTaH 0e3 aHTUTEHIB Ta AaHTHTLI;

*

g Jfok — CTIMKUI cTaH Oe3 aHTHUTLII,

e _ iNeHTUYHUI eHeMIYHUH CTIMKUH CTaH;

MV _ geineHTHYHUN eHIeMIYHUNI CTINKUHA CTaH;

Ny — HMOBIpHICHa HMIBHIKICTH IMyHHOI BiJIOBiAI Ha
301IBIIEHHS IITBHOCTI aHTUTEHIB;
© ; — moporose 3HaYeHHs (IIyOpeCcIeHL;

[l — IOCTiifHa CMEPTHOCTI aHTHUTI;

T — TOCTil{HA 3aITi3HEeHHS B 9aci, 3 SIKOI0 HACTa€ iMy-
HHA BiJIOBIIb;

®, — eBomouiiiHe TOMEHHE OOMEKEHHsS Y BUIIIAAL
(hopMyIIH JIOTIKM MEPIIOTO MOPSIIKY.

BCTYII

K®C - ¢iznuna cucrema, sika peamisye IHTETparlito
obuncieHp Ta (izmgHEX TporeciB. Born BinOyBaroThes
HaligacTime y BATIISAA1 BOYTOBAaHUX CHCTEM Ta MEPEX I
MOHITOPUHTY Ta KOHTPOJIIO (hi3UYHHX TMPOIECIB B CHCTE-
Max 31 3BOPOTHHUM 3B’SI3KOM. Y TaKUX CHCTEMax MTUHaMiKa
¢bisnyHMx  mpoleciB € mKepeniom  iHbopmarii
JIOCIIIJDKYBAHOTO SIBUIA 3 MOJMJIMBICTIO KOHTpPOJIIO Ta
PpO3paxyHKy CHTHaJIIB KepyBaHHs 00’ektoM [1].

K®C OTOTOXHIOIOTBCS 3 TPOSIBOM  YETBEPTOi
TIPOMHCIIOBOT PEBOJIIOLT, siKa BiOYBAETHCS B Cy4acHOMY
CcBiTI [2], 1 fKa MOB’sI3yeThCs 3 PO3BUTKOM TEXHOJIOTIH
«Internet of Things (IaTeprer peueii)», ne HeoOXiTHO
BUKOPHCTOBYBATH CHTHAJIM BiJl 1aBadiB i BUMIPIOBaTbHAX
npmianiB. Cucremui pocmimkeras KOC rpyHTyIOTbCS Ha
BHUKOPUCTaHHI MaTeMaTUYHOTO Ta KOMII IOTEPHOI'O MOJe-
nroBaHHs. Y po6ori [3] i3 3acToCyBaHHAM MaTeMaTHYHO-
ro MojemoBaHHs npencraBieHo orisin KOC B pizHux
rajgy3sx 1 3acTOCyBaHHSIX — MEpEXKeBe KepyBaHH:,
ribpuaHi cucTeMH, OOYHMCICHHS B pealbHOMY 4Yaci,
Mepexi peajbHOro yacy, O0e3NpoBiIHI CEHCOPHI MEpexi,
CHCTEMH 3aXHCTY 1 pO3pOOKH, KEpOBaHI MOJEISIMH. 3 Me-
TOI0 MaTEeMaTHYHOTO Ta KOMII IOTEPHOTO MOJICIIOBaHHS
K®C A. Ilnarumep 3ampomnoHyBaB MigXig Ha OCHOBI
«nuHaMigHOI Jorikm» [4], [5]. [Ipu 1pOMy BHKOPHCTOBY-
foTs ['T] Ha TPOCTIiif MOBI POTpaMyBaHHS 3 IPOCTOIO Ce-
MaHTHKOIO, ¢ MPOTrpamicT MOXKe 3BepTaTHCh Oe3moce-
PEenHBO 10 3HAYCHD 3MIHHHUX, SIKi IPEACTABISAIOTh PeaibHi
BEJIMUMHHM 1 BU3HAYAIOTH iX AWHAMIKY.

BioceHcopH € aabTEpHATHBOKO BiIOMHM METOJAaM BH-
MIpIOBaHHs, IKi BUKOPUCTOBYIOTh B KOHCTPYKIIii 0ioJori-
YHUI MaTepiajl, MO 3a0e3neduye Jy)Ke BUCOKY CEJICKTHB-
HICTh Ta J]a€ 3MOTY IIBHJKO 1 IPOCTO NMPOBOAMTH BUMi-
proBanHs [6-8]. Jocnimkenas KOC Ha ocHOBI OioceHCO-
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piB Ta IMyHOCEHCOPIB 30KpeMa € 0COOJIMBO aKTyalbHUMU
B 3B’SI3Ky 3 HEOOXIiTHICTIO OLTBII TOYHHX METOJIB MOHi-
TOPHHTY Ta aHali3y pI3HUX TNapaMeTpiB  MEeANKO-
GiomoriyHux mporecis. BaskmBUM eTarioM IpoeKTyBaHHS
K®ICC € po3pobka Ta AOCTiKESHHS IX MaTEeMaTHYHUX
Mojenel, ki 0 aIeKkBaTHO BiHOOpakaidw MPOIECH, IO
JIeKATh B OCHOBI 1X (DyHKIIOHYBaHHS.

1 OIJIA4 JITEPATYPU

ImyHocencopu [9] € miarpynorw 0ioceHCOpIB, B SKUX
BiZIOYBa€eThCsl IMyHOXIMIYHA peakilis MOB’si3aHa 3 Tepe-
TBOptoBaueM. [IpuHIIUI pOoOOTH yCiX IMyHOCEHCOPIB IO-
Jsrac B cHeuu(iyHOMY MOJEKYJISIPHOMY pPO3Ii3HaBaHHI
AQHTUTEHIB aHTUTLIAMHU JUIsL YTBOPEHHS CTaOUILHOTO KOM-
IUIeKCY. B IMyHOCEHCOpHHMX TPHCTPOSX BUKOPHCTOBY-
IOTBCS ~ YOTUPH  OCHOBHI  BHAM  JETEKTYBaHHS:
CJIEKTPOXIMIYHMH (IIOTEHIIOMETPUYHUH, aMIepOMETpHY-
HUHA 200 KOHIYKTOMETPHUYHMH (€EMHICHUI), ONTHYHMH 1
TEPMOMETPHYHHIA). YCi THIIH CEHCOPIB MOXYTh BUKOpPHU-
CTOBYBATHCS, K TpsMi (HeMapkoBaHi) abo K HEpsMi
(mapkoBaHi) imyHoceHcopu. [IpsiMi ceHcopu 31aTHI BUSIB-
nsati Gi3uYHI 3MIHM M 9ac YTBOPEHHS IMyHHOTO KOM-
IUIEKCY, B TOM 4ac SIK HENpsMi, BUKOPHCTOBYIOTh Di3Hi
PiBHI T€HEpOBAaHOIO CUTHAY, SIKi JafOTh 3MOTY OUIBII
YyTJIMBO Ta YHIBEpCAJIbHO IMPOBOAUTH IETEKTYBaHHS Y
BHUMIPIOBAJILHUX cHcTeMax [9].

Knituaai GioceHCOpH MOXYTh 3aCTOCOBYBATHCS IS
KiJIbKICHOI OIIIHKM iH(IKyBaHHS OpraHisMy 3a JIOIIOMO-
TOI0 TMEBHUX EJCKTPOXIMIYHMX YM ONTHUYHMX SBHII. B
poboti [10] ommcano xiiTHHHUHA OioceHCOp, SKUH
BHKOPHCTOBYE eJIeKTPOXIMIYHY IMIIeTaHCHY
crekTpockorito. Jlanuii OioceHCOp TpU3HAYCHUHA IS
mipaxyHkKy moackkux kiaitun CD4+. O6macte 30HAY-
BaHHS I[bOI0 OIOCEHCOpa BKIIOYAE B ceOE EIEeKTPOIHI
MKCeT, PO3MIP KOXHOIO 3 SKHX ITOPIBHIOBAHHH 3
po3mipom kititHH CD4+, siKi 3aXOIUTIOIOTHCS MIKCEIIMH
enekTpoay. KIMTHHM BHSIBISIOTBCS HIISIXOM CIIOCTEpE-
XKeHHs 3a iHopMaTuBHMMHU 3MiHamMu Ha mikceni. CtaH
«BBiMKHEHO» 200 «BHMKHEHO» €JIEKTPOIHOTO IKCeIs
BKa3ye Ha BUsBIICHHS onHiel kiituau CD4+. Takum 4u-
HOM, MO0 migpaxyBaTH KuTbKicTh KimitTuH CD4+,
iICYMOBYIOTh €IIEKTPOIHI TiKceli B cTaHi « BBIMKHEHOY.
Ieit 3aranpHUN iAXiA IO KUIbKICHOTO BHSIBJICHHS KJIITHH
BUKOPHCTAHO A MOAENIOBAHHSA IMyHOCEHCOPHOI CHCTe-
MW, sIKa TPYHTYEThCS Ha SBUII (UIyopecleHIii, B JaHii
po6OTI.

Buznauennss tepminy K®CC, naBemene B [11],
nepeadavyae UIs CCHCOPHOI CHCTEMH «OLTBIT BHCOKHIA
CTYMiHb TIO€THAHHS, PO3IO/IIICHHS! CHCTEMH, MOKJIUBICTh
BUKOPHCTOBYBaTH BOyJOBaHI CHCTEMH B  0OOJacTi
aBTOMATHU3aLil Ta JOTPUMAHHS JiF0YMX CTaHAapTiB». Take
TPaKTyBaHHA  BHKOPDUCTaHO 1  jiIst  1oOynoBH
¢yskmionansHOi cxemun K®ICC, ii mMaTtemaTtwdHOro Ta
KOMITFOTEPHOT'O MOJICTIFOBAaHHSI.

K®CC BimHOCATBCS MO0 BUCOKOIHTEICKTYATi30BAaHIX
iHpOopMaIiiHUX cucTeM. BOHM BUKOPUCTOBYIOTH JTOCTYI-
HUil HaOip iHTepdeiiciB, sKi NalOTh 3MOTYy OTPUMYBATH
HIBUIKY Ta JOCTOBIpHY iH(oOpMalilo mpo craH Ta
BHYTPIIIHI IaHl CUCTEMH, SIKi TOBUHHI OyTH AOCTYIHI JUIst
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iHmux K®C. 3rigno [11] KOCC, sk camoopranizyroua
cucremMa, mNOTpedye BCEOIYHMX 3HAaHb IPO  BIACHY
JUHAMIYHY CTPYKTYpPY Ta 1H(QPacTpyKTypy 3arajibHoi
cucteMd. /[ 1bOTO BH3HAYAIOTh THIM CEHCOPHHUX
MIPUCTPOIB, BPaXxoOBYIOUM X (YHKI[IOHAJIbHE 3aCTOCYBaH-
Hs. J{ns npukinagy, iMyHOCEHCOPH MOXKYTb BUKOPHCTOBY-
BaTUCS IS OLIHKA KPUTHYHUX CTaHIB IIPU CEPLEBO-
CYIMHHHX 3aXBOPIOBAaHHSX, BEJMYMHHU IHCYIIHY HpH
BUMIPIOBaHHI BEJIMYMHU TIOKO3W B KPOBIi, BHSBICHHS
KUIbKICHUX MOKa3HUKIB Yy AESKHX (papMalleBTHYMX CIIO-
JyKax 1 iH.

s po3poOkM Ta MOCTIIKCHHS MaTeMaTH4YHOI Ta
komit rorepHoi Mozgeni KOPICC 3 BuKopHCTaHHSIM pemliT-
yacTuX JUQEpeHIiaTbHUX PIBHSIHD 13 3ami3HCHHAM Ha
reKcaroHalbHiM pelniTii HeoOXiJHO BUPIMINTH HACTYIHI
3aBIaHHS:

— po3pobka ¢ynkiionansHoi cxemu KPICC;

— po3po0Kka MaTeMaTHYHOI MOAENI HENepepBHOI -
Hamikn K®ICC Ha OCHOBI BXiZHHX MapaMeTpiB MOJENi

l}ay’ “fanasua 6f9t;

— po3poOKa MaTeMaTUYHOI MOJENI AMCKPETHOI JHMHA-
Miunoi sioriku K®ICC Ha OCHOBI BXiIHHX IapamerpiB
kn(), ©¢;

— BH3HAYEHHs IIOCTIMHUX CTaHIB U JOCIIDKEHHS
criiikocti mogeni KOICC Ha rekcaroHanbHIA PeIiTIIi;

— moOyoBa 3a JOTIOMOTOI0 KOMIT IOTEPHOTO MOZEIIO-
BaHHs B makeTi R KOICC 300paxenHs (pa30BUX IUIOMINH,
pelniTyacTux ~ 300pakeHb ~ WMOBIPHOCTEH  3B’SI3KiB
AHTHICHIB 3 aHTHUTLIAMH, PEIITY4acCTUX 300paKCHb
(hITyOpECIEHITIIOI0YHX MIKCENIB, CICKTPUIHOTO CUTHAITY 3
MepeTBOpIOBaYa,  SKHHA  XapakTepusye  KUIbKICTh
(hITyOpECIEHITIIOI0YHX MIKCETIB.

00’extom nocaimxenns € KOICC, mo npexacrasne-
Ha TPUBUMIPHAM MacHBOM IMYHOIIIKCEJiB.

IIpenveroM JocCTHiIKeHHS € MareMaTH4Ha Ta
komn ' orepaa mozeni KOICC Ha rekcaroHabHIN pemriT-
i 3 BHUKOPHCTAHHIM PEIIiTYACTHX TU(EpeHIiaTbHIX
PIBHSHB i3 3aIi3HCHHSM.

Meta poGotu. Po3pobutu MarematuyHy Ta
koM’ torepry mojeni KOICC Ha oCHOBI TPUBHMIpPHOTO
MacHBY IMYHOIIIKCENIIB 3 BHKOPHCTaHHSM PEIiTYaCTHUX
nudepeHIianbHUX PIBHSHB 13 3alli3HEHHSIM Ha TeKcaroHa-
JbHIN PemiTii Ta TOCTIIUTH 11 CTIHKICTb.

2 IOCTAHOBKA 3ABJIAHHA

Hexait MH  Maemo HaOip IMyHOCEHCOPIB
ISB={sensof}, j=1,2,..,n. Koxen imynocencop Oy-
JIeMO PO3TILIIATH SIK CYKYITHICTh YHCIIOBUX MapaMeTpiB
sensof = {Bj, v ks j>Mj>0yj-0¢ > TjsKa j(1),Of j}.

Topni 3aaua SIKICHOTO aHaNi3y ONepaliifHol CTIHKOCTI
MYHOCEHCOpa TOJIArae y BHU3HAYCHHI HA0OpPYy BUXIJIHUX
300pakeHb Ta CHTHAIIIB QA ={PPR,,BI},FL,s;}, mo
XapaKTepu3ylTh JUHAMIUHI BJIACTHBOCTI IMyHOCEHCOpa
Sensof Ta OyayrTbCs HA OCHOBI BIAIIOBIHOI MaTemMaru-

YHOT MOJENI.
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3 MATEPIAJIM I METOAU

VY pobori [11] 3ampornoHOBaHO 3arajibHy CTPYKTYPY
K®CC. Ilpu 3actocyBaHHI LBOTO MiIXOLy y BHIAAKY
IMYHOCEHCOPIB MOKHA BHOKPEMHTH TPU BHIH 3aBJaHBb:
OTpHMaTH 3arajbHy iH(GOpPMAII0 PO IMyHOCEHCOp;
BUMIPSTH IMYHOJIOTIYHI TOKa3HUKH 3 TIEPETBOPECHHIM
ONMHUIG Ta KaliOpyBaHHSAM; B3AaEMOMIATH 3 IHIITUMH
IMyHOCEHCOpaMH.

B ocnoBi ¢ysknionansHoi cxemu KOICC (30BHIMHIN
NPSIMOKYTHUK Ha puc. 1) noknaaeHo kouuenuito KOCC 3
BpaxyBaHHIM ocobnuBoCTEH IHTEJIEKTYIbHIX
IMyHOCEHCOpIB. 3 JONAaTKOBUMH HaBHKaMHU (IIyHKTHpHA
JiHis Ha puc. 1) imyHoceHcop po3wmuproeTsest 10 KDICC.

Keicc
& inpopmatjia I
Hasuku
I.' ----------- ‘|
1 r ! .
»  =f(V, F, T '
3aBAaHHA ! K_f{‘)ﬁ) ]
I

«IHTENEKTYaNbHUIAY HOPMOBaHMIA CUrHaN
iMyHOCEHCop
s 2
( 06pobka curHany )
ImyHoCeHCOpHa cUrHan
o

Q-Iop'muuﬁiquman )

EnekTpu4Hmin
CUrHan

Bumipiosana bionoriuHa senuumna
Pucynok 1 — @ynknionansHa cxema KOICC

Jus  pocmimkenHs HenepepBHol aumHamiku KOICC
BHUKOPUCTOBYETHCSI MAaTeMaTHYHA MOJENb 33 JOIIOMOIOI0
HENHIMHUX pemrTyacTux IudepeHIiaIbHuX piBHSIHD 13
3aIli3HEHHSIM.

PosrnsnaeTbcss MaremMaTMyHa MOJENb IMyHOCEHCOpa
Ha OCHOBI TeKCaroHambHOI pemnitTku. [Ipu mpomy s

(i’j3k), i,j,k:_N,N,

i + j+k=0 BuxopucTOByeThCS KyOiuHa cHCTEMa KOOp-

HyMepamii IMyHOITiKCeTiB

nuHat [12].

MaremariuyHa MoOJIelb IMyHOCEHCOpa Ha OCHOBI
TeKCaroHaNbHOI PELIITKA Ma€ BUIJIAJ PeIliT4acToi cuc-
TeMU TudepeHIiaTbHUX PIBHSAHB 13 3aMi3HCHHAM
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dvi jk(®
—g - B-7F,jxt-1)-
A
=3,V jk =1V ji )+ S{Vi,j,k}a (1)
dR k()
$=(—uf MV (- -

=3¢ R jkOF jkO)F jk®.
sKa 3aJaHa 04aTKOBUMHM QyHKLisAMU (2):
Vi ik ® =1k >0,
R,jk®O= Fl?j,k(t) >0, te[-t1,0), 2)
M, jk(0),  Fj(0)>0.

Ta HAOOPOM BXiTHUX mapameTpiB f, v, pus, M, O,, O¢,

T.
Mozenp BUKOPUCTOBYE NPOCTOPOBHH OTEpaTop, SIKMH
3anpornioHoBanuit B [13] (momarkoBa indopmaris c. 10)

N
S i,j,k} BUIJISIY (IUB. puC. 2):

)
DA Vg1, j k=1 +Vis1, j-1k +

A }_ Vi ik FVic ke 3)
i, k)=
+Visg jik Vi jeik-1 — 6NV k]
i, ,ke—=N+1L,N-1, i+j+k=0.
I[.HH MAaTCMAaTUYHOT' O MOACIIIFOBAHHS ,HI/IHaMiLIHO.I.

sorikn KOICC BHKOPHCTOBYETHCS CHHTAKCHC, SKHHA 3a-
nponoHoBannii A. Ilnatunepom mmns 3aramsHoi KOC [4] v
Bursaal moBu nporpamyBanus I'TI. ¥V Bumaaky K®ICC
nepimid pisedb Tl € OUHAMIYHOIO MPOrpamoro, sKa
BU3HAYAETHCS HACTYIHOIO IPaMaTHKOIO

dV et
a:= djitk() = (B—Yﬁ,j,k(t—‘r):
=0V, j k=D k(D) + S{V.Jk} @)
df jx®

e (ps+mV k-1 =8¢ F jkM)F kO &Dy.

VY ¢dopmymni (4) @, € eBonmrOUiiHUM TOMEHHHM O0OMe-

JKSHHSIM y BUTJISII (pOPMYITH JIOTIKH MEPIIOTO MOPSAKY

def .
@t Eler‘l S\/i’Lk(n)SVmaX,
AR SE (M SF™ AL k==N,NAt>0, (5)
i+j+k=0.

B pesynbTati 3B’s13yBaHHs aHTHICHIB 3 aHTUTiTAMH B
IMyHOIIKCET  BimOyBaeThcs  sABUIIEC  (IIyOPECUCHIIIT.
OyukuionyBanHs imyHomikcens (i, j,K) Bu3HaYaeThCs

JBOMa CTaHaMu. A caMe, Sy € cTaHOM (uIyopecLeHIil Ta
Shonfl € OBHHUM 13 HE(DIyOPECHEHIIEHTHUX CTaHiB.
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Mikceas
(5 -1, k+1)

Iikcean
(-1, £41)

Pucynok 2 — ['ekcaronanbHa perriTka, sika 1oB’s3ye€ IicTh
CYCIZIHIX MIKCEJiB B MOJIEINI iIMyHOIIKCENS 3 BUKOPUCTAHHIM
KyOigHnX KoopauHaT: [lo3HadeHHS:

D D
1,3,5,8,9,11 - (Fvi,j,k(t)j 32— (Fviﬂ,j,k—l (t)j;

D
4- (EVHL -1k (t)j ;

D D
6— (Fvi,jl,kﬂ (t)]; 7- (Fvil,j,kﬂ (t)]; 10—

D D
(Fvil,jﬂ,k (t)j§ 12 - (Fvi,jﬂ,kl (t)]

[HTeHCcHBHICTH (uyopecieHIil nponopiiiiHa KiIbKoc-
Ti KOHTAKTIB MIK aHTHUI€HaMH Ta aHTUTIIaMH, TOOTO
KaVi,jx (OF j« (@) . Tlpunyckaerses, wo mikeens (i, j,K)

3HAXOJUTHCS y CTaHi QIIyopecleHIlii, Ko

kaVi,jk(OF,jk®) 204,

ge ®4>0 € gedKMM TOPOTrOBUM  3HA4YEHHAM

3B’sI3yBaHHs, NPH SIKOMY BimOyBaeThcs sBHIE (iyopec-
TCHIIIT.

BukopucTaBuiM B CHHTAKCHCI JIOTIKM IMEPIIOTO T0-
PSIKY CHIBBITHOIIEHHS 3a/I0BOJICHHS 51 =L nmns hopmy-
T JIOTIiKM TEepINoro mopsaky L Ta crany S, MOXHa BH-
JUIE  KOHKPETHHX @, j,K);

i, ,k==N,N, i+ j+k=0 cramm S| i Syonf|, K

3HAYUTH MmiKCcenB

Sft|: kgVi jk(MF jk(M=207, ©
Snonﬂ| =kg Vi, jk(MF jk(M<Og.

JluckperHi 3MiHM BiZOYBalOThCS B KOMIT IOTEPHUX
nporpaMax, KOJM BOHM MPUHAMAIOTh HOBI 3HAUCHHS IS
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3MiHHHX. Taka cuTyallist BiiOyBaeThCs y BUMAJKY BUHHK-

HeHHs sBUma Quyopecuenuii B mikcermi (i, j,K),
, Lbk==N,N, i+j+k=0. V¥V crani d¢ayopecuenuii
3MIHHIH St j | IPHCBOROETHCS 3HadeHHs 1. Ile Bene no

JIICKPETHOI, CTPUOKOIOIOHOT 3MiHH, OCKITBKU 3HAUCHHS
Sf1,i, j,k 3MIHFOETBCSI MUTTEBO.

Ilpu nmocmimkeHi CTIHKOCTI MaTEeMAaTHYHOI MOJENi
IMyHOCEHCOpa Ha T€KCarOHAIBHIM PpeIriTii po3paxoBy-
FOTBhCSI TIOCTIMHI CTaHW: CTIMKHI cTaH 0e3 aHTHUTIN, CTii-
Kuii cTad 0e3 aHTUICHIB Ta aHTHUTLI, 1JCHTUYHUN Ta He-
IIEHTHYHUN €HJIEMIYHI CTIMKI CTaHH.

Y 3aranpHOMY BUTIAZKY

Sllk_(vljk7ljkl Jk——NN

cucrtemu (1) MOXHA 3HaWTH SK PO3B’S30K anredpaigyHol
CHCTEMH:

CTaH  piBHOBaru

i+j+k=0 ms

* * * A *
B=7F,jk —8M,jk Vi jik +S{Vi,1,k}: 0,

(—ps +myVy k=9 F jkF,jk =0.

Posrnsparoun (Vi,j,k,Fi’j,k), i, j,k==N,N,
i+ j+k=0, MaeMo Taki BUIIATKH.

Crifikuii  cran 0e3  aHTUrEHIB Ta  AHTHUTII
e =e""=(00), i, ,k=-N,N, i+j+k=0.

Crilikuii ctan 0e3 aHTHUTIN si*’(j)kza*’oz 6—,0 X

L

,Lbk==N,N, i+ j+k=0.

JIs iIeHTHYIHOTO €HAEMIYHOTO CTIHKOTO CTaHy PO3T-

JISTHEMO BHITAJIOK, KOJIH Vi jk =V >0,
K=CNN, isjek=0,  (8Vk)=0) Tom
OTPUMAEMO CTIMKNI CTaH, npu AKOMY
Si,j,k ESiI{CHT — i}:[eHT’ Fi}:[eHT ,
e POFHYHE e —HS,+MYP
(¢ V = 2—, F = 2— .
Yy~ +08,9¢ Ny~ +08,9¢
To6ro, skmo —pid,+nyB>0, 1o " €
€HJIEMIYHUM CTAHOM.
Jnst  oOYHMCIIEHHS  HEIAEHTHYHOTO  €HAEMIYHOTO

CTAIliOHAPHOTO CTaHy Yy 3araJlbHOMY BHUIAIKy MOTPiOHO
po3B’sizaTu  anreOpaiuny cucremy (7) Ta 3HAWTH
eHaeMiuyHni CTidkui crad. OcraHHId BHJ IOCTIHHOTO
CTaHy HA3WBATHMEMO HCIJICHTHYHWM MOCTIHHHM CTaHOM

Hel}leHT HelHeHT HeiﬂeHT H — H H
€ —(\/I FIJk ), i, J,k==N,N, i+ j+k=0.
. HemeHT HemeHT .
Y Bumaaky, skwo Bei (Vi LFji )>0, Toxmi
g"M ¢ enmemiunmm cranoM. 3mavenms VY Ta
F Y MoskyTh OyTH BMKOPHCTaHi SIK MOYATKOBI HabIIM-
JKEHHA JUI1  4YHCEIGHHX  METOMIB  PO3B’SI3yBaHHA

HeniHiltHO anredpaigHoi cuctemu (7).
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3 MeToro komm'toTepHoro moaentoBanHss KOICC Bu-
KOPUCTAaHO MOBY MporpaMyBaHHs R Ta cepemoBuine pos-
pobku R Studio. Ile moB’s3aH0 3 TUM, IO, HE3BAKAIOUU
Ha BEJHMKE PI3HOMAHITTS MOB MPOrpaMyBaHHsI, SIKi BUKO-
pucroByrotbcsi pu po3podii KOC (Assembly, C, C++,
D, Java, JavaScript, Python, Ada ta in. [14]) moBa R mm-
POKO BHUKOPHCTOBYEThCS B JaHUIl 4ac y 0araTthbOxX raiy-
351X, IO 3aliMAIOTHCS MAITUHHAM HABYaHHAM 1 3 94UM Oy-
IyTh TIOB’s3aHI TOHANBIN JOCHiMKEHHA. Bizyamizaris
JIAHUX B KOMII'IOTEPHOMY MOJENIOBaHHI 3/iliCHeHa 3a
JIOTIOMOTOI0 TTakeTy ggplot.

4 EKCIEPUMEHTH
YucenpHi €KCIIEPUMEHTH HAa OCHOBI KOMIT IOTEPHOTO
MO/IEJIFOBAHHS TIPOBOIUIIUCS 13 BpaxyBaHHSM I[iJIOTO Ha-
TypaimbHOoro uucia N, sKke XapakTepuszye KUIbKICTh
MIKCeNIB B TeKcaroHajbHii peunirii. Po3risiHeMo mMoensb

()-3) mpn N=4, p=2xs"', y=2—"1_
XB - MKF
we =lxe", n=%, ESD=0,5—MJI ,
Y XB* MKT
¢ =05—" n=09, D=02, A=03.
XB - MKF

Komm’rorepHe MojenmoBaHHsl Oylio peanizoBaHO JUIs
PI3HUX 3HAYEHB T.

5 PE3YJIbTATHU
[IpoananizoBaHo TpuBany noeainky mopeni (1)—(3)
mpu t=0,05, t1=0,25, 1=0,287 3 Habopom 3HAYCHD
mapaMeTpiB, sKi mpeacTasieHi Bume (puc. 3—5). Crmocre-
piraemMo SIKiCHI 3MiHU MOBEIIHKH IMyHOIIIKCEIiB Ta MOJe-
11 KOICC B winomy.

6 OBTOBOPEHHSI

Amnanizytoun (a3oBi Jiarpamy NOMYJIALIH aHTHI€HIB
IIOZI0 aHTUTLI (pHC. 3a) MOXHA 3pOOHMTH BHCHOBOK, IO
npu T = 0,05 po3B’sa30k cuctemu (1) mparHe 10 HeineH-
TUYHOTO CHJIEMIYHOI'O CTaHy, SIKMU B JIAHOMY BHIAJKY €
cTifikuM  okycoM. Taki 3aIeKHOCTI CITOCTEPIraroThCs
JUIsl BCIX IMyHOIIIKceniB Kidep-(hi3uuHoi Mojeni iMyHoce-
HCOPHOI CHCTEMH Ha T'eKCaroHAJbHIH PElIiTIli 3 BUKOPUC-
TaHHSAM pelITYacTHX AU(EepeHIiaJbHUX PIBHSIHb 13 3arli-
3HeHHsM 1ipH T € [0, 0.25) (puc. 3a).

Amnanizyroun ($a3oBi JiarpamMM NOMYJISALiN aHTHTCHIB
moa0 aHTUTLI (puc. 30) MOXKHA 3pOOUTH BHCHOBOK, IO
npu 1 =0,25 BuHKKae Oipypkauis Xonda i BCi momanbIi
TPa€eKTOpPIi BIAMOBINAIOTH CTIMKHUM TPAaHUYHUM I[HKJIAM
Juist Beix mikceniB (puc. 3B). [l TeopeTndHOro o0rpyH-
TyBaHHsI BUHUKHEHHs Oiypkanii Xorda HeoOXiqHO 00-
YHCIUTH BiJMOBIJIHY Mapy YHCTO YSBHHX PO3B’SI3KiB Xa-
PaKTEpUCTUYHOTO PIBHSHHSA JIiHeapnu30BaHoi cucremu (1).
PesynbraT 4ncenbHOTO0 MOZEITIOBAHHS y3TO/DKEHI 3 TEO-
PETHYHUMH pe3yNbTaTAMH Ha OCHOBI TEOPEMH MPO
Oidypkamiro Xonda [15]. ITpu 11boMy po3B’SI30K CHCTEMHU
(1) mparHe 10 CTIMKOTO TPAaHUYHOTO IHKIY 3 JIBOMA JIO-
KaJIbHUMHU eKCTpeMyMaMi (OJIMH JIOKATbHUA MaKCUMyM i
OJTUH JIOKQJIbHUI MIHIMYM) B LIUKJII.
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PucyHok 3 — Pe3ysbraTu 4MCeNIbHOrO MOAEIIIOBAHHS
cucremu (1) npu npu

a-1=0.05,6-1=025,8- 1=0.287.

300pakeHHs (pa30BHX IUIONIMH B KOOPAHHATAX (VI ks F . j,k) ISt

nikeens (0,0,0) iiioro mecru cycianix mikcenis. [To3Hauenus: £1—

[MOYaTKOBUIi CTaH, O — iI/ICHTUYHHI CTAJIMi CTaH, ® — HelICHTHYHUI

cTanuit cTan
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Pucynok 4 — Pemrituacti 300paxeHHSI IMOBIPHOCTI 3B’ SI3KiB
AQHTHUTCHIB 3 aHTUTIJIAMU B TiKcessix cuctemu (1)

mpua— 1=0,05,6-1t=0,25,8- 1=0,287
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(mpra— t1=0,05,6- t=025,5— t=0,287
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Pucynok 6 — Enexpuunuii curnain 3 mepeTBoproBaya, SKuit
XapakTepH3ye KibKicTh (IIyopeciifoounX MmiKceiB

mpua— 1=0,05,6-1t=0,25,8- 1=0,287

Jami s KOMIT'FOTEPHOTO MOJETIOBaHHS — KiOep-
¢izuuHOi Mozeni iMyHoceHcopa Oyio BHKOPHUCTAaHO
peurityacti rpadiku. Cnepmry moOymoBaHO BiAIOBIIHI
rpadiky, Ha SKUX IS KOXKHOTO MIKCeNsl MPeIcTaBIeHO
WMOBIPHICTP KOHTAKTy AaHTUTCHIB 3 AaHTUTUIAMH, SK
Viik*Fjxk mpu 1=005, =025, 1©=0,287,

Npe/ICTaBJIeH] Ha puc. 4a—B.

Ha ppyromy erami KOMIT'IOTEPHOTO MOJIEITIOBAHHS
K®ICC OTPUMAaHO peuriTyacti rpadiku
(hiIyopeciitoroUuX MiKCeNTiB Ha OCHOBI BUKOHAHHS YMOBH
(6), 51Kl HaBeneHi Ha puC. 5a—B.

B  sKocTi mpHKIamy — 3aBepUIABHOTO  €Taly
xomn’orepHoro MmozemoBanHd K®ICC orpumaHo Bu-
TJS  CNEKTPHYHOTO CHTHALY IIePeTBOPIOBavYa, SIKHA

© Mapuentok B. I1., Cseperiok A. C., 2019
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XapakTepusye 4YHCI0 (IIyOpECIilOIOUUX —ITKCENB B
3aJISKHOCTI B Pi3HOTO 3HAYCHHS 3alli3HEHHS B Yaci T
(puc. 6a—B). s uncensHOoro MonaemoBanass KOICC 6y-
JIO BUKOPUCTAHO MOPOTOBE 3HAUEHHs JUIS (IIyopecleHIii
®q=15.

Ha puc. 6a HaBeaeHO pe3ynbTaT YUCEIBHOIO MOAEIIO-
BaHHs cucremu (1) mpm t=0.05, sgxuii BignoBigae
criikomy  ¢okycy. Ilpm 1=0.25, r=0.287
criocrepiraeTbesi ObKyda XBWIS (DIyOpHCHEHIIIIOIOUMX
TTKCeJIiB, sIKa MpeJcTaBlieHa Ha puc. 6 0,B.

Sk ToKazamM  pe3yJibTaTH  YHCENBHOTO — aHali3y,
(hyopecmirorodi CTaHW B IMYHOIKCENSX 3MIHIOIOTHCS
BIINIOBITHO /O  3aKOHIB  IWCKPETHOI  JHWHAMIKH.
AHani3youn oTpUMaHi pe3yabTaTH, 3p00JIeHO BUCHOBOK,
110 TIPY 3MiHi 3HAYEeHHS 7 SKICHO 3MIHIOETHCS MOBEAIHKA
nikceniB Ta KOICC.

BHUCHOBKHA

B po6oti po3pobnero matematnany moznens KOICC
Ha  TEKCarOHAIBHIM  pEellTIi 3  BUKOPUCTAHHSIM
pewrityacTux auQepeHIiiaIbHUX PIBHIHB 13 3aIi3HEHHSM,
JIOCHI/pKeHO 11 CTilKicTh. [Ipu 1bOMY BpaxoByBa€eThCs
HasBHICTL KOJOHIM aHTWUIEHIB Ta aHTUTUI, IO
JIOKaJTi30BaHI y MIKCENsX, a TaKokK IUQY3il0 KOJIOHIN
aHTUTEHIB MiX mikcensimMu. Matemarnunuii onuc KOICC
MICTUTh HENEpepBHY NOMYJMLINHY JAWHAMIKY, SKY
MOETHAHO 3 JMHAMIYHOIO JIOTIKOIO, 1o
BUKOPUCTOBYETHCS AJIsSI AUCKPETHUX TOIH.

KoMm’roTepHe MOJETIOBAaHHS JO3BOJISIE OTPUMATH
BINOBiTHI Bi3yaibHiI MPEICTABICHHS 3MiHHUX, IIO Xa-
paktepusyioth ¢yHkiionyBanHsi KOICC. Tak, BUCHOBOK
PO CTIHKICTh IMYHOCEHCOPIB MOXKe OyTH 3pOOJEHO Ha

OCHOBI  peIlITYacToro 300pa)KeHHS  MIKCeNiB, IO
(IryopecuitooTh. Enexrprunnii CHUTrHaJ, o
MO/JIEITIOETHCS KIJIBKICTIO IMyHOTIIKCEIB, K1

(iryopecuitooTh, € BaXJIMBUM TpH rpoektyBanHI KOICC
Ta JOCHI/DKEHHI iX crifikocti. Crilikuit ¢oxyc abo rpa-
HUYHUA [UKJI ~ BU3HAYAIOTH  BIJMOBIIHWHA  BHIJIAJ
IMYHOCEHCOPHOTO  €NIeKTPUYHOro curHamy. OTtpumaHi
eKCIIepHMEHTAJIbHI Pe3yJbTaTH Ialo0Th 3MOI'Yy BHKOHATH
MOBHAN aHANi3 CTIMKOCTI MOJeNi IMMyHOCEHCOpa 3 Bpa-
XyBaHHSM 3aITi3HEHHS B Yaci.

3anuInarThcs BIAKPUTUMH NUTAHHSA LIOAO BUKODPH-
CTaHHS CTOXaCTUYHUX JAU(EpeHIliaIbHAX pIBHSHb B
sxocti MarematnyHux Mojeneir KOICC, mio nnanyerbes
JIOCITITUTH B HACTYITHHUX HAIINX pOOOTax.

HOAsAKHN

B naniit crarTi HaBeleHI pe3yNbTaTH BHKOHAHHS iHi-
iaTUBHOI MDKKadenpanbHOI HayKOBO-IOCTITHOT poboTH
«Kibep-pizmuHe MOmENOBaHHS B MEOHMKO-010IOTIYHUX
nmocmimxenasax» JBH3 «TepHominbcbkuil  AepikaBHUIH
Mennuanid yHiBepcuteT iM. I. 5. T'opGadueBchroro» Ta
JIOKTOpPCBbKOT nucepraiii JoneHta kadeapu MeandHOT
inpopmaruku Cepctioka AHzpis CTenaHoBYa Ha TEMYy:
«Komm’roTepHe MoJeNoBaHHsI B KiOep-(hi3uuHUX 10CITi-
JOKCHHSX MEIUKO-010JIOTIYHHUX TPOIIECIiB HA OCHOBI KOM-
MapTMEHTHUX JUHAMIYHUX CUCTEM PENIiTYaCTOrO TUITYY.
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KOMIIbIOTEPHOE MOJIEJIMPOBAHUE KUBEP-GU3UYECKONH KMYHOCEHCOPHOI CUCTEMbI HA
TEKCAT'OHAJIBHOM PEIHIETKE C UCIIOJIb3OBAHUEM PEHIETYACTBIX JIU®®EPEHIMAJIBHBIX
YPABHEHHU C 3AIA3/IIBAHUEM
Mapueniok B. II. — n-p TexH. Hayk, npodeccop Kadeapsl HHPOpPMATHKH M aBTOMATHKH, YHHBepcuTera B benbcko-bsuioi,
r. benbcko-bsna, ITonbiia.
CaepcTiok A. C. — KaHJI. TEXH. HayK, TOLUEHT Kadeapbl MeOUIIMHCKOI HH(pOpMaTHKH, TepHOMOIBCKOrO roCyAapCTBEHHOTO Me-

JUuuHCKoro yHusepcutera umenu U. 5. T'opbGaueBckoro, Ykpauna.

AHHOTAIUA

AKTya/IbHOCTb. BakHBIM 3TanioM MpoeKTHpOBaHHs KHOep-(QU3MIECKNX MMYHOCCHCOPHHX CHCTEM SIBIISICTCSI pa3pabdoTKa U HC-
CJIeI0OBaHME MX MaTEMaTHYECKUX M KOMITBIOTEPHBIX MOJEJeH, IIPH MMOCTPOCHNE KOTOPBIX MCHOJIB30BAIUCE OMOJIOTNYECKUX MPEATIO-
JIOXKEHMSX JUIS TIOJTyYEeHHs] COOTBETCTBYIOIMINX cHUCTeM MU (GepeHINAIBHEIX YPaBHEHHUH HOMYJIIIMOHHOW qUHAMUKH. MareMaTrndec-
KOE MOJICIUPOBAHHUE MTO3BOJIMIIO OBI ITOJYYHUTh 3HAUCHUSI TApaMeTPOB, KOTOPbIE ObI 00ECIIEUMIN ONIEPALIMOHHYI0 YCTOWINBOCTh UMY~
HOCEHCOPHHX CHCTEM.

Heas. Lensio paboTe sBiIseTCA pa3paboTKa MaTeMaTHYeCKOW M KOMITBIOTEPHO Moaenu Kubep-hu3ndeckoii IMyHOCEHCOPHOH
CHCTEMBI C HCIOJIb30BaHUEM pELIeTYATHIX AU(depeHIHANbHBIX YPAaBHEHHH C 3ala3/IbIBAHMEM Ha FeKCaroHaIbHOM PEIIeTKe U ncclie-
JIOBaHUS €€ YCTOWYUBOCTH.

Metoa. B pabote pa3paboraHa MaTeMaTHUeCKast 1 KOMIOBIOTEPHAS MOJETH KuOep-QU3NUECKON HMMMYHOCCHCOPHOMW CHCTEMBI Ha
reKcaroHaJbHOH pemnrerke. [t MogeIMpoBaHys HEIPEpHIBHOM AMHAMIKH HCIOJIB30BAaHA CHCTEMA PEIIeTIAThIX JU((epeHIHAIBHBIX
ypaBHEHUH ¢ 3ana3zpiBaHueM. [l MOJEIMPOBAHUS JUCKPETHBIX COOBITHI HCIIOIb30BaHO THHAMUYECKOE JIOTUKY IIEpPBOTO MOPSAKA.
OrnucaHbl MTOCTOSIHHBIE COCTOSHHSI MOJENH, KaK PEIICHHs] COOTBETCTBYIOIIMX alre0panveckux CHCTeM. BriBox 00 ycToHYMBOCTH
JiefiaeTcsl Ha OCHOBE aHallM3a COOTBETCTBYIOIIMX (DAa30BBIX JHArpaMM, PEIIeTYaThIX N300paKEHUH M CUTHAJIOB, MOJTYYCHHBIX C COOT-
BETCTBYIOILEH KOMIIBIOTEPHON MOJEIN.

Pe3zyabTatsl. IIpencraBiaeH aHanu3 pe3yabTaToOB YUCIEHHOTO MOJAEIMPOBAHHS HCCIELyeMOH MOJEIH B BHUIE H300pakeHus ¢a-
30BBIX IUIOCKOCTEH, peNIeTIaThIX H300pakeHN BEPOSITHOCTH CBSI3€H aHTHTCHOB C AaHTUTENIAMHU U SJIEKPHIECKHH CHTHAN ¢ Ipeobpa-
30BaTeNs, XapaKTePU3YIOIIH KOMNIECTBO (hIIyOpPECIUpPYIOMINX ITHKCETICH.

BeiBoanl. IlpoBeneHo MaTeMaTHyeckoe M KOMIBIOTEPHOE MOAEIUPOBAHME KHOEP-(GH3MYECKOH MMMYHOCEHCOPHOH CHCTEMEL.
YCTaHOBIIEHO, YTO ¢ Ka4eCTBCHHOE ITOBEACHHE CYIIECTBEHHO 3aBHCHUT OT BPEMEHH MMMYHHOTO OoTBeTa. BriBon 06 ycroiumBoCTH
HMMMYHOCEHCOpPAa MOXET OBIThb CHEJIAHO Ha OCHOBE DPEILIETYaTOr0 M300paXKEHHUs MUKCENeH, 4TO (IIyOopecuupyoT. DIeKTPUYECKUH
CHUTHAJI, MOJIETIUPYETCSI KOJIMYECTBOM HMMYHOIIHKCEIEl, KOTOpbIe (IyopecuupyIoT, sIBISETCS BaYKHBIM IIPH IPOSKTUPOBAHUH KHOep-
(H3MYIECKUX UMYHOCCHCOPHHX CHCTEM M HCCIIEAOBAaHUAX UX yCTOHUMBOCTH. [IpenenbHbIi UK WK YCTOHYMBBINA (OKYC OIpeens-
10T COOTBETCTBYIOLIHI BUJ UMyHOCEHCOPHOTO 3IEKTPHUUECKOro curHana. IlomydeHHble 3KCIIepuMeHTaNbHbIE PE3yIbTaThl O3BOIMIN
BBITIOJTHUTS TTOJHBIN aHATH3 YCTOMYMBOCTH MOJIEIIH MIMMYHOCEHCOpA € yUeTOM OTO3/aHUS BO BPEMEHH.
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COMPUTER MODELING OF CYBER-PHYSICAL IMMUNOSENSOR SYSTEM IN A HEXAGONAL LATTICE
USING LATTICE DIFFERENTIAL EQUATIONS WITH DELAY
Martsenyuk V. P. — Dr. Sc., Professor of Computer Science and Automation, University of Bielsko-Biala, m. Bielsko-Biala,
Poland.
Sverstiuk A. S. — PhD, Associate Professor of Medical Informatics Department, Ternopil State Medical University named after
1. Ya. Gorbachevsky, Ukraine.

ABSTRACT

Context. An important stage in the design of cyber-physical immunosensory systems is the development and research of their
mathematical and computer models, the construction of which would be based on biological assumptions to obtain appropriate
systems of differential equations of population dynamics. Mathematical modeling would allow to obtain the value of parameters that
would ensure the operational stability of immunosensory systems.

Objective. The aim of the work is to develop a mathematical and computer model of the cyber-physical immunosensory system
using lattice-delayed differential equations on a hexagonal lattice and study its stability.

Method. The mathematical and computer models of the cyber-physical immunosensory system on the hexagonal lattice are de-
veloped. For the simulation of continuous dynamics, the system of lattice differential equations with delay was used. Dynamic logic
of the first order is used to simulate discrete events. The permanent states of the model as solutions of the corresponding algebraic
systems are described. The conclusion on stability is based on the analysis of the corresponding phase diagrams, lattice images and
signals obtained from the corresponding computer model.

Results. The analysis of the results of numerical simulation of the investigated model in the form of an image of phase planes,
lattice images of the probability of antibody bonds and an electron signal from the converter, which characterizes the number of fluo-
rescing pixels, is presented.

Conclusions. Mathematical and computer modeling of the cyber-physical immunosensory system was performed. It is estab-
lished that its qualitative behavior significantly depends on the time of the immune response. The conclusion on the stability of im-
munosensors can be made on the basis of the grid image of the pixels that are fluorescing. An electrical signal, modeled by the num-
ber of fluorescent immunopips, is important in the design of cyber-physiological immunosensory systems and studies of their resil-
ience. Limit cycle or steady focus determine the appropriate form of immunosensory electrical signal. The experimental results ob-
tained have made it possible to perform a complete analysis of the stability of the immunosensor model, taking into account the delay
in time.

KEYWORDS: computer simulation; mathematical modeling; cyber-physical system; immunosensory system; biosensor;
immunosensor; differential equations with delay; lattice differential equations; stability of the model; hexagonal lattice.
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ABSTRACT

Context. The problem of identifying the manifestation of the human factor in the context of utility in maritime transport during
emergency situations is considered. The aim of the study is to increase safety in maritime transport by identifying positive and
negative human factors, as well as analyzing the behavioral reactions affecting the vessel’s passage parameters.

Objective. The aim of the work is to determine the approaches and the construction of software tools to identify periods of
manifestation of the human factor of the navigators during abnormal situations.

Method. The study identified the types of manifestations of the human factor in the form of intuitive (illogical) behavior of the
navigator. The dependence of intuitive behavior, as a reaction, on exceeding the detection threshold of perception of service
information, is given. It was determined that the distribution of information load among members of the navigation watch will
significantly reduce the detection threshold of the navigator at the time of making management decisions.

It was established that the detection step is to determine the balance of information effects on the navigator and his individual polar
reactions. The cycle of updating the navigator model is determined by analyzing his individual behavior model of previous
intellectual activity. A formal description of the space of alternatives and reactions of the navigator in the form of polar groups at the
moment of vessel management is proposed. Software has been developed that allows the analysis of the vessel’s passage trajectory
for collision detection and the identification of periods of occurrence of the detection threshold of the navigator.

Analysis of the trajectories made it possible to conclude that before the collision the navigator was in active/passive polar states of
action, which directly proportional to the speed of the vessel, which confirms the main hypothesis of the study. As a mathematical
tool for solving the problem of classifying individual reactions of the navigator, the factor analysis and a training sample are
offered — more than nine typical situations, which make it possible to adequately determine polar reactions according to the principle
of utility.

Results. In order to confirm the adequacy of the proposed formal-logical approaches, an experiment was conducted using the
Trainer Professional 5000 navigation simulator (NTPRO 5000). The results of the experiment, as well as the developed software,
made it possible to identify the time periods of the negative human factor manifestation of the navigator caused by the information
overload and to determine its individual stimulus factors. At the same time, the moment of occurrence of an extraordinary situation
was determined by analyzing the passage trajectory of the vessel by means of processing log files by passing the Bosporus strait
location.

In addition, an algorithm was developed for the formation of the navigator’s model and its updating on the basis of individual
periods of the negative manifestation of the human factor. The features of the occurrence of informational imbalance between
members of the navigation watch in the event of an emergency situation and features of its identification during the passage of the
vessel are considered. The obtained results will allow at a qualitatively new level to approach the analysis of the problem of the
influence of human factor on the adequate managerial decisions of the navigator.

Conclusions. The proposed formal approaches and the developed software will allow identifying the transition from the
controlled adequate state of the navigator to the uncontrolled state with intuitive reactions. The scientific novelty consists in the fact
that the developed algorithm of forming a navigator model in a discrete time, which allows to identify its polar reactions during
extraordinary situations. The practical significance lies in the fact that the results of the experiment allowed identifying the time
periods of the manifestation of the negative human factor of the navigator, caused by the information overload and identifying its
individual factors-incentives. Prospects for further research may be the development of software in the form of an expert system
defining deviations from a given course during the sea passage, as well as inadequate reactions in the performance of classical
maneuvers in case of divergence of ships in constrained areas.

KEYWORDS: human factor, navigator model, detection threshold, emergency situations

ABBREVIATIONS i is the individual index of the navigator;
NTPRO 5000 navigation simulator ‘“Navi-Trainer | is the navigation watch;
Professional 50007; n is a members of watch;
DSS decision support system; ©®; is a binary relations, are interpreted, as the
DT detection threshold;

) , strengths and weaknesses of the i-th navigator;
IS information system. . . ;
R, is the positive orthant of the Euclidean space;

NOMENCLATURE [ is the number of factors;
X; is a some sets of alternatives for the interaction of B is the set of admissible distributions;
DSS with a navigator; Q is a fixed set of factors;
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t (x) is a bipolar utility function representing;
Q; is a preference of the i-th navigator;

u; is a utility function;

y; is a a certain threshold DT;

0 is a not random parameter of the classification
criterion;

U is a monotonic function in time for both classes;

p is the distances between the elements;

IR' is the linear normalized spaces of real numbers;
Zp is the registration point of the response;

P is a certain probability;

Gy, G, is a two regions for dividing the entire space;
Cis a losses in the classification;

N is the sample size;

Vis the residual component;

M is a correction factor;

T*is a signal of the system;

{F } is a space with a certain probability P.

INTRODUCTION

Practice shows that the readiness status of navigator to

make management decisions is described by two
interdependent areas — some allowable distribution of
influencing factors and warning signals of the DSS. It also
takes into account the usefulness of the navigator when
making decisions in certain situations. The warning
signals of the information system of decision support are
formed in such a way as to level the threats posed by
relatively most influenced factors of navigators.
This article investigate human factor, namely the moment
of transition from the conscious condition of the navigator
to the intuitive state, individual factors affecting this
process, as well as the analysis of the human factor of the
navigator for the usefulness of its actions.

The object of the study is the process of identifying
manifestations of the human factor in marine transport.

The subject of the study is a model and information
system for reducing the time of identification of the
negative impact of the human factor in the management
of the vessel.

The purpose of the study is to determine the
approaches and construction of software tools, to identify
the periods of manifestation of the human factor of
navigators during extraordinary situations.

1 PROBLEM STATEMENT

It is known that the moment of transition to an
intuitive state depends on the intensity of incoming
information factors and their nature, after that an DT
occurs. This DT leads to the navigator moving to
intuitive, unconscious actions. The task of the DSS to not
disturb the balance of distribution of the information
between members of the navigation watch, using tools
both for tracking incoming signals and forecasting
possible emergency situations (Fig. 1).
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Figure 1 — The balance of information effects on the
navigator

The external environment maximizes the utility of
members of the navigation watch. If, in a certain
condition, the captain and/or members of the navigation
watch are meet with DT, the usefulness of actions can be
increased by IS due to the redistribution of information
factors.

The functions of DSS are summarized as there is no
complete conviction about how the situation will develop
in the near-threshold area of transition to the intuitive
state, therefore this approach method requires a repeatedly
experiment.

This will make it possible to clarify the individual
causal relationships which lead navigators into the danger
zone.

Therefore, it is necessary to solve a number of the
following tasks:

1. To determine the dependence of intuitive behavior,
as a reaction, on exceeding the detection threshold of
perception of official information. Develop an algorithm
for the formation of the navigator model, which will allow
determining the time of occurrence of reactions leading
the navigators in the danger zone.

2. To determine in analytical form an individual set of
parameters of the navigator x =(x;)e X and his critical

information load x; = (xl,...,xl) in the form of factors /

for the purpose of distribution among members of the
navigation watch [= {1,2,...,;1} when an emergency

situation occurs.
3. Identify the moment of imbalance xe€ B on the

basis of comparing the preferences of the navigator ©,
and the resulting bipolar utility function #;(x), which will

allow to determine the non-random distributions
x=(x;)e B that allow to classify the situation.

4. To determine the cycle of updating the navigator’s
model i€/ by analyzing his individual behavior model

in the form of thresholds {y i} and reactions X; C Ri .
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5. Develop software that allows analyzing the vessel’s
passage trajectory for collision detection and identifying
the time range of occurrence of the navigator’s detection
threshold.

6. To conduct an experiment, as well as processing of
data from log files on the executive route planning and
passage of the Bosporus strait location using the NTPRO
5000 navigation simulator, in order to classify different
behaviors of the navigator.

7. Determine the formal approaches to classifying
polar individual reactions of the navigator according to
the principle of utility.

Thus, the implementation of the proposed tasks will
allow build an information system for identifying the
detection threshold of the navigator, which will
significantly reduce the negative effects of the human
factor on maritime transport.

2 LITERATURE REVIEW

Many well-known sources cite various studies related
to the negative manifestation of the human factor in
maritime transport [1, 2, 15].

However, many approaches give recommendations
that do not allow to accurately identify the moment of the
navigator’s transition to a stressful state, from logically
justified actions to difficult-to-control [9—11]. At the same
time, the relationship between the large information flow
and the navigator’s fatigue leading to catastrophic
situations [4, 7] is clearly defined.

In the course of investigations into many accidents,
the authors note that there are a large number of causes of
the negative manifestation of the human factor that are
difficult to prevent [3, 5, 8, 12].

However, with the advent of navigation information
systems, such as Transas ECDIS, it becomes possible to
track the negative behavioral patterns of the navigator at
an early stage. The use of formal approaches [6, 13], as
well as object-oriented programming, will allow a
scientific search to be brought closer in a given direction.

3 MATERIALS AND METHODS

To determine the algorithm for finding the most
successful reactions, it is expediently to apply a
modernized cycle of forming a user model in the process
of dialogue interaction (Fig. 2).

The peculiarity of the model formation is that initially
it is necessary to set the basic information about the
navigator in a formal-logical view, where the most
preferable of the possible models for representing
knowledge’s in terms of artificial intelligence [3]. This
information allows forming the knowledge’s about
complex, nature and intensity of factors affecting each
separate navigator to DT. In addition, it is important to
track the polarity of intuitive behavior in each of the
individual cases in order to predict and prevent possible
catastrophes due to the human factor.

Imagine this situation in formal form.

Let X; be some sets of alternatives for the interaction
of DSS with a navigator, i is the individual index of the
navigator who is part of the navigation watch

DOI 10.15588/1607-3274-2019-2-15
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1= {1,2,...,n} consisting of » members. On each set of X,
DSS identified binary relations ®; are interpreted, as the
strengths and weaknesses of the i-th navigator, according
to which the DSS compares different alternatives from X;.
If, X;c Ri where R! is the positive orthant of the

Euclidean space of dimension /, if / is the number of
factors, then x; € X; is the vector consisting of the set

X; = (xl,...,xl) of information flows that the i-th
navigator receives.
The set of vectors x =(x;)e X, where X = [1x;: is
iel
the product of the sets X; is called the distribution in group
1. In this case, the set of admissible distributions will be
described with the help of some set B < X . Then, let

[
Y <0 (1)

i=1

B=<xeX

the set of all redistributions, the total stock of which does
not exceed a certain fixed set of factors Q e R’

Suppose that when an imbalance x € B is detected,
the i-th navigator meet with some DT, which can be
expressed by a real number 7;(x). It can be assumed that

each i-th navigator has a preference Q; on the set of
admissible states B, which allows the DSS to compare
different states x’, x € B from the point of view of its
individual information perception, and ¢, (x) is a bipolar
utility function representing Q;. Thus, there is a utility
function u;(x;) for the preference ®; to determine on X;.

Consider situation when, based on the analysis of the
model of an individual navigator i € I , the DSS measure
the differentiation of the utility of a certain distribution
x=(x,)e B using an individual measure of DT, such that:

t(x)= Zmax[u,-(xj)—u,- (x; ),01 ()

Jjel

The task of the DSS to determine for each navigator
iel a certain threshold DT vy;,0<y; <1. The set of

thresholds DT, {y [} =1y is interpreted as a set of priorities

that are assigned to DSS [14].

Thus, the sequence of actions of the DSS is closed
into a loop with each iteration of which the navigator’s
model is updated and, as a consequence, the change in the
threshold of its DT (Fig. 3).

From the above it is clear that the intellectual analysis
of the incoming information to the navigator, who makes
management decisions at the time of keeping the
navigation watch, is possible if to monitor data from all
onboard instruments and sensors in real time.

Under the conditions of training practice, it becomes
possible to process such data according to a number of
criteria that are generated on the server of the NTPRO
5000 (Fig. 4).
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Figure 3 — The cycle of updating the navigator model, taking into account the DT

The task of the DSS to find the threshold of the DT as
a period of intellectual behavior of the navigator and the
detection of dangerous actions (inactions) leading to
disastrous consequences.

In order to convert the server data into a free,
relational database management system MySQL, the
software and the Microsoft Excel format were developed
using the following algorithm (Fig. 5). This software also
allows analysis of vessel collision detection in the process
of simulator training.

The data analysis after conversion is aimed at
detecting both — collisions and the classification of polar
reactions caused by the intuitive forms of the human
factor demonstration in maritime transport.

The task is complicated by the fact that the
classification criterion is established and not available for
direct measurement by the random parameter 6 of the
influence function on the studied situation.
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In connection with the indicated complexity, an
algorithm is proposed for solving this problem on the
basis of a priori data on classes of features that are not
available for direct measurement (indirect evidence).

Considering that the solution of the classification
problem involves the application of a mathematical model
of the studied erratic system, it is required to evaluate the
truth of the conclusion obtained on the basis of
experimental data.

One of the typical tasks of classification is to
determine the affiliation of the intuitive behavior of the
navigator in conditions to one of the polar groups. Thus,
the group with the “+” sign is responsible for overactive,
spontaneous reactions and the group with the “—” sign, for
the absence of reactions due to the sharp inhibition of the
nervous system. The polar groups of the navigator arise as
reactions to the stressful situation caused by the
information overload during the execution of complex
maneuvers.
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Figure 4 — Data from the NTPRO 5000 server with sampling

accuracy — 1 sec
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Figure 5 — Algorithm for converting and analyzing server data

4 EXPERIMENTS

In the course of the experiment and automated data
processing of log files for passage planning and passing
the Bosporus Strait location on the NTPRO 5000
simulator, the following graphs were found indicating
various behavioral patterns of the navigator (Fig. 6-8a—c).

So using the approaches of automated expert
assessment based on the analysis of the trajectory of the
vessel’s speed, we can conclude that the situation most
often manifests itself when the navigator noticed an
obstacle, but did not cope with control (Fig. 6a) or did not
notice an obstacle at all (Fig. 7a). The smooth passage of
the location characterizes the graph presented in Fig. 8a.
The developed software also records the collision in time,
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latitude and longitude, allowing collecting statistics of the
most dangerous areas during the passage of the location
(Fig. 6-8 b—c).
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Figure 8 — No vessel’s collision:
a — navigator smooths passage of the location; b — smooth vessel
speed chart; ¢ — non collision identification database

Let’s describe each case:

At trial exercise Fig. 6 all looks that navigator feels
uncertain but with not much influence of stress and
situation almost always looks under control.

Long time navigator proceeds with very slow speed
around 1.5 knots (0-554 sec). After that rapidly and often
change speed till 810 sec.
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From 810 sec till 2345 sec and from 2524 sec till 2882
sec vessel passage mostly stable (except between 2345—
2524 sec where vessel speed down twice — from 13.0
knots till 6.5 knots). From 2882 sec navigator met
circumstances which brought to extremely speed
reduction till 5.722 knots and finally to collision at 3179
sec. After vessel collision the trial passage has been
continue but behavior and actions of navigator was very
uncertain till the end of exercise. As we can see the
navigator detect obstruct in time but did not react properly
at this dangerous situation.

At trial exercise Fig. 7 we can see that navigator show
himself as certain and much bolded due to all time wish
proceed with high vessel speed 17.0-18.0 knots (which is
much over maximum acceptable at Bosporus passage)
and very often speed and courses alteration. Such kind of
high speed brought till often major speed reductions as
final till vessel collisions at 589 sec (speed 13.56 knots)
and at 727 sec (speed 14.531 knots). After collisions the
trial passage continues again with same navigator
behavior. In this particular case navigator even did not
determine risk of collision due to vessel high speed and
bolded behavior. When analyzing the trajectory presented
in Fig. 7, it can be concluded that the navigator (bridge
team) was unsure of their actions, and as a result, the
speed and courses of the vessel changed, indicating an
increased stress situation on the bridge.

At trial exercise Fig. 8 navigator show himself as
certain considering the average passage speed was around
16.0 knts which is over maximum acceptable at Bosporus
Strait. However all the time trial passage was stable and
looks stress free with some speed deviation due to vessel
courses alteration.

5 RESULTS

Into comparing all trial exercises need to say that best
results shown when certain behavior of navigator has
background as good knowledge’s and experience which
can be achieved by using of DSS also. The lowest speed
did not guaranty safe passage but gives more time to
determine obstruct and take final and right decision but
not bring vessel into safe navigation due to it is group of
different factors to avoid and prevent collision.

When solving the problem of classification, temporary
indicators of the activity of the navigator at the
workplace, the direction of sight and movement along the
bridge in situations requiring certain behavioral patterns
can serve as an immeasurable classification feature 0 .

In the general case, it can be stated that the behavior
of the navigator during a stressful situation is described
by a random sequence O(I), which makes it possible to
apply the discriminant analysis method. Consequently,
there is a one-dimensional probability distribution
density f(0), where 6 the non-random function and does
not depend on ¢.

In order to solve the problem, it is necessary to
determine the value of the classification sign and compare
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them with the values corresponding to the standards of the
studied polar classes.

This article defines the values of the information load
on the navigator and, the result of which changes in
response to information factors (arousal or inhibition).
The construction of a mathematical model is based on the
formal connection of the function 8 and the information
load u. Next, it is necessary to solve the model
classification problem using the data of a computational
experiment. It should be noted that as an input function of
the studied system will be considered a stationary random
sequence O(t), with the U (O,T ) — corresponding function

of the system response to the impact.
To solve the model classification problem, we will
consider 0 and U as elements of the metric spaces {X }

and {F}, accordingly, with the distances between the
pix)(01.62), piri(ULU:), 01,
0, € {X},U;,U, e{F}. The spaces {X} and {F} are
linear normalized spaces IR' of real numbers i.e.
P{F}(U1»U2)="U2 —U1|| =
U, —U1|=P{X}(91a92)= 62 64

At the same time, the condition of the correctness of
the task of distinguishing values 6 by the known values
of U corresponding to them is identical to the condition of

the correctness of the task of finding a “solution” 6 from
the known “initial data” U:

elements

0=FU (3)

if the conditions are met that the range of values of the
set {6} will always lie on one side of the registration point
Zp of the response, and the time of registration of the
signal T* is selected on the interval, where U is a
monotonic function in time for both classes. Then the
following conditions must be met: the mapping
o} > {U}, where {0} {x}, {U}c{F}; {8} — domain
of definition, a limited set on the numerical line IR".

At this stage, the problem of classification is solved in
space {F } with a certain probability P. The choice of a

classification rule is reduced to choosing a method for
dividing the entire space of possible values of U into two
regions G, and G,. But there are losses in the
classification, and they are equal to C (1/2) and C (2/1).
These losses can be large and not satisfy the researcher.
To increase the likelihood of correct classification,
apply the method factor analysis. A prerequisite for the
application of this method is the fact that U, U,,..., Uy,
where N is the sample size, are elements of the same
population. The mathematical expectation as a numerical
characteristic of this distribution, which does not vary
with time, is a common factor for a sample of U, U,,...,
Ux. Then any value of U can be represented as
U=MU +V , where V is the residual component,

MU, jUpl (U)aU for class 1,
Gy
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[p1(W)av =1,
e

MU, J-Upz (U)dU for class 2,
G,

[paU)aU =1,

G,
where p,(U)=G(U), p,(U)=Gr2,(U), G=(aU/d0)'? is the
Jacobian transformation for the probability density at the
transition {0} t0 {U}.
If MU, #MU,, then, having determined the values

of common factors for both classes, it is possible with
P = 100% to talk about which class the observed factors
U, U,,..., Uy belong to. Thus, as a result of the
application of factor analysis, we solve the problem of
classification by a sign MU in space {F } with

probability P =100% for N — 0.
Thus, if in the space {X } the classification problem is

solved with probability P, then the problem of
classification in space {F} is solved with the same

probability P. True and inverse statement.

Based on this corollary, it can be argued that the
classification problem can be solved on the basis of MU
and in the space {X }with the same probability P = 100%

for N —> oo . Turning to the mathematical expectation as a
more informative classification feature, we minimize the
losses in the classification: C (1/2) = C (2/1) = 0. But in
practice we get an empirical average. The point estimate
of the mathematics expectation value for large N(N >10)

N
will be calculated by the formula: (U) = %ZU |-
i=1

Thus, the proposed formal classification mechanism
by the most significant classification parameter is
adequate and supported by experimental data. An
important step in the preliminary modeling is the accurate
diagnosis of the stimulus factors “including” one of the
two polar reactions of navigator’s at the time of a stressful
situation.

6 DISCUSSION

Experimental data give reason to believe that there is a
division into two polar classes of behavior of navigators.
That confirms the feasibility of the study and the
developed software application.

Analysis of the execution of the route planning and
the direct passage by many navigation watch crews
among the cadet staff by means of the NTPRO 5000
training center at the KSMA showed that the behaviors
model of the navigators differ depending on their
individual perception of input information.

Experience shows that the skills and behavioral
patterns developed during training practice are inherited
during real passages in unfamiliar locations. The
developed approaches, classification mechanisms and
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software have been introduced into the work of the
KSMA training center in order to develop optimal
behavioral models of navigators during emergency
situations, which will prevent the negative manifestations
of the human factor in real conditions.

The basic principles and research were discussed at
the 10th International scientific and practical conference
Modern Information and Innovation Technologies in
Transport MINTT-2018 [16].

The introduction of software will allow quickly and
efficiently process large amounts of data and highlight the
classification signs of the negative manifestation of the
human factor, both among cadets and experienced
seafarers during traineeships and advanced training in
accordance with the standards of IMO and STCW 78/85.
In the future, further research is planned to develop
software, in the form of an expert system that determines
deviations from a given course during the passage, as well
as inadequate reactions when performing classical
maneuvers when vessels diverge in constrained areas.

CONCLUSIONS

The results of the experiment using the NTPRO 5000,
as well as the developed software, allow identifying the
time periods of manifestation of the negative human
factor of the navigator. The identification is based on the
definition of information overload and as a result of
imbalance. For the unification of the identification
process, an algorithm was developed for forming the
navigator model and updating it.

The solved task, which consists in the construction of
a model and software for identifying periods of
occurrence of the detection threshold of a navigator
during extraordinary situations and allows to significantly
increase safety in marine transport.

The scientific novelty consists in the fact that the
developed algorithm of forming a navigator model in a
discrete time, which allows to identify its polar reactions
during extraordinary situations. The algorithm takes into
account the recursive updating of the model and differs
from the existing by taking into account the detection
threshold of the navigator.

The practical significance lies in the fact that the
results of the experiment, as well as the developed
software, allowed identifying the time periods of the
manifestation of the negative human factor of the
navigator, caused by the information overload and
identifying its individual factors-incentives. At the same
time, the moment of the occur of a emergence situation
was determined by analyzing the navigation trajectory of
the vessel by means of processing log-files of the server
on the passage of the location “Bosphorus”, “Dardanell”
and others.

Prospects for further research will be aimed at
building the classification of sets of navigator reactions at
the time of their performing maneuvers and operations
which leading to negative manifestations of the human
factor in conditions of information overload.

147



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

ACKNOWLEDGEMENTS Traffic — Traffico, Karadeniz Technical University, 2015,

The work is carried out within the framework of 27(2), pp. 113-123. DOI: 10.7307 / ptt.v27i2.1461.
“Creation of high-accuracy intellectual systems for & Carotenuto A. Angiola M. F., Ivana M., Sibilio F.,
military-oriented and commercial ship’s navigation” Saturnino A., Traini E., & Amenta F. The Psychological

. . T . General Well-Being Index (PGWBI) for assessing stress of
(state registration number 0117U002176), of navigation seafarers on board merchant ships, International Maritime

and ECDIS d.epa.rtments of Khe.rsorll State .Maritime Health, 2013,  64(4), pp.  215-220. DOI:
Academy Navigation Faculty (scientific adviser: PhD 10.5603/IMH.2013.0007.
Associate Professor, Deputy Rector for scientific and 9. Yang C., Gao J, Du J., Wang H. Y., Jiang I. X, &
pedagogical work, Head of the Navigation and Electronic Wang Z. G. Understanding the outcome in the chinese
Navigation Systems Department, Kherson State Maritime changjiang disaster in 2015: a retrospective study, Journal
Academy, Ukraine, Ben A. P.). of emergency medicine, 2017, 2(52), pp. 197-204. DOI:
10.1016/ j.jemermed. 2016.08.013.
REFERENCES 10. Zhang L., Lu J., & Ai Y. Analyzing human error in maritime

transportation in China based on game theory, Journal of
Wuhan University of Technology (Transportation Science and
Engineering), 2014, 38(6), pp. 1282-1290. DOI:
10.3963/j.issn.2095-3844. 2014. 06.022.

11. Berg H. P. Human Factors and Safety Culture in Maritime
Safety, The International Journal on Marine Navigation and
Safety of Sea Transportation, 2013, 7(3), pp. 343-352. DOLI:
10.12716/1001.07.03.04.

12. Guidance notes on safety culture and leading indicators of
safety. American Bureau of Shipping (ABS), Houston, 2012,
74 p.

13. Corovi¢ B. Research of Marine Accidents through the Prism
of Human Factors, Promet Traffic & Transportation, 2013,
Vol. 25, No. 4, pp. 369-377. DOI: 10.7307/ ptt.v25i4.1210.

14. Jech T. Set theory. Berlin, Heidelberg, New York,
Barcelona, Budapest, Hong Kong, London, Milan, Paris,
Santa Clara, Singapore, Tokyo, Springer, 1997. DOI:
10.1007/3-540-44761-X. (in English).

15. Hyun C. L., & Poong H. S. A computational model for
evaluating the effects of attention, memory, and mental
models on situation assessment of nuclear power plant
operators, Reliability Engineering & System Safety, 2009,
Vol. 94, Issue 11, pp. 1796-1805. DOI: 10.1016/
j-ress.2009.05.012.

16. Nosov P. S., Ben A. P., & Safonov M. S. Model
construction of individual scenarios for the elimination of
the human factor, Suchasni infonmaciyni ta innovaciyni
tehnologii na transposti, MINTT-2018: Materialy X
Miznarodnoi naukovo-praktichnoyi konferencii, 29—31 May
2018, pp. 224-225 (in Ukrainian).

1. Ben’ A. P. Lyuds’kiy faktor v avtomatizovanikh sistemakh
upravlinnya sudnom ta shlyakhi znizhennya yogo vplivu.
Naukoviy  visnik  Khersonskoy — derzhavnoy  morskoy
akademii, 2012, 2(7). pp. 26-30 (in Ukrainian).

2. Kosenko Y. I., Roslyakova S. V., & Nosov P. S. Sistema
identifikatsii funktsional’noi entropii sub’ekta kritichnoi
infrastrukturi. Zbirnik nauchnykh trudov po materialam
mizhnarodnoi naukovoi praktichnoi konferencii
«Sovremennye napravleniya teoreticheskikh i prikladnykh
issledovaniyy, Tekhnicheskie nauki, 2013, 8, pp. 50-54 (in
Ukrainian).

3. XiY.T,YangZ. L., Fang Q. G., Chen W.J., & WangJ. A
new hybrid approach to human error probability
quantification-applications in maritime operations, Ocean
Engineering, 2017, Vol. 138, pp- 45-54.
doi:10.1016/j.oceaneng.2017.04.018.

4. Arslan O., & Er I. D. Effects of Fatigue on Navigation
Officers and SWOT Analyze for Reducing Fatigue Related
Human Errors on Board TransNav, The International
Journal on Marine Navigation and Safety of Sea
Transportation, 2007, Vol. 1, No. 3, pp. 345-349.

5. Dixena D., Chakraborty B., & Debnath N. Application of
Case-Based Reasoning for Ship turning Emergency to
prevent Collision, 9th IEEE International Conference on
Industrial Informatics INDIN, 2011.

6. Jech T. Set theory. Berlin, Heidelberg, New York,
Barcelona, Budapest, Hong Kong, London, Milan, Paris,
Santa Clara, Singapore, Tokyo, Springer, 1997. DOI:
10.1007/3-540-44761-X.

7. deerplr U., & Giineroglu A. St'rqteglc approach model for Received 16.10.2018.
investigating the cause of maritime accidents, Promet — Accepted 27.12.2018.

YK 004.942:316.454.54
HIIXOIU O BUSHAYEHHS ITEPIO/IIB ITPOSABY JIOJCHKOI0 ®AKTOPA CYJTHOBOIIB ITIJI YAC
MO3AIMTATHUX CATYAIIII

Hocos II. C. — xaHz. TeXH. HayK, JOLEHT, JOLEHT Kadeapu CyJHOBOIIHHS Ta eICKTPOHHHUX HABIralliiHUX CHCTEM XEpCOHChKa
Jep)kaBHA MOPChKa akajaeMisi, YKpaiHa.

bens A. Il. — xaHxa. TexH. HayK, IOLEHT, 3aCTYNHHK pEKTOpa 3 HAyKOBO-TlEAaroriyHoi po0otu, 3aBimyBad Kadeapu
CyIHOBOIIHHS Ta €JIEKTPOHHUX HaBIramifHUX cUCTEM, XEPCOHChKA Jep>kaBHA MOPChKa akaieMis, YKpaiHa.

CadonoBa A. ®. — kaH]. TeXH. HayK, JOLEHT, XEPCOHCHKUI MOTITEXHIYHUH KOJEIK, YKpaiHa.

Manamapuyk I. B. — kanitan ganexoro ruiaBaHHs, acipaHT, XepCOHChKa Jep)KaBHA MOPChKa akajgeMis, YkpaiHa.

AHOTAIIA

AxTyanbHicTb. Po3risaerbes npobnema inentudikauii nposiBiB JIIOACHKOro (pakTopy y KOHTEKCTI KOPUCHOCTI Ha MOPCHKOMY
TPAHCIOPTI MiJ Yac MO3aIITaTHUX CHUTyaliil. MeTor MOCTiPKeHHs € MiABUINCHHs Oe3lekn Ha MOPCHKOMY TPaHCIOPTI 3acobamu
igeHTH(]iKaLii MO3UTHBHOTO 1 HETATHBHOTO JIOACHKOTO (DaKTOpa, a TaKoX aHadi3y IOBEIIHKOBHX pEakliii HI0 BIUIMBAIOTH HA
apaMeTpH Mepexoy CyaHa.

MeTta. MeToro po0OOTH € BU3HAUCHHS ITiIXO/IB 1 HOOYJOBH MPOrpaMHHX 3ac00iB, IS ineHTH(IKALI] TepioiB IPOSBY JIFOACHKOTO
(haxTopa CyAHOBOZIIB IiJ] Yac MO3aIITaTHUX CUTYamiil.

Metoa. B pamkax nocinijpkeHHs BU3HA4Y€HI BHIM NPOSIBY JIIOACHKOTO (akTopa y (opMi iHTYITHBHOI (HENOTiYHOI) MOBEMIHKH
cyaHoBogis. HaBouThCs 3a1€XKHICTh IHTYITUBHOI MOBEIHKH, SIK Peakiii, 10 3aJIe)KUTh Bijl MepeBHIIEHHs iHpopMaIiifHOro mopory
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CHPUHHATTS CIy»k00B0i iH(popManii. BusnadeHo, mo po3monin iHpopManiiiHOro HaBaHTAXKEHHS MiX WIEHAMH BaXTOBOI CITy>KOH
ICTOTHO 3HU3UTH IH(OpPMAIIHHUN IOPIr CYAHOBOIIS B MOMEHT IPHHHATTS YIPaBIiHCHKHX pillleHb. BcTaHOBIEHO, IO eTanom
izeHTudikanii € BU3HAUeHHs OajaHCy iH(QOPMAIIMHMX BIUIMBIB HAa CyIHOBOAIS 1 HOro IiHAMBIAyalnbHUX HOJSIPHHX pPEaKIii.
Bu3Ha4yeHO LUK MOHOBJICHHS MOJEINi CYIHOBOJIS 3a JOMOMOIOI aHai3y WOro iHIMBiAyaabHOI MOJEII MOBEIIHKH HOMEPeAHbOT
IHTEJIeKTyaIbHOI AISUIBHOCTI. 3anmponoHoBaHo (GOpMalIbHUI OMUC MPOCTOPY AIBTEPHATHB 1 PEaKiliil CyTHOBO/IS Y BUIVISI TOJISIPHUX
rpynl B MOMEHT YIpPaBIiHHSA CyAZHOM. Po3pobieHo mporpaMHe 3a0e3MedeHHS, L0 J03BOJSE BHUKOHYBATH aHANI3 TPAEKTOPIi
YOpaBIiHHS CyTHOM Ha MpeIMET BHUSBICHHS 3iTKHEHb 1 iIeHTH()IKYyBaTH Nepioan BUHUKHEHHS 1H()OPMALIITHOTO TOPOTY CYJHOBOIS.
AHami3 TpaeKkTopii, MO3BOIMB 3pOOUTH BHCHOBOK, IO CYAHOBOJINA Iepen 3iTKHEHHSIM 3HAXOAWBCS B IOJIPHUX Ha IPEAMET
AKTHBHOCTI CTaHaX aKTHUBHUN / MACHBHHM, IO MPSIMO-IIPOIOPIIITHO BiJIOMBATIOCS Ha MIBHIKOCTI XOIy CyIHA, IO MiITBEPIKYE
OCHOBHY TillOT€3y JOCHiIKEeHHs. Y SKOCTI MaTeMaTHYHOI'O arapary Juis po3B’si3aHHs 3a1a4i kiacugikanii iHUBiTyaJbHUX peakii
CYIHOBOJIiSl 3alpOTNOHOBAaHO (hakTOpHMI aHaNi3 i HaBYanbHA BHOIpKAa — OUTBII HIXK JEB’STh THUIIOBHX CHUTYAIliid, IO JO3BOJISE
aJIeKBaTHO BH3HAYATH IMOJISAPHI peakiil 3a MPUHIUIIOM KOPUCHOCTI.

PesynabraTH. 3 MeETOIO MiATBEPKEHHS aJeKBATHOCTI 3alpOIOHOBAHHX (DOPMAaNbHO-JIOTIYHUX MiAXOMIB OyB NpOBEICHHI
EKCTIEPHMEHT 13 3aCTOCYBaHHSIM HaBiramiitHoro TpeHaxepa Trainer Professional 5000 (NTPRO 5000). Pe3ynbpraT ekcriepuMeHTy, a
TaKoX pPo3poliieHe mporpamMHe 3a0e3NeUeHHs TO3BONWIN iICHTH(IKYBATH TUMYACOBI HEPIOAHM MPOSBY HETATHBHOTO JIOJICHKOTO
(axTopa CyIHOBOZIS, BUKJIMKAHI iH(GOPMAIHHAM IEepeBaHTAXEHHAM 1 BH3HAUUTH HOro iHAWBiAyanbHi (akTopu-cTUMyH. Ilpu
1[bOMY, MOMCHT BHHHKHEHHS MO3alITATHOI CHUTYyalil BH3HAYaBCs LUISXOM aHAJi3y TPAEKTOpii yNpaBiHHS Cy[HOM 3aco0amu
06po0ku log-daiinie cepBepy Mo MpoxoHKEHHIO JoKallii «bocdopy.

Kpim Toro, 6yB po3poGiennii anroputm (GpopMyBaHHsS MOJENi CyAHOBOIIS 1 I HOHOBJICHHS Ha OCHOBI iHAMBIIyaJIbHUX IEPiOIiB
HEraTHBHOTO MPOSIBY JIIOACHKOTO (aktopa. Po3risiHyTo 0coOiMBOCTI BHHHKHEHHS iH(pOpMaLiifHOro aucOanaHcy MiX dWiIeHaMH
BaXTOBOI CITy)KOHM HPH BUHUKHEHHI MMO3aIITaTHOI CUTyalil i ocobmuBocTeii iforo inenTudikauii mix yac nepexony cynxa. HaBeneni
pe3yabTaTH JO3BOJATH Ha SIKICHO HOBOMY piBHI MiZIHTH A0 aHaii3y HpoOJIeMH BIUIMBY JIFOACBKOTO (akTopa Ha aJeKBaTHI
YIPaBIIiHCHKI PIICHHS CYyIHOBOIIS.

BucHoBkn. 3anpornoHoBaHi GpopMaIbHi MiIXOIH JT03BOJIITh INEHTU(IKYBATH IEepeXia Bl KOHTPOIBLOBAHOTO aJE€KBAaTHOTO CTaHy
CYJHOBOJIiSl 1O HEKOHTPOJILOBAHOTO CTaHy 3 IHTYITHBHUMHU peakiismu. HaykoBa HOBH3HA MOJISTa€e B TOMY, IO BIIEpIIe po3poOieHuit
aroput™M (hopMyBaHHSI MOJEN CYJHOBOIISL y JUCKPETHOMY 4aci, IO 103Boisie ineHTH(]iKyBaTH oro mossipHi peakiii mix gac
no3aluTaTHUX cutyauiid. [IpakTnyHa IHHICTH MoJsrae y pes3ysbTaTaX eKCIEePUMEHTY, IO JO3BOJMIM ieHTHU(]IKyBaTH YacoBi
MepioAn MposiBy HEraTHMBHOIO JIIOJCHKOro (akropa CyaHOBOfis. IlepcriekTvBaMu MOJANBIINX IOCHIIKEHb MOXe OyTH po3poOKa
MPOrpaMHOro 3abe3NedyeHHs y BUIVIAAl eKCHepTHOI CUCTeMH AJI BU3HAYEHHS BiIXWICHb BiJl 3a7aHOTO Kypcy HiJl 4ac Hepexomy, a
TaKOK HEaIeKBaTHUX Peakliil Mpu 341CHEHH] KIIACHYHUX MAaHEBPIB IPH PO301KHOCTI CyAiB B OOMEXEHUX pailoHax.

KJIFOYOBI CJIOBA: moacekuii pakTop, MOJIENb CyAHOBOIIS, iH(GOPMAaLiHAH OpIT, TO3aIUTaTHI CHTYAIIi.

YK 004.942:316.454.54
HOIXO0/bl K ONPEJAEJEHUIO IIEPHOIOB ITPOSABJIEHUS YEJIOBEYECKOI'O ®AKTOPA CYIOBOJIUTEJEMR
BO BPEMSA BHEIIITATHBIX CUTYAIIAI

Hocos II. C. — kaHA. TeXH. HayK, JIOLEHT, JOLEHT Ka(eapbl CyAOBOXACHUS U DIEKTPOHHBIX HABUTAI[MOHHBIX CHCTEM
XepcoHCKas TOCyJapCTBEHHAs MOPCKas akafieMus, Y KpauHa.

Bens A. Il. — KaHA. TEeXH. HayK, JOLEHT, 3aMECTUTEIb PEKTOpa MO HAYYHO-TIEAATOTHUECKON padoTe, 3aBedyIomuil Kadeapoi
CYJIOBOXKICHHS M SJIEKTPOHHBIX HABUTAIMOHHBIX CHCTEM, XEPCOHCKas TOCYAapCTBEHHAsI MOPCKasl aKaeMust, Y KpanHa.

Cadonona A. ®@. — kaHJ. TEXH. HAYK, JOLEHT, XCPCOHCKUI MOJIMTEXHUYECKUH KOIIEDK, YKpauHa.

IManamapuyk U. B. — xanuTan ganbHero miaBaHus, aCIUPaHT, XEPCOHCKas roCy1apCTBEHHAs MOPCKas aKkaleMus, Y KpauHa.

AHHOTALUA

AKTyansHOCTB. PaccMaTpuBaercs npo0iemMa MAeHTHHUKALNK TPOSBICHNS YElI0BeUecKoro (akropa B KOHTEKCTE I10JIE3HOCTH
Ha MOPCKOM TPAHCIIOPTE BO BPEMsI BHEIITATHBIX cUTyauni. L{enpio uccinenoBanus ABIsETCS MOBBINICHHE 0E30MaCHOCTH HAa MOPCKOM
TPAHCIIOPTE HOCPEACTBAM HACHTHU()UKALIMK MO3UTHBHOTO U HETaTHBHOT'O YEJIOBEYECKOro (akTopa, a TAKKe aHaIn3a MOBEICHYECKHX
peakuuii BIMAIOMNX Ha HapaMeTphI IIepexo/ia Cy Ha.

Hean. Llensio paboTH ABISIETCS ONpeJielIeHHe MOAX0A0B U IOCTPOEHHE NPOTPAaMMHBIX CPEACTB, IS HACHTU(GUKAIINH ITEPHOIOB
TIPOSIBIIEHHSI YeJIOBEUECKOro (hakTopa CyJOBOANTENEH BO BpeMsl BHEIITATHBIX CUTYAIHH.

Meton. B pamkax wnccienoBaHHs ONpEAENeHbl BHABI IPOSIBICHHS 4YeloBe4ecKoro akropa B (opMe HHTYUTHBHOTO
(HeJIOTMYHOT0) HOBEJCHUs CymoBoauTens. [IpUBOANTCS 3aBHCHMOCTh MHTYHTHBHOIO ITOBEACHHMS, KaK PEaKLIUH, OT NMPEBBIMICHHS
HH(OPMAIIMOHHOTO MOPOra BOCHPHATHS ClykeOHOoH nHpopmaiu. OnpeneneHo, 4To pacnpeneieHine HHGOPMALUOHHONW Harpy3Ku
MEX/y WICHaMH BaXTEHHOH CIIy)KObl CYIIECTBEHHO CHHM3UT WH(MOPMALMOHHBIH IOPOT CYAOBOJMTENS B MOMEHT HPHHSTHS
YIPaBICHYECKHX pCIICHHIl. YCTaHOBJICHO, YTO STAlOM HICHTH()HKALMH SBISETCS OIpeleieHHue OanaHca HHOOPMAIMOHHBIX
BO3/ICHCTBUIT HA Cy/IOBOMUTENS U €r0 WHIMBHIYaIbHBIX MOJSPHBIX peakiuit. OnpeneneH UK OOHOBICHHS MOJCIH CYJIOBOJUTEINS
MOCPEACTBOM aHAJIN3a €ro HHIUBHAYaJTbHOH MOJETM IIOBEJCHHUS MPEAIISCTBYIOICH WHTEIUICKTYyalbHOH JEeSTeIbHOCTH.
[pemnoxkeno GopmarbHOE ONMUCAHHWE MPOCTPAHCTBA ANGTEPHATUB U PEAKIMH CYIOBOAUTENS B BUJE HOJIIPHBIX TPYI B MOMEHT
yIpasieHus cyaHoM. PazpaboTano mporpamMMHoe oOecriedeHue, 03BOIAI0NIee BEIIOIHATD AHAIM3 TPACKTOPUH YIPABIICHUS CYAHOM
Ha IpeaMeT OOHApyXEHWs CTOJKHOBEHHH M HMICHTH(HIMPOBATH IEPUOABI BO3ZHMKHOBEHUS HH(GOPMAMOHHOIO IOpora
CYZOBOIMTENS. AHAIN3 TPACKTOPHIl, TO3BOJIMI CIIETIATh BBIBOJ, YTO CYJOBOJUTENb NIEPE] CTOJIKHOBEHUEM HAXOIMIICS B MOJISIPHBIX
Ha MpeIMET aKTHBHOCTH COCTOSHUSX aKTHBEH/IACCUBEH, YTO MPSMO-TIPONOPIMOHAIBHO OTPAXKAIOCh HA CKOPOCTH XOJa Cy/IHa, YTO
MOATBEP)KAACT OCHOBHYIO THIIOTE3y MCCIICIOBaHMA. B KauecTBe MaTeMaTH4YECKOro anmnapara Ijs pelieHus 3a1a4 KiacCuUKanum
WHIMBHUIYaIbHBIX PEaKLHi CyJIO0BOJUTENS TPEIokeH (HaKTOpHBINH aHanIn3 W o0yd4aromias BbIOOpKa — Gojiee 4eM JEBSATh THUIIOBBIX
CHUTYyaIHi, NO3BOJISIOAs aIeKBAaTHO OIPEENIATh HOISPHBIE PEAKIUH MO IIPUHIHUITY [OIE€3HOCTH.
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PesyabTarel. C menbio NMOATBEPKICHHS aJeKBATHOCTH IPEUIOKEHHBIX (POPMaNbHO-TOTHUECKUX IIOIXOJ0B OBUI IPOBEICH
9KCIIEPUMEHT C MPUMEHEHHEM HaBHIallMOHHOT0 TpeHaxepa Trainer Professional S000 (NTPRO 5000). Pe3ynbraTs! okcriepumenTa, a
TaKke pazpaboTaHHOE MPOrpaMMHOE oOecHeYeHHe MO3BOIIIN HACHTU(DUIMPOBATh BPEMEHHBIE IEPHO/IbI IPOSBICHNS] HETATHBHOTO
YeJIOBEYECKOro (hakTopa CyZOBOAUTEIIS, BbI3BAHHbIE HH(OPMALIMOHHBIM IIEPErPY30M U ONPEACIUTh €ro HHANBUIYalIbHbIC (haKTOPbI-
CTUMYJIBL. TIpH 3TOM, MOMEHT BO3HUKHOBEHHS BHEIUTATHOH CHTYal[M ONPEEIIICS MyTeM aHAIU3 TPACKTOPHHU YIIPABICHHS CyJHOM
nmocpeacTsaM oopaboTku log-GhaiiinoB mo mpoxoxaeHuo Jokammuu «bochopy.

Kpome Toro 6bu1 pa3paboran anroput™M HOpMHUPOBAHHS MOACIH CyIOBOAUTENS M e¢ OOHOBJICHHSI HA OCHOBE MHIMBHUIYaIbHBIX
NIEPHOJIOB HETATHBHOTO IIPOSIBIICHUS UEIOBEYECKOro (hakropa. PaccMOTpeHBI 0COOEHHOCTH BO3HHKHOBEHHSI HH(OPMAIIOHHOTO
nucOananca MeXTy WICHAMU BaXTEHHOH CITy>KOBI IPH BOSHUKHOBEHHWH BHEINTATHON CUTYalliM M OCOOCHHOCTEH ero HICHTH(HUKANN
BO BpeMs mepexona cyzaHa. [IpuBeneHHbIE pe3yibTaThl MO3BOJST HAa KAYeCTBEHHO HOBOM YPOBHE IIOJOWTH K aHAIM3y IPOOIeMbI
BIIMSIHUS YEJIOBEYECKOro (hakTopa Ha aJIeKBAaTHbIE YIIPABICHUECKUE PEIICHHS CyTOBOIUTENIS.

BoiBoasl. [Ipensoxennbie GpopManbHble MOAXOIbI MO3BOJIAT UICHTU(GUIMPOBATH NEPEXO] OT KOHTPOIMPYEMOTO aJeKBATHOIO
COCTOSIHUSI CYZOBOJUTEINS K HEKOHTPOIMPYEMOMY COCTOSIHHIO C MHTYUTHBHBIMU peakuusMu. HayuHas HOBH3HA 3aK/II04aeTCs B TOM,
YTO BIEPBBIC pa3paboTaH anropuT™M (GOPMHUPOBAHHS MOJEIM CYAOBOAUTENS B JUCKPETHOM BpPEMEHH, YTO II03BOJISCT
UICHTU(UIMPOBATh €0 MOJSAPHBIC PEaKIHd BO BpEeMs BHCIITATHBIX CHUTyarumil. IIpakTHdyeckas LEHHOCTb 3aKIOYaeTcs B
pe3ynbTaTax OKCIIEpUMEHTa, KOTphle IIO3BONWIM HACHTU(QHIMPOBATH BPEMEHHBIC IEPHOJBI IIPOSBICHUS HETaTUBHOTO
4eJIoBedecKoro (axropa cynoBoiuTens. [lepcriekTnBaMu manbHEHIINX HCCIIEIOBAaHHI MOXKET OBITh pa3paboTka HPOrPaMMHOTO
oOecrieueHHss B BUJIC DKCIEPTHOH CHCTEMbI OIpEIENAIoNeil OTKIOHEHHS OT 3aJaHHOrO Kypca BO BpeMs Hepexona, a TaKke
HeaJIeKBaTHBIX PEaKLUii IPH COBEPILICHUH KIACCHYECKUX MaHEBPOB MPH PACXOXKJCHUH CY/IOB B CTECHEHHBIX paloHaX.

KJUIFOYEBBIE CJIOBA: uenoBeueckuii hakTop, MOAENb CyI0OBOAUTENS, HHPOPMALHOHHBIIT TOPOT, BHEILITATHBIC CUTYaLIUH.

JITEPATYPA / JUTEPATYPA al.] // International Maritime Health. — 2013. — Vol. 64(4). —

1. benr A. II. Jliogcekuii ¢(aktop B aBTOMATH30BaHUX P. 215-220. DOI: 10.5603/IMH.2013.0007.

CHCTeMax YHpaBIIHHSI Cy[HOM Ta IUIIXu 3HIKeHHA Horo 9. Yang C. Understanding the outcome in the chinese
BBy / A. Il. benp // HaykoBuii BicHUK XepCOHCBHKOI changjiang disaster in 2015: a retrospective study /
JiepKaBHOT MOpChKoi akanemii. — 2012. — Ne 2 (7). — C. 26— [C. Yang, J.Gao, J. Du et al] / Journal of emergency
30. medicine. — 2017. — Ne 2 (52) — NY. : Elsevier science Inc,

2. Kocenko 0. I. Cucrema ineHtudikamii ¢yHKUiOHATIBHOT P. 197-204. DOI: 10.1016/j. jemermed.2016.08.013.
enrpomii  cy6’ekta  kputuuHoi  iH¢pactpyktypu /  10. Zhang L. Analyzing human error in maritime transportation
10. 1. Kocenko, C. B. PocasikoBa, II.C.Hocos // Co. in China based on game theory / L. Zhang, J. Lu, Y. Ai //
HayyHbIX TpynoB mo matep. MHIIK «CoBpemeHHBIC Journal of Wuhan University of Technology (Transportation
HaIpaBJICHUs TEOPETUUECKUX u IIPUKIIaJHBIX Science and Engineering). — 2014. — Volume 38, Issue 6. —
uccienoBanuit». — Texuumueckue Hayku. — Opecca Dalian : Dalian Maritime University. — P. 1282—-1290. DOI:
KVITPMEHKO. —2013. — Tom 8. — C. 50-54. 10.3963/].issn.2095-3844.2014.06.022.

3. A new hybrid approach to human error probability 11. Berg H. P. Human Factors and Safety Culture in Maritime
quantification—applications in maritime operations / Safety / H. P. Berg / The International Journal on Marine
[Y.T.Xi, Z. L. Yang, Q. G.Fang et al] // Ocean Navigation and Safety of Sea Transportation, Vol.7 ,
Engineering. — 2017. — Vol. 138. — P. 45-54. DOIL: Number 3 ,2013. Pp- 343-352.
10.1016/j.oceaneng.2017.04.018. DOI: 10.12716/1001.07.03.04.

4. Arslan O. Effects of Fatigue on Navigation Officers and  12. Guidance notes on safety culture and
SWOT Analyze for Reducing Fatigue Related Human leading indicators of safety. - [Effective from
Errors on Board TransNav / O. Arslan, L D.Er// 01.01.2012]. — Houston: American Bureau of Shipping
The International Journal on Marine Navigation and (ABS), 2012. - 74 p.

Safety of Sea Transportation. — 2007. — Vol. 1, Number 3.  13. Corovi¢ B. Research of Marine Accidents through the
September. — P. 345-349. Prism of Human Factors / B. Corovi¢, P.Djurovic //

5. Dixena D. Application of Case-Based Reasoning for Ship Promet Traffic & Transportation. — 2013. — Vol. 25,
turning Emergency to prevent Collision / D. Dixena, No. 4. - P. 369-377.

B. Chakraborty, N. Debnath // 9th IEEE International 14. Jech T. Set theory / T. Jech // Corr. ed. — Berlin; Heidelberg;
Conference on Industrial Informatics INDIN. — Lisbon: New York; Barcelona; Budapest; Hong Kong; London;
IEEE — 2011. ISSN: 1935-4576. Milan; Paris; Santa Clara; Singapore; Tokyo; Springer,

6. Jech T. Set theory / T. Jech // Corr. ed. — Berlin; Heidelberg; 1997. —P. 243. DOI: 10.1007/3-540-44761-X.

New York; Barcelona; Budapest; Hong Kong; London; 15. Hyun C.L. A computational model for evaluating the
Milan; Paris; Santa Clara; Singapore; Tokyo; Springer, effects of attention, memory, and mental models on situation
1997, P. 243. DOI: 10.1007/3-540-44761-X. assessment of nuclear power plant operators / C. L. Hyun,

7. Ozdemir U. Strategic approach model for investigating the H. S. Poong // Reliability Engineering & System Safety,
cause of maritime accidents / U. Ozdemir, A. Giineroglu // 2009. — Vol. 94, Issue 11. — P. 1796-1805. DOI:
Promet — Traffic — Traffico, 2015, Volume 27, Issue 2. — 10.1016/j.ress.2009.05.012.

Karadeniz ~ Technical ~University. — P. 113-123. 16. Nosov P. S. Model construction of individual scenarios for
DOI: 10.7307/ptt.v27i2.1461. the elimination of the human factor / P. S. Nosov, A. P. Ben,

8. Carotenuto, A. The Psychological General Well-Being M. S. Safonov // Cywacui inopmauiiiHi Ta iHHOBawilHI
Index (PGWBI) for assessing stress of seafarers on board TexHonorii Ha TpaHcmopTi, MINTT-2018: Marepiann X
merchant ships / [A. Carotenuto, M. F. Angiola, M. Ivana et MixHapoaHOT HAayKOBO-NPaKTHYHOI ~KoH(epeHii, 29—

31 tpaBHs. — XepcoH, 2018. — C. 224-225.

© Nosov P. S., Ben A. P., Safonova A. F., Palamarchuk I. V., 2019
DOI 10.15588/1607-3274-2019-2-15

150



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2
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EOPEKTUBHE OBYUCJIEHHA HIJIOYUCEJBHOI'O AKII-II
JJIA CTUCHEHHA 30BbPAKEHD

Mpousko I. O. — kaHxa. TexH. Hayk, AOLEHT Kadenpu iHdopmauiiiHux cucteM 1 TexHosoriii HauioHansHoro
yHiBepcuteTy «JIbBiBChKa MojiTexHika», JIbBiB, YkpaiHa.

Ky3smincbknii P. JI. — 1-p TexH. Hayk, npodecop, 3aBigyBad Kadeapu eKcIulyaTanii Ta TEXHIYHOTO CEpBiCYy MaIllnH
JIpBiBCHKOTO HAIIOHAJIBHOTO arpapHoro yHisepcurery, yOmnsHu, Ykpaina.

Tecaiok B. M. — 1-p TexH. Hayk, npodecop, 3aBigyBay kadenapu iHpopmaniiiaux cucrem i Texnosnorii Hamionans-
HOTO yHiBepcHUTeTY «JIbBiBChKa MOMiTeXHIKa», JIBBIB, YKpaina.

AHOTANIA

AKTyanbHicTh. 3a0e31e4eHHs] pe3yJIbTaTUBHOCTI Ta 6araTo(QyHKLIIOHAIBHOCTI Cy4acHHX 3ac00iB 00poOIIeHHs Bi3yalbHOI iH(O-
pmarii BuMarae po3poOKH Pi3HOMAHITHUX METOHIB €()EKTHBHOTO BHKOHAHHS IUCKPETHHX KOCHHYCHHX HEpPETBOPHb. BinmomimHo
BUMOT Cy4YacHHX BiJleO CTaHIapTiB, 3a0e3MeueHHs] BUCOKOI YiTKOCTI CTHCHEHOI BidyanbHOI iH(opMallii JOCIAraeThCsi Ha OCHOBI afar-
TUBHO OJIOYHO-PO3MIPHHX TEPETBOPEHB, IO MOTPeOye ePEeKTUBHUX OOUMCIIOBAIFHUX CXEM BHKOHAHHS TUCKPETHHUX KOCHHYCHHX
MEPETBOPEHb 3MIHHUX OOCSTIB.

MeTa poSoTH — CTBOPEHHS y3araJbHEHOI CTPYKTYPHOI CXeMH e()eKTHBHOTO 00UHCIEHHS IIJIOYNCENEHOTO UCKPETHOTO KOCHHY-
CHOTO IIEPETBOPEHHS HA OCHOBI IIMKJIIYHUX 3TOPTOK OOCSTIB PIBHHUX WiNiH CTENEHi ABIHKY, 0 3a0e3Medye HU3bKY OOUNCITIOBAIBHY
CKJIQJIHICTh 1 MOXJIMBICTB 3aCTOCYBaHHSI B CHCTEMax CTHCHEHHs Bi3yaibHOI iH(opMallii Ha OCHOBI aJalTUBHO OJIOYHO-PO3MIPHHUX
MIePETBOPEHb.

Mertoa. 3anponoOHOBaHO BUKOPUCTAHHS TBIPHHX MAacUBIB JUls €pEKTUBHOTO CHHTE3Y aJITOPUTMIB Ta CTPYKTYPHHX CXeM O04HMC-
JICHHS LIJIOYHCEIBHOTO JUCKPETHOTO KOCHHYCHOTO EPETBOPEHHS Ha OCHOBI IIMKJIIYHHUX 3TOPTOK.

Pesyabtatu. [1iiCyMKOM JIOCIIKEHHS € PO3pOOJICHHS y3arajlbHEeHOI CTPYKTYPHOT CXeMH BUKOHAHHS LIJIOYHCEIBHOTO AUCKPET-
HOTO KOCHHYCHOTO TIEPETBOPEHHS OOCATIB PIBHUX LTI CTENEHi ABIMKH A CHCTEM CTHCHEHHS Bi3yalbHOI iH(pOpMAIli Ha OCHOBI
aJaITUBHO OJIOYHO-PO3MIPHUX IIEPETBOPEHE.

BucnoBkn. Y npoBesieHOMY JTOCIIKEHHI 3aCTOCOBAHO ITiIX1/l NPUBEAEHHS 0a3UCy IIJIOYHCENEHOTO JUCKPETHOTO KOCHHYCHOTO
NIEPETBOPEHHS IO HA0Opy LMKIIYHUX 371iBa MiMATPHILb, IO 03BOJISIE OOYUCITIOBATH IIEPETBOPEHHS HA OCHOBI IIMKIIIYHUX 3TOPTOK.
OCHOBHa i/iest 3aCTOCYBaHHsI HAJEKHOTO MaTeMaTHYHOTO anapary I0Jisirac y BUKOPUCTaHHI TBIPHUX MAaCHBIB, IO MICTSTh CTHCIIHIA
ornuc OJOYHO-IUKIIIYHOT CTPYKTYypH 0a3zucy meperBopeHHs. Ha ocHOBI opepaHOro Habopy LMKIIYHHX HiIMATPHULE spa HepeTBo-
PEHHS PO3POOJICHO y3arajlbHEHHY CTPYKTYPHY cXeMy €()eKTHBHOTO BHKOHAHHS LIIJIOYHMCENBHOIO JUCKPETHOIO KOCHHYCHOTO Iepe-
TBOPEHHSI KOPOTKUX OOCSATIB PIBHUX Wi cTeneHi aBitiku. OOUYKCICHHS BiAMOBIHOTO HA00PY UKIIYHUX 3rOPTOK Ta 00’ €AHAHHS 1X
PEe3yJIBTATIB 3a CTPYKTYPHOIO CXEMOIO 3abe3ledye BUKOHAHHS aJalTHBHO OJIOYHO-PO3MIPHUX HEPETBOPEHb VISl CHCTEM CTUCHEHHS
Bi3yanpHOI iH(OpMarii.

KJIIOYOBI CJIOBA: minouncensHe AUCKpETHE KOCHHYCHE NEPETBOPEHHS, IIMKIIIYHA 3TOPTKA, TBIPHUI MacuB, CTHCHEHHS 30-
OpaxxeHb, aJalITUBHE OJIOYHO-PO3MipPHE NIEPETBOPEHHS.

ABPEBIATYPHU m — KUTBKICTh OTepamiii MHOKEHHS AJIsT OOYHCICHHS

AVC — Advanced Video Coding;

AVS — Audio Video Standard;

HEVC — High Efficiency Video Coding;

MPEG — Moving Picture Experts Group;

VC - Video Coding;

ABII — anantuBHE 6J0YHO-PO3MipHE TIEPETBOPEHHS;

HBIC — HanBenuka iHTErpaibHA CXEMa,

I1E — mporniecopHHii €1eMeHT;

ITJIIC — nporpaMoBaHa JIOTiYHa iHTErpajbHA CXEMa;

IJIKIT — 1miouncensHe AUCKPETHE KOCHHYCHE Iepe-
TBOpPEHHS.

HOMEHKJIATYPA

a — KUIBKICTh Omepaliil JojaBaHHs Uil OOYHCIICHHS
LUKJITYHUX 3TOPTOK;

dy— Matpuns koedimieHTiB HOpMYBaHHS;

H(n) — TBipHMIT MacuB;

H(n;) — TBipHHMII igMacuB;

ICyyy — MaTpHLS LIJOYUCETBHOTO SIIpa JUCKPETHOTO
KOCHHYCHOT'O IEPETBOPEHHS;
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LUKJIIYHUX 3TOPTOK.
N — 00csr TUCKPETHOTO KOCUHYCHOTO IIEPETBOPCHHS;
x(n) — BXigHA TOCTiJOBHICTh TUCKPETHOTO KOCHHYC-
HOTO NIePETBOPEHHS;
X ;’,2 (k) — BUXiZHA IOCIiJOBHICTh JUCKPETHOTO KOCH-

HYCHOTO MEPETBOPECHHSI.

BCTYII

[lupoke BHKOpPHCTaHHS CTaTUYHHX Ta JTUHAMIYHHX
JIaHWX Bi3yalibHOI iH(opMalil moTpedye 3HaYHUX 00’ eMiB
iHpopMaii Ta yacy uig ix 30epiraHHs Ta ONpalOBaHHS.
Tak B arpapHiii IMPOMHCIOBOCTI HMPOBOSATHCS JETalbHI
(oTorpadyBaHHS BEIMKHX TEPUTOPil CLTBCEKOTOCTIONAp-
CBKUX YTib B Pi3HI MPOMIKKH Yacy JJs aHaji3y XOIy
CLTBCHKOTOCIIONaPCEKUX POOIT, CTaHy pOCTy YpOXKaro,
npoBeaeHHs opaHku Ta iHme [1]. Lli 3HagHi 006 emu
BiICOAHNX [TOKYMEHTYIOTBCS, OOpOOISIOTHCS, 3axHIla-
FOThCS, 10 MOTPeOye BIAMOBIAHUX 3aC00iB I 00’ EKTHUX
1 OOPTOBHX CHUCTEM CIJIbCHKOTOCIIOIAPCHKOT TEXHIKH.

3acToCyBaHHs KOMIUIEKCY €(EKTHBHHX aJTOPUTMIB
00pOoOKH CTHCHEHHS, KOAYBaHHS Ta MM(QpPyBaHHS BXif-
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HHUX TOTOKIB JaHUX 3a0e3Meuye MiJBUINCHHS NIBHIKOMIT
(dopmyBaHHS Ta nepeaaBaHHs iHpopMarliiHO-
KOMYHIKAI[IfHUMH CHCTEMaMH KOMIIAKTHHX, 3aXHIICHUX
TIaKeTiB JOCTOBIPHOI 1 TouHOI iHpopMarii. 3aBasku edek-
TUBHMM aJrOpUTMaM, 31 3HAUHUM 3MEHIIEHHSM 004mc-
JIIOBAJIHUX 3aTpaT, JOCATAETHCS 3MEHIICHHS iHpopMa-
[iifHOTO 00’€My TpEICTaBICHHS Bi3yalbHOI HaHUX [2].
MeTtonu CTHCHEHHS 300pakeHb 0a3yIOTHCS Ha MOIU(iKa-
mii W yci4eHHI pe3yJbTaTiB ITUCKPETHOTO IEePETBOPEHHS.
Haiikpamm 3aco60M CTHCHEHHS pealbHUX 300pakeHb,
npy HaOJKeHHI KoedillieHTa Kopessii 10 OAMHHII, €
JMICKpeTHe KocuHycHe meperBopeHHs. Ctanmaptom ISO
IEC 3atBepmkeno Bicim tumis JAKIT I-VIII. Bukopucran-
Hs JIKII B anropuTMax CTHCHEHHs 300pa)KeHb MiHIMI3ye
OJIOYHI CIIOTBOpEHHs, 3a0e3nedye JiHIHHICTE (a3u Ta
inme. B cydacHumx Bigeocrangaprax H.264/MPEG-4
AVC, VC-1, AVS [3], H.265(HEVC) [4] nepeBary Bin-
JIafoTh 3acTocyBaHHIO mBUAKKX anropurmis JKII-1I npy-
roro tumy [5].

O0’€KkTOM TOCTITKEHHS € TIPOIIEC po3pobKU y3arab-
HEHOi CTPYKTYPHOI CXeMHU e(eKTHBHOTO OOYHCIEHHS ITi-
JIOYMCENBFHOTO AUCKPETHOTO KOCHHYCHOTO IEPETBOPESHHS
Ha OCHOBI IIMKJIIYHUX 3TOPTOK JJIs1 KOPOTKHUX OOCSTIB piB-
HUX LT cTeneni ABiiKH.

IIpeamerom nociiKeHHsI € CTPYKTypu 3 Habopom
HUKTIYHUX MiAMATPULb IIJIOYACEIBHOTO sIIpa TUCKPET-
HOTO KOCHHYCHOTO TI€PETBOPEHHs OOCSTiB PIBHUX LLTIH
CTeTleHi ABIHKH.

MeTtor po6oTH € eeKTUBHE BUKOPHCTAHHS OJIOKIB
BHKOHAHHS IUKIIIYHAX 3TOPTOK B CTPYKTYpHill cXxeMi BU-
KOHAHHS AJAlTHBHO OJIOYHO-PO3MIPHHUX IIEPETBOPECHBb
JUTSL CHCTEM CTHCHEHHS 300pakeHb.

1 IOCTAHOBKA 3AJTAYI
Hexaii 3amano cruciauii onuc [Cyyy MaTPHIN MIJIOYH-
cenbHoro sapa JAKII-11 y Buai TBipHOTO MacuBy H(n) mis
3HAYeHHs 00CATY nepeTBopeHHs Ny BUIIIsiai [6]

H(n) = Hi(n)) Hy(ny) ... H(ny), (1

e k — Yucio TBIPHUX ITiJIMACHBIB, n — OOCAT MacuBY,
SIKMH piBHUN n=2N-1.

3agaya moOynOBH y3arajgbHEHOI CTPYKTYPHOI CXeMH
BHUKOHAHHS IIIJIOYHCEIIBHOTO ANUCKPETHOTO KOCHHYCHOTO
MIEPETBOPEHHST 0OCATIB PIBHUX LTI CTETeHI ABIKH IS
CHCTEM BHUKOHAHHS aJallTUBHO OJIOYHO-PO3MIpPHHX TIEepe-
TBOPEHb BHCOKOSKICHOTO CTHCHEHHS Bi3yallbHOI iH(Op-
Mariii moJsirae y BH3HA4YECHHI Ta aHaNi3l CKIaxy TBIpHUX
migmacuBiB H; (n;).

Jnst y3arajbHEHHS OJiep)KaHMX pe3yJbTaTiB CKIany
TBIpHUX MigMacuBiB H; (n;) Moxxe OyTH BUKOpPHCTaHa I10-
OynoBa mijouncenbHUX MaTpuuHHMX cTpykTyp LIJKII-IT
KOPOTKHX 00CSTIB piBHMX Il CTeneHi IBiikH, IO B
pe3ynbTaTi BU3HAYUTH PO3IOALT NUKIIYHUX MiAMATPHUIL
B OaszucHiit marpumi [IIKII-II.

2 OTJIsL A JIITEPATYPU
Cy4acHOI0 JTOMIHYFOUOK TEXHOJOTi€l0 0araThOX CTa-
H/AApTiB € BUKOpUCTaHHS MBUIKMX anropurmis LJIKII
NIepeTBOPEHb Bi3yanbHOI iH(pOpMAaIii ais i CTHCHEHHS,
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a/DKe BOHO BHMAarae LiJIouMceNbHUX omepauiit [7]. s
epextuBHoro ooOumcienns L[JKII-II 3actocoByroThes
pi3Hi (opMH 3amuCy cepell HUX MaTpUYHE MHOXKEHHS 3
yacTKkoBoIO (hakTopm3aiieto (partial butterfly) [8], mo-
BHOO (pakropm3arii (full factorization form) [9] Ta ixmi.

B poGori [10] npoBeneHo aHami3 Ta PO3IISIHYTO Mat-
puani Metoau mooymoBu mBuAKUX L[JIKII ams oOcsris 8,
16. InsgxoM mepecTaHOBKH PSAKIB HMIUTOYACEIEHOTO SIpa
MIEPETBOPCHHS Ha OCHOBI OOCPHEHUX IOCKOHATHX TIepe-
CTaHOBOK, a Jaii ABIMKOBUMH PEBEPCHUBHUMH MEPECTAHO-
BKaMHU 1 TiepecTaHOBKaMHU TO Koxy I'pest oOumcieHHS
HAKIT mis obcsry 16 mpuBOAWTHCS 1O BUKOPUCTAHHS
MIBUIKUAX anroputMiB 8-mu i 4-x toukosux [IJIKII. Ilimo-
yrcenbHa anpokcumaris JKIT 3 mBuakuMu anropurma-
MM HU3BKOT 00YMCIIIOBAILHOI CKIIAQHOCTI 1J1s1 00csriB 16,
32 omucana B podori [11].

OpHak, peaii3alfisi JaHUX [IBUAKHX AITOPUTMIB IO-
TpeOye MOJANIBIIOTO PO3POOIICHHS METOMIB CHHTE3Y all-
TOPUTMIB Ta THYYKHX CTPYKTYpHUX CXEM BUKOHAHHS Ili-
JIOYMCETHHOTO MTHUCKPETHOTO KOCHHYCHOTO ITePETBOPEHHS
3MIHHHX OOCSTIB PIBHUX IUTIA CTENeHi IBIMKU B cCHCTe-
Max CTHCHEHHs Bi3yalbHOI iH(OpMaIii Ha OCHOBI ajam-
THBHO OJIOYHO-PO3MIPHHUX TIEPETBOPEHb.

3 MATEPIAJIU I METOAHU
Jlns 3MEHIIeHHS HaIUTHIIKOBOCTI MaHWX 300paKeHb
ab0 BimeoKaIpiB MIMPOKO BHKOPHCTOBYIOTH IHCKPETHE
KOCHUHYCHE IepeTBOpeHHs apyroro tuny suny JAKII-II

k(2n +Dn

(k) ¥ Z(x(n)x(n)cos[ 1,k=0,1,...,N -1, 2)
n=0
ne  x(n) — BXigHa MOCHIJOBHICTh IEPETBOPEHHS,
n=0,1,...,N-1; a(n)=1/\2 , sxmo n=0, inaxure a(n)=1.

JKII-II BigoOpaskae OCHOBHUI CHEPTETHYHHI CIICKTP
CHUTHAJTY B HM3BKOYACTOTHIN 00acTi, IO O3BOJISE MPU
CTHCHEHHI HEe BpaXxOBYyBaTH BHCOKOYACTOTHI CKJIaJioBi. B
pe3ynbrari Oijblla YacTHHA eHeprii TpaHchOpMOBaHUX
JAHUX KOHIICHTPYETHCS B MallOMy YHCII Koe(ilieHTiB
MIePETBOPEHHSL.

LlinouncensHe IUCKPETHE KOCHHYCHE IMEPETBOPEHHS
(LLJKII-IT) B MmaTrpuyHiii popmi onuCyeThCS Yepe3 y BU/I

Xy =ICyxn Xy dy, 3

ne ICyxy — MaTpHUIlsl IUIOYUCENILHOTO Spa, Xy— BXiIHA
MOCIIZIOBHICTh NEPETBOPEHHS, dy — MaTpHLs KoedilieH-
TiB HOPMYBaHH.

B cydacHux craHmaprtax BigeokomyBaHHs MPEG-4,
AVC/H.264, HEVC/H.265, VC-1 Ta AVS, 3aCTOCOBYIOTh
LAKII o6csriB 4, 8, 16, 32. Po3podxa IJIKIT noBuaHA
BIZINOBiIaTH HACTYITHUM BHMOTaM:

— mimouncensHi OaszucHi Qynkii psaakie AKII mo-
BHUHHI OyTH MakCHUMaJbHO HaOMKeHi mo ¢opmi 1o 6a3u-
caux ¢ynkuii JKII;

— 0asucHi Bekropu syapa LIJAKIT micTsTh TuIbKH 1
3HAYEHHS U SBIISIOTHCS HEHOPMOBAaHHMH, TOMY, KpIM BH-
KOHaHHS IIEPETBOPEHHS, BUHUKAE HEOOXIJHICTh B IIPOLIe-
cax MacIuTa0yBaHHSI.
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Hanpuxknan, HAKII-IT mis o6esiry N = 4 moxe Oyt 3a-
JTAHO HA0OpPOM IUIOYHCENbHUX Koe(illieHTiB [a=2, b=1,
c=1] Tomy Bupa3 (2) maTMe BUJ

111 1][x]|[4

2 1-1-2||x |[05B A
1=1-1 1 x| l4a | @
1-2 2-1 || x3||0,5B

JIe BiJIIIOBiTHO YMOBH OPTOTOHAJILHOCTI 0A3UCHHUX BEKTO-
piB B = \/L67 . CTuCHEHHS BigeoqaHUX Ha OCHOBI OJ10-

kiB 3 BukopuctanasiM LIJIKII-II € noMiHyr0490Or0 TEXHOIIO-
riefo 6araTboX CTaHAAPTIB, a[)kKe BOHO BHUMArae IIiJIOYH-
CeJNIFHUX OTIeparii.

Peamizamis MmBHAKHX aIrOPUTMIB B CHCTEMax CTHC-
HEHHS Bi3yaJbHOI iHpOpMalii moTpedye HasBHOCTI IIBHU-
nxux AKIT Menmux oOcsriB piBHHX LUTIH CTETEHi 1Ba,
1110 MAlOTh KOHKPETHI alrOpUTMU CBOTO BUKOHAHHSI.

Oco0nuBuit miaxin epextuBHoro oduncnenus JKIT —
e MpeJcTaBlieHHs] 0a3uCHOT MaTpPUIll Y BUII HA0OPY LMK-
JMYHUX TiaMaTpuis [6]. OcHOBa MeTOmUKH 0a3yeThes
BU3HAUYCHHI TBIpHOTO MacuBy H(n) 11 3Ha4eHHS 00CATY
neperBopeHHs N. TBipHHUit MacuB H(7), MOXKHA OepKaTH
3 BUKOPUCTAHHSM ITiZICTAHOBKH 32 IIEPIINM Ta BiANOBIIHO
BUOpaHMM HEMapHHM pPSIKOM LUTOYHCENBHOI MaTpHI
aprymenTiB 6asucuoi ¢pynrkii JKII-II.

Posrisaemo manuit miaxin mist LHJIKII-IT po3mipHOCTI
N = 8§ [12]. BpaxyBaBuI yMOBH OPTOTOHAJIBHOCTI IIiJIO-
yucenbHUX KoeQilieHTiB a,b,c,de,f [13], mo popmyoTs
LJIOYKCENbHE S1p0 nepeTBopeHHs, MaTpuus /Cgeg MOXKe
OyTH MojiaHa y BHII

M 1 11 1 1 1 1

a b ¢ d-d-c-b-a

e f-f-e-e—-f [ e
Ichgzb—d—a—c c a d-b . )

1-1-111-1-11

c—a d b-b-d a-c

f-e e-f-f e—-e f

|d —¢ b-a a-b c-d |

Habopu mimounceTbHUX €IEeMEHTIB MOBTOPIOIOTHCS B
psAnaKax Matpuili (5) Ha OCHOBI BJIACTUBOCTI CUMETPUYHO-
cTi 6a3ncy mepeTBOpeHHs, Ie KOCHHYCHA (YHKIIiI CHMET-
pUYHA BiZHOCHO apryMeHTa T Ta aCHMETPHUYHA BiTHOCHO
aprymenTa n/2. OntuMaiibHi HaOOpH IUTOYUCETBHUX KO-
edirienTH a, b, ¢, d, e, f, 0 3a0€3MeUyI0Th BUCOKY SKICTh
CTHCHEHHS 300paKeHb, MiJOUPAIOTHCS ILIAXOM IIepedopy
HaOopiB pizHux BapianTiB. Hanpuxnan, mus HAKII-II ms
o0csry N=8 sapo Moxe OyTH 3a1aHO HAOOPOM ILIOYHCE-
nmeHEX KoedimienTi (89, 75, 50, 18, 83, 36, 64).

4 EKCIEPUMEHTH
BinmosinHo po3pobiienoi metomonorii [6], w1t o6un-
cierns LIJIKTI-IT po3miprocTti N = 8 3acTocyeMo TBipHHA
MacHB BULLY
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HQN-1)=(1,3, 9, 5, 15,13,7, 11) ©
2, 6, 14, 10)(4, 12)(8).

B pesynbrati opmyBaHHS 3a TBIpHMM MacuBoM (6)
TPUMAEMO BUJ CTPYKTYPH S1pa, 0 MICTUTH Hallp IUK-
JYHUX MiIMATPHIb

(a b —d ¢ —a-b d -c¢
b-d c—-a-b d-c a
-d c—a-bd-c a b
c—-—a-b d-c a b-d
—-a-bd-ca b-d c
-b d—-ca b-d c-a
IC g = d —¢c a b-d c—-—a-b>b 0
-¢c a b-d c—-a -b d
e f—-e—f e f —e - f
f-e—fe f—-—e—f e

—e—fe f-e~-f e[
—f e f-e-f e [f-e
1 -1 1 -1 1-11 -1
1 1 1 1 1 11 1

To6to, LIJKII-II 06csary N = 8 3BOAUTHCS 10 SPEKTH-
BHOTO 00uYHMCIIeHHS 8, 4, 2-TOYKOBUX MUKITIYHUX 3TOPTOK.
EdexTrBHEe BUKOHAHHS MUKIIYHAX 3TOPTOK HAJ MOCTIIO0-
BHOCTSIMH ITIJIOYHCENLHUX eIeMeHTiB (a, b, —d, ¢, —a,—b,
d, —c) 1a (e, f, —e, —f) Ta BiAIOBIIHUMY BXiTHUMH 3HAYCH-
HSMH TIEPETBOPEHHA X(71) BU3HAYAE BUXIMHI 3HaYeHHT X
[11, X [3], X [5], X [7], X [2], X [6] mepeTBOpenHs. Buxin-
Hi 3HaueHHs X [0], X [4] mepeTBOpeHHs, MO BiAMOBima-
I0Th BEPXHIM JIBOM psifKaM IfitouncensHoro sipa 1Cg, .y
nepeTBopeHHs (7) 00YMCIIOIOTHCS Yepe3 00’ €HaHHS BXi-
JTHUX 3HA4eHb X(72) OCIiTOBHOCTI TIEPETBOPEHHSL.

BimnosigHo (7), MUKITIYHI MIMATPHIN MICTSTh TOCITI-
JIOBHOCTI 3 MOBTOPEHHSAMH HA00pY IUJIOYHCEIBHUX KOe-
¢dimierTiB a, b, —d, ¢ 3 TPOTHICKHUM 3HAKOM IS §-
TOYKOBOi 3TOPTKH, Ta MMOBTOPEHHSAMH HA0O0pY MiJIOUHCe-
TBHUX KOCQIMIi€HTIB e, f 3 MPOTHIC)KHUM 3HAKOM U 4-
TOYKOBO{ 3ropTku. [loaBiiiHE MOBTOPEHHS MOCTiTOBHOCTI
[TOYMCENFHUX KOe(IIiEHTIB B IUKIIYHUX 3rOPTKax Ma-
pHUX O00CATIB MPUBOIUTL 10 3MEHIICHHS KUTbKOCTI m-
MHOXCHb Ta @-J0/aBaHb B IIBUIKUX AJITOPUTMAaX HUKJIi-
YHUX 3ropTOK BiHOrpana 3 MiHIMaJbHUM YHCIOM NOOYT-
kiB [14]. BianosiaHo, B Tabuii 1 mogaHo i MOPIBHSIH-
HS KUTBKICTB OTepaliit m', a' 1 MOCTiJOBHOCTI IMKIIiY-
HOT 3rOPTKH 3 TOBTOPCHHSM TPYIH EJIEMEHTIB Ta Kilb-
KiCTh OTIepalliil m, a Ui MOCTiIOBHOCTI O0€3 MOBTOPEHB, a
Ha pucyHky | Bianosigma aiarpama KUTBKOCTI OIepartii
MHOXKCHHS B MIBHIKHAX aJTOPUTMAX IHUKIIYHHAX 3TOPTOK
Binorpasna 3 MiHIMaJIIEHUM 9UCIIOM JOOYTKIB.
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Tabmuns 1 — Kinekicts onepariii 113

O6¢sr 16 10 8 6 4
m 33 30 | 12 8 5
m' 12 8 5 4 2
a 181 | 100 | 72 | 34 | 15
a’ 80 67 | 19 | 14 6
40
30
20 L
10 et
8]

N=1g N=10 N=8&8 N=§ N=4

Pucynok 1 — MiHiManbHa KiTBKICTh OTIepaliiii MHOKEHHS m', m
ULt 00UMCIICHHS IIUKIIYHNX 3TOPTOK 3 HIOBTOPEHHSM I'PYyIH
CJIEMEHTIB Ta 0€3 IOBTOPCHB

[MonBiiiHe MOBTOPEHHS MOCIITOBHOCTI I[LIOYUCETBHIX
KOeQII[IEHTIB OJHIET 3 MOCIiOBHOCTEN 3rOpTKY TPUBOIUTH
JI0 BUKOHAHHS IUKJIIYHUX 3TOPTOK BJIBiYi MEHIIIOrO 00Cs-
ry. Posrmsaemo anroputmu LIJIKII-II mis oGcsry nepe-
tBOpenb N = 2" (n=2,3,...,k). 36inblueHHs BABiui 06cATy
2N uinouncensHOro siapa /C nepeTBOpeHHs 3aKOHOMIPHO
(hopMyeThCs Yepe3 30UTbIICHHSIM BIABIYi PO3MIPHOCTI ITH-
KIYHAX TiaMaTpuis. Hampukman, B Tabmumi 2 oOuwc-
neras LIJIKII-II o6csry N =16 Bkmowae d = 8, 4, 2-
TOYKOBI IIUKJIIYHI 3TOPTKH.

Ta6muus 2 — Luxiiuni 3ropTky B cTpyKTypi 6asucy LIJAKII-
II gnst o6csiriB N =2"

N{4]8 |16 [32 |64 128 | .. | 2"
d 418 16 32 64 2!
11214 8 16 32 22
1|2 4 8 16

1 2 2?

1 2 2 2

1 1 1

B saraneHomy Bunaaky mis JKII-II o6esry N = 2"
UKJTIYHI TiIMATPUIl, 10 BU3HAYAIOTHCS BiIMOBITHUMHU
TBIPHUMH IiJJMacKBaMH y TBipHOMY MacuBi H(n) B 0a3u-
CHIH MaTpuIll apryMeHTIB, 33/1al0Th CTPYKTYPY BiJIIOBij-
Ho Tabmuui 3. B pesynbrari B Tabn. 3 BijmoOpaxeHo, 110

TBipHUI MacuB H(n) MoOXe CKIanaTtuch 3 MiIMacuBIB 3
KIJIBKICTIO BapiaHTiB a), 0), B), ... B ¢opMi 3amucy (4).
Hanpuknan, TBipHUi MacuB H(n) BapiaHTy a) i o0csry
N =2%= 16 MicTUTb 4OTHPH BapiaHTH TBIPHHX MACHBIB i
BiJIMOBiTHUI PO3MOJIIT IUKIIYHAX MiAMATPHUIL B Oa3uc-
Hit matpumi LIIKTI, oOcsr i 3HAUCHHS SKHX BU3HAYAIOTh-
cs TBipHUMH migMacuBaMu Hi(n;), B 3arampHOMY (pHc. 2)
UIs BapiaHTy a), MaTpuuHa ctpykrypa LIJIKII-II mns
00csary N=2" CKIafa€eThCs 3 HaO0Opy HMUKIIYHKX ITiMar-
PUIb, IO CTHCIO OMHCYETHCS TBipHUM MacuBoM H(2N—
1), mo mictute minmacusu H,(2"), Hy2""),..., Hy 1)(2"),
H,(2%), sxi 1 BU3HAYAIOT I{IOYMCEIbH] 3HAYCHHS ChOp-
MOBaHUX HUKIIUHUX iIMATPHUIb.

H(2")

Hy(2")

Hy(2"?) Hy2™%)  Hy(2")

Hy(2")

Pucynok 2 — Marpuuna ctpykrypa LIIKII-II BapianTy a) ams
obesry N=2"

6 OBTOBOPEHHS

Takum ymHOM, TinouucensHe sapo LIJIKII-II moxna
chopMyBaTH y BHII Ha0OpYy LUKIIYHUX IIiIMaTpPHUIIb,
e(eKTHBHE OOYMCIICHHS SIKMX TPHUBOAUTH A0 3MEHIICHHS
00YHCITIOBAIEHUX 3aTpaT.

Ha ocHOBi MaTpuuHOi CTpyKTypH (pHC. 2) y3arajibHe-
Ha CTpyKTypHa cxema oOuncmroBada L[JIKII-II Bxmrouae
Ha0lp KOHBOJIbBEPIB, II0 BUKOHYIOTH LUKIIYHI 3TOPTKU
00cAriB Bixg 2”’1,..., 23 , 2% Haj MOCHiIOBHOCTAMH BXiTHUX
nmanux X[H;(n;)] Ta MOCIIAOBHOCTAMH IUJIOYHCEIBHUX
KocuHycHHX Koediuientis W[ H(n;)]. BukoHaHHs TOBHO-

Ta6muus 3 — Posnozin nixMarpune B 6a3ucHiit Marpuii aprymentis LIJIKTII-IT

- a) H(n)) — 2" -TOYKOBUX 3TOPTOK;

2 6) Hi(nn), Hy(n12) — 1Bi 2" -TOUKOBHMX 3rOPTOK;

B) Hi(nin), Hi(m12), Hi(n121) Hi(n122) — 9otupu 2" 2 T0YKOBHX 3TOPTOK;

- a) Hy(ny) — 2™ '-TOYKOBUX 3TOPTOK;

6) Ha(n21), Hx(nz) — 1Bi 2" *~TOUKOBi 3ropTKY;
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.H(n) - H(m) : Hn) - H(n) :

a) Hy(n)
0) Ha(n21), Ha(n2)
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ro HaboOpy LMKIIYHUX 3rOPTOK B KOHBOJbBEpAx 3 IOJa-
JBIIUM 00’ €THAHHSIM OTPHUMaHHUX pE3yJbTaTiB 3rOpTOK
BUMarae Ipu ix amaparHiil peaiizauii 3HaYHHUX 3aTpar.
Peaizanis nepeTBopeHHs 3a y3aralbHEHOIO CTPYKTYpOIO
(puc. 3) XxapakTepu3yeThCsi BUKOPHCTAHHSIM CHUCTOJIIYHO-
IO MacHBY KOHBOJIbBEpa HaHOLIBIIOr0 PO3MIipy ISl KOH-
BOJIGBEpPIB ~ MEHIIUX  pO3MIpIB  NPH  TOCHTITOBHO-
mapajensHOMy 00’ €THaHHI Pe3yNbTaTiB MUKIIYHUX 3TOp-
TOK Yy BHUXITHOMY CyMaToOpi AJIsi BH3HAYCHHS BUXITHHUX
3Ha4YeHb INepeTBOpeHHs X[k]. Mammii 06’eM HeoOXimHOT
maMm’siTi, MOXJIMBICTh peaiizaiii B apudmMeTuIli 3 oome-
xernoto TouHicTio B IIE cucronmiuanx macusiB (puc. 4)
3abe3mneuyroTh npH ix peanizaiii y Buai HBIC edexrtus-
HUM MOKa3HUK TuIoNIa 3aTpumka [15, 16].
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PucyHok 3 — V3aranpHeHa CTpyKTypHa cxeMa o04uciIoBaya
LIAKTI-IT uist o6esry N=2"
yO D y®@ ¥y

FOR

Pucynok 4 — Tlpuknax cHCTONIIYHOT CTPYKTYPH 3 IIICTHAIISATH-
Mma [1E s o6urciaeHHs 4-X TOYKOBOT IUKIIYHOT 3rOPTKH
y=x*h

Jana y3aransHeHa cTpykTypHa cxema LIJIKII-II moxe
3acTocoByBaTHch B cuctemi ABII, mo sBisieTsest edextu-
BHUM IHCTPYMEHTOM KOJIyBaHHS 300paKeHb i BiZIEOKOMII-
pecii. B crannmapri BineokoxyBanas H.265 mpuiiasaTo 3a-
crocyBanHs1 ABII 3 o0csiramu mepetBopens N = 4, 8, 16,
32. Amxe, nis obnacTelt 3 HalOIIBIIO0 KOPETSIIEro (SIKi,
SK BIZIOMO, HalKpaimle CTHUCKAIOThCS IEPETBOPEHHIMH)
BHKOPHUCTOBYIOTHh IIEPETBOPEHHS PO3MIPHOCTI 32, siKe Jae
HaAHOIIbIIE CTUCHEHHS, a masA obiacTeil 3 HaWMEHIIOH
KOPEJISIIE0 — MEePeTBOPEHHS po3MipHOcTi 4 abo 8, siki
JIAI0Th HAWBHIIY TOYHICTh. J{JIs1 3HAXOXKCHHS KOMITPOMi-
CY MiX ¢)EKTHBHICTIO CTHCHEHHS 1 SKICTIO 300paKCHHS B
cxemi ABIT Bubuparorscst 610ku po3mipHocTi (4 x 4), (4 x
8), (8x4),(8x8),(8x16),(16x 8), (16 x 16), (16 x 32),
(32 x 16), (32 x 32). BukopucraHHs y3araibHEHOI CTPYK-
typroi cxemu IIJIKII-II 3 oGcsrom meperBoperr N=2"
Juis €peKTHBHOTO BUKOHAHHS aJallTUBHOTO IBOBHUMIPHO-
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ro NEepeTBOPEHHSA TEKYy4Oro KOJOBAHOrO OJIOKY [O3BO-
JUTH 3a0€3MeYnTH BIAMOBIHI CTYIIEHI CTHCKY 300payKeHb
a0o BiJIcOKapiB Cy4aCHUX CTaHAAPTIB KOJyBaHHS.

BUCHOBKH

Y poGoTi pO3MIIHYTO 3ahady pPO3MOALTY IMKIIYHHX
migmatpuis B OasucHiid matpuri LJAKII-IT 3 o6csarom
nepeTBopeHs N = 2" Ta, BiAMOBIHO, TOOYIOBH 3araibHOT
CTPYKTYPHOI CXeMH 004YMCITIOBaYa AJsI aJanTHBHOTO OJI0-
YHO-PO3MIPHOTO TEPETBOPEHHS 300paXeHb Ha OCHOBI
MUKTIYHUX 3TOPTOK.

HaykoBa HOBH3Ha po0OTH MOISATaE B TOMY, IO 3a-
MPOTIOHOBAHO 3arajbHy CTPYKTYPHY CXeMy OOUYHCIIOBa-
Ya, MI0 BHUKOHYE OOYMCICHHS IMKIIYHHX 3TOPTOK MeEH-
wmx o6esris 272, 2"3,.. 2! Ha Gasi KOHBOJIbBEpa 3a 00CsI-
rom 2",

IIpakTHyHe 3HaYeHHsI 3aCTOCYBAaHHS 3arajbHOI
CTPYKTYPHOI CXeMH 00YMCITIOBaya JJIsl aJalTHBHOTO OJ10-
YHO-PO3MIPHOTO TEPETBOPCHHS 300pa)KCHb Ha OCHOBI
IUKJIYHUX 3TOPTOK IOJISIra€ B €(EKTHBHOMY BHKOPHC-
TaHHI MPOLECOPHUX EJIEMEHTIB B CHUCTONIYHHX MAacHBaX
BUKOHAHHSA NHKIIYHUX 3ropTok. IIpm mpoekTyBaHHI
HBIC BineoxoznepiB 3 BUKOPHUCTaHHSAM 3arajbHOi CTPYyK-
TypHOi cxemu obuucnroBaya [JAKII-II nocsraerbest Buco-
KUH piBeHb IMOKa3HMKA I1JI0I1A/3aTPHMKA.

HanpsiM mogajbIIuX J0CTiZKEHb MOJSAraTuMe B
PO3pO0IT CTPYKTYPHHUX CXEM OOYHCIIOBAYIB I[LIIOYUCEIT-
HHUX JUCKPETHUX KOCHHYCHHX reperBopeHb Tumy I, II Ha
OCHOBI IMKJIIYHUX 3TOPTOK VISl KOPOTKUX OOCATIB 1iioi
CTEIICHI IPOCTOT0 YHCIa.
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AHHOTAIUSA

AxTyanbsHocTh. O0ecriedeHre pe3ysIbTaTHBHOCTH U MHOTO(YHKIIMOHAIBHOCTH COBPEMEHHBIX CPEIICTB 00pabOTKU BHU3YyaIbHOM
uHpopManuy TpedyeT pa3pabOTKU Pa3IMYHBIX METOHOB (P (HEKTHBHOTO BBHIIOIHEHHS TUCKPETHOTO KOCHHYCHOTO IpeoOpa3oBaHusl.
B cootBercTBUM ¢ TpeOOBaHUAMH COBPEMEHHBIX BHACOCTAHIAPTOB, 0OECIEUEHHEe BBHICOKOH YETKOCTH CKAaTOH BU3yasbHOW MHQOP-
Malli{ JIOCTHI'aeTCsl Ha OCHOBE aJIaNTHBHO OJIOYHO-Pa3MEpHBIX HpeoOpa3oBaHui, 4to TpeOyeT 3P(EeKTHBHBIX BBIYUCIUTENBHBIX
CXEM BBITIOJTHEHHS TUCKPETHOTO KOCHHYCHOTO MPeo0pa3oBaHuil MEPEMEHHBIX pa3MEPHOCTEH.

Hean padoThl — co3ganue 0000MIEHHOI CTPYKTYpHOU cXeMbl 3 (HEKTHBHOTO BHIYUCIICHHUS [ETOYHCICHHOTO TUCKPETHOTO KOCH-
HYCHOTO IpeoOpa3oBaHMs HA OCHOBE IUKIMYECKUX CBEPTOK Pa3MEPHOCTEH PAaBHBIX LEJION CTETICHN ABOWKH, UTO 00eCHeUnBaeT HH3-
KYyIO BEIYHCIUTENBHYIO CIIOKHOCTh U BO3MOXKHOCTh TIPIMEHEHNS B CHCTEMaX CXKaTHUsI BU3yalbHOH HH(OPMAaIUU Ha OCHOBE aJallTHB-
HO OJIOYHO-pa3MEpHBIX PeoOpa3oBaHUIA.

Merton. IpemioxkeHo ucHoNb30BaHHE 00PA3yIOMNX MAacCHBOB IS ((GEKTHBHOTO CHHTE3a AITOPUTMOB U CTPYKTYPHBIX CXEM
BBIYHCIICHUS [IEJIOYNCIICHHOTO AUCKPETHOTO KOCHHYCHOTO IpeoOpa3oBaHys HA OCHOBE IUKIMYECKUX CBEPTOK.

PesyasTarsl. Utorom mccnenoBanus sIBIsieTCs pa3paboTKa 0OOOLIEHHOH CTPYKTYPHOW CXEMBI BBIYMCICHHS LEI0YHUCICHHOTO
JIMCKPETHOTO KOCHHYCHOTO NPeoOpa3oBaHus ISl pa3MEPHOCTEH PaBHBIX €0 CTENEHH JBOMKHM B CHCTEMax CXKaTHs BU3YyaJbHOU
WHpOPMAIMK Ha OCHOBE aJIalITUBHO OJIOYHO-Pa3MEPHBIX MPEOOPA30BaAHHIA.

BeiBonbl. B npoBeieHHOM HcceI0BaHUU MPUMEHEH MOAXOJ MPUBEICHHUs 0a3uca LET0UYHUCIEHHOTO JUCKPETHOTO KOCHHYCHOTO
npeoOpa3oBaHys K HAOOpPy JEBOIMKIMYECKUX MOAMATPUI, YTO MO3BOJIAET BBIYUCIATH MPeoOpa3oBaHMs HA OCHOBE IMKIMYECKHX
cBepTok. OCHOBHas Haes MPUMEHEHUs] HaUISKAIIEro MaTeMaTHIEeCKOTrO ammapaTa 3aKiIIodaeTcs B HCIOIb30BAHUM OOPa3yIOLIUX
MacCHBOB, COJEPKAIINX KPATKOE ONMUCAHNE OIOYHO-IIUKIMIECKON CTPYKTypHI 0asuca mpeobpazoBanus. Ha ocHOBaHMH MOTy49eHHO-
ro Habopa IUKINYECKHUX IOAMATPHI sIpa mpeobpa3oBaHus pazpadorana oO0OMIEeHHAsT CTPYKTypHast cxeMa 3(QEKTHBHOTO BBINOJ-
HEHUS! LEJIOYUCIICHHOTO JUCKPETHOTO KOCHHYCHOTO IPeoOpa3oBaHMs MalbIX Pa3MEpPHOCTEH PaBHBIX LIEJIOH CTENCHU ABOUKH. BEI-
YHCJICHUS] COOTBETCTBYIOLIET0 HA0OPa [IMKIMYECKUX CBEPTOK M OOBEJUHEHUS NX Pe3yJIbTaTOB IO CTPYKTYPHOM cXxeMe 00ecIeurnBaeT
BBINIOJIHEHYE aJIAITHBHO OJIOYHO-Pa3MEPHBIX NPeoOpa3oBaHMIl ISl CUCTEM CXKATHS BU3yaJbHON HH(popMarmy.

KJ/IFOYEBBIE CJIOBA: nenouncieHHoe JUCKPETHOE KOCHHYCHOE NTpeo0pa3oBaHue, HIUKINYECKas CBepTKa, 00pa3youui Mac-
CHUB, C)KaTHe N300pakeHH, afanTUBHOE OJI0YHO-pa3MepHOe peodpa3oBaHue.
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ABSTRACT

Actuality. Ensuring the efficiency and versatility of modern media for processing visual information requires the development of
various methods for the effective implementation of the discrete cosine transform. In accordance with the requirements of modern
video standards, providing high-definition compressed visual information is achieved on the basis of adaptively block-dimensional
transforms, which requires efficient computational schemes for the implementation of discrete cosine transform of variable dimen-
sions.

The purpose of the work is to create a generalized structural scheme for the efficient computation of an integer discrete cosine
transform on the basis of cyclic convolutions of dimensions equal to the integer power of two, which provides low computational
complexity and the possibility of using visual information compression systems on the basis of adaptively block-dimensional trans-
forms.

Method. The use of hashing arrays for efficient synthesis of algorithms and structure schemes for computing an integer discrete
cosine transform on the basis of cyclic convolutions is proposed.

Results. The result of the study is the development of a generalized structural scheme for the implementation of an integer dis-
crete cosine transform of dimensions equal to the integer power of the two for the compression of visual information on the basis of
adaptively block-dimensional transforms.

Conclusions. In the study, we apply the approach of bringing the basis of an integral discrete cosine transform to a set of left cy-
clic submatrices, which allows us to calculate transforms based on cyclic convolutions. The basic idea of using an appropriate
mathematical apparatus is to use hashing arrays containing a brief description of the block-cyclic structure of the transform basis. On
the basis of the received set of cyclic submatrices of the transform core, a generalized structural scheme for the effective implementa-
tion of an integer discrete cosine transform of small dimensions equal to an integer power of the two is developed. The computation
of the corresponding set of cyclic convolutions and the combining of their results by the structural scheme ensures the implementa-
tion of adaptively block-dimensional transforms for compression of visual information.

KEYWORDS: integer discrete cosine transformation, cyclic convolution, hashing array, image compression, adaptive block-
dimensional transform.
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ABSTRACT

Context. Software testing effort estimation is one of the important problems in software development and software testing life
cycle. The object of the study is the process of estimating the agile testing efforts for small Web projects. The subject of the study is
the multiple regression models for estimating the agile testing efforts for small Web projects.

Objective. The goal of the work is the creation of the multiple non-linear regression model for estimating the agile testing efforts
for small Web projects on the basis of the Johnson multivariate normalizing transformation.

Method. The model, confidence and prediction intervals of multiple non-linear regression for estimating the agile testing efforts
for small Web projects are constructed on the basis of the Johnson multivariate normalizing transformation for non-Gaussian data
with the help of appropriate techniques. The techniques based on the multiple non-linear regression analysis using the multivariate
normalizing transformations to build the models, equations, confidence and prediction intervals of multiple non-linear regressions are
used. The techniques allow to take into account the correlation between random variables in the case of normalization of multivariate
non-Gaussian data. In general, this leads to a reduction of the mean magnitude of relative error, the widths of the confidence and
prediction intervals in comparison with the linear models and nonlinear models constructed using univariate normalizing
transformations.

Results. Comparison of the constructed model with the linear model and non-linear regression models based on the decimal
logarithm and the Johnson univariate transformation has been performed.

Conclusions. The multiple non-linear regression model to estimate the agile testing efforts for small Web projects is firstly
constructed on the basis of the Johnson multivariate transformation for Sg family. This model, in comparison with other regression

models (both linear and non-linear), has a smaller value of the mean magnitude of relative error, smaller widths of the confidence and
prediction intervals. The prospects for further research may include the application of other multivariate normalizing transformations
and data sets to construct the multiple non-linear regression model for estimating the agile testing efforts for small Web projects.

KEYWORDS: agile testing, estimation, testing effort, Web project, multiple non-linear regression model, multivariate
normalizing transformation, non-Gaussian data.

ABBREVIATIONS T is a Gaussian random vector,

LB is lower bound; T
MD is Mahalanobis distance; T= {ZY’ZI’ZZ" "’Zk} ’

ﬁ&%g ias r:aﬁ:;;uifa;iirflzg‘;?fgzg o ertor t, 2w is a quantile of student’s t-distribution with v
u v ; ’
PRED is percentage of prediction; degrees of freedom and «/2 significance level;
UB is upper bound. X, is a number of test cases;
NOMENCLATURE X, is a number of design document pages;
Do . . . . X3 is a number of defects;
b is estimator for vector of linear regression equation
T Y is an actual testing effort in person hours;
P aranﬂmters, b= {h’bz”b"} ’ Z is a matrix of centered regressors that contains
b; is estimator for the i-th parameter of linear (hq values z, - Z,. z, - Zy, ., Z - Zy:

regression equation; T
k is a number of independent variables (regressors); (Z;} ) is a transpose of Z ;

N is a number of data points;
N(O,l) is a Gaussian distribution with zero
mathematical expectation and unit variance; ooy Ly =Ly for i-row;
P is a  non-Gaussian random  vector,

P=1{Y, X, Xa,o, Xp )T

2y is a vector with components Zy, -7, Zy -Z,,

T L +
Zy | is atranspose of zy ;
Z, is a sample mean of the values of the variable
Zy;

Z, is a prediction linear regression equation result;

R’ isa multiple coefficient of determination;
S\ is a sample covariance matrix, Sy = [Sij ] ;
o is a significance level;
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By is a multivariate skewness;

B, is a multivariate kurtosis;

Y is
multivariate translation, y = (yy,yl,yZ,. . .,yk)T ;

a vector of parameters of the Johnson

¢ is a Gaussian random variable which defines
residuals, €~ N(O,l);

n is a vector of parameters of the Johnson
multivariate translation, 1 = diag(ny,m,...,nk );

A is a vector of parameters of the Johnson
multivariate translation, A = diag(ky,h,...,kk);

v is a number of degrees of freedom;

X is a covariance matrix, Z:[Zij] ;

¢ is a vector of parameters of the Johnson
multivariate translation, ¢ = ((py,(pl,(pz,...,(pk )T ;

Yy is a

transformation, y = {\yy,wl,\uz,...,\yk}T .

vector of multivariate normalizing

INTRODUCTION

Software testing effort estimation is one of the
important problems in software development and software
testing life cycle. Agile testing is a software testing
process that follows the principles of agile software
development [1-5]. In comparison with waterfall testing,
it is a new age software testing approach which leads to a
reduction of testing efforts. Agile testing is well suited for
small software projects including small Web projects.

The agile testing lifecycle consists of the 5 phases [5],
the second of which is agile testing planning, that includes
testing effort estimation. A testing effort estimation is a
difficult problem, for the solution of which various
mathematical models are applied.

Today one of the most well-known effort estimation
model is the COCOMO II (COnstructive COst MOdel)
[6]. The COCOMO 1I is a non-linear regression equation
with parameters that are derived from historical data of
software projects. This equation is built on the basis of
univariate normalizing transformation in the decimal
logarithm form. The paper [7] proposed the multiple
linear and non-linear regression equations for estimating
the testing efforts of software projects including large
ones. However, a prediction regression equation result is a
mean value of dependent random variable. There is no
random error term in regression equation. A prediction
regression model result is a value of dependent random
variable, since there is the random error term in regression
model. Therefore, to predict agile testing effort as a value
of a dependent random variable there is the need to
develop the appropriate non-linear regression models.

The object of study is the process of estimating the
agile testing efforts for small Web projects.

The subject of study is the multiple non-linear
regression models to estimate the agile testing efforts for
small Web projects.
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The purpose of the work is to construct the multiple
non-linear regression model for estimating the agile
testing efforts for small Web projects. The agile testing
effort prediction results by constructed model should be
better in comparison with other regression models, both
linear and nonlinear, primarily on such standard
evaluations as mean magnitude of relative error, widths of
confidence and prediction intervals.

1 PROBLEM STATEMENT
Suppose given the original sample as the four-
dimensional non-Gaussian data set: actual testing effort in

person hours Y, the total number of test cases X, the
total number of design document pages X, and the
number of defects X; from N small Web projects.

Suppose that there are bijective multivariate normalizing
transformation of non-Gaussian random  vector

P:{Y,XI,XZ,...,Xk}T to Gaussian random vector
T=1{2y.Z.Z,.....Z}" is given by

T=y(P) (M
and the inverse transformation for (1)
P=y(T). @)

It is required to build the multiple non-linear
regression model in the form Y =Y(X,, X, X;,&) on the

basis of the transformations (1) and (2).

2 REVIEW OF THE LITERATURE

A normalizing transformation is often a good way to
build the models, equations, confidence and prediction
intervals of multiple non-linear regressions [8—13].
According to [9] transformations are made for essentially
four purposes, two of which are: firstly, to obtain
approximate normality for the distribution of the error
term (residuals) or the dependent random variable,
secondly, to transform the response and/or the predictor in
such a way that the strength of the linear relationship
between new variables (normalized variables) is better
than the linear relationship between dependent and
independent random variables.

Well-known techniques for building the models,
equations, confidence and prediction intervals of multiple
non-linear regressions are based on the univariate
normalizing transformations (such as, the decimal
logarithm, the natural logarithm, the Box-Cox
transformation), which do not take into account the
correlation between random variables in the case of
normalization of multivariate non-Gaussian data.
Application of univariate normalizing transformations for
building the multiple non-linear regression models does
not always lead to good prediction results by such
regression models, primarily on such standard evaluations
as mean magnitude of relative error, widths of confidence
and prediction intervals [13]. This leads to the need to use
the multivariate normalizing transformations.
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In [13] the techniques to build the models, confidence
and prediction intervals of multiple non-linear regressions
for multivariate non-Gaussian data on the basis of the
bijective multivariate normalizing transformations were
proposed. The techniques consist of three steps. In the
first step, a set of multivariate non-Gaussian data is
normalized using a bijective multivariate normalizing
transformation. In the second step, the model, confidence
and prediction intervals of linear regression for the
normalized data are built. In the third step, the model,
confidence and prediction intervals of multiple non-linear
regression for multivariate non-Gaussian data are
constructed on the basis of the model, confidence and
prediction intervals of linear regression for the normalized
data and the multivariate normalizing transformation.

Non-linear regression prediction results by models,
which constructed in the papers [13, 14] on the basis of
the Johnson multivariate normalizing transformation, are
better in comparison with other regression models, both
linear and nonlinear, primarily on such standard
evaluations as mean magnitude of relative error, widths of
confidence and prediction intervals.

This leads to the need to develop the multiple non-
linear regression model for estimating the agile testing
efforts for small Web projects on the basis of the
multivariate normalizing transformations.

3 MATERIALS AND METHODS
After normalizing the non-Gaussian data by the
transformation (1) the linear regression model is built for
normalized data. The linear regression model for
normalized data will have the form [13]

ZY =2Y+8=Zy+(z;()6+8. (3)

After that the multiple non-linear regression model is

built on the basis of the linear regression model (3) for the

normalized data and the transformations (1) and (2). The
non-linear regression model will have the form [13]

Y=yillZ +(zy Jhre] (4)

The technique to build a confidence interval of

multiple non-linear regression is based on a confidence

interval of linear regression for normalized data, and
transformations (1) and (2) [13]:

3 1/2
o et ool [l ] )|

1N .V u
where S%Y :VZ(ZYi _ZYi) , v=N-k-1; (ZJ)r() VA"
i=l1

is the kx k matrix

Szl Zl Szl ZZ SZI Zk
U Szz, Szz Sz,z
+ +
(ZX ) Z — 142 242 24k ,
SZ1Z|< SZZZK Szkzk
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N
where Sz, 7, :Z[zqi —quzri —Z,], q.r=12,....k.
i=l

The technique to build a prediction interval of
multiple non-linear regression is based on a prediction
interval of linear regression for normalized data, and
transformations (1) and (2) [13]:

B 1/2
o et ool Tl 5] )

For normalizing the multivariate non-Gaussian data,
we use the Johnson translation system. In our case the
Johnson normalizing translation is given by [14]

T=y+1]h[k_l(P—(p)] ~Np(0m.2), 6)

B[y Yio-- il = fv O b (v ) ()

h () is one of the translation functions

where

ln(y), for S| (lognormal)family;
in[y/(1-y)].  forSg (bounded) family;
"] Arsh(y)  forS, (unbounded)family; )
y for Sy (normal) family.

Here y=(X —¢)/A; Arsh(y)= ln(y+ﬂy2 +1j . In our

case Xequals Y, X;, X, or X; respectively.

The model, equation, confidence and prediction
intervals of multiple non-linear regression to estimate
agile testing efforts for small Web projects are
constructed on the basis of the Johnson multivariate
normalizing transformation for the four-dimensional non-
Gaussian data set from Table 1 for 40 small Web projects
(rows 1-40). Also Table 1 contains the values of squared
Mahalanobis distance (MD) for 41 and 40 (after outlier
cutoff) data rows. For detecting the outliers in the data
from Table 1 we use the technique based on multivariate
normalizing transformations and the squared MD [15].
There is one outlier in the data from Table 1 for 0.005
significance level and the Johnson multivariate
transformation (5) for Sy family.

Parameters of the multivariate transformation (5) for
Sy family were estimated by the maximum likelihood

method. Estimators for parameters of the transformation
(6) for 41 data rows are: 7y =4.09443, ¥, =5.47043,

75 =1.09282 75 =1.37671, iy =1.04794
fi; =0.97350, f, =0.70189, T3 = 0.64464 ,
by =0.37266, ¢, =1.95622, $, =0.94564 ,
§3 =2.35215, Ay =327.313, A =5438.99,

5»2 =130.495 and 713 =110.210. The sample covariance
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matrix Sy of the T is used as the approximate moment-

matching estimator of X

1.0000 0.9812
10,9812 1.0000
N1 0.4088 0.4326

0.8497 0.7519

0.4088
0.4326
1.0000
0.2029

0.8497
0.7519
0.2029 |
1.0000

The data of system 41 is multivariate outlier, since for
this data row the squared MD equals to 20.43 is greater
than the value of the quantile of the Chi-Square
distribution, which equals to 14.86 for 0.005 significance
level. The same result was obtained for the univariate
transformation in the decimal logarithm form. In this case
the data of system 41 is multivariate outlier too, since for
this data row the squared MD equals to 20.26.

The squared MD values for 40 data rows indicate
there are no outliers in this data from Table 1.

Table 1 — The data set and squared MDs

Squared MD

No Y X] X2 X3 N=41 N=40
1 1.33 4 11 4 5.69 6.14
2 3.51 11 2 7 5.75 5.83
3 3.17 10 4 8 2.67 2.50
4 1.53 5 14 4 3.80 4.38
5 2.35 9 12 3 4.71 5.56
6 3.13 10 8 9 2.56 2.39
7 2.03 6 16 7 3.92 4.07
8 3.22 11 11 6 1.31 1.34
9 2.73 10 16 5 2.83 3.89
10 4.65 16 13 7 0.75 0.68
11 5.52 21 12 4 7.56 7.32
12 2.75 7 23 12 4.28 6.42
13 6.93 25 6 13 2.68 2.83
14 3.73 14 29 4 2.44 247
15 5.08 18 22 7 0.62 0.60
16 7.12 25 11 11 1.11 1.06
17 3.24 10 31 9 249 2.19
18 4.05 12 35 6 2.63 4.16
19 4.72 16 32 7 0.58 0.51
20 349 13 41 4 2.52 2.58
21 6.03 18 24 18 0.64 0.57
22 4.13 12 40 13 2.35 2.20
23] 10.18 33 15 23 0.62 0.64
24 9.95 36 29 12 1.21 1.10
25 8.67 24 36 32 1.37 1.92
26| 16.53 51 3 45 7.11 7.40
271 1245 44 37 18 0.97 0.91
28| 15.56 56 25 19 2.84 2.64
29| 1747 57 7 40 3.92 3.98
300 11.23 29 48 47 2.78 4.27
31 8.21 29 79 10 2.30 2.17
32| 19.95 50 6 90 8.33 9.59
33| 16.16 44 53 61 3.12 3.88
34 8.83 33 110 8 6.14 5.95
35] 12.97 47 94 16 3.30 3.13
36| 21.32 94 48 37 4.73 7.40
371 2097 83 61 62 8.87 11.09
38| 38.22 127 25 78 4.77 4.83
39 2648 111 71 54 5.50 7.38
40 48.2 173 120 60 11.73 12.03
41 7.07 11 13 51 20.43 -
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Estimators for parameters of the transformation (5) for
Sy family for 40 data rows are: 7§y =3.8484,

7, =54050, 7,=1.0397, §,=1.3214, %y =0.9990,

A, =0.96416, A, =0.68334 iy =0.61537,
by =0.52944 , §, =2.0172, §, =1.0107, ¢;=2.5590,
Ay =298.41, A, =543941, h,=12866  and

713 =103.668 . The sample covariance matrix Sy

1.0000
0.9898
N "1 0.4108
0.8588

0.9898
1.0000
0.4280
0.7909

0.4108
0.4280
1.0000
0.2204

0.8588
0.7909
0.2204 |
1.0000

After normalizing the non-Gaussian data by the
multivariate transformation (5) for Sz family the linear

regression model is built for normalized data
ZY=ZAY+s=f)()+lAqu+E)ZZZ+@Z3+s. (7

Parameters of the linear regression model (7) were
estimated by the least square method. Estimators for

parameters of the model (7) are 60 =0,

b =0.81961, b, =0.01428 , b, =0.20730 .

After that the multiple non-linear regression model (4)
is built

such:

. A <\ -1
Y =y + ky[l erlBersiv)ay } , ®)

Xj—9;

where Z; =y, +n;In———
P g+ = X

. (P] <XJ <(|)J +}\'J .
j=123.

The model (8) is the multiple non-linear regression
model to estimate the agile testing efforts for small Web
projects.

4 EXPERIMENTS

For comparison of the model (8) with other multiple
models one linear regression model and two non-linear
regression models are built on the basis of 40 data rows
from Tablel and two wunivariate normalizing
transformations: the decimal logarithm transformation
and the Johnson transformation.

The multiple linear regression model has the form

Y =by +B X, + B X, + B X5 +¢, )

where the estimators for parameters are: 60 =0.26513,

by =0.23116, by =—0.00082, b; =0.08374 .

The multiple non-linear regression model is
constructed on the basis of the linear regression model (7)
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for the normalized data and the decimal logarithm
transformation

Y =10+ xl61 XEZXEB, (10)

where the estimators for parameters are: 60 =-0.4500,

by =0.78887, b, =0.00176, by =0.18782..

The multiple non-linear regression model is
constructed on the basis of the linear regression model (7)
for the normalized data and the Johnson univariate
transformation for Sy family (6). In this case the

estimators for parameters of the model (8) are:
Yy =1.72684 , y,=1.78876, v, =1.2346, 7,=1.1127,

iy =0.73211, fi; =0,73090, f, =0.72269
Ry =0.53444, $y =1.1292, ¢, =33512, ¢, =1.1717,

$;=290, Ay =64.039, A =23748, i,=14295,

A; =92.745, b, =0, b =0.86376, b, =0.00240 and

b, =0.16633.

The computer program implementing the constructed
models (8), (9) and (10) was developed to conduct
experiments. The program was written in the sci-language
for the Scilab system. Scilab (http://www.scilab.org) is
the free and open source software, the alternative to
commercial packages for system modeling and simulation
packages such as MATLAB and MATRIXx.

5 RESULTS
If the Gaussian random variable & equals zero the
regression models (8), (9) and (10) are the multiple
regression equations for which the prediction results for
values of components of vector X ={X;, X5, X3} from

Table 1 and values of MRE are shown in the Table 2.

Table 2 — The prediction results and confidence intervals of multiple regressions

Multiple non-linear regressions
Multiple linear regression univariate normalizing transformation the Johnson multivariate
No the decimal logarithm the Johnson transformation normalizing transformation
\ MRE LB UB \% MRE | LB UB % MRE | LB UB % MRE | LB UB

1 1.516f 0,1396/ 0.934| 2.097| 1.380[ 0.0375| 1312 1.451| 1.360[ 0.0225| 1.334] 1.389| 1.298| 0.0242| 1.252| 1.346
2 | 3.392| 0,0335] 2.752| 4.033] 3.394| 0.0329| 3.192| 3.609| 3.383| 0.0363| 3.154| 3.636] 3.387| 0.0352| 3.223| 3.560
3 | 3.243] 0,0231] 2.635] 3.851] 3.233] 0.0197] 3.088] 3.384| 3.188] 0.0055| 3.042| 3.344| 3.234]| 0.0203| 3.121| 3.352
4 1.744| 0,1401| 1.179] 2.310{ 1.646] 0.0760| 1.574| 1.722| 1.645| 0.0751| 1.603] 1.691| 1.593| 0.0411| 1.541| 1.648
5| 2.587] 0,1008] 2.000] 3.174] 2.479| 0.0549| 2.371] 2.592| 2.248| 0.0436| 2.114] 2.399| 2.312| 0.0160| 2.210| 2.421
6 | 3.324| 0,0619] 2.758] 3.890| 3.309| 0.0571] 3.192] 3.430] 3.239| 0.0347| 3.121] 3.363| 3.320| 0.0607| 3.222| 3.421
7| 2.225] 0,0961] 1.685| 2.765| 2.112| 0.0404] 2.016] 2.213| 2.041]| 0.0056] 1.969| 2.120] 2.079| 0.0240| 2.001| 2.161
8 | 3.301] 0,0252] 2.735] 3.868| 3.308| 0.0272| 3.204| 3.415| 3.320| 0.0310] 3.210| 3.435] 3.357| 0.0425| 3.270| 3.447
9 | 2982| 0,0924] 2.438] 3.527] 2.967| 0.0867| 2.871] 3.065| 2.983| 0.0928| 2.888| 3.085| 3.005| 0.1006] 2.925| 3.087
10| 4.539] 0,0238] 3.982| 5.096] 4.577] 0.0157| 4.439] 4.720] 4.624| 0.0055| 4.462| 4.794| 4.673| 0.0049| 4.551] 4.799
11| 5.445] 0,0137] 4.797| 6.092| 5.105] 0.0751| 4.822| 5.406| 5.127| 0.0712] 4.790| 5.493| 5.075] 0.0806| 4.816] 5.350
12| 2.869| 0,0434] 2.331] 3.408] 2.641| 0.0397| 2.495| 2.795| 2.461| 0.1053| 2.347| 2.584| 2.585| 0.0598| 2.470[ 2.708
13| 7.128] 0,0285] 6.509| 7.746] 7.301]| 0.0535] 7.001| 7.614] 7.304| 0.0540| 6.923| 7.708| 7.315| 0.0556| 7.047| 7.595
14| 3.812] 0,0221] 3.281| 4.344| 3.714]| 0.0044| 3.560| 3.873| 3.712]| 0.0048| 3.541| 3.895| 3.734| 0.0010| 3.598| 3.875
15] 4.994] 0,0169] 4.484| 5.504] 5.027] 0.0104] 4.879| 5.180] 5.101] 0.0042| 4.929| 5.281| 5.158| 0.0153| 5.027| 5.292
16| 6.956] 0,0230{ 6.372| 7.540{ 7.083| 0.0052| 6.855| 7.319| 7.150] 0.0042| 6.858] 7.456] 7.167| 0.0066| 6.952| 7.388
17] 3.305] 0,0200] 2.773| 3.837| 3.317] 0.0237| 3.189| 3.449| 3.247]| 0.0020| 3.121| 3.380| 3.365| 0.0387| 3.258| 3.477
18| 3.513] 0,1327] 2.967| 4.058] 3.550| 0.1235] 3.429| 3.675| 3.572| 0.1180| 3.445| 3.706| 3.644| 0.1001| 3.544| 3.748
19| 4.524| 0,0416] 4.016] 5.031] 4.584| 0.0288| 4.446| 4.726| 4.633| 0.0184| 4.476] 4.797| 4.718| 0.0004| 4.601| 4.839
20| 3.571] 0,0234| 2.978| 4.165| 3.505| 0.0042| 3.355| 3.661| 3.503| 0.0037| 3.341| 3.676] 3.536] 0.0132| 3.408| 3.670
21| 5.914] 0,0193| 5.441| 6.386] 6.004| 0.0043| 5.813| 6.201| 5.804| 0.0375| 5.598| 6.019] 6.027| 0.0004| 5.871| 6.189
22| 4.095| 0,0085| 3.497| 4.692| 4.106| 0.0059| 3.928| 4.292| 3.960{ 0.0411| 3.781| 4.151] 4.153] 0.0055] 4.006| 4.306
23| 9.807| 0,0366] 9.306| 10.308| 10.133| 0.0046| 9.851| 10.422| 9.967| 0.0210{ 9.599| 10.348| 10.055| 0.0123| 9.785| 10.332
24| 9.568| 0,0384| 9.041| 10.095| 9.616| 0.0336] 9.304| 9.938| 9.847| 0.0103| 9.471| 10.238| 9.756| 0.0195| 9.464| 10.058
25| 8.463| 0,0239| 7.795| 9.131| 8.399| 0.0312| 8.031| 8.784| 8.011]| 0.0760| 7.640| 8.401| 8.369| 0.0348| 8.085| 8.663
26| 15.820{ 0,0430{ 15.010{ 16.630| 16.158| 0.0225| 15.120| 17.268| 15.769| 0.0460| 14.546| 17.068| 15.589| 0.0569| 14.693| 16.539
27| 11.913] 0,0431] 11.427| 12.399| 12.162| 0.0232| 11.795| 12.539| 12.313| 0.0110| 11.858| 12.783| 12.194| 0.0206| 11.846] 12.552
28| 14.780| 0,0501| 14.067| 15.494| 14.850| 0.0456| 14.303| 15.418| 15.196| 0.0234| 14.538| 15.877| 14.720] 0.0540| 14.191| 15.269
29| 16.785] 0,0392| 16.019| 17.551| 17.280| 0.0109| 16.440| 18.163| 17.000] 0.0269| 16.031| 18.012| 16.734| 0.0421] 15.986| 17.517
30| 10.865| 0,0325| 9.819| 11.912| 10.487| 0.0662| 9.922| 11.083| 10.015| 0.1082| 9.433| 10.630| 10.506| 0.0645| 10.054| 10.979
31| 7.741] 0,0571| 6.788| 8.695| 7.849| 0.0440| 7.528| 8.183| 8.029| 0.0221| 7.605| 8.477| 8.127| 0.0101| 7.825| 8.442
32| 19.355]| 0,0298| 17.602| 21.107| 18.142| 0.0906| 16.983| 19.379| 19.878| 0.0036| 18.087| 21.774| 19.676] 0.0137| 18.356| 21.087
33| 15.501] 0,0408| 14.285| 16.716| 15.305| 0.0529| 14.513| 16.139| 14.950| 0.0749| 14.080| 15.861| 15.494| 0.0412| 14.806| 16.213
34| 8.473| 0,0404| 7.049| 9.897| 8.339| 0.0556| 7.907| 8.794| 8.674| 0.0177| 8.044| 9.354| 8.741] 0.0100| 8.262| 9.249
35| 12.392| 0,0445| 11.315| 13.469| 12.551| 0.0323| 12.012| 13.115] 12.862| 0.0083| 12.121| 13.641| 12.803| 0.0129| 12.256| 13.374
36| 25.053] 0,1751| 24.147| 25.958| 25.353| 0.1892| 24.289| 26.464| 25.685| 0.2048| 24.603| 26.786| 24.519| 0.1501| 23.577| 25.496
37| 24.593| 0,1728] 23.696| 25.490| 25.333| 0.2081| 24.204| 26.514| 25.102| 0.1971| 23.980| 26.247| 25.158| 0.1997| 24.163| 26.191
38| 36.133| 0,0546| 34.746| 37.520| 36.936| 0.0336| 35.110| 38.858| 37.161| 0.0277| 35.682| 38.622| 36.607| 0.0422| 34.926| 38.359
391 30.387| 0,1476| 29.413| 31.361| 31.054| 0.1727| 29.615| 32.564| 31.097| 0.1744| 29.813| 32.388| 30.135] 0.1380| 28.907| 31.410
40| 45.181] 0,0626] 43.360| 47.003| 44.994| 0.0665| 42.372| 47.778| 46.127| 0.0430| 44.434| 47.737| 43.296| 0.1018| 40.695| 46.035
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The prediction results by model (8) and values of
MRE are shown in the Table 2 for two cases: Johnson’s
univariate and multivariate normalizing transformations.
Table 2 also contains the prediction results by linear
regression model (9) for values of components of vector
X from Table 1 and MRE values. The MRE values for the
multiple non-linear regression model (8) based on the
Johnson multivariate transformation are smaller than for
the linear regression model (9) for 25 rows of data: 1, 3—
7, 10, 14-16, 18-24, 27, 31, 32, 34-36, 38, 39. Also the
MRE values for the non-linear regression model (8) based
on the Johnson multivariate transformation are smaller
than for the multiple non-linear regression model (10)
following the decimal logarithm univariate transformation
for 22 rows of data: 1, 2, 4, 5, 7, 10, 14, 18, 19, 21, 22,
24,27, 30-37, 39. And ones are smaller than for the non-
linear regression model (8) following the Johnson
univariate transformation for only 18 rows of data: 2, 4, 5,
10, 12, 14, 18, 19, 21-23, 25, 30, 31, 33, 34, 36 and 39.

MMRE and PRED(0.25) are accepted as standard
evaluations of prediction results by regression models and
equations. The acceptable values of MMRE and
PRED(0.25) are not more than 0.25 and not less than 0.75

respectively. The acceptable value of R? is approximately

the same as for PRED(0.25). The values of R*, MMRE
and PRED(0.25) equal respectively 0.9847, 0.0565 and
1.0 for linear regression model (9), and equal respectively
0.9810, 0.0503 and 1.0 for the model (10), and equal
respectively 0.9828, 0.0478 and 1.0 for the model (8) for
the Johnson wunivariate transformation, and equal
respectively 0.9818, 0.0443 and 1.0 for the model (8) for
the Johnson multivariate transformation. The value of
MMRE is better for the model (8) for the Johnson
multivariate transformation in comparison with all
previous models.

The confidence and prediction intervals of multiple
non-linear regression are defined for the data from
Table 1. Table 2 contains the lower (LB) and upper (UB)
bounds of the confidence intervals of linear and multiple
non-linear regressions on the basis of univariate and
multivariate transformations respectively for 0.05
significance level. The widths of the confidence interval
of multiple non-linear regression on the basis of the
Johnson multivariate transformation are smaller than for
linear regression (9) for 34 rows of data: 1-25, 27-35.
Also the widths of the confidence interval of multiple
non-linear regression on the basis of the Johnson
multivariate transformation are less for more data rows
than for multiple non-linear regressions following the
univariate transformations, both decimal logarithm and
the Johnson. The widths of the confidence interval of
multiple non-linear regression on the basis of the Johnson
multivariate transformation are smaller than following the
decimal logarithm univariate transformation for 37 rows
of data: 1-31, 33, 36-40. And ones are smaller than
following the Johnson univariate transformation for 34
rows of data: 2, 3, 5, 6, 811, 13-37 and 39.
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Approximately the same results are obtained for the
prediction intervals of regressions.

Table 3 contains the lower (LB) and upper (UB)
bounds of the prediction intervals of multiple linear and
non-linear regressions on the basis of univariate and
multivariate transformations respectively for 0.05
significance level. Note the lower bounds of the
prediction interval of linear regression (9) are negative for
the four rows of data: 1, 4, 5 and 7. All the lower bounds
of the prediction interval of multiple non-linear
regressions are positive. The widths of the prediction
interval of multiple non-linear regression on the basis of
the Johnson multivariate transformation are smaller than
for linear regression (9) for 35 rows of data: 1-35.

Table 3 — The bounds of the prediction intervals

. Bounds for multiple non-linear regression

Bounds for linear - - —
No regression decimal logaqthm Johnson multl\{arlate

transformation transformation

LB UB LB UB LB UB
1 -1.174 4.205 1.186 1.606 1.184 1.431
2 0.689 6.096 2.906 3.966 2.968 3.877
3 0.548 5.939 2.782 3.756 2.850 3.682
4 -0.942 4431 1.417 1.912 1.439 1.773
5 —0.104 5.278 2.134 2.879 2.050 2.620
6 0.637 6.010 2.855 3.834 2.928 3.775
7 -0.456 4.906 1.817 2.454 1.854 2.341
8 0.615 5.988 2.857 3.829 2.962 3.815
9 0.300 5.664 2.562 3.435 2.658 3.407
10 1.855 7.224 3.955 5.297 4.097 5.340
11 2.740 8.149 4.377 5.955 4.412 5.850
12 0.188 5.550 2.264 3.080 2.284 2.938
13 4.430 9.826 6.291 8.473 6.366 8.416
14 1.133 6.492 3.200 4.310 3.279 4.263
15 2.319 7.669 4.344 5.818 4.517 5.900
16 4.266 9.647 6.117 8.201 6.248 8.229
17 0.625 5.984 2.860 3.847 2.965 3.830
18 0.830 6.195 3.064 4.112 3.209 4.150
19 1.849 7.198 3.961 5.306 4.137 5.390
20 0.879 6.264 3.018 4.070 3.109 4.034
21 3.245 8.582 5.186 6.951 5.268 6.906
22 1.402 6.788 3.535 4.768 3.640 4.748
23 7.133 12.481 8.759 11.722 8.754 11.554
24 6.889 12.246 8.304 11.135 8.489 11.217
25 5.753 11.173 7.231 9.756 7.281 9.627
26 13.072 18.568 13.802 18.916 13.436 18.079
27 9.242 14.584 10.508 14.075 10.607 14.018
28 12.059 17.502 12.810 17.214 12.782 16.948
29 14.049 19.520 14.853 20.103 14.496 19.309
30 8.038 13.692 8.997 12.224 9.107 12.124
31 4.947 10.535 6.763 9.108 7.066 9.356
32 16.197 22.512 15.500 21.234 16.896 22.892
33 12.607 18.394 13.141 17.825 13.420 17.880
34 5.486 11.460 7.160 9.712 7.551 10.127
35 9.554 15.231 10.809 14.575 11.095 14.774
36 22.275 27.831 21.839 29.433 21.321 28.160
37 21.818 27.368 21.804 29.432 21.874 28.896
38 33.163 39.103 31.740 42.984 31.889 41.925
39 27.586 33.188 26.713 36.101 26.235 34.553
40 41.985 48.377 38.533 52.537 37.588 49.717

Also the widths of the prediction interval of multiple
non-linear regression on the basis of the Johnson
multivariate transformation are smaller for more data
rows than for multiple non-linear regressions following
the univariate transformations, both decimal logarithm
and the Johnson. The widths of the prediction interval of
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multiple non-linear regression on the basis of the Johnson
multivariate transformation are smaller than following the
decimal logarithm univariate transformation for 38 rows
of data: 1-31, 33, 35-40. And ones are smaller than
following the Johnson univariate transformation for 26
rows of data: 1, 2, 4-19, 21, 23-26, 28-30.

The null hypothesis that the observed frequency
distribution of residuals for linear regression models (7)
and (9) is the same as the normal distribution was tested
by Pearson’s chi-squared test. We can accept the null
hypothesis that the distribution of residuals for linear
regression model (7) is the same as the normal
distribution for normalized data, which normalized by the
Johnson multivariate transformation only, since the chi-
squared test statistic value equals to 5.59 is smaller than
the critical value of the chi-square, which equals to 7.81
for 3 degrees of freedom and 0.05 significance level. The
chi-squared test statistic values equal to 60.61, 12.41 and
17.34 respectively for the model (9), the model (7) for
normalized data, which normalized by the decimal
logarithm univariate transformation and the Johnson
univariate transformation for Sz family.

Following [16] multivariate skewness ; and kurtosis
B, are estimated for 40 data rows from Table I and the

normalized data on the basis of the decimal logarithm
transformation, the Johnson univariate and multivariate
transformations for Sz family. The measures B, and 3,

allow one to test two hypotheses that are compatible with
the assumption of multivariate normality. The estimator
of multivariate skewness given by [16]

B = %% {(Zi -Z)TSNI(Zi —Z)f :

The estimator of multivariate kurtosis given by [16]

By = ﬁ% {(Zi -Z)T SN (Zi —Z)}z :

In our case, in the formulas (11) and (12), the vectors
Z and Z should be replaced by the vectors P and P or T
and T, respectively, for the initial (non-Gaussian) or
normalized data. It is known that B, = m(m+1)m+2)/N

and B, :m(m+2) hold under multivariate normality.

(11

(12)

The given equalities are necessary conditions for
multivariate normality. In our case ;=3 and 3, =24.

The estimators of multivariate skewness and kurtosis
equal 19.38, 4.18, 5.30, 4.65, and 47.37, 23.22, 26.32,
24.29 for the data from Table 1, the normalized data on
the basis of the decimal logarithm transformation, the
Johnson wunivariate and multivariate transformations
respectively. The values of these estimators indicate that
the necessary condition for multivariate normality is
practically performed for the normalized data on the basis
of the decimal logarithm transformation and the Johnson
multivariate transformation, it does not hold for other
data.
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6 DISCUSSION

As it evident from the Table 3, the values of lower bounds
of the prediction intervals of linear regression (9) for
estimating the agile testing efforts for small Web projects
are negative for some data rows. In our opinion, the
presence of negative values may be explained by two
reasons. Firstly, for the initial data from Table 1, four
basic assumptions that justify the use of linear regression
model, one of which is normality of the error distribution,
are not valid. Moreover, the chi-squared test statistic
value for residuals in linear regression model (9) is larger
than for residuals in linear regression model (7) for
normalized data, which normalized by the Johnson
multivariate transformation, more than 10 times.
Secondly, there is reason to reject the hypothesis that the
sample of normalized data comes from a multivariate
normal distribution. Note all the lower bounds of the
prediction intervals of multiple non-linear regressions are
positive.

Also note that in our case for the data from Table 1,
the poor normalization of multivariate non-Gaussian data
using the Johnson univariate transformation leads to an
increase in the widths of the confidence and prediction
intervals of multiple non-linear regression for a larger
number of data rows compared to the Johnson
multivariate transformation.

The widths of the confidence and prediction intervals
of multiple non-linear regression on the basis of the
Johnson multivariate transformation are smaller for more
data rows than for linear regression and multiple non-
linear regressions following the univariate
transformations, both decimal logarithm and the Johnson.
Also the MMRE value is smaller for the model (8) for the
Johnson multivariate transformation in comparison with
all other models, both linear and non-linear, based on
univariate transformations. This may be explained best
multivariate normalization and the fact that there is no
reason to reject the null hypothesis that the distribution of
residuals for linear regression model (7) is the same as the
normal distribution for normalized data, which
normalized by the Johnson multivariate transformation
only.

CONCLUSIONS

The important problem of increase of confidence of
agile testing effort estimation for small Web projects is
solved.

The scientific novelty of obtained results is that the
multiple non-linear regression model to estimate the agile
testing efforts for small Web projects is firstly constructed
on the basis of the Johnson multivariate transformation
for Sy family. This model, in comparison with other

regression models (both linear and non-linear), has a
smaller value of the mean magnitude of relative error,
smaller widths of the confidence and prediction intervals
of multiple non-linear regression.

The practical significance of obtained results is that
the software realizing the constructed model is developed
in the sci-language for Scilab. The experimental results
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MHOKWHHA HEJIHIAHA PETPECIMTHA MOJEJIb 1JI51 OLITHIOBAHHS TPYJIOMICTKOCTI AGILE TECTYBAHHS
JJIs1 MAJIUX BEB-TIPOEKTIB
IIpuxoasko H. B. — xana. eKoH. HayK, JAOLEHT, JoUeHT Kadenpu ¢inanciB HauioHansHoro yHiBepcutery kopaOneOymyBaHHS iMeHi
anMipana Makaposa, Mukonais, Ykpaina.
Mpuxoasko C. b. — 1-p Texn. Hayk, npodecop, 3aBimyBau Kadeapu MNPOTPAMHOTO 3a0E3MEUCHHS ABTOMATH30BAaHUX CHCTEM
HarmionaneHoro yHiBepcuTeTy KopabneOyayBaHHs iMeHi anmipana MakapoBa, Mukonais, Ykpaina.

AHOTALISA

AKTyajbHicTh. OUIHIOBAHHS TPYIOMICTKOCTI TECTYBaHHS MPOrPAMHOr0 3a0E3MEUCHHS € OIHIEI0 3 BAXIUBHX MPoOIeM y po3polii
POrpaMHOTro 3a0e3MeYCHH Ta JKUTTEBOMY LIUKJII TECTyBaHHs MpOrpaMHOro 3adesnedeHHs. O0’€KTOM JIOCHIKEHHS € MPOLIEC OLiHIOBAHHS
TPYIOMICTKOCTI agile TecTyBaHHS Ul MajMX BeO-mpoekTiB. [IpeameToM HOCHiIKEHHS € MOJeNi MHOXMHHOI perpecii Juis OLiHIOBaHHS
TPYAOMICTKOCTI agile TecTyBaHHS JUI MaIUX BEO-IIPOEKTIB.

Meta. MeToro poOOTH € CTBOPEHHSI MO MHOXXHWHHOI HEJTiHIHHOI perpecii Ajisi OLHIOBAaHHS TPYJIOMICTKOCTI agile TecTyBaHHS Juis
MaJInX BeO-TIPOEKTiB Ha OCHOBI 0araTOBMMIpHOTO HOPMali3yl04doro repeTBopeHHs J)>koHCcOHa.

Mertoa. Mogens, noBipdi iHTepBaIX Ta iHTEpBAIH Iepea0aYeHHs OaraToBUMipHOI HENiHilHOT perpecii ULt OIiHIOBaHHS TPYJOMICTKOCTI
agile TecTyBaHHS Ui ManuxX BeO-MPOEKTIB MOOYAOBaHI HAa OCHOBI 0araTOBHMIpPHOTO HOpPMali3yrodoro mneperBopeHHs JIxoHCOHA st
HErayCiBChbKHX JaHHMX 3a JIOIIOMOIOK BIAMOBIIHUX MeTOAiB. MeToau moOynoBHM MoJeJel, piBHSHb, JOBIPYMX IHTEpBAIiB 1 iHTEpBaJiB
nepenbaveHHs HENIHIMHMX perpecii 3acHoBaHi Ha 0araTOBUMIPHOMY HENIHIHHOMY perpeciiHOMy aHallizi 3 BHMKOPHUCTaHHIM
0araTOBHMIpHHX HOPMali3ylOUHX IepeTBOPEHb. Po3rmaHyTo BimmoBigHi Meromu. 1li MeTonu MO3BONSIOTH BPaxOBYBAaTH KOPEIAIII0 MiK
BUIAJKOBUMH BEINYMHAMH B Pa3i HOpMaizallii 6araTOBUMipHHUX HErayCiBCbKUX JaHUX. 3araiioM, Iie MPU3BOIUTH A0 3MEHILIEHHS CePeIHbOT
BEJIMYMHHU BiJHOCHOI MOXHMOKH, HIMPUHH JOBIPYMX IHTEpBaJIB 1 IHTepBaliB mepeabdaueHHs B TMOPIBHSAHHI 3 JIIHIHHUMH MOJEISIMH Ta
HEJTiHIHHUMY MOJENSAMH, T00YJOBAaHUMY 3 BUKOPHCTaHHAM OXHOBUMIPHHUX HOPMANI3yIOUHX IIEPETBOPEHE.

PesyabraTn. 37iliCHEHO MOPIBHIHHS MOOYIO0BAHOI MOJENi 3 MOJECISMHE JIiHIFHOI perpecii Ta HENHIHHUMH pErpecisiMu Ha OCHOBI
JIECSTKOBOTO JIOTapu(pMy Ta OJTHOBUMIPHOTO NIepeTBOPEeHHS [I)KOHCOHA.

BucHoBku. Moyienb HeiHIMHOI perpecii Ai1s OLIHIOBaHHS TPYJOMICTKOCTI agile TecTyBaHHS a1 MaJMX BeO-IIPOEKTiB 1o0ynoBaHa Ha

OCHOBi GaraTOBHMIpHOTO MepeTBOpeHHs JKOHCOHa juist cimeiictBa Sg. Ll Mozgens B MOpiBHAHHI 3 iHIMMH perpeciiiniii mMomenmi (K

JHIHHUMH, TaK 1 HETIHIHHUMH) Ma€ MEHILE 3HAYCHHS CepeIHbOI BEMUMHU BiJJHOCHOI MOXUOKHM, MEHIII HIMPUHH JOBIPYMX IHTEPBAJIB 1
iHTepBaliB nependadeHHs. [IepCreKTHBY MoJaIbIINX JOCTIDKEHb MOKYTh BKJIIOYATH 3aCTOCYBaHHS iHIINX 0araTOBUMIPHUX HOPMali3ylOTh
HepPeTBOPEHb 1 HAOOPIB JaHHUX WA MOOYJOBHM MOJEII HENiHiHHOI perpecii mis OLiHIOBaHHSA TPYZOMICTKOCTI agile TecTyBaHHS Ul MaluX
BEO-IIPOCKTIB.
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KJIFOYOBI CJIOBA: agile TecTyBaHHS, OLIHIOBaHHS, TPYAOMICTKICTh TECTyBaHHs, Be® IPOEKT, MOJIeNb MHOXHHHOI HENiHiHHOT
perpecii, 6araToBUMipHe HOpMaITi3yroue MePETBOPEHHS, HETayCIBChKI JaHi.

YK 004.412:519.237.5
MHOKECTBEHHASI HEJIMHEAHASI PETPECCUOHHASI MOJIEJIb J1J11 OUEHKU TPYJIOEMKOCTH AGILE
TECTUPOBAHUA JJIs1 MAJIBIX BEB-IIPOEKTOB

Ipuxoasko H. B. — kaHz. 5KOH. HayK, JOLEHT, JOLEHT Kadeapsl ¢prHaHCOB HalMoOHATBHOTO yHUBEPCUTETY KOPAOIECTPOCHHS UMEHH
anamupana Maxkaposa, Hukonaes, Ykpanna.

Ipuxoasko C. B. — 0-p TexH. Hayk, npodeccop, 3aBeayromuil Kadeapoil IPOrpaMMHOro 00eCIIeYeHHsI aBTOMATH3UPOBAHHBIX CHCTEM
HarnmoHansHOTro yHUBEpCUTETY KOpabiecTpoeHus MeHH aaMupana Makaposa, Hukomnaes, Ykpanna.

AHHOTAIUA

AKTyaJIbHOCTb. OLEHUBaHUSA TPYAOEMKOCTH TECTHPOBAHHs HMPOrPaMMHOIO OOECHEedeHMs SBISETCS OJHOW U3 BaXKHBIX HpPOOIEM B
pa3paboTke MPOrpaMMHOrO OOECTICYEHHUsS M JKM3HEHHOM IIMKJIE TECTHPOBAHMS MPOrpaMMHOro obecredyeHus. OOBEKTOM HCCIECIOBAHUS
SIBJISICTCSI TIPOLIECC OLIEHKHM TPYJOEMKOCTH agile TeCTUpOBaHUs Ul MalbIX BeO-NpoekToB. IIpeaMeToM uccnenoBaHus SBISIOTCS MOJEIH
MHOKECTBEHHON PErpeccry sl OLEHKH TPYA0EMKOCTH agile TecTHpOBaHMs Ul MAJIbIX BEO-IIPOEKTOB.

Henas. Llens paGoTsl — co3maHHe MOJETU HENIHMHEHHON perpeccHy IS OLCHKH TPYHDOEMKOCTH agile TecTHpoBaHUS IUII MajblX BeO-
MPOEKTOB HA OCHOBE MHOT'OMEPHOI'0 HOPMAIIM3UPYIOIIETO peodpazoBanus HKOHCOHA.

Metoa. Mojenb, AOBepUTENIbHBIE MHTEPBAJIbl U MHTEPBAIbl MPOTHO3UPOBAHMS MHOTOMEPHON HEIMHEHHON perpeccuu A OLICHKU
TPYJIOEMKOCTH agile TecTUpoBaHHs [UIsl MaJIbIX BEO-IIPOEKTOB MOCTPOEHBI HA OCHOBE MHOTOMEPHOI'0 HOPMAIU3UPYIOLIEro Npeodpa3oBaHus
JKOHCOHa JUIi HErayCCOBCKHX JAaHHBIX C IIOMOLIBIO COOTBETCTBYIOLIIMX METOAOB. MeToibl MOCTPOEHHs MOJENeH, ypaBHEHUId,
JIOBEPUTEIbHBIX MHTEPBAJOB M MHTEPBAJIOB IPEACKAa3aHHUS HEIMHEWHBIX pErpeccuil OCHOBaHBI Ha MHOTOKPATHOM HEJIMHEHHOM
PErpeccCHOHHOM aHaJIN3€ C UCHOJIb30BAHUEM MHOTOMEPHBIX HOPMAIM3YIOIUX MpeoOpa3zoBaHuil. PaccMOTpeHbl COOTBETCTBYIOIUE METOIbI.
MerTozbl MO3BOJIAIOT YYUTBIBATh KOPPEIALMIO MEXIY CIy4aiHBIMU BEIHMYMHAMH B ClIyyae HOPMalU3allid MHOTOMEPHBIX HErayCCOBCKUX
JaHHBIX. B 00111eM, 3T0 TPUBOIUT K YMEHBILICHHIO CPEIHEH BEINYMHBI OTHOCHTEIBbHOM MOTPEIIHOCTH, LIIMPUHBI JIOBEPUTEIbHBIX HHTEPBAJIOB
W MHTEPBAJIOB IPEJICKAa3aHUs 110 CPABHEHHIO C JIMHEHHBIMU MOJENSMHM M HEIUHEHHBIMH MOJEJSAMM, NMOCTPOSHHBIMH C HCIIOJIB30BAaHUEM
OJIHOMEPHBIX HOPMAJIH3YIOIIUX [IPeoOpa3oBaHuUiA.

Pe3yabratsl. [IpoBeieHO cpaBHEHHE NMOCTPOSHHON MOJAENM C JMHCHHOW MOJETBI0O M HEIWHEHHBIMH PErPECCHOHHBIMH MOJEISAMH Ha
OCHOBE JICCATHYHOTO Jorapuma 1 0HOMEPHOro npeodpaszoBanus JHkoHCOHA.

BoiBoabl. Mojienb HETMHEHHOH perpeccuu Ul OLIEHKH TPYAOEMKOCTH agile TeCTUpOBaHUs Ul MAJIbIX BEO-IIPOEKTOB MOCTPOEHA Ha

OCHOBE€ MHOI'OMEPHOI'0 npeo6pa3OBaHH51 ﬂ)KOHCOHa JJIA ceMeicTBa SB DTta MOJACJIb IO CPaBHEHUIO C APYIrMMHU PErpeCCUOHHbBIMU

MOZENAMHU (KaK JMHEHHBIMH, TaK ¥ HETMHEHHBIMU) UMEET MEHbLIee 3HAUCHUE CPEe/IHEIl BEIMUMHBI OTHOCUTEIILHON TOTPELIHOCTH, MEHBILIHE
LIMPUHBl JOBEPHUTEIBHBIX HHTEPBAJOB M HHTEPBAJIOB MpeAcKa3aHus. [IepCrieKTHBBI JaibHEHIINX HCCICAOBAaHUI MOTYT BKIIFOYATh
MPUMEHEHHE JPYTUX MHOTOMEPHBIX HOPMAIM3YIONIMX MNpeoOpa3oBaHuii ¥ HAaOOPOB [JaHHBIX IS IOCTPOCHUS MOJCIU HEIMHEHHOU
perpeccuu Uist OIIEHKH TPYI0EMKOCTH agile TeCTUpOBaHUsI 1Sl MAJIBIX BEO-IIPOEKTOB.

KJIFOUEBBIE CJIOBA: agile tecTupoBaHue, OLCHKA, TPYAOEMKOCTb TECTUPOBaHHs, BeO NPOEKT, MOAENb MHOKECTBEHHOM
HEJIMHEHHOH perpeccun, MHOroMEepHOE HOpMAJIM3YIolee ITPeoOpa3oBaHusl, HErayCUBChKH JaHHBIE.
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YIIPABJIEHUE
B TEXHUYECKUX CUCTEMAX

CONTROL
IN TECHNICAL SYSTEMS

VJIK 004.514:658.5
METO/J OHEHKHU JEATEJIBHOCTH OIIEPATOPA
ABTOMATHU3UPOBAHHOM CUCTEMBI YIIPABJIEHUSI
TEXHOJIOI'MYECKHUM INTPOONECCOM I'A3OBETOHHOI'O
ITPON3BO/ICTBA

Kamunckas %K. K. — accucrenT xadenpsl mporpaMMHBIX CpPEICTB, 3allOPOKCKUIN HALMOHAJIBHBIA TEXHHUYECKUI
YHHMBEPCUTET, 3all0poKbe, YKpauHa.

Cepaiok C. H. — xaHJ. TexH. HayK, JOUEHT Kadeapbl NPOrpaMMHBIX CPEACTB, 3allOPOKCKUIT HAIIMOHANBHBIN TeX-
HUYECKUN YHUBEPCUTET, 3alIOPOXKbE, Y KpauHa.

Kymuang 3. M. — KaHJI. TeXH. HayK, JOIEHT KadeIpbl HJIEKTPONPUBOAA H aBTOMATH3aLMH NPOMBIIIICHHBIX yCTa-
HOBOK, 3alIOPOXCKHI HAaIlMOHAJIbHBIN TEXHUYECKUH YHUBEPCUTET, 3alIOPOXKbE, Y KpauHa.

AHHOTALIIUA

AKTyanbHOCTb. PaccMoTpena mpoOnema KONMMYECTBEHHOH OLEHKH AEATEIbHOCTH OIepaTopa aBTOMAaTH3MPOBAHHOW CHCTEMBI
YIPaBICHHUS TEXHOJOTHYECKUM IPOLECCOM MPOM3BOACTBA ra300eToHA. AKTYyalbHOCTh JaHHON IpoOsieMbl 00yCIaBIUBacTCs HEOO-
XOIMMOCTBIO y4eTa 4elIoOBEYecKoro (hakTtopa mpu pa3pabOTKe CHCTeM HaHHOTO Thma. OOBEKT HCCIECAOBAHUS — HPrOHOMHYECKOE U
HHKEHEPHO-TICHXOJIOTNYECKOe 00eCTIeUeHNE ASSITENIFHOCTH OIepaTopa aBTOMATU3HMPOBAHHOI CHCTEMBI YHPAaBICHHUS TEXHOJIOTHYE-
CKHMM IPOLECCOM Ta300€TOHHOTO IIPOU3BOACTBA. [IpeMeT uecneoBanust — MO, METOIbI ¥ CPEICTBA MOBHIIICHHS 3P (HEKTHBHO-
CTH JICSITEIILHOCTH OllepaTopa ra300€TOHHOTO MPOU3BOJICTBA.

Ileab padoThl — pa3paboTKa METOAA, MO3BOJISIOIETO IPOBECTH IPrOHOMHYECKYIO IKCIEPTH3Y JESTeIbHOCTH OIepaTopa aBTo-
MAaTH3MPOBAHHOM CHCTEMBI YIPABICHUS] TEXHOJOTNYECKUM IIPOLIECCOM Ha OCHOBE KOJMYECTBEHHBIX ITOKa3aTelel NaHHOH JesTelNb-
HOCTH, IIOJIyYCHHBIX B Pe3yJIbTaTe MMHTALMOHHOIO MOJEIMPOBAHUS, a TAKKe BepU(HUKALMA METOla Ha IIPUMEpe aHalu3a AesTelb-
HOCTH OIlepaTopa aBTOMaTU3UPOBAHHOW CHCTEMBI 103MPOBAaHMS MaTEpUaoB AT M3rOTOBICHUS razoderona Ha 3A0 «Motop Cuu»
(r. 3amopoxbe, YKpanHa).

Meton. [IpemioxkeHo penieHue paccMaTpuBaeMoi IPOOIEMBI B BHIE OCTPOCHHUS MMUTALMOHHON MOJENH mporecca QyHKIHO-
HHUPOBAHUS aBTOMaTU3UPOBAHHON CHCTEMBI IIPUTOTOBJICHUS Ta300€TOHAa U B3aMMOJCHCTBUS OllepaTopa C aHAIU3HPYEMBbIM BapHaH-
TOM UeJIOBEKO-MAIIMHHOTO HHTepdeica. OneHKa NesTeIbHOCTH OllepaTopa OCHOBBIBAETCS HA CPAaBHUTEILHOM aHAIN3E PE3yJIbTaTOB
9KCIIEpUMEHTA C BBEACHHOW B MOZeNb OaTapeeil HOpMaTHBHBIX M NMPEAEIbHBIX MoKa3aTelel, XapaKTepU3YIOIHX JesITeIbHOCTh OIle-
paropa. B nMHTaIIMOHHOM MOJIENIN YeJIOBEKO-MaIllMHHAsI CUCTEMA «OIepaTop-aBTOMAaTH3UPOBAHHAs CHCTEMa) NPEACTAaBICHA B BHIE
CHCTEMBI MACCOBOTO 00CITYKHBaHUS.

Pe3yabTarthl. Paspabotansl MeTOA U IporpaMMHOE oOecredeH e, TO3BOIISIONINE KONNYECTBEHHO OIICHHUTH JIEATEIbHOCTD Olepa-
TOpa aBTOMATH3UPOBAHHON CHCTEMBI YIIPABICHNS TEXHOIOTHIECKHUM IIPOLECCOM ra300€TOHHOTO MPON3BOICTBA.

BeiBoabl. B paboTe npemtoxkeH METO KOITHIECTBEHHON OIEHKH ASSTEIHOCTH OIepaTopa ra300€TOHHOTO MPOU3BOJICTBA OCHO-
BaHHBIN HA CTOXAaCTHYECKOW KOMOMHHMpPOBaHHOW Monenu. Pa3paboTaHHas MOJENb, SBISETCS NATbHEHIINM pa3BHUTHEM KOMOHHHUPO-
BaHHOH MOJIEITH, IIPE/UIOKEHHON aBTOpaMH paHee. B oTianune oT KoMOMHUPOBAHHOM MOZIENH, B CTOXaCTHIECKOH KOMOMHUPOBAaHHOM
MOJIETM YUTCHBI CITydaifHbIe BO3IEHCTBUS Ha CHCTEMY «OIepaTOp-aBTOMAaTH3MPOBAaHHAS CHCTEMay U (OpMaIN30BaHBI JIEUCTBUS
oreparopa 1o yCTPaHEHHIO ITUX BO3JEHCTBHUiA. [IpoBelieHHbIE SKCIIEPUMEHTHI MOATBEPAWIN PabOTOCIIOCOOHOCTh MPEATI0KEHHOTO
MaTeMaTH4eCKOro o0ecreyeH s U MO3BOJISIIOT PEKOMEHIOBATh €ro JUIs MCIOJIb30BAaHMS Ha IPAKTHKE NP PELICHHUH 3a]a4 OLICHKH
C1oco00B YIPABICHUS TEXHOJIOTHYECKHM IIPOLECCOM, PA3IMYHBIX BAPUAHTOB IPOTOTHIIOB YEJIOBEKO-MALIMHHOTO HHTepdeiica ¢
LETbI0 UX ONTUMM3AIMH JUIS JOCTIKEHHS TpeOyeMbIX 3()(EKTHUBHOCTH U KayecTBa AEATENbHOCTH OIepaTopa ra3o0eTOHHOTO MPOU3-
BOJICTBA.

KJIFOYEBBIE CJIOBA: nMuTannoHHas MOJENb, MaTeMaTHUECKasi MOJENb, ONEpaTop, ra300€TOH, YEIIOBEKO-MAIIMHHBIA WH-
Tepdetic, Oarapest mokasaresei, KO3 GUIMEHT 3arpy>KeHHOCTH.
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ABBPEBUATYPBI

ACYTII — aBTOMaTH3MpOBaHHAS CUCTEMA YIPaBICHUS
TEXHOJIOTHYECKUM TIPOLIECCOM;

ADO — anroputma QyHKIMOHUPOBAHHMS OIIEPaTopa;

HKB — u3BECTKOBO-KPEMHE3EMUCTO BSKYIIUN;

1M — umuTaniioHHas MOJICTIb;

OCM — 0000IICHHBIH CTPYKTYPHBIH METO;

00D — 00o0mIeHHAs YHTPOTIHS CHCTEMBI;

OHD — 0000mIeHHast HEr HTPOTINS CHCTEMBL;

IV — nyneT ynpanenus;

CKM - croxactudeckas KOMOMHHPOBAaHHAs MOJIEINb;

TII — TeXHONOrMYECKUN TPOLECC;

T®E — tunosas GyHKIMOHAIbHAS €ANHHIIA;

YUMMU — vesioBeKo-MaIInHHBINA HHTEPdEFiC;

UMC — yenoBeKO-MaIIdHHAS CUCTEMA;

Ul — unTepdetic monp30BaTens.

HOMEHKJIATYPA

AV(N) — MHOXECTBO TpeeIbHO IOIYCTUMBIX 3HAUe-
HUU NIOKa3aTesel onepaTopcKoi 1eATeNbHOCTH;

base5 — cpemnee Bpems (okomo 150 mc), HeoOxomm-
Moe Ui UAeHTH(HUKAUN MATHOYKBEHHOTO ClIoBa ¢ log)o
gacToThl 1,0;

€ — OCHOBaHHE HATYPaJbHOTro Jiorapudma,

freq — 3HaueHHe [0g|)9aCTOTHI BCTPEUAEMOCTH CJIOBA;

H — undopManoHHas SHTPOIHSI CHCTEMBI;

H; — xonnuecTBO HH(MDOpMAIIHMY i-TO BUA;

H,np — aIPUOPHAst SBHTPOIHUS CUCTEMBI;

H oy — PHTpOIHS AONOJTHUTEIEHOW HH()OPMAIIHH, HC-
M0JIb3YEMOH OIEPaToOpoOM;

H ¢y — SHTPONIMS CHCTEMBI, OJTy4aeMasi OT HCTOYHHKA
COOOIIEHNUI;

H,o, — oHTpONIHS MHGOPMAIMK TOTEPSIHHON BCIICACT-
BUE IIOMEX;

i — BO3MOYKHBIE€ COCTOSIHUSI CUCTEMEI;

I — xomu4ecTBO MH(POPMAIINH, MOJyJaeMOil orepaTo-
POM OT UCTOYHHUKA COOOIICHUH;

I, —KonuuecTBo mHpopManuy, nepepadaThBacMon
OIIepaTopoOM;

|K| — onpeienuTenb KOPPEISIUOHHON MaTPHIIEL,

Kinax — MaKCUMaJbHAS JITUHA OYEpPe]IH;

K on — cpemHee 4rcIo CUTHAIIOB B OUEpPE]IH;

length — nmHa cnoBa;

m — pa3MepHOCTh HOPMAaJIBHOTO BEKTOpa X;

M — mareMaTH4deCcKOe 0KHJIaHNC;

7 — YHCIIO IIaroB MOWCKa (YHCIo (GUKCAni B3IIISLIA),
3aTPayYCHHBIX JIJIS HAXOXKICHHUS HY)KHOTO 00BEKTa;

N — MHOXECTBO HOPMATHBHBIX KOJWYECTBEHHBIX IO-
Kazareliel onepaTopcKon NesATeIbHOCTH;

n; — - HOPMATUBHBIM KOJIMUYECTBEHHBIH MOKa3aTelb
ONepaTOPCKOM eATENbHOCTH;

N' — MHOXECTBO KOJIMYECTBEHHBIX ITOKa3aTelIe oIle-
PaTOPCKOH NeATENPHOCTH, TOIYYCHHBIX B pe3yJibTare
MIPOBEACHUS IMUTAIIHOHHOTO SKCIIEPUMEHTA;

n'; —i-A KOJIMYECTBEHHBIN MOKA3aTeNb ONEPATOPCKON
JESTeTHHOCTH, MOJYYCHHBIA B pe3yibTaTe MpPOBEACHUS
MMHUTALMOHHOTO SKCIIEPUMEHTA;

Nogy, — 00I1I€€ KOTMYECTBO NOCTYITUBIINX CUTHAJIOB;
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Nyq — KOJIMYECTBO CHTHAJIOB, 00pabOTaHHBIX B YCIIO-
BUSIX OY€peM Ha 00CIy)KUBaHHUE;

Pi — BEPOATHOCTL HAXOXJACHHUA CUCTEMBI B I-M CO-
CTOSTHWY (TIOSIBJIEHUE CUTHAJIA i-T'O TUIIA);

SD — cpeHeKBaJpaTHIHOE OTKIOHEHHE;

¢ — BpeMs MH(OPMaLMOHHOTO MTOUCKa;

T —obmiee BpeMs HaXOXICHUs orepaTopa Ha pado-
YeM MECTE;

tr; — BpeMs i-i (puKcaIuy B30pa;

tr; — BpeMs CUMTBIBAHUS i-TO CIIOBA (CTPOKH);

ts; — BpeMsl i-TO MepeMeIeHus B3opa (CakKa bl Ii1as3a);

Tpus — BpEMs 3aHATOCTH OIIEPATOPA;

T,y — MaKCUMAaJbHBIN NEPHUO]] 3aHITOCTH ONEpPaTopa;

tupas — OOIIlEE BpEMs, B Te€4EHHE KOTOPOTO OMepaTop
He 3aHAT 00paboTKoil nHpopManny;

X — He3aBUCHMOE CIIy4aifHoe COObITHE;

X — MHOrOMEpHBIIl HOpMAJIEHBIN BEKTOD;

z — K03 PUIIEeHTOM 3arpy>KEHHOCTH OIEepaTopa;

V; — CKOPOCTH TIepepaboTKi HH(POPMAIIAH i-TO BUIA;

0. — JTATCHTHBII NEPUOA PEaKIMU ONepaTopa Ha CUTHAJ
(oxomo 0,2 ¢);

A — ompenienuTeNb HOPMHUPOBAHHOW KOPPEIAIIUOHHON
MaTpHIIBL;

A — HHTEHCUBHOCTH COOBITHIA;

T — KoHCTaHTa 3,14;

p; — Koa(duIHeHT ouepeny;

G — UCTIEPCHsI KOMITOHEHTOB CHUCTEMBI;

T — BpeMsl pelleHus 3a]1a4 OIIepaTOpPOM.

BBEJIEHUE

O¢ddexkTHBHOCTE W KadecTBO pabOTHI OIEepaTopoB
ACYTII Bo MHOTOM OmpeAenseTcs CTEIEHBI0 ydeTa de-
noBeyeckoro (axropa nmpu UYMU. CoBpeMeHHBIE TEXHO-
JIOTHHU TIPOEKTUPOBAHUSI KOMITBIOTEPHBIX MHTEPAKTUBHBIX
CHCTEM ONMCaHbl B COOTBETCTBYIOIIMX PYKOBOJCTBaX U
cTaHaprax, Hanpumep [1, 2]. OgHoil u3 3ama4, KoTOpas
pemaercs Ha NPEANPOEKTHOW CTaJud MPOEKTUPOBAHUS
YMU, siBnsieTcs ONpeneieHUe HOMEHKIATYPhl 0OBEKTOB
KoHTpoJist n ynpasienust TII n ynpapistronux GyHKIMH
CUCTEMBl YIPABIECHUS B BUJE «4YEIOBEK-MAallUHA», C
JATBHEHIINM WX MepepaclpeiielieHHeM MEXIy 4YeloBe-
KOM-OIIEpaTOpOM M aBTOMAaTHKOH. [[is aToro mocnenona-
TEJIFHO MPUMEHSIOT JIBa METOJa: METo/ (JyHKIMOHAIBHO-
TO aHaJIu3a M pacrupenencHus QyHKIUH 1 METOJ] aHaIH3a
3aja4. MIX HemoCTaTKOM SIBIISIETCS! CIMIIKOM ollee, He-
(bopmanuzoBaHHOE OMHCAHWE TPEAMETHOH OO0JacTH.
B pesynbrare, oHM He JarOT OTBET HA BOMPOC O TOM, KaK
oT (QyHKUMH mNepedTu K 3ajavam ympaeieHus [3], 4rto
MOJKET MPHUBECTH K HEOOOCHOBAaHHOMY Iepepacipesese-
HUIO (YHKIMH 1, TEM caMbIM, K HHpOpMaMOHHO nepe-
rpy3ke oneparopa ACYTIIL.

AKTyanbHOCTh Pa3pabOTKH METOIOB, IO3BOJISIOIINX
ONPEIENIUTh KaueCTBO pa3nnyHbIXx MakeToB UMM Ha paH-
HUX JTarnax NPOEKTHPOBaHMA, 0OyciaBiIMBaeTcss OOIb-
IIMMH BPEMEHHBIMH M MAaTepHaJIbHBIMU 3aTpaTaMH IpH
TECTUPOBAaHUU KOHe4yHOoro Bapuanta UMHM c yuactuem
peanbHBIX MOJIb30BaTENEH, a TaKKe OPraHU3aLMOHHBIMU
CJIOKHOCTSIMH €T0 ITPOBEICHUSI.
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st cokpaieHusi CpoKOB Pa3pabOTKH OIEePaTOPCKUX
unrepgeiicop copemenHbix ACYTII, nposepku mpa-
BWJILHOCTHU pacrpezeineHus GyHKIMH U OLIEHKH WHTEpaK-
THUBHOT'O B3aMMOJICHCTBHS OllepaTopa elle Ha HadyaJlbHBIX
JTanmax WX IMPOEKTHPOBAHUS, KOTJa CYIIECTBYET JIHIIb
«OyMaKHBI» MPOTOTUN MHTEep(eiica, MOXKET OBITH HC-
MI0JI30BAaHO MMHUTAMOHHOE MOJEIMPOBAHUE AEATEIHHO-
CTH OIIEepaTopa, ¢ MUCIIOIH30BAHUEM MOJEINICH dMyInpyro-
mux TII [4].

ABTOpamu TpeuiokeHa [5] KoMOMHHpOBaHHas (aHa-
JUTUKO-UMUTALMOHHAs1) MOJIETb IIpoLecca aBTOMAaTH3H-
posanHoro ynpasienus: TII nmpuroroBneHus ra3o6eToHa,
MO3BOJISIOIIAsT (POPMAITU30BaTh KaK JEATEIbHOCTh 4Yeo-
Beka-oneparopa ACYTII, Tak u mporeccsl MpUroToBie-
HUsI cMecH razo0eroHa. JlaHHasi MOJIeNIb MOXKET OBITh HC-
NoJb30BaHa B KadecTBe sMmyssitopa TII mpuroToBieHus
razoberona. HemocraTtkomM KOMOMHUpPOBaHHOM Mopenn
SIBJISIETCS TO, YTO B HEH, IPAaKTUYECKH, OTCYTCTBYET y4eT
CIy4yailHBIX BO3JEHCTBUH Ha CHUCTEMY «OIEpPATOp —
ACYTII». B Helt yureHa TONBKO Hanboiee 9acTo BCTpe-
yatoutasics B xone TII HencrpaBHOCTh — 3aBUCAHHME MaTe-
puana B OyHKepe CyXux.

OOBEKTOM HCCIENOBaHUS SIBISICTCS 3PTOHOMHYECKOE
U HMH)XEHEPHO-TICHXOJOTHYECKOe OOecredeHne AesTelb-
Hoctu onepatopa ACYTII ra3o6eToHHOTO MIPOU3BOICTBA.

Hpe}IMeTOM HUCCICA0OBaHUA ABJIAKTCA MOACIIHU, MCTO-
JIbl U CPEJICTBA MOBBINIEHHS Y(PEKTUBHOCTH AESATEIBHO-
ctu oneparopa ACYTII ra306eTOHHOTO TIPOU3BOJICTBA.

Lenpto naHHOM pabOTHI sBIIsIETCS pa3padOTKa METOAA,
TTO3BOJISIIOIIETO TPOBECTH 3PTOHOMHYECKYIO 3KCIIEPTH3Y
nestenpHOCTH onepaTopa ACYTII Ha ocHOBe KomdecT-
BEHHBIX TIOKa3aTeNell NaHHOW AEATENIbHOCTH, IMOIy4eH-
HBIX B PE3YJIbTATC MMHUTAIIMOHHOTO MOJEIMPOBAHUS, a
TaKKe BEpU(PUKAIMI METOJA Ha TPHMEPE aHaiu3a Jes-
tenpHOCTH oneparopa ACYTII no3upoBaHus MaTepranoB
Juist u3rotoBieHus razoberona Ha 3AO0 «Motop Cuu»
(r. 3anopoxbe, YkpauHa).

1 IIOCTAHOBKA 3AJTJAYHN

ACYTII no3upoBaHus MaTEpHAIIOB [yl U3TOTOBICHHUS
razoberona Ha 3A0 «Motop Cuu» TpeaHa3HAYEHA IS
BBINOJTHEHUS OTEpAllMi  JO3UPOBAHUST W CMEIINBAHMSA
KOMITOHEHTOB Ta300€TOHHON cMecH. B kauectBe opyams
tpyaa omneparop ACYTII ucionszyer YUMU.

ABTropamMu OpDTa pazpaboTaHa KOMOWHHPOBAaHHAS MO-
ZeTb [5], B KOTOpO# Bce eMKOCTH PacXOIHBIX MaTEePHANIOB
CYUTAJIMCh HEOTPAHMYCHHBIMU W HE YYUTHIBAJIMCH HHBIC
BHUbI BO3MOXXHBIX HeHCHpaBHOCTeﬁ, KpOME€ BBILICYTIOMSI-
HyTOM. TakuM 00pa3oM, MOXKHO TOBOPUTH O pa3pabOTKe
UM Hekoero «uaeanu3MpoBaHHOTO» Iporiecca (QyHKIHO-
nupoBanust ACYTII npuroronenns ra300eTOHHOM cMecH.

Jns ToBBIIEHHS a/IeKBATHOCTH KOMOWHHPOBaHHOMN
MOJIETH 1IeNIecO00pa3Ho ee NajbHeiIee pa3BUTHE Ha OC-
HOBE UCTOPHYECKNX TAHHBIX O HEITOJaKaX, COOPaHHBIX B
pe3yibTaTe  MPOM3BOJICTBEHHOTO  JKCIEPHMEHTa B
ACYTII no3mpoBaHUS MAaTEpPHANOB IJS H3TOTOBIICHUS
razoberona Ha 3AO0 «Motop Cuu». Bynem Ha3pIBaTh Ta-
kyto mogens CKM.
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PaspabatsiBaeMbIii METOJ] OIICHKH JESTEIBHOCTH OIIC-
paTopa 3aKio4yaeTcs B TOM, YTO Ha OCHOBE JJaHHBIX UMHU-
TAI[MOHHBIX IKCIIEPHUMEHTOB, MPOBOAUMBIX MPHU HOMOIIU
CKM c paznuunsiMu Bapuantamu UMH, MoxkHO mporHo-
3upoBaTh 3(P(HEKTUBHOCTh U KAaUECTBO MPOLIECCOB YIPaB-
nerus TII u NPOBOAUTH SPrOHOMHUECKYIO SKCIEPTU3Y
nestenbHocTH oneparopa ACYTIIL. [laHHBIA METOJ MOX-
HO MCHOJIb30BaTh KaK s IpoBepKHu peanbHbix YMU, Tak
n UMMU, cymecTByOmMuX B BUAC «OyMa)XHBIX» IMPOTOTH-
OB Ha paHHMX 3Tamnax npoektupoBanus ACYTIIL.

Huns ouenku nestensHOcTH omeparopa ACYTII Bos-
MOXHO HCIOJIb30BaTh HOMEHKIATYpPY IPEIIOKEHHBIX
nokasarenei [6, 7]. Torna, 3anadeit mpoBOAUMON IKCIIEp-
Tu3bl AearensHocTH omneparopa ACYTII aenserca mpo-
BepKa TOTO, 4TO

Vi, € AV(N).

BbInonHeHNe JaHHOTO YCIIOBHS SIBISETCS JOKA3aTelb-
CTBOM TOTO, YTO JESITEIHHOCTh OIEpaTOpPa COOTBETCTBYET
SProHOMHYECKUM TpeOOBaHMSIM, a UCIIOIb3YEMBIi orepa-
topoM UMM (unm ero «OyMakHbIi» MPOTOTHUI) coYeTa-
€Tcsl C ero NMCUXo(U3NOIOTHYECKUMH BO3MOXKHOCTSIMU.

2 IUTEPATYPHBI OB30P

O030p HW3BECTHBIX MOJEJIEH Mporecca TO3UPOBAHUS
CYXMX M KHIKuX KomroHeHToB TII npurorosnenus razo-
OeToHa, X HEIOCTATKH M ITyTH JATbHEHIINX HCCIIEN0BaA-
HUH OBLT TPOBEICH aBTOpaMu B [5].

ACYTII no3upoBaHus MaTepHaIoB sl U3TOTOBICHHUS
razoberona sBisercss YMC. Haydynbie OCHOBHI mCCIeIo-
BaHUA W TIPOCKTUPOBAHHUA JACATCIBHOCTU 4YECJIIOBEKAa B
UMC wu3noxensl B paboTax oTeyecTBeHHBIX [8—15] m
3apyOexxHBIX yueHbIX [16]. Otmeuaercs [11, 15], uto cy-
IIECTBYET OOJBIIOE KOJIMYECTBO MOAENEH ONHUCaHWUI U
KOJINYECTBEHHOM OLIEHKH IPOIECcCOB ()YHKIIMOHUPOBAHHUS
UMC, pa3paboTaHHBIX pPa3IMYHBIMH HAayYHBIMHU IIKOJIa-
MH: PETPECCHOHHBIE MOJICIH, MapKOBCKHE M MOIyMap-
KOBCKHE ITPOIIECCHI, MOJEIN TEOPHUH MacCOBOTO 00CITy-
JKUBAHUSI, JIOTHYIECKHUE aBTOMATHI, ()OPMaJIbHBIE IpaMMa-
TUKH, ceTd [leTpw, rpad-cXeMbl M CXEMBI aITOPHUTMOB
JlsimyHOBa, JIOTMKO-TMHTBUCTUYECKHE MOJENH, CETH
GERT, PERT, o¢ynknuonanbHble u (YHKIHOHAIBHO-
CEeMaHTUYECKHE CETH, BEPOSTHOCTHO-AJITOPUTMHUYECKHE
q)yHKLlI/IOHaJ'II)HbIe CCTU M HCEUYCTKO-AJITOPUTMUUYCCKHUEC
MOJIEJIH.

OpnuM U3 Hanbojee U3BECTHBIX METO/IOB allpHOPHOM
OLICHKM BPEMEHH BBINOJHEHUs 337a4 YEJIOBEKOM C Opy-
mieMm Tpyna B Buge UMU, seusercs metoq GOMS [16] u
GOMS - cewmetictBo: KLM-GOMS [17], CMN-GOMS
[18], NGOMSL [19] u CPM-GOMS [20]. Pa3zButuio 3tux
METOJIOB TIOCBSIIIEHBI 0OJIe€ COTHH HCCIEAOBATENIbCKUX
pabor, Hampumep [21-23].

Opnako, metonsl GOMS «HEOXHIaHHO...HE TOTYIH-
JIM HIMPOKOTO PaclpoCTpaHEeHUs] B KAYeCTBE HHCTPYMEHTa
npoektupoBanuss B Ul cooOmectBe» [22]. [Ipuunnoii
9TOrO aBTOPHI CUUTAIOT OOJIBIIKE TPYyM03aTpaThl Ha 00Y-
YEHHE IPOCKTHPOBIIMKOB M IIOCTPOCHHE KOPPEKTHBIX
MOJIENEH.
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CpaBHUTENBbHBIN aHANIU3 NMPUMEHEHUsT MOJeNe auc-
KPETHBIX IIPOLECCOB (YHKIIMOHUPOBAHUS B IPAKTHKE
npoextuposanuss YMC nposenenssiit B [13-15, 24], on-
penenusl BHIOOp aBTOPOB B MONB3Y (DYHKIHMOHAIBHO-
cTpykTypHO# Teopun u OCM A. U. I'ydunuckoro [11], kak
HanOonee yHnBepcanbHbIX. K Hegocratkam OCM cneny-
€T OTHECTH: NPUMEHHMOCTh TOJNBKO IS IIPOLECCOB 0e3
TIOCTIEACHCTBUS W TIPH OTCYTCTBHH 3aBHCHMBIX OIEpaIvi
[5]; orcyTcTBHE MOAENEH U METOAOB ONTUMAIBHOIO MPOEK-
tipoBaHust UMC HemocpeACTBEHHO Ha (PyHKITMOHAIBHBIX
CETSX, a TAKKE OTCYTCTBHE CTATHCTUYECKHX MOENCH, Me-
TOZIOB IJIAHUPOBAHKS M 00paOOTKM PE3yJIbTaTOB UCTIBITAHUH
UMC [14].

CpaBHUTENbHBIN aHanM3 cemeiicTBa moneneit GOMS
¢ metogom OCM, mokasai cieaymliee.

OO1mue TOoCTOMHCTBA: METOJIBI IPUMEHSIFOTCSL HA paH-
HUX cTaausx npoektupoBanuss UYMMU, korma eimie oTcyT-
CTBYeT KOHEYHBIH MPOAYKT; MAAOT KOJIMUYECTBEHHYIO
OLIEHKY NPEAIOIaraéMoro BpeMs BBINOJIHEHMS 3a/1a4d
MIOJIH30BATENIEM, 4YTO IIO3BOJISAET MPOBOAUTH CPaBHEHHE
IbTCPHATHBHBIX BApHAHTOB; WCIOIB3YIOT HEPAPXUI0
eJen.

OO0me HeAOCTaTKA: HE YYUTHIBAIOT KBATH(PHUKALINIO U
0COOEHHOCTH pPa0OTHl OTHAENBHBIX MOJb30BaTENei; He
YUUTBHIBAIOT KOHTEKCT HCIOJb30BaHUs (00BEM MpeabsiB-
nsieMoi MH(OpMaIUH, ee PeJIeBaHTHOCTD | T.JI.)

Henoctatku cemelictBa GOMS: orpaHuyeHHBIH Ha-
0op omepaTopoB MOENH, YTO MOXKET 3HAYMTEIFHO CHH-
3UTh TOYHOCTh NpEACKa3aHMs; 3aBUCHMOCTb MOJENU OT
CYOBEKTHBHBIX OLICHOK CIELHAINCTa; TPYAHOCTh ONHUCa-
HUSI TapaJUICITBHBIX POLIECCOB.

GOMS 06azupyercss Ha KOTHATHBHON apXUTEKType, KO-
TOpasi 4acTO COAEPIKUT MEXaHW3MBI JUIS OILIYIIEHUH, BOC-
npustus 1 aeiicteuii. Xotst OCM He akIeHTHpOBaH Ha KOT-
HUTUBHOW JESATENBHOCTH, Bce omepatopel GOMS, moryt
ObITh TIpezcTaBieHb! mpu oMot TOE. Hampumep, onepa-
topsl GOMS K, P, H, M u apyrue, umeroiye BpeMeHHYIO
OLICHKY, MOTYT ObITb (opManzoBansl B Buae TOE «Pabo-
yas oneparmsy OCM. TOE dyHkumonep «AibTepHaTHBHAs
omnepanus» sBIsIeTcss npuMepoM  (opmanmzanun - Oolee
CJIO)KHOTO 3JIEMEHTa KOTHUTHBHON JIEATEIIBHOCTH YEIOBEKa
B OCM.

3 MATEPUAJIBI U METO/IbI

Haznauenme u cocTraB KOMIUIEKCA JO3HPOBOYHO-
cMmecurenbHOro otaeneHus 3A0 «Motop Cuu» OBIT IIpH-
BeJIeH aBTOpaMH B MpeAbIAYIIEH cTaThe [5].

Oco0eHHOCTSAMH OTIEPAaTOPCKON NEATENHHOCTH SIBJIS-
eTCsl TO, YTO OINepaTrop HaXOAWUTCS Ha YAaIEHHH OT 00b-
€KTOB KOHTPOJII M YIPABJIEHHUS M OCYLIECTBISIET CBOIO
JICATENIFHOCTE OIOCPEZOBAaHHO MPHU IOMOIIM HH(OpMa-
IMOHHOW MOozenu. B maHHOM ciydae, B KauecTBe WHGOP-
MaunoHHoi Mognenu omnepatopa ACYTII nosupoBanus
marepuaiioB ciyxut YMU, cocrosmuit u3 I1Y, ¢ pasme-
OICHHBIMA Ha HEM CPEJICTBAMH WHIWKAIWW, OpPTaHaAMH
ynpaBieHus u Habopa 3KpaHHBIX (OpPM, OTOOpakaeMbIX
Ha omeparopHoi maHenu OP 177B. D1o cBumeTensCTBYeT
0 TOM, YTO B OIIEPATOPCKON AEATEINHHOCTH MPEOOIagaroT
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NpoLecCchl ero WH(OPMAlMOHHOTO B3aUMOJICHCTBUS C
yhpaBisieMoit cucteMoit [25].

Pa3zpaborka CKM ocHoBaHa Ha pekomeHnanusix [26] mo
YIYYIIEHHIO HaAEKHOCTU COCTABJICHUS MOZENEH ympapie-
Hud TII 1 onTMaTbHOCTH peleHu onepaTopa, IyTeM BBe-
nennst kpurepre OO u OHD (Mepa BHyTpeHHEH ynopsino-
YEHHOCTH CHCTEMBI).

PaccmatpuBas mpuHEMaeMylo onepaTopoM HH(opMa-
IIMI0 KaK COBOKYITHOCTh CBEICHWH, YMEHBIIAIOIINX €ro
HEOIIPE/ICICHHOCTh B BBIOOPE Pa3IMYHBIX BO3MOYKHOCTEH
o ynpasnenuto TII, B kauecTBe Mepbl HEOIPEAEIECHHOCTH
UCTIONIB3yeM MOHATHE HH(POPMAIOHHOW >HTporun H [27].

B Teopum uHpOpMAIUK IS HE3aBUCHMBIX CIydaii-
HBIX COOBITHH X C BO3MOXHBIMH  COCTOSIHUSIMU
i =1,2,...n unpopMaIMOHHasI BOWUYHAs DHTPOIUS pac-
cuuThIBaercs 1o ¢popmyie lllenHona:

n
H=-YPlog, . )

i=1

Ha n3meHeHue 3HTPOIIMM OKa3bIBAET BIIMSHHE B3aHM-
Hasl 3aBHCHUMOCTB JJIEMEHTOB cHcTeMEl. [lycTh omeparop
YIpaBIsieT CHCTEMOW, COCTOSIHIE KOTOPOH OMpeeseTcs
MHOTOMEPHBIM HOpMallbHBIM BekTopoM X. B sToM ciy-
4ae, HHPOPMAITMOHHAS SHTPONHS OIpeNeseTcs o Gop-
myne [28]:

H= 1og[(2ne)”’|1<|]”2. @)

Jns cinydast, Korna Bce KOMIOHEHTBI CHCTEMBI UMEIOT
OJIMHAKOBEIE TCTIEPCHH G, (hopMmya (2) mpuMeT BUA:

H= log[(Zne)mczmA]l/z. (3)

C yBenuueHueM 3HaYeHHH K03(pPUIIHEHTOB KOppes-
MM MEXIy KOMIIOHCHTAMH BEIWYMHA SHTPOIHH YMEHb-
mraercst H — —oo.

MaxkcumarnbHast HeOTIPEIEIeHHOCTh (SHTPOIHNS) B CHUC-
TEeMe JIOCTUTaeTCs NMPHU OTCYTCTBUU B3aUMOCBSI3H MEXKIY
KOMITOHEHTaMH:

/2
H= log[2ne02}m . “)

KonuuectBo mosyyaemoii onepaTopoM HH(pOpMAIKU
OT WCTOYHHKA COOOILIeHUs (MHGOPMAIMOHHAS MOJEIb,
otobpaxxaemas YUMU) onpenensercs mo Gopmyie:

I= Hanp_HﬂHc]J- (5)

B mpornecce pemennst 3amau ympasieHHUs, ONeEpaTop
MOXET TaK)Ke HCIIOJIb30BATh JIOTIOJHHUTEILHYIO HH(OP-
Manuio (HarpuMmep, JaHHbIE U3 CBOeH mamsiTh). Bozmox-
HBI TaKKe NMOoTepy MH(pOpMANK B MPOIIECCE €€ Mepeaadn
no texHumdecknM kaHamaMm ACVYTII wmm sxe camum ore-
patopoM (Hampumep, BCIEACTBHE CBOMX OIIMOOK WU
OTPaHUYECHHOCTH BO3MOXHOCTEH aHaINW3aTOPOB HYEIOBE-
ka). Torma, obiee konuuecTBo MHMOpMaIH, nepepaba-
THIBAEMOE OTIEPATOPOM, orpenensercs mo Gopmyine [27]:

Ino = Hm{(b + HJJOI'[ - Hnom- (6)
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KonnuectBo mnepepabaTbiBaeMOi ONEpaToOpoM HH-
dopmary HeOOXOIMMO Ul PEIIEHUs CIeIYIONHUX 3Pro-
HOMUYECKUX 3a71ad [4]: ompeneneHue CTENEHU CIOXKHO-
CTH peIIaeMOM 3a7add; OIpeAeeHHe CTENEeHH COTJaco-
BaHHOCTH CKOPOCTH MOCTYIUIEHHE MH(OPMAIINH C MPOITY-
CKHOH CITOCOOHOCTBIO omeparopa (ero Ncuxo(pHu3HOIOTH-
YECKIMH BO3MOXKHOCTSIMH); OIIpeIeNICHIe BpeMEeHH 00pa-
00TKH HHDOpMAIIHH.

Bpewms pewienust 3a1a4 onepaTopoM MpoNopLUHOHAb-
HO KOJIMYECTBY IiepepadaTbiBaeMoil UM HWH(POPMALUH.
Omneparop nepepabaTbiBaeT pa3iuyHble BUAbI UH(OpMa-
UM C Pa3HOM CKOpPOCTHIO [7]:

kHi

i=1 Vi

T=0+

(7

[Mpaktuyecku, oneparop ACYTII razoberoHHOrO
NPOM3BOJICTBA MPHHUMAET MH(OPMALUIO, 3aKOIMPOBaH-
Hyl0 anaBUTaMU JIBYX MOJAIBHOCTEH — 3pUTENBHON U
ciryxoBoi. OIHaKO, TPHUMEHEHHE TOJIBKO TEOPUU MH(OP-
Mallly, MIPH PEIICHUH TePEYUCICHHBIX BBIIIE 3PTOHOMH-
YeCKHX 3aj]a4, He MO3BOJISIET YUECTh CIEAYIONINe 0COOeH-
Hoctu [7].

1. B mpormecce mepepaboTK MOCTYHAIOIIEH 3aKOIH-
pOBaHHOW WH(POPMAIIUH, OIEPATOpP HCIOIB3YyEeT CBOU
BHYTPEHHHH a()aBHT, & €ro CyOBEKTHBHBIC BEPOSTHOCTH
CHTHAJIOB MOTYT OTJIMYAThCS OT OObEKTUBHBIX.

2. OOBEKTOM WUCCIEAOBAHUSI TEOPUU HH(POPMAIIUU
SIBJISIFOTCSI CTAllMOHAPHBIE MPOLIECCHI, B TO BpeMsl KaK Xa-
PaKTEpPUCTHKHU OIlepaTopa U3MEHSIOTCS BO BPEMEHH.

3. Teopus uHpOpMAIMK HE YYUTHIBACT CEMAHTHUKY
MH)OPMAINH, KOTOPAsk MOYKET 3HAYNTEIILHO HOBIUATH Ha
Ppe3yIbTaThl A TeTLHOCTH OIIEpaTopa.

Yka3aHHbIE HEIOCTATKH PELIAlOTCs B IIpoLEecce I10-
crpoens  CKM, kotopas  sBISieTCS  aHAIUTHKO-
MMHUTALMOHHON Mogenbto. [loaToMy B HEH, IO CpaBHEHUIO
C aHAUTHYICCKUMH MOZesIMU [29], Tporie ydecTh: n3Me-
HEHHE COCTOSIHUM CHUCTEMBl IIPU CIIy4YalHbIX BO3IEHCTBU-
AX; HEJIMHEHHBIC XapaKTEPUCTHKH 3JIEMEHTOB CHUCTEMBI;
JIUCKPETHBIN U HENPEPBIBHBII XapakTep 3JIEMEHTOB U JIp.

st pemienust 3a1a4 yrnpasJieHUsl U KOHTPOJIS orepa-
TOP OCYILIECTBIISIET WHPOPMAIMOHHBIN OUCK HEO0O0XO0H-
MBIX DJIEMEHTOB MH(OPMAIMOHHOW Mojaenu (MHEMOCXe-
MbI, 9kpaH UMU). Obmiee BpeMs: HH(GOPMAIIMOHHOTO I10-
WCKa OTIpeJieNsieTcs: 1o (hopMyIie:

n
1= (tpi +1g) - ®)

i=1
Ha HekoTOphIX Imarax CBOEro ajropurMa (pyHKIHO-
HHUPOBAHUS, OIIEPATOP BBIIOIHSACT OIICPALlUK CUMTHIBAHU
TEKCTOBOHM MH(pOpMaluu, Hanpumep Ha marax 1, 16 [5].
B aToM ciydae BMecTO BpeMeHH i-ii (PUKCaluK B30pa /x; B
¢dopmyny (8) cieayeT MOACTaBUTh 3HAYCHUE BPEMCHH
CUMTBHIBaHUS i-TO clioBa (CTPOKH) fg;. Jist ero pacuera
BOCIIOJNIb3YEMCsl Pe3yJIbTaTaMi MOZEIMPOBAHHUS JIEKCHYe-
CKOM HICHTH(HKAIIMK C HCIOJb30BAaHUEM CTPaTEerHu
cmensl BHEMaHuA [30]. CpemHee BpeMs JEKCHYECKOU
AOCHTU(UKAIMA CIIOBa (YTEHUS), C IEHTPAIbHON (hHKca-
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el B3opa u logjy 4acTOTHl BCTPEYaEMOCTH CJIOBA pac-
CUMTBIBAaETCS MO hopmyiie:
tri = base5 + 15(length — 5) + 40(1 — freq). )

Pacuer Bpemenu uteHus fz; B Gopmyiie (9) Obu1 mpo-
W3BEJICH UCXOJISl U3 CIIEYIOUINX MOJI0KEHHH.

1. Omneparop Haxoautcst Ha pacctosHuu 60—70 cm ot
OTIePaTOPHOM TTAHEIIH U MCHIO SKPAHHOU (HOPMBI IICTIKOM
HAXOJIUTCS B IOJIE €T0 3PCHUS.

2. JlnnHA Kaxmoi cTpokd (MEHIO Wiu HH(OpMAIlH-
OHHOTO coo0meHus) He 6onee 20 CHUMBOIIOB, 9TO HE TIpe-
BEIIIACT OOJIACTH BOCIIPHUATHS TEKCTa ((PYHKIMOHAIEHOTO
noJist 3peHust) Bo Bpemsi (ukcaiuu. DyHKIHOHAIBHOE
noJjie 3peHus orpaHuueHo 3—4 OykBamMH ClieBa OT TOYKH
¢ukcanuu B3rnsaa U 14-15 OykBaMu cripaBa OT TOYKH
¢ukcarmu [31] wiu mo 20 [30].

3. Bsrmaa ¢pukcupoBalics Ha IISHTPE CIIOBA.

4. B03MOXHOCTH pedUKcallMy B3IJIsAAa HE YYUTHIBA-
Jach.

CranapTHoe OTKIIOHeHHE SD AJisi BpeMEHH UTEHUS fp;
onpenemnsercs mo gopmyre [30]:

SD=0,1xtp; . (10)

Beenmem B Mogens Oarapero mokasareneit [7, 12], xa-
PaKTEepU3YIOLIMX NPEIENbHO JOMYCTUMbIE HOPMBI Jies-
tenpHOCTH onepaTopa ACYTIL.

WHdopmannonHas Harpyska ornepaTopa XapakTepusy-
eTcsl KOA(PHUIMEHTOM 3arpyKEHHOCTH

t Hpad

z=1- (11

Ero mpenenvHoe 3HaueHHWe He JOJDKHO OBITH Ooee
0,75 [7, 12].

OrpaHuueHne HerpepbIBHOW (6e3 may3) paboThl orne-
paropa, ompezenseTcs MoKa3aTeleM MaKCHMAaJIbHBIM Iie-
PHUOJ 3aHATOCTHU T,y,, KOTOPBIN HE TOJDKEH MPEBBILATh 15
MUHYT [7].

HubopmanmoHHas Harpyska ornepaTopa XapaKkTepH3y-
eTCsl, TaKKe, TaKUM IOKa3areneM, Kak KodduuueHT
o4epean p, MOKA3bIBAIOLIUM KOJIMYECTBO CHTHAIOB, 00-
pabOTaHHBIX ONEPATOPOM B YCIOBHSX OdYepenud Ha 00-
CITy)KUBaHUE:

p= —]f/v e (12)
o6m

OKCHeprUMEHTANBHBIM MYTEM OIPENENICHO, YTO BEJIH-
YHHa p He JoJpKHa npesbimath 0,4 [7, 12]. MakcumansHo
JIONyCTHMasl JUIMHA OYepeAn oIpeaessiercs o0beMoM
OTIepaTHBHON NMaMsTH YeJIOBEKa M HE JOJDKHA IPEBHIIATh
5-9 curnanoB. OxHako pekomenayercst [7, 12], 4ToObI
CpemHee YUCII0 CUTHAJIOB B ouepenn Ko, OMHOBPEMEHHO
YAEpKHUBAEMBIX B ITAMATH OIEPATOPa, HE MPEBBIIIAIO 3.

B CKM, B nomnoiHeHnEe K KOMIUIEKCHOH MOJIEIHN, BBE-
nersl ADO 1o ycTpaHeHHIO CIeIyIOIUX BUIOB HEMoa-
Jok B TII unu ommbok onepaTopa: OTCYTCTBUE MaTepua-
J0B B OyHKepax cycrieH3uu, cyxux marepuaioB (MKB u
LIEMEHTA); MeperpeB JIEKTPOIIPUBO/IA LITHEKA; MOTaIaHue
B IIHEK MHOPOJHOIO TelNa; MOMajaHue Ha JI03aTOphI IO0-
CTOPOHHUX IPEIMETOB.
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IIpusenem ADO ans cioydas OTCYTCTBUSI MaTepuaa
(MKB) B onHOM 13 OyHKEepOB CyxuX, ¢ ykazanueM TOE,
MOJICIIUPYIOIINX pPEalbHble ONEpaliM, BHIIOIHIEMBIE
OIIEpaTOPOM JIMHUH ITPUTOTOBIICHHS T'a300€TOHHON cMecH
3A0 «Motop Cuu» npu nomouu ITY. B 3Tom cityuae Ha
HEM JOJDKHA MUTaTh KHONKa «ABapus». CTapTOBBII K-
paH JO3UPOBKH IPEICTABIEH HA pHC. 1.

ITose BeIBOA
aBapUITHBIX
COOOIIEHMIA

16:39:05

HacTpoik | AEAPMAHEIE CO0OLWEHIMA
[arar., Aozatop Aozatop Aozatop
CYCMEHZMIA | CYCNEHzM Cy MY

{ CeHncopHele
CMECHMTENE /‘éﬂonm

=)

3agaHo Haﬁ[ﬁu | CyMMIpHEIA yUYeT

HacTpoki BECOE

Pucynok 1 — CrapToBbIif 5KpaH JO3UPOBKU

s ycrpaHeHusT TaHHOW HEUCHPABHOCTH OIEPATOp M
000pyI0BaHKE JODKHBI BHIIOJHHUTD CIISIYIOIIHE OIICPALH.

1) Hawano amropurma (xommo3unuonep «Crap-
Tep»).

2) IIpoBepka Muranusi KHONKH «ABapus» (KOH-
TponbHas onepanus K;). B cnmyuae muranus, nepexox Ha
.3, uHaue 1. 33 «Koney.

3) CuurtbiBanue cooOmieHus o0 ommoOke Nel3
«Ommbka Habopa Beca J103aTropa cyxux!» B Ioje aBa-
PHUHHBIX coolieHni-ommook (puc. 1) (pabouast omepa-
s Py).

4) Haxarue xaonku F14 Ha oneparopHO#l maHemnw,
IUTS BO3BpaTa B OCHOBHOE MeHIO (paboyuas omepanus Ps).

5) 3amepxka Ha Bpems OTKPBITHS (opmbl «CTapTo-
BEIH 9KpaH JO3UPOBKM» (OTIepanus 3aepiKKa 31).

6) BpiOop mo3aropa CyxHX MOCPEICTBOM HaXKaTHs
COOTBETCTBYIOIICH CEHCOpHOM KHONKH (pabouasi omnepa-
s Ps).

7) 3anmepxxka Ha BpeMst OTKpbITHS (opmbl «Jlo3arop
Cyxux» (orepanus 3aepxka 3,).

8)  CuwursiBanue ¢ ¢uKcanueld B mamstu/Oymare no-
Ka3aHMH TEKyIero Beca KOMIIOHEHTOB (pabouyas orepa-
s Py).

9) Haxarue xHonku «JIEBJIOKMPOBKA» na ITY
(pabouas omeparus Ps).

10) Haxarue xkaonku «IIYCK» ma ITY mis mosTopa
Habopa KOMIOHEeHTOB (paboyas omnepaius Pg).

11) TIpoBepka paboThl (BH3yaJbHO 1O MHEMOCXEME
¢dopmbl «Jlo3aTop CyxXHX») B aBTOMAaTHYECKOM PEKHME
3aCJIOHOK Ha BBIXOJIE J103aTOPa CYXHX, IITHEKOBOTO IHTa-
TEJISl WM TOSIBJICHUS IPYTUX OIIMOOK B ITOJIE aBapUHHBIX
cooOmieHnii (koHTpoJbHAs onepanus K,). Ecnu 3acnonka
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OTKpBUIACh, MIHEK cpaboTall U HET JAPYruX OMHMOOK, TO
nepexox Ham.31.

12) TlpoBepka paBieHHs C)KaTOro Bo3ayxa (KOH-
TponsHas onepanus K;). Eciim oHO B HOpMe, TO mepexon
Ha 1.13. MHaue No3BOHUTH B KOMIPECCOPHYIO, JOKAATh-
Csl TIOKa JaBJIeHHE HE YBENWYMTCS (Omepauus 3aiepikka
33), mepexox Ha 11.9.

13) Ilepexmtounts TYMOJEp YCTAaHOBKH peXHMa
ynpasnenns Ha ITY B nonoxenue «PYUYHOM» (paGouas
oneparus P;).

14) OTKpBITH 3aCIOHKY Ha BBITPY3KY MOCPEICTBOM
HaxaTusi kHONKM F6 Ha omeparopHoil manenn (pabodas
oneparnus Pg).

15) 3azmepxka Ha BpeMsl OTKPBITHS 3aCJIOHKU (Ore-
pauus 3aJIepKKH 34).

16) Ecnu 3acinoHKa OTKpbIIack, TO IMepexon Ha 1.18,
MHa4Ye HaxaThb KHONKY F8 Ha omeparophoii manemu (pa-
6ouas onepayst Poy) 11 3aKphITHS 3aCITOHKH.

17) BpI30B MEXaHWKOB ISl OCMOTpPa/pPEMOHTa MeXa-
HU3Ma (omeparus 3anepxku 3s). [locne ycrpanenus mo-
JIOMKH TIepeiTH Ha 11. 14,

18) BkiroueHue MpHUBOAA IIHEKA MOCPEICTBOM Ha-
XKaTus U yAep KUBaHUS KHONKH F2 Ha omepaTopHOl ma-
Henu (pabouas oneparus Py).

19) IIposepka paboOTHI MIHEKA (BU3YyaJbHO MO MHE-
Mocxeme (GopMmbl «Jlo3arop cyxux») (KOHTpOJBHAs Ole-
pauus K,). Ecnn muex pabotaer nepelitu Ha 11.20, nHave
Hakatb kHONKU F4 (pabouast onepauus Py;) u F8 (pabo-
yas omepanus Pj;) Ha omepaTropHOil maHenw, JUII OcTa-
HOBKM IITHEKA M 3aKpPBITHS 3aCIOHOK COOTBETCTBEHHO,
nepedT K m.17.

20) CuuTpiBaHHE MOKA3aHUN TEKYIIETO Beca KOMIIO-
HEHTOB (omepamus 3aaepKku 3¢). Eciu Bec He pacTer, To
m. 21, unave m. 27.

21) BrkiroyeHue MHEBMOOOpPYIIUTENEH HaKaTHEeM
CeHCOpHOH KHOmKH «OOpyIeHne» Ha dKpaHHOW (opme
«Jlozatop cyxux» (pabouas onepanus P3).

22) CuuTblBaHHE MOKa3aHUH TEKYIIETO Beca KOMIIO-
HEeHTOB (oreparnus 3aaepxku 3;). Eciu Bec He pacrer, TO
. 23, naaue 1. 27.

23) Haxarue xHomok F4 (pabouas omepaunus Pi4) u
F8 (pabouas omepauus P|s) Ha omepatopHOW maHENH s
OCTaHOBKH IIHEKA W 3aKPBITHS 3aCIOHOK.

24) 3BOHOK 00CITy)XHMBaIOLIeMy MEpCOHATY U1 BH-
3yallbHOM TNPOBEPKM Halu4usl MaTepuana B OyHKepe.
Oxxupanue oTBeTa (omepanus 3aaepxku 3g). Eciau mare-
puana HeT, To 11.26.

25) JluxBupmauusi 0OCITYKHMBAIOIIUM TIEPCOHAIIOM 3a-
BUCAaHUsl Marepuajla B OYHKepEe CyXUX MEXaHHYECKHM
criocoOoM (orepartus 3aIepKKu 3y), Iepexon Ha 1m.14.

26) 3anosHeHne OOCIYXHMBAIOIIMM  IIEPCOHAIIOM
OyHkepa MaTepuasioM (omepanusi 3alepXXku 3ig). [locie
MOATBEPXKACHNS HATMIMS MaTepraia nepexon Ha 1m.14.

27) Haxarue xHomok F4 (pabouas omepauus Pig) u
F8 (pabouas omepauus P,;) Ha omepaTtopHOW MaHeNH s
OCTaHOBKH IIHEKA U 3aKPBITHUSI 3aCIOHOK.
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28) IlepexmounTh TYMOJNEp YCTaHOBKH pEXHMa
ynpaenenus Ha [1Y B nonoxenne «KABTOMAT» (pabo-
yas omnepauust Pg).

29) Haxarue xHonku «JAEBJIOKMPOBKA» na ITY
Juist cOpoca aBapHifHOTO cooOmieHus (pabodas oneparys
Py).

30) Haxarue xaonku «ITYCK» Ha [1Y mis moBTopa
Habopa KOMIIOHEHTOB (pabodvas omepanus Pyg).

31) IlpoBepka IWHAMHKH W3MEHEHHS Beca KOMIIO-
HEHTa B J103aTOpE II0 MOKA3aHHUSAM B COOTBETCTBYIOLIEM
nosie MHeEMocXeMbl (GopMbl «/lo3aTtop cyxux» (omepanus
3amepxkKu 311). Ecnu Bec u3MeHseTCs yIO0BICTBOPUTEIb-
HBIM TeMIioM, To 1. 33 «KoHnemy.

32) Haxarne xHonku «IIPEPBIBAHUE» na IIVY
(pabouas omeparus P,;) u mepexon Ha m.12.

33) Komnen (kommnosunuonep «OuHHUIIEP)).

Cyts OCM u npuMmep ero npuMeHeHus aist popmanu-
3auu APO ObUIM TIpeICTaBIICHBI aBTOpaMHU IIPH paspa-
00TKE KOMIUIEKCHOH MOJIENH, IOPTOMY B JaHHOW CTaTbe
OCM =He paccMaTpHuBaiCs.

Takum oOpazom, momydena CKM, dopmanusyroras
MPOIIECCHl JIO3UPOBAaHUS M CMELIMBAHMA, a TaKXkKe Jes-
tenapHOCTh omepatopa ACYTII mpurotoBieHus cMmecu
ra3o0eToHa ¢ y4e€TOM BEPOSITHOCTHBIX COOBITHH.

4 DKCIIEPUMEHTBI

HmuTanoHHOE MOJIETMPOBAHHE JIESITEIFHOCTH OIe-
paropa JIMHUH IIPUTOTOBJIEHHS TazobeToHHON cmecn 3A0
«Motop Cuu» IpOBOIMIIOCH C HMCHOJIB30BAaHUEM aBTOP-
ckoro wHCTpyMeHTapus. Heo6xonnmas mH(opManms 06
MHCTPYMEHTApHH, CIIOCO0E MOJCIUPOBAHHUA W JIMHHU
MIPUTOTOBIICHHUS Ta300€TOHHOW CMeCH ObLIa TpencTaBlie-
Ha B [5]. MIcXOqHBIMH AaHHBIMU U MOJCTHUPOBAHHUS T10-
CIIY)KWJIM MCTOPHYECKHE MaHHbIE 00 OIIMOKAaX W HEHUc-
npaBHOCcTAX B ACYTII no3upoBaHUs MaTepHajoB s
u3roroBieHus razooerona Ha 3A0 «Motop Cuu» 3a 2018
roj, TNOJyYEHHbIE W3 apXWBOB M OydepoB aBapHiHBIX
COO0OIICHHH.

B UM BBeneHsI cleyonye, BCTpEYaroIuecs B X0Ae
TII HewcnpaBHOCTH: IIEPErpPEB UIEKTPOIPHUBOJA IIHEKA
(mocTymaer B MOJIENTb B COOTBETCTBUH C PACHPEACICHIEM
IlyaccoHa cO CpejHell MHTEHCHBHOCTBIO A = 3,47x107
COOBITHIT/C); TIOTIaZlaHNe B ITHEK MHOPOIHOTO Temna (pac-
npenenenue Ilyaccona, A = 2,31x107° cobbiTHit/C); mOMa-
JlaHU€ Ha J03aTOPbI IOCTOPOHHUX MPEAMETOB (pacipese-
nenne Ilyaccona, A= 3,5x10°° cobbitnii/c); coOBITHS
«OtcyTcTBHE Matepuaia B OyHkepe» cycrneHsun, MKB u
CYXHMX MaTepHajoB IPOUCXOAAT ¢ BepositHocTsMH 0,03.

Bpems cakkanwl riasza fg;= 0,15 c. Benuuunsl, coot-
BETCTBYIOIIHE 3a7epkkaMm 3;, 3,, 34, Obun maHbl B [5].
Bpewms 3anepxek 33, 35, 319, pacnpenesieHo Mo HOpMallb-
HOMY 3akoHy ¢ M u SD coorBerctBeHHO: 900 ¢ u 300 c;
4920 ¢ m 4020 c; 1200 c u 60 c. Bpems 3agepxex 3¢—3o,
311 pacupeneneHo paBHOMepHO ¢ M 1 SD COOTBETCTBEH-
HO: 1042 ¢; 15+5 ¢; 240+60 ¢; 105+75 c u 15+5 c.

B cnyuae, ecnu neiictBus omeparopa IpU MEpErpeBe
NIEKTPONPUBOA IIIHEKA WM TONAJaHus B LIIHEK MHOPOI-
HOTO TeNa He AU MOJO0KUTENIBHOTO pe3ylbTaTa (BEeposiT-
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HOCTB 3T0ro coObITHs 0,02), OH 00s13aH BBI3BATH AIICKTPHKA
JUIL UX JUKBHIAUK. BpeMs BbI30Ba 3JICKTPHKA U JIMKBHU-
JIAIAU HETIOIAI0K PACIpPEICIICHO PABHOMEPHO U COCTaBIIS-
e1 90430 ¢, 540+60 ¢ 1 1200+600 ¢ COOTBETCTBEHHO.

5 PE3YJIbTATHI

CraTucTriecKue JaHHbIC, TOyYeHHBIE B Pe3yJbTaTe
MMUTAMOHHOTO MojaenupoBanusa TII mpu nByXCMEHHOH
pabore B Teuenue 30 paboumx mHel mus perenta Neo,
npuBeacHbI Ha puc. 2. ['paduku nsmeHenus kod3dduiu-
€HTa 3arPy>KCHHOCTHU OIepaTopa U CpelHEH AJIHHBI oye-
penu (A BapuaHTa TUAMETPa BXOIHOW 3aCIOHKH J03a-
Topa cyxux 150 MmM) B TeueHue 30 pabouux THEH, MpUBE-
JeHbl Ha puc.3 W puc.4 coorBeTcTBeHHO. B Tabu. 1
NIPE/CTaBICHbl UTOTOBbIE CTATHCTHYECKUX JaHHBIE, I10-
JMy4YCHHBIC TPH MozenupoBanuu TII TUHWH MPUTOTOBIIE-
HUA TazoberonHo cMmecu 3A0 «Motop Cuw» (muamerp
BXO/IHOW 3aCJIOHKH J1o3aropa cyxux 150 MM) mpu momo-
M IByX Mojeneil — KOMOMHUPOBAHHOW MOJIENH, HE yUH-
ThIBafomeil motok HewcmpaBHocTeir B ACYTIL [5] u
CKM, npexacraBieHHON B HaHHOHW craThe. ONTHMaNbHEIE
WIH TPENeNbHO JOMyCTUMBIC 3HAUEHHs, XapaKTepu3yro-
1IMe JeATeNIbHOCTh OlepaTopa, MpPUBEIeHbl B CKOOKax
(Tabm. 1).

Statistics for the work of operators during the month:

Operator rate of employment Z=0.10_
Coefficient of queue p=10.15 .

Operator's busy time T bus = 2881 94 min.

Maximum vnintermupted operator's busy time T_umax = 539 min.
Max queue length K max =4 .

The average queue length K sr=095_

Total time in quene = 1800.63 min.
Number of queue entries = 45600 .
Average waiting time in queue = 3.95 min_

Average processing time of information by the operator = 0.03 min.
PucyHok 2 — @parMeHT pe3yJIbTaToB MOJESIMPOBAHUS

6 OBCYXXJAEHUE

ABTOpamu ObUIO JOKa3aHO [5], YTO NpPUMEHEeHHe
BXOJHOHM 3aCJOHKH J03aTopa CyXux auamerpom 150 mm
JUTS JTHHWM TPUTOTOBJCHUS Ta300eToHHOM cmecun 3A0
«Morop Cuu» siBisercs ontUMaibHbIM. [loaTomy, aKc-
nepumeHTsl ¢ CKM npoBoaminch Juisi penenToB razoode-
ToHHOU cMecu Nel, Ne6 u Ne9 ToJIBKO ¢ 3aCTIOHKOH 3TOTO
JMaMeTpa.

Kak cnenyer m3 maHHBIX Tabn. 1, ydeT HEHCIIpaBHO-
CTEH NpUBEN K 0KUIAEMOMY YBEIMUEHHUIO MOKa3aTeseH,
XapaKTepU3YIOMKX BEIHYNHY MHPOPMAITMOHHONW HArpy3-
Kku omeparopa. Hanbosee Bo3poc Takol MoOKa3arenb, Kak
k03((ulMEeHT oYepeny CUTHAJIOB Ha 00paboOTKy orepa-
TopoM p. B cooTBeTcTBHE € puUC. 2 ObLIM HOJNYYEHBI Clie-
JYIOIINE yCpeJHEHHbIe TToKa3areny 3a 30 pabouux IHEei:
k03(¢unmeHt 3arpyxeHHoctu oneparopa z = 0,1; koad-
(duneHT ouepean Ha 00paboTKy omeparopom p = 0,15;
BpeMsi 3aHATOCTH oneparopa 7T, = 2881,94 MuHyT; Mak-
CUMAaJIbHBIA TEPUOA 3aHATOCTH omepartopa 1., = 5,39
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MUHYT; MaKCUMaJIbHasl JUlnHa ouepean K,x = 4 cUrHaia;
cpenusist anuHa ouepemu Ko, = 0,95 curnama; ooOriee
BpeMs HaXO)KJeHHUs CUTHaioB B ouepeau 1800,63 muny-
ThI; KOJIMYECTBO BXOJOB B O4Yepe]b CUTHAJIOB 456; cpen-
Hee BpeMs OXHUJAaHus B ouepenu 3,95 MUHYTHI; cpenHee
BpeMst 00paboTku curHana onepatopom 0,03 MUHYTEIL.

Takum 00pa3oM, TONBKO OAWH IOKA3aTellb — MaKCH-
MajbHas JUIMHA odepenul K., MPEBBICHI pEKOMEHIye-
Moe, ONITUMANIFHOE AJISl OllepaTopa, 3HaYeHHE B 3 CUTHa-
na. OHAKo, 3TO 3HAUCHHE HE MPEBBIIIaeT MAaKCUMAIBHOE
JOITyCTUMOE 3HaUEHHE ouepeau u3 5—9 CUrHayioB.

C y4eroMm TOro, 4T0 yCTaHOBHUBIIHUICS Tpolecc pado-
Thl B MOJICTUPYEMOM cUCTeMe HAacCTyIMJI, HauuHas ¢ 3—4-

ro JHEW, UCXOJsi U3 IAHHBIX PUC. 3, MOXHO OTMETHUTH,
YTO MaKCUMaJbHas 3arpy>KEHHOCTh OIlepaTopa COCTaBUIIa
z=0,15 B 29-it nen» MogenupoBanus (peuent Ne 6), uro
HE TpeBBIaeT AomycruMmoro. Kak cremyer M3 DaHHBIX
puc.4, U3MEHEHHE CpeOHEH IJIMHBI OYEpEeAM CUTHAJIOB,
JKITYIUX 00pabOTKM OIepaTopoM, B IIEJIOM, HMPOTOPIHO-
HaJIbHO 3arpyXEHHOCTH OIepaTopa.

Pe3ynbpTaThl NpOBEACHHON BBILIE SKCIIEPTU3BI CBUIE-
TEJILCTBYET 00 OTCYTCTBHH WH(OPMAIMOHHBIX HEPETPy-
30K omepartopa npu pabore ¢ JaHHbIM BapuantomM UM
ACVYTII rasoberonHoro mpousBoactea 3A0 «Motop
Cuuy.
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PucyHok 3 — I'paduk u3meHeHus ko3 duureHTa 3arpy>keHHOCTH OrepaTropa

CpegHAA AnuHa odepeam, cobeimma
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Pucynok 4 — I'paduk n3MeHEHHs CpeHEH JUTHHBI OUepen
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Tabnuna 1 — [Toka3zarenu, XapakTepu3yIOIHe TeXHOIOTHUSCKHI MPOIlece U e TeabHOCTh oneparopa ACYTII

TToka3zarens be3 yuera HencripaBHOCTEH C y4eToM HenucrnpaBHOCTEH OntumarbHoe (pej-
Penent Penent Penent Penent Penent Penent eJIbHOE) 3HAYCHHE
Nol No6 Ne9 Nol No6 N9
KoadduimieHT 3arpyKeHHOCTH 0,08 0,08 0,08 0,1 0,1 0,1 (0,75)
MakcUMalbHbIH NePHOJI 3aHATOCTH, MHH 1,31 2,33 2,03 5,32 5,39 5,13 (15+20)
CpenHsist JuIMHA O4epein 0,46 0,43 0,25 0,97 0,95 0,96 2+3
MakcuManbpHas JUIMHA O4epean 2 2 2 4 4 4 (5+9)
Koapuuuent ouepenu 0,01 0,01 0,01 0,15 0,14 0,14 0,4
Iepuon uukna TII, ¢ 656 780 752 751 924 829 JlupekTuBHOE
Bpems 1020
K nenocratrkam CKM MOXXHO OTHECTH TPYHAOEMKOCTh BJIATOJAPHOCTH

MPOIIECCOB cOOpa M 00pabOTKU JaHHBIX, C ICIBIO OMpe-
JICJICHHSI BEPOSTHOCTHBIX XapaKTEPHCTUK TMOSBICHUS CO-
oprruit B ACYTII, HeoOXOAMMOCTh NHONYYCHHSI YacTh
WCXOAHBIX JAHHBIX M3 3aIIOJHAEMOr0 BPYYHYIO JKCILIya-
TAI[MOHHOTO JKYPHAJIa, a TAKIKE M3BJICUCHHUE U3 OOCITYKH-
BAIOIIETO MEePCOHANA IKCIIEPTHRIX 3HAHUN 00 aBapHitHBIX
CUTYyallUsIX M OTBITE MX pa3pelieHus 3a ATUTENbHBINA Te-
PHOJI DKCIUTyaTalllu, YTo TPeOyeT BBEACHHsI Oosiee pa3Bu-
TBIX MEXaHU3MOB UX (HKcanuy, hopMaau3aiyu, coopa u
XpaHEHHUsL.

BbIBO/bI

B pabote peniena akTyanbHas 3a1ada 1o paspaboTke
METO/a KOJIMYECTBEHHOW OIEHKH JESTENbHOCTH Omepa-
topa ACYTII razoberonnoro mponsBoxacTsa. Meron oc-
HOBaH Ha pa3paboranHoi B manHou pabore CKM, koto-
past sBiIeTCS JANbHEHIINM pa3BUTHEM KOMOWHHPOBAH-
HOW MOJIETH IIPOIECca aBTOMATU3UPOBAHHOTO YIpaBiic-
uust TII mpurorornenust razoderona [5]. Yuer 8 CKM
CIy4ailHbIX BO3JECHCTBUII Ha CUCTEMY «OIEpaTrop —
ACVYTII» nmoBeICHIT afeKBAaTHOCTh UMHUTAIIMOHHONW MOJ€E-
JIU ¥ JOCTOBEPHOCTh MOJYYEHHBIX PE3yNbTAaTOB MOJEIH-
poBaHus.

HayuHnoli HOBU3HOI1 paboThI, SIBIISIETCS NPEII0KEHHAS
CKM, koTopast B OTIIHYHE OT KOMOMHUPOBAHHON MOJICITH
IIpoIecca aBTOMATH3MPOBAHHOTO YIIPABICHHUS TEXHOJO-
TMYECKUM TIPOIIECCOM MPUTOTOBJICHUSI Ta300€TOHA, II0-
3BosIsieT  (popManmM30BaTh  JEATENBHOCTh  YEJOBEKa-
oneparopa ACYTII B ycrmoBusx cirydaifHBIX BO3ACHCTBUI
Ha cuctemy «omeparop — ACYTII», 9ro noBbIaeT ajaex-
BaTHOCTh MMHUTALIMOHHOW MOJIEIM M JOCTOBEPHOCTH IIO-
JIydEeHHBIX Pe3yJIbTaTOB MOJEIUPOBAHMS.

[TpakTHyeckasi HEHHOCTh paOOTHI 3aKIIIOYAETCS B TOM,
YTO pa3pabdOoTaHHBIAH METOA M MPOTrpaMMHOE oOecrieueHre
MOTYT OBITh MCIIOJIb30BaHbl HA PaHHUX dTallax MpPOEKTH-
poBanmuss ACYTII, nis oneHku CHOCOOOB YIIpaBiICHHS
TII, pa3nmuuHbIX BapuaHToB nporotunoB YMU c nensro
WX ONTHUMU3AIMU JJIS JOCTIDKEHHS TpeOyeMbIX 3ddek-
THUBHOCTH M KaueCTBa JICSITEILHOCTH OIEpaTopa.

IlepcieKTUBEI JanbHEUIIUX HCCIEAOBAHUN COCTOST B
Pa3sBUTHH TIPEIUIOKEHHOTO MaTeMaTHYecKoro obecreye-
HUS, C LIEJBI0 MPUMEHEHHSI B UHTEIUIEKTYAJIbHBIX TPEHa-
XKepax Ui MOATOTOBKH OIEPaTOPOB Ia300€TOHHOTO MPo-
U3BOZICTBA WJIM IIPOM3BOJICTB CO CXOTHBIMHU (DPU3MIECKHMU
poreccaMy (AUCKPETHO-HENPEPHIBHOE IPOU3BOJICTBO).
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ABTOpBI BBEIpaXaloT O1aroapHocTh pykoBozactsy HITO
«OTHA» (r. 3amoposkpe) 3a MpefoCTaBICHHBIC Pe3yiIbTa-
Tl MPOU3BOACTBEHHOIO SKCIEPHMEHTA JIMHUU IPUTOTOB-
nenus razoberonHoi cmecu 3A0 «Motop Cuuy.
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METO/I OLIIHKHA JISITTbHOCTI OITEPATOPA ABTOMATH30OBAHOI CUCTEMH YITPABJITHHS
TEXHOJIOI'TYHUM INTPOIECOM I'A3OBETOHHOI'O BUPOBHUIITBA

Kaminceka XK. K. — acucrenrt xadeapu nporpamHux 3aco0iB, 3amopi3bKHUil HAlIOHATBHUH TEXHIYHUH YHIBEPCUTET, 3amOpikiKs,
Vkpaina.

Cepmiok C. M. — kaHJ. TeXH. HayK, JOIIEHT Kadeapy IporpaMHHX 3aco0iB, 3amOpi3bKUH HAIlIOHATBHIH TEXHIYHUN YHIBEPCHUTET,
3anopixoks, YKpaiHa.

Kyaunnd E. M. — kanz. TexH. HayK, JOIEHT KaheapH eISKTPOIPUBOLY 1 aBTOMATH3ALl] IPOMUCIIOBIX YCTAaHOBOK, 3aMOPi3bKUi
HalliOHAJILHUH TeXHIYHUH YHIBEpCHUTET, 3amopixoks, YKpaiHa.

AHOTAIIA

AKTyaJbHicTb. Po3risHyTo po6iieMy KiJbKICHOT OIIIHKH JisUTFHOCTI OTepaTopa aBTOMAaTH30BaHOI CHCTEMH YIIPABIiHHS TEXHO-
JIOTIYHUM TIPOIIECOM BHPOOHHUIITBA Ta300€TOHY. AKTYaJIbHICTh JaHOT MpoOieMu 00yMOBITIOETECS HEOOXITHICTIO BpaxyBaHHS JIFO/ICh-
KOTo (hakTopa IpH po3podIli cucteM JaHoro tuiry. OO0’ €KT JOCTIKEHHS — EPrOHOMIYHE Ta iIH)KEHEPHO-TICUXOJIOTIUHE 3a0e3NeUeHHS
JISTIBHOCTI OIlepaTopa aBTOMAaTH30BaHOI CHCTEMH YIIPABIIIHHS TEXHOJOTIYHHUM IIPOIECOM Ta300eTOHHOro BHpoOHHMNTBa. IIpenmer
JIOCJTIDKEHHST — MOJICTI, METOJTH 1 3aCO0M MiABUIICHHS ¢()eKTHBHOCTI iSUTbHOCTI Omeparopa ra300eTOHHOTO BUPOOHUIITBA.

Meta po0oTH — po3p0oOKa METONLY, KU JO3BOJISIE TPOBECTH EPrOHOMIUHY EKCIIEPTU3Y AisUTBHOCTI OlepaTopa aBTOMAaTH30BaHOT
CHCTEMH YIPaBJIiHH TEXHOJIOTIYHUM MPOLIECOM Ha OCHOBI KUIBKICHUX MOKA3HUKIB JaHOI MisUIBHOCTI, OTPUMAHHX B PE3yJbTaTi iMi-
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TalifHOTO MOJEJIOBAaHHS, a TaKOXX BepHQiKalis METOQy Ha NMPUKJIAAI aHATi3y HisIBHOCTI OIepaTopa aBTOMAaTH30BAaHOI CHCTEMH
JI03yBaHHs MaTepialliB JyIsi BUTOTOBJIEHHs ra3o0eTony Ha 3AT «Motop Ciu» (3amopixoks, Ykpaina).

MeToa. 3anporOHOBAaHO PillieHHs PO3MIISIHYTOI MpobiieMy y BHUIJLIII MOOYAOBH iMiTawiifHOi Mozeni npouecy (QyHKIIOHyBaHHS
aBTOMAaTH30BaHOI CHCTEMH MPHUIOTYBaHHs ra3o0eTOHy i B3aeMopii omepaTopa 3 BapiaHTOM JIIOAMHO-MALIMHHOTO iHTEepdeiicy, o
aHaiizyerbesi. OwiHKa AisUIBHOCTI OmepaTopa IPYHTYETHCSI Ha MOPIBHSUIBHOMY aHali3i pe3ysbTaTiB eKCIICPHMEHTY 3 BBEICHOIO B
MOJIeNTb OaTapeero HOPMATUBHUX Ta TPAaHUYHUX TTOKA3HUKIB, 10 XapaKTEePU3YIOTh OisUTBHICTE onepaTopa. B imiTaniitniii Moaeni jro-
JMHO-MAIlIHHA CHCTEMa «OIepaTop-aBTOMaTH30BaHa CUCTEMa» TIPEACTaBICHA Y BUIIISII CHCTEMU MacOBOTO OOCIyTOBYBaHHS.

PesyabTaTtn. Po3pobiieHo MeTon 1 IporpaMHe 3a0e3MedeHHs, 0 JO3BOJISIOTh KiJIbKICHO OLIHUTH AisUTBHICTH OMEpaTopa aBToO-
MaTHU30BaHOI CHCTEMH YIIPABIIIHHS TEXHOJIOTTYHAM MPOLECOM ra300€TOHHOTO BUPOOHUIITBA.

BucHoBkHu. B po0oTi 3anpornoHOBaHO METOM KUTbKICHOT OI[IHKH JisUTBHOCTI ONEpaTopa ra3o0eTOHHOr0 BUPOOHHUIITBA 3aCHOBA-
HUIT HAa CTOXACTUYHI KOMOiIHOBaHI# Moei. Moienb, 1o po3podJsiiacs, € MOJATBIIAM PO3BUTKOM KOMOIHOBAHOT MOJIEII, 3aIpOIIo-
HOBaHOi aBropamu paninre. Ha Biaminy Bix xoMOiHOBaHOI Mozeli, B CTOXacTH4YHid KOMOiHOBaHi Moesi BpaxoBaHi BHIIaAKOBi
BIUIMBH Ha CHCTEMY «OIIEpaTOpP-aBTOMATH30BaHa cucTeMay Ta (hopMaizoBaHi Aii onepaTopa 100 YCYHEHHs 1uX BIUIMBIB. [Ipose-
JICHI eKCTIEPUMEHTH MiATBEPIMIN MPALE3AaTHICTh 3aPONOHOBAHOTO MaTEMAaTHYHOTO 3a0e3MeUYCHHS 1 JO3BOJSIOTh PEKOMEHAYBAaTH
HOro A7l BUKOPUCTAHHS HA MPAKTHII IPH BHUPIMICHHI 3aBAaHb OI[IHKH CHOCOOIB YHpaBJIiHHS TEXHOJOTIYHAM IPOLIECOM Ta Pi3HUX
BapiaHTIB MIPOTOTHIIB JIOJUHO-MAIINHHOTO iHTepdelcy 3 MeToo X onTHMi3amii JUis JOCSTHEHHS HEOOXigHMX e(eKTHBHOCTI Ta
SIKOCTI JISUTBHOCTI OTlepaTopa ra300€TOHHOT0 BUPOOHHMIITBA.

KJIFOYOBI CJIOBA: imirtariiiina Mojenb, MaTEMaTHYHa MOJICIIb, ONIEPATOP, Fa300€TOH, JIFOJMHO-MAIIMHHUI iHTep(eiic, bara-
pest HOKa3HHUKIB, Koe(ilieHT 3aBaHTaKEHOCTI.
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THE METHOD OF OPERATOR’S ACTIVITY ESTIMATION FOR THE AUTOMATED CONTROL SYSTEM IN
AERATED CONCRETE PRODUCTION

Kaminska Zh. K. — Assistant of the Software Tools Department, Zaporizhzhia National Technical University, Zaporizhzhia,
Ukraine.

Serdiuk S. N. — PhD, Associate Professor, Software Tools Department, Zaporizhzhia National Technical University,
Zaporizhzhia, Ukraine.

Kulynych E. M. — PhD, Associate Professor, Electric Drive and Commercial Plant Automation Department, Zaporizhzhia Na-
tional Technical University, Zaporizhzhia, Ukraine.

ABSTRACT

Context. The problem of quantitative estimation of the Automated Control System operator’s activity for aerated concrete pro-
duction is considered. The relevance of the problem is determined by the need to take into account the human factor in the develop-
ment of systems of this type. The research object is the ergonomic and psychological-engineering support in the activity of Auto-
mated Control System operator for aerated concrete production. Models, methods and means for increasing the efficiency of the op-
erator’s activity are the research subject for a type of the manufacturing considered.

Objective. The method of conducting an ergonomic examination of the Automated Control System operator’s activity based on
quantitative indicators of this activity was proposed as a solution. The quantitative indicators were obtained as the results of a simula-
tion. The method verification took place by the example of the analysis of Automated Control System operator’s activity in dosing
materials for manufacturing aerated concrete at JSC “Motor Sich” (Zaporizhzhia, Ukraine).

Method. The solution offered includes the imitation model of Automated Control System operating process for the aerated con-
crete preparation and operator’s interaction with the analyzed human-machine interface version. The estimation of the operator’s
activity is based on a comparative analysis of the results of an experiment with a battery of regulating and marginal indicators intro-
duced into the model as for characterizing the operator’s activities. The “operator-Automated Control System” human-machine sys-
tem incorporated into the imitation model is presented as a queuing system.

Results. The research resulted in software to realize the offered method of quantitative estimation of the Automated Control Sys-
tem operator’s activity for acrated concrete production.

Conclusions. The research proposes the method of quantitative estimation of operator’s activity for aerated concrete production
based on a stochastic combined model. Offered model is a further development of the combined model proposed by the authors ear-
lier. Unlike the combined model, the stochastic combined model takes into account random effects in the “operator-Automated Con-
trol System” system and the operator’s activity formalization to eliminate such impacts. The conducted experiments have proved the
operability of the software offered; such software can be recommended to be used while justifying the control methods, different
human-machine interface prototypes variants to keep them optimized on criteria of the required efficiency and quality concerning the
operator’s activity for aerated concrete production.

KEYWORDS: imitation model, mathematical model, operator, acrated concrete, human-machine interface, battery of indicators,
load factor.

REFERENCES
Burns C. M., Haidukiewicz J. R. Ecological interface
design. Boca Raton, CRC Press, 2004, 344 p.
Ergonomics of human-system interaction. Part 210. Human-
centred design for interactive systems: ISO 9241-210:2010
[Effective from 2010-03-15]. Geneve, 1SO, 2010, 32 p.

Anohin A. N., Malishevskiy V. S. Metodyi predproektnogo
analiza pri sozdanii operatorskogo interfeysa, Trudyi II
Mezhdunarodnoy = nauchno-prakticheskoy  konferentsii
«Chelovecheskiy faktor v slozhnyih tehnicheskih sistemah i
sredah» (Sankt-Peterburg, Rossiya, 6-9 iyulya 2016). SPb,

© Kamunckas XK. K., Ceparox C. H., Kynuanu 2. M., 2019
DOI 10.15588/1607-3274-2019-2-19

187



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mezhregionalnaya ergonomicheskaya assotsiatsiya, FGAOU
DPO «PEIPK», Severnaya zvezda, 2016, pp. 357-363.
Serdiuk S. M. Erhonomichni pytannya proektuvannya
lyudyno-mashynnykh  system, Navchalnyy posibnyk.
Zaporizhzhya, ZNTU, 2013, 319 p. ISBN 978-617-529-093-
4 (In Ukrainian)

Kaminska Zh.K., Kulynych E.M., Serdiuk S.N.,
Modelirovanie 1 analiz protsessov funktsionirovaniya
avtomatizirovannoy sistemyi upravleniya tehnologicheskim
protsessom proizvodstva gazobetona, Radio Electronics,
Computer Science, Control, 2018, No. 4, pp. 214-225. DOI:
10.15588/1607-3274-2018-4-21

Dushkov B. A., Korolev A. V., Smirnov B. A. Osnovyi
inzhenernoy psihologii. Uchebnik dlya studentov vuzov.
Moscow, Akademicheskiy proekt, 2002, 576 p.

Smirnov B. A. Inzhenernaya psihologiya. Prakticheskie
zanyatiya. Kyev, Vischa shkola, 1979, 192 p.

Venda V. F. Inzhenernaya psihologiya i sintez sistem
otobrazheniya informatsii. Moscow, Mashinostroenie, 1982,
344 p.

Zinchenko V. P., Munipov V. M. Ergonomika.
Orientirovannoe na cheloveka proektirovanie. Moscow,
Trivola, 1995, 480 p.

Kryilov A. A. Chelovek v avtomatizirovannyih sistemah
upravleniya. Leningrad, LGU, 1972, 192 p.

Adamenko A. N., Asherov A. T., Berdnikov I. L. i dr. ; pod

obsch. red. A. I  Gubinskogo. Informatsionno-
upravlyayuschie cheloveko-mashinnyie sistemyi:
issledovanie, proektirovanie, ispyitanie. Spravochnik.

Moscow, Mashinostroenie, 1993, 528 p.

Spravochnik po inzhenernoy psihologii. Pod
B. F. Lomova. Moscow, Mashinostroenie, 1982, 368 p.
Petuhov 1. V. Sistema podderzhki prinyatiya resheniy pri
otsenke profprigodnosti operatora ergaticheskih sistem (na
primere transportno-tehnologicheskih mashin): avtoref. dis.
... d-ra tehn. nauk: 05.13.01. Ufa, 2013, 35 p.

Tsoy E.B. Veroyatnostnoe ~ modelirovanie ~ po
gruppirovannyim dannyim pri issledovanii i proektirovanii
cheloveko-mashinnyih sistem: avtoref. dis. ... d-ra tehn.
nauk. 05.13.01. Novosibirsk, 1997, 49 p.

Grif M. G. Avtomatizatsiya proektirovaniya protsessov
funktsionirovaniya  cheloveko-mashinnyih  sistem  po
veroyatnostnyim i nechetkim pokazatelyam: dis. ... d-ra
tehn. nauk. 05.13.17. Novosibirsk, 2002, 270 p.

Card S. K., Newell A. and Moran T. P. The Psychology of
Human-Computer  Interaction. = Lawrence  Erlbaum
Associates, Inc., Mahwah, NJ, USA. 1983, 469 p. ISBN:
0898592437

Card S. K., Moran T. P., Newell A. The keystroke-level
model for user performance time with interactive systems
Communications ACM, 1980, Vol. 23, Issue 7 (July),
pp. 396-410. DOI: 10.1145/358886.358895

Lerch F. J., Mantei M. M., Olson J. R. Skilled financial
planning: the cost of translating ideas into action, Human
Factors in Computing Systems: SIGCHI Conference, New

red.

© Kamunckas XK. K., Ceparox C. H., Kynuanu 2. M., 2019
DOI 10.15588/1607-3274-2019-2-19

188

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

York, March 1989: proceedings. New York: ACM, 1989,
pp. 121-126. DOI: 10.1145/358886.358895

. Kieras, D. E. A Guide to GOMS model usability evaluation

using NGOMSL, The Handbook of Human-Computer
Interaction. 2nd ed., 1997, Ch. 7, Ch. 31. Elsiver
Science B. V., pp. 135-157, 733-767. DOIL: 10.1016/B978-
0-444-81862-1.X5065-1

Gray W. D., John B. E., Atwood M. E. Project Ernestine: A
validation of GOMS for prediction and explanation of real-
world task performance, Human-Computer Interaction,
1993, Vol. 8, Issue 3, pp. 237-309. DOIL
10.1207/s15327051hci08 03 3.

John B. E., Kieras D. E. The GOMS Family of User
Interface Analysis Techniques: Comparison and Contrast,
ACM Transactions on Computer-Human Interaction, 1996,
Vol. 3, Issue 4, Dec., pp. 320-351. DOI: 10.1145/
235833.236054

John B. E., Prevas K., Salvucci D. D., Koedinger K.
Predictive Human Performance Modeling Made Easy
Human  Factors in  Computing  Systems: SIGCHI
Conference, New York, 24-29 April 1989: proceedings.
New York, ACM, 1989, pp. 121-126. DOIL
10.1207/s15327051hci0803_3.

Holleis P., Otto F., Hussmann H., Schmidt A. Keystroke-
level model for advanced mobile phone interaction, Human
Factors in Computing Systems: SIGCHI Conference, San
Jose, April 28 — May 03, 2007: proceedings. New York:

ACM, 2007, pp- 1505-1514. DOI:
10.1145/1240624.1240851
Barchenko N. L. Ergonomlchne zabezpechennya

dialogovoyi lyudino-mashinnoyi vzaemodiyi v modulnih
sistemah elektronnogo navchannya: avtoref. dis. ... kand.
tehn. nauk. 05.01.04. Harkiv, 2019, 25 p. (In Ukrainian)
Karpov A. V. i dr; pod red. A. V. Karpova. Psihologiya
truda: uchebnik i praktikum dlya akademicheskogo
bakalavriata. Moscow, Izdatelstvo Yurayt, 2016, 364 p.
ISBN 978-5-9916-5320-6

Prangishvili 1. V. Entropiynyie i drugie
zakonomernosti: ~ Voprosyi  upravleniya
sistemami. Moscow, Nauka, 2003, 428 p.
Dushkov B. A., Smirnov B. A., Korolev A. V. Psihologiya
truda, professionalnoy informatsionnoy i organizatsionnoy
deyatelnosti: Slovar. Pod red. B. A. Dushkova. Moscow,
Akademicheskiy Proekt: Fond «Mir», 2005, 848 p.
Pereverzev E. S. Entropiynyie metodyi v teorii
samoorganizatsionnyih protsessov, Tehnicheskaya
mehanika, 2010, No. 3, pp. 81-90

Sovetov B. Ya., Yakovlev S. A. Modelirovanie sistem.
Moscow, Vyissh. shk., 2001, 343 p.

Reilly R., O’Regan J. K. Eye movement control in reading:
A simulation of some word-targeting strategies, Vision
Research, 1998, No. 38, pp. 303-317

Rayner K., McConkie G. W., Zola D. Integrating
information across eye movements, Cognitive Psychology,
1980, No. 12, pp. 206-226.

sistemnyie
slozhnyimi



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

UDC 681.527.2

LINEARIZATION OF OBJECT MODEL WITH VECTOR CONTROL

Kulanina Y. V. — PhD, Senior lecturer of the Electrical Machines Department, Zaporizhzhia National Technical University,
Ukraine.

Yarymbash D. S. — Dr. Sc., Associate Professor, Head of the Electrical Machines Department, Zaporizhzhia National Technical
University, Ukraine.

Kotsur M. 1. — PhD, Associate Professor, Electrical and Electronic Apparatuses Department, Zaporizhzhia National Technical
University, Ukraine.

Yarymbash S. T. — PhD, Associate Professor, Electrical Machines Department, Zaporizhzhia National Technical University,
Ukraine.

ABSTRACT

Context. A sufficient number of ways to implement vector control algorithms are very complex and in most cases tend to
mismatch the vector of the resulting parameters of the control object. Therefore, there is a need to simplify complex non-linear vector
control systems and apply linear dynamic models of a non-linear object with vector control for them. Currently, for a complex vector
control system, there are no sufficiently accurate equivalent simple models. Development of reliable simple dynamic models will
allow to design a vector control system with maximum use of linear methods of synthesis and analysis.

Objective. The goal of the paper is development of linear dynamic model of a non-linear object with vector control, which
reproduces its dynamics accurately enough for practice.

Method. The following methods were used to solve the problems posed: the state space method for describing the operation of
control systems; filtering theory, in particular, observers for estimation state vectors, uncertainties, and parameter identification;
modal control methods for the synthesis of observers and regulators; numerical simulation method to illustrate the performance of
synthesized control systems; vector control of a nonlinear object.

Results. For the investigated robust vector control system of the object with a substantial non-linearity of properties and
characteristics, simple linear equivalent mathematical models were compiled, rather accurately reproducing the operation of the
original system in all modes of operation. Simplification of mathematical models is achieved by considering the dynamics of the
entire system in a synchronous basis, robust methods for controlling parameters, and by neglecting really small errors in the work of
regulators and observers. The synthesized models, as well as the original nonlinear system, have the property of robustness due to the
use of combined control.

Conclusions. The simplicity and linearity of the equivalent system allows us to synthesize the control laws of the original
nonlinear system by well-developed linear methods with significantly less time spent on modeling. Numerical simulation of the
dynamics of the original nonlinear and equivalent linear systems showed a good agreement between transient and stationary

processes.

KEYWORDS: model, linearity, control, observer, robustness.

ABBREVIATIONS
IM is an Induction Motor;
VCis a Vector Control;
HACS is High-tech Automated Control System;
EMD is an Electric Motor Device;
CD is a Converting Device;
ACS is an Automatic Control System;
EM is an Executive Device;
CO is a control object;
TS is a Technological System;
PSS is a Power Supply System,;
S is a Source;
ES is an Elastic System;
FC is a Frequency Converter;
PWM is a Pulse-Width Modulation;
CTC is a Combined Torque Controller;
CCC is a Combined Current Controller.

NOMENCLATURE
i, 18 a vector of parameters of currents reduced to

basis (a,f) ;
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ugp 1s a vector of parameters of volteges reduced to

basis (a.,f) ;
ip
«™» is a symbol for evaluating the corresponding
variables,

o, is a parameter of the vector velocity flux linkage
in the bases (a,f3) ;

9 is a rotation angle of the working body of the
control object;

® is a speed parameter;

o is a program speed parameter;

is a program value of the current parameter;

m, is a desired parameter of the electromagnetic

moment of the control object;
m is a parameter of the electromagnetic moment of
the control object;
m is a program parameter of the electromagnetic
P
moment of the control object;
z?dqp is a vector of the program current parameters

written in synchronous basis (d,q);
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U, is a vectors of the program voltage parameters

written in the synchronous basis (d,q);

u, is a programmatic signal corresponding to the

desired input parameters voltage of the control object;

u is a voltage parameter of the control object;

myis a load moment parameter of the control object;

myis a parameter of the friction point of the control
object;

I is a parameter of the rotor inertia moment of the
control object;

v, is a parameter of the vector flux module of the

control object;

n is a constructive parameter of the number pairs poles
of the management object;

L, is a stator inductance parameters of the control object;

L is arotor inductance parameters of the control object;

r

L is a parameters of the mutual inductance of the

m

stator and the rotor of the control object;
T is arotor time constant parameter of the control object;

R, is a parameter of stator resistance of the control object;

R is a parameter of rotor resistance of the control object;

R, is a parameter of the nominal value stator

resistance of the control object;
R, is a parameter of the nominal value rotor

resistance of the control object;

9 is a parameter of the rotor movement of the control
object;

8p is a program parameter of the rotor movement of

the control object;

1y is a deterministic part of the current parameter of the
control object;

my is a deterministic part of the electric moment
parameter of the control object;

L, is a deterministic part of the mutual inductance
parameter of the control object;

L,y is a deterministic part of the rotor inductance
parameter of the control object;

Js is an unknown error of the moment inertia value of
the control object;

mg is an unknown error of the electric moment value
of the control object;

L,s is an unknown error of the mutual inductance
value of the control object;

L,s is an unknown error of the rotor inductance value
of the control object;

o is a scattering coefficient;

P is a differentiation operator (subscript p indicates
program value);

k, is a transmission coefficient of FC wich taking into

account changes in voltage parameters;

R is a value error of the parameter stator resistance of
the control object;

k15 1s a transfer coefficient error;
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Lgs is a value error of the stator inductance parameter
of the control object;
q is a vector of constant coefficients;

J is an estimation of the rotor flux vector of the
control object;

" is an estimation of the program rotor flux vector of

the control object;
€, is a projection EMF of the control object;

e, is a nominal value of the stator EMF vector of the

control object;
e s is an error estimation of the stator emf vector of the

control object;

! is a vector of constant transmission coefficients of
the observer, defining its characteristics;

g 18 a sliding of the control object;

o is a temperature coefficient of the control object.

INTRODUCTION

The problem of control uncertain objects is one of the
most common tasks of the control theory . A special place
in the class of controlled systems is occupied by objects,
the dynamic processes in which are described by
nonlinear differential equations. Due to the large variety
of nonlinear functions, included in the mathematical
models of such objects, individual approaches are used in
the design of control systems.

For the most part, approaches and methods based on
the direct Lyapunov method [1], the differential-
geometric theory of differential equations [2—4] and the
theory of constructing equivalent mathematical models
are used to solve this problem, which makes it possible to
transform the output nonlinear equations into simpler and
sometimes even in linear [5]. This makes it possible to
simplify the processes of analysis and synthesis of control
systems, as well as to apply previously developed design
methods. It is advisable to develop such models on the
most complex non-linear objects of control, for example,
IM [6, 7]. IM is the most common type of electric motors.
Its application is most widely used in the control systems
of elevators, industrial machines, machine tools, cranes,
escalators, locomotives, etc. IM differs from other types
of engines with ease of maintenance, low cost, high
reliability, the ability to work in aggressive environments
[6, 7]. IM, due to their complex dynamics, was originally
intended for unregulated control. The development of
electric power transformer and computer technology has
created the prerequisites for the development of IM
control systems, which potentially will not be yield to DC
motors in terms of quality control. The behavior of IM is
by nature very nonlinear [8], therefore, in order to ensure
a high ratio of productivity and cost, it is necessary to
develop advanced control methods [9]. New principles of
control of IM, as an executive body, consider
electromagnetic processes not in the traditional coordinate
system, but in that which is associated with any physical
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vector. Therefore, the principle of control is called “vector
control” [10]. This control method allows using IM to
obtain the same quality indices as DC motors.

Achieved accuracy and dynamic characteristics of
modern IM are provided due to complex nonlinear control
algorithms, which complicates the control of complex
objects. Under complex objects, for example, are
understood mechanical systems consisting of solids with
unknown mass-inertial characteristics, interconnected by
elastic bonds, prone to external unknown effects [11]. Such
systems may include antenna control systems for radars,
metalworking machines, sighting systems for small arms,
mounted on moving objects, etc.

The development of complex object control systems is
complicated by the interaction of two complex dynamic
processes occurring in an object with VC and in a
technological object. This complexity, first of all, is due
to numerous nonlinearities in the mathematical model of
the control object on the basis of VC. Therefore, the issue
of developing simplified models of nonlinear objects, in
particular IM, is an actual issue.

The object of study is the process of vector control of
an object with complex nonlinear interconnections of
parameters and characteristics.

The subject of study is a model of a non-linear object
with vector control.

The purpose of the work is to develop a linear
dynamic model of a non-linear object with vector control,
which reproduces its dynamics with an accuracy
sufficient for practice.

1 PROBLEM STATEMENT

Generalized HACS is a complex set of structural non-
linear elements: EMD, CD, ACS, ED, CO. HACS is
intended to bring the working body of TS into motion and
control this movement according to the prescribed law.
Improving the quality and production of technological
equipment is associated with the prevailing development
and improvement of HACS and its controlnsystem [12].
At the same time, the properties of HACS (Fig. 1) are
determined by the interrelated characteristics of the
elements that form its subsystems (mechanical, electrical
and magnetic) [13].

PSS includes the following derivative elements: power
source, regulating and matching devices, rechargeable
batteries or other alternative sources. The choice of S is
carried out depending on the purpose of HACS in general,
solved tasks in the technological process of automated
production, the feasibility study of the choice of the S
type at the stage of the technical proposal during designig
of HACS.

CD serves for converting electric current and voltage:
alternating current into a constant, direct current into
alternating; alternating current of one frequency in
alternating current of another frequency; low constant
voltage to high constant voltage.
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Figure 1 — Generalized functional scheme of HACS
construction

EMD serves to convert electrical energy into
mechanical to influence the CO. In other words, the EMD
must develop a driving force: a driving moment or a
mechanical effort transmitted to the S, that is, to perform
the functions of the ED for the movement of the working
body in accordance with the prescribed law of control.

Under OC it is necessary to understand the unit of
technological equipment, as a result of which the shape of
the initial workpiece changes, its position or physical
properties. In the automated production, complex
technological complexes are used to provide processing
of the workpiece, dimensional control, transportation and
storage of the product. This can involve various machines,
automatic tool changers and products, automatic drives
and specialized manipulation systems (including
industrial robots). Each OC, in its turn, is a constructive
module that provides the possibility of a necessary
coordinate movement (for example, a cutting tool) with
respect to the product being manufactured in ES of OC.
Under ES of OC means a set of all nodes and mechanisms
that make up the casing of the fixed part (carrier system)
and EM drives. Executive mechanisms directly provide
relative movements of working bodies, and their dynamic
properties significantly affect the output characteristics of
the HACS.

The generalized structure of HACS (Fig. 1) is the
basis for developing a linear dynamic model of an object
with vector control. In this case, it is necessary to take
into account the limitations imposed by EM and OC
parameters on the operation of HACS and energy and
technology parameters of OC.

2 REVIEW OF THE LITERATURE

In [14, 15], the general theoretical solution of VC
algorithm synthesis by the moment and the flux parameter
of IM is presented with an indirect orientation along the
vector of the stator flux parameter of the stator, which
guarantees global asymptotic testing of the moment
parameter and the flux parameter of the stator IM. The
control obtained on the basis of the principle of passivity
is open with respect to the coordinates of the magnetic
subsystem of the object determines its high sensitivity to
parametric perturbations.
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In [16,17], a criterion was proposed for maximizing
the ratio of control parameters of current and moment of
IM based on a mathematical model of the control object,
which takes into account the nonlinearity properties of
IM. Using of this criterion in vector control algorithms
made it possible to ensure asymptotic testing of specified
trajectories of current parameter changes with
maximization of the ratio of current and moment
parameters, regardless of the location of the operating
point of the function, which reflects the nonlinearity of
IM parameters.

The well-known algorithm of indirect vector control
with orientation on the rotor flux linkage vector [18—19]
is based on the standard mathematical model of IM. This
algorithm provides an asymptotic orientation along the
vector of the rotor flux linkage parameter, and also
guarantees the asymptotic refinement of a given trajectory
of the torque parameter of the control object. For the
operation of the algorithm, the necessary condition is to
measure the output variables of IM, namely the
parameters of the stator currents and the angular velocity
of the rotor.

The well-known algorithm vector control of IM
moment based on the concept of dynamic linearization of
feedback on the measured output in the conditions of
direct (based on observers) field orientation [20-24]. This
algorithm provides asymptotic testing of specified
trajectories of IM moment parameter while maximizing
the relationship between the torque parameters and IM
current, improves efficiency and reduces losses in the
control object.

There is an algorithm for frequency control of the
torque parameter of the control object of IM [25-27]. The
control quality indicators of this algorithm are somewhat
worse than in the previous two [25-27]. A sufficient
number of ways to implement vector control algorithms
are very complex and in most cases tend to mismatch the
vector of the resulting parameters of the control object.
Therefore, there is a need to simplify complex non-linear
vector control systems and apply linear dynamic models
of a non-linear object with vector control for them.
Currently, for a complex vector control system, there are
no sufficiently accurate equivalent simple models.
Development of reliable simple dynamic models will
allow to design a vector control system with maximum
use of linear methods of synthesis and analysis.

3 MATERIALS AND METHODS

The basis is a generalized functional scheme of vector
control, which is shown in Fig. 2.

Simplification of the scheme occurs due to the
following blocks:
«Optimizer» is a shaper of optimal program parameters,
minimizes the resulting parameter of the economy of the
control object. The regulator is also built on the combined
principle and consists of an observer of uncertainty and
the laws of the formation of the transient characteristics of
the parameters of the control object.

©Kulanina Y. V., Yarymbash D. S., Kotsur M. 1., Yarymbash S. T., 2019
DOI 10.15588/1607-3274-2019-2-20

192

Microprocessor
8,0,

Moment Current

shaper

my » .
Optimizer
W (

0 —

F
Observers.
identifiers

i %
______________ 1

sin ﬁﬁ. cos p, |

Fi/a ”’*
2 Inverter ” -
B =5 2 s 380 V
3 with l ¢ Rectifier
M A.B.C | PWM _T_N!_ﬂ_ ectifier |——
: S0Hz |
Electromechanics

Figure 2 — Functional scheme of the object with vector
control

“Observers, identifiers” is the most complex and
computationally voluminous block of the control system.
In this block variables are calculated, which largely
determine the properties and quality indicators of the
control system.

The equations of motion of the rotor and the formation
of the parameter of the electromagnetic moment m [11]
are considered.

[sz-l-ml-l-mf, (1
Lm

m=n—~y i,, 2

Lr \qu ()

g +Va = Lyig- A3)

In equation (1), m, m;, m; and /9 are non-linear (in
the case when [ is an unknown and variable reduced
parameter of the inertia moment).

From the expression (2) it can be seen that the same
parameter of the electromagnetic moment can be created
with a multitude of combinations vy, and j, that can

cause the appearance of different values of the energy
efficiency parameter. Among these combinations is the
combination with the minimum value that should be used.
In the well-known VC of IM schemes, automatic
minimization of the energy efficiency parameter is not
carried out, but constant adjustment is made to the most
probable load parameter.

As can be seen from expressions (2) and (3), the
accuracy of the calculation m depends on the accuracy of
knowledge of L,, L, and 7,. Since the inaccurately
calculated value m is fed to the input of the torque
parameter controller, the program parameter of the current
i, and, consequently, the parameter of the
electromagnetic moment are formed with an error.

Note. Pl-controller, that used in known systems, is able
to compensate for only the constant components of the
disturbances my, m; included in equations (1). PI-controller
is completely unable to compensate for errors in control,
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which arise due to inaccuracies in the knowledge of the
inertia moment parameter, and variable disturbances.
Moreover, in case of positional control with PI-controller,
the deviation of the inertia moment parameter from its
calculated value can lead to instability of motion.

It should be noted that, in the general case, all the
parameters and effects on the rotor control object which
entering into equations (1)—(3) are unknown. Below it is
shown how, under the conditions of the specified
uncertainty, it is possible to ensure high accuracy, preset
indicators of the quality of transient processes and a
minimum of the energy efficiency parameter.

According to [11], to compensate for the influence of
uncertainties, it is assumed that m;, my; T, are unknown,
and the parameters of the system are not precisely known,
and

I :IO +15,m:m0 +mg,

)
Ly, =Lyo+Lyss Ly = Lo+ Lys.

md >

For L, L, the values of the inductance parameter on
the linear part of the nonlinear function are taken as
nominal values. According to (2), (3) can be written

m=nLy, L' (Lyig =T g ) i, 6))

A serious problem standing in the way of system
optimization in dynamic modes is the large unknown time
constant 7, in (3) and (5). For the purpose of compensation, as
well as compensation for the influence of uncertainties, the
nominal electromagnetic moment is taken as a parameter

mo = nLy,oLyg igi,. (6)

In this case, taking into account (4)—(6), equation (1)
can be given the form

Iogsz-f'fm, (7)

where the uncertainty is
o =mg+my+my —Is8+ fi(Lyss Lis T asigsig ) (8)

Equation (7) is an equation of a fully deterministic
object with nominal parameters, subject to the total
uncertainty f,.. The task of ensuring the robustness and
accuracy of the equation is to estimate the uncertainty of
fw and its compensation at the expense of a special addend
in the control law. Uncertainty estimated by observer

t=—k(z+mg+klyS), f,, =z+klS . )

To compensate for the effect of uncertainty, a
combined control law is specified in

my = mog — fon- (10)
Substitution (10) in (7) gives
1o8 = mog + fo = fon - (11)
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With a sufficiently accurate estimate f of the

uncertainty f, instead of equation (11), we can assume

159 = myy . (12)
The law of positional control is given in the form
myy =—kg(9=8,) =k (9-8,)+ 1,8 . (13)

When controlling only speed, the following control
law is adopted:

mog = —ko(0—0 )~k [(@—0),)dt+ 1o, ,  (14)

where ®=9 and o, :9p.

The integral part in the regulator (14) is intended only
for the formation of a given type of transient
characteristic. Astatism of the system is provided by the

compensating part f”m in the control law (10)

When working with the limiting parameter of the
stator current of the control object, a simplified control
law is recommended to avoid overshooting.

mo :—ko((k)—(l)p)'i‘lo(bp. (14')

By determining the coefficients k,, k;, you can set the
necessary indicators of the transients quality.

From (6)—(8), (10), (12) it follows that the
electromagnetic moment parameter is robust to all
parameters included in (8), as well as to a change in the
parameter of the rotor flux module. With an accurate
assessment of variables and accurate formation of stator
currents in accordance with their program values
(ig =igy, 1, =i,,) and in case of failure to achieve

current and voltage parameters and their limitations, the
system will behave as linear with given transient quality
indicators regardless of disturbances and spread of
electric drive parameters.

By minimizing the energy efficiency parameter, the
following expressions were found for the optimal
(program) parameter values of the components of the
stator current vector [9, 10]:

2
b= 4/Rs +R.LZ,. || mol
P B
R nL
s | 'm0 (15)
» RS mo : b
a0 =Y a2 L S0
s + r~mr 'm0

The parameters R i R,, which are in (15), due to the
temperature change can vary in wide limits. At the time
when the time comes for changes in temperature and
static resistance, proportions must be taken into account.
Therefore, instead of the expression (15) you can imagine
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(16)

[0

RSO + RrOLfnr anO

sign my,.

The optimality of the program values of the stator
currents parameters is preserved with all the variations of
other parameters. At the same time, the ratio between
program currents is remarkable in simplicity:

Iy f R .
LL— i+ 12, =2 signmy,
lyp RsO

from which it follows ‘

(a7

Co1
zdpqu‘ =const . The value of the

program parameter of the magnetizing current iy , is
determined by the first expression in (24). Then the

program parameter of the torque current iy, from the
relation (6) is determined by the expression

moLyg

(18)

i =
qp 2 .
”LmO ldp

Expressions (16), (18) are generally non-linear. For
linearization, one has to optimize the energy efficiency
parameter for one most typical case m, (this is done in all

known vector control systems). In this case i, , will be
constant, and i, , according to (18) it will have only one

variable m, , on which it will depend linearly.

Fig. 3 shows a block diagram of an electromagnetic
torque parameter controller and a shaper for program
parameters of stator currents using a combined torque
parameter controller.

jdp = const

p—>
G p—>

2,

Figure 3 — The block diagram of the parameter regulator of
the electromagnetic moment and the program parameters shaper
of the stator currents:

1 —block forming the type of transient response mg (14), 2 —

block forming the uncertainty observer J}m (9), 3 —block limiting

the value of the parameter of the electromagnetic moment m, 4-
block extracting the square root, 5 — block forming the optimal
program parameter of the magnetizing current (16 ), 6 — block

forming of the numerator of expression (25), 7 — block forming of
the program parameter of the torque current (18), 8 — block of
switching according to the optimal parameter of magnetization to a
predetermined program parameter of magnetization
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The upper key position is intended for operation in
modes with fast and frequent changes in the rotor speed
(with the key in the upper position, the program current is
set constant). Blocks 1-2 serve to provide robustness, and
blocks 3—7 are designed to minimize the energy efficiency
parameter. Blok 8 switches the modes described above.
Since the block 7 is non-linear when i, , is changed, to

eliminate non-linearity, we will consider the case when
ig , = const.

One of the main components of the described system
and all known systems VC of IM is the chain of formation
of program voltage parameters. The study of VC IM
showed that in the dynamics of the system can distinguish
slow and fast processes. Slow processes take place in
control loops for speed, flow coupling, parameter
identification, and engine speed estimation. Loops of
control current parameters have fast dynamics . This gives
grounds to investigate the contours of the currents,
regardless of slow processes. A lot of works have been
devoted to the design of current circuit regulators in IM.
Currently, Pl-regulators installed in parts of both contours
of the current parameter vector (torque current and
magnetization current) described by the equations in the
synchronous basis related to the rotor flux coupling
parameter are most widely used as current parameter
regulators.

In closed current circuits with Pl-controllers, it is
necessary to find a compromise between speed response,
accuracy on the one hand, and overshoot on the other,
with the result that the speed of current circuits is limited.
Uncertainties of the control object significantly degrade
the dynamic characteristics of current circuits with PI
controllers. In addition, non-linear cross-links exist
between the current circuits. In systems with PI-
regulators, to eliminate the effect of cross-links, it is
necessary to introduce compensating non-linear cross-
links that impede the control algorithm. In [10], a new
principle of current loop control was proposed and
investigated, which is used by CCC, which provide
independent optimization of speed and accuracy on the
one hand, and overshoot on the other hand, in conditions
of uncertainty parameters of control objects in the
presence of uncertain crosslinks.

The control objects in a synchronous basis with a
sufficient degree of accuracy for this task can be
described by an amplifying link with an unknown gain
koeficient k;. The effect of unknown causes of changes in
voltage parameters, the voltage drop across the transistors
of FC, the delay in their opening and closing, as well as
the effect of “dead” time can be taken into account by the
deviation of k; from its nominal value. As shown in [10],
analog filters with compensators will well eliminate noise
caused by PWM and do not distort the phases and
amplitudes of the main harmonics. This means that when
considering processes in a synchronous basis, the
influence of filters will manifest itself only in the form of
noise suppression. The operation of the control object in
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the synchronous basis is described by the following
nonlinear system of equations [11]:

T.pVa ==Vq +Lyig, (19)
GLSpidq = _Rsidq —(DoGLle.dq ~€dq +u, (20)
e=wylL,, Jy+L,,pv, (21)
u=kig, p, (22)
2
L L ' L
T,:—V’GZI_ n , L :i,T :G_S’

Since T, >>T,, then in (20), (21) we can assume
y =const . Each matrix equation (19)—(22) corresponds

to two scalar equations. Due to the skew-symmetric
matrix J between these equations, there are cross-links
that degrade the dynamics and complicate the synthesis of
the control system. The resistances R; and R,, and,

consequently, TS and 7. as a result of a change in the

temperature parameter of the control object can
significantly change and assume unknown values,
significantly influencing the dynamics of the contours.
The components in equations (20), (21), proportional to J,
make these equations nonlinear. System (19)—(22) does
not take into account the influence of nonlinear blocks 2
and 8 for two reasons: 1) these blocks are described by
algebraic equations, which do not give a delay for
sufficiently small counting cycles, 2) possible
inaccuracies of calculations in these blocks will be part of
uncertainties and compensated with them.

4 EXPERIMENTS
In [11], a robust per-channel decomposed control
system was synthesized, which has a large response rate
compared to the system with PI-controllers in the absence
of overshoot.
Let be Ry, ki, Lo — nominal values of the
corresponding parameters, and

Ry —Ryo = Ry, ky — kg = ki, Ly —Lgo = Lgs. (24)
Following the works [8, 11], system (19)-(23) is

represented as a nominal model, on which the uncertainty
vector f; acts, namely,

. 1.
pz:—T—,l+k0(up+f,), (25)
50
ko = k(0 Lyg) ™, (26)
fl = kfol (klsup —e—0yo LSJZ.* Rssl.* plLSB) (27)

All coefficients and variables in (25), (26) with the
exception of pi and f; are considered known.
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The task is to clean the signal i from the ripples
remaining after filtering due to PWM, estimate f; and
compensate it in the controller. The scalar equations
corresponding to the vector equation (25) are
interconnected through f. When compensating, the
equations will be solved and the uncertainties will not
affect the dynamics of the contours. An independent
control is built for each current loop. Therefore, in the
following, we will consider scalar equations for the
parameters of the magnetization current and the moment
current, which coincide in form with (25), namely,

pi=—~(To) i+ ko(u, + f;) (28)
with measurement
V=i (29)
The observer for evaluating i and f; is
pi=—(Tj) i +ko(u, + )+ 1 (T =), (30)
pli =G =i, 3D

System (30), (31) is linear with constant coefficients,
the speed of which can be set by any.

The combined current loop controller will be
presented in the form

u, = ko' pi, +(koTi) i, (a1 +a2p™ ) ~i,) - fr. (32)

Note. The integral part in the regulator (32) is intended
only for the formation of the desired type of transient
response. The astatism of the system is provided by the
compensating part f..

Substituting (32) into (28) with regard to the relations

P=i+i, fi=fi+ [ (33)

gives the dynamics equations of the controlled current
loop

pli=i,)==(T) (i=i,) ~ ko (@ + a2p " Wi=i, + D) ]; |. 34)

With the right choice of observer parameters, the
variables 7, f, tend to zero over time. In this case, the
equation of dynamics and current regulators take the form

pli=iy) == (o) +ho(@r +42p™) [(i =i, (39)

u, :ko_lpipﬂ-(kOT;'o)_lip —(q1+q2p_])(i—ip). (36)

Under the simplified control law and the exact work
of the observer, analogous equations will have the form

s ko iy 6D

u, =(koTi0) iy —ayi=ip). (38)
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In the full system, taking into account the dynamics of
the observer and the controller, equations (35), (37) are
used to select controller parameters. In the developed
linear system, these equations will describe the operation
of the current loop. The transfer function of the complete
system (35) is equal to one, the simplified system is

. ! _1

i T, +k
W(p)=—= (SO)' - o

p p+|:(TS‘0) +k0‘11}

(39)

Attention should be paid to the fact that the operation
of the current circuits does not depend on the
imperfections included in the uncertainty vector (27),
namely:

1) a sharp change in the voltage parameters of the
supply network;

2) all errors of the frequency converter (resistances of
keys, delays in their opening and closing, dead time);

3) cross-connections between the parameters of the
torque and magnetizing current contours;

4) changes in parameters (including temperature)
resistances of the circuits

5) changes in the parameters of the circuits
inductances, due to the non-linearity of the control object.

As shown by the numerical simulation of a complete
non-linear model of current loop control systems as part
of VC, taking into account the worst combination of
uncertainties [8], models (35) and (37) reproduce the
control process in both loops with high accuracy, ensuring
the time of the transition process current parameters iz,
igp, which does not exceed 0.001-0.003 s. (Transition time
can be set and guaranteed in advance).

From the expression (6) follows: the nominal
parameter of the electromagnetic moment myg is
proportional to the product iz, To eliminate this non-
linearity, it is customary to fix the values of the
magnetizing current parameter by setting i , = const, as a
result of which the torque program parameter of the
current is determined by expression (18). Based on the
above, iy = iy, = const will be relied upon. In a simplified
system, which provides for the ideal work of observers of
uncertainties and their compensation, equation (35), (37)
describe the operation of a closed loop of current.

With positional control, the displacement, by which
the velocity can be calculated, is measured or calculated
on a mandatory basis. In this case, the same method can
be used to estimate the speed, both in the original
nonlinear and in the equivalent linear system. The
problem occurs when controlling speed in the absence of
information about speed and movement. In the
monograph [11], several methods for estimating velocities
are considered.

Unfortunately, among the known methods, no
methods were found that could be used in the developed
equivalent linear system. Therefore, in a linear system,
the velocity will be considered known. In this regard,
there is no need to estimate the parameters of the stator
and rotor resistances. Therefore, the following are
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methods for estimating velocities and resistances used in
the original nonlinear system.

In a complete (non-linear) system, the synchronous
speed parameter is estimated from the dependence [11]

_ \’I\la eB _\ilﬁ €q

By (40)
¥o +0p

o

The estimation of the flux linkage parameter is
performed with the help of an observer recorded in a
vector form in a winding basis [11]

pi=eo+e5+h(i-v"), (41)

pés =L (-v"). 42)

The rotor speed parameter is determined by the expression

Wn —0

w=— 3L (43)
n

i, Ri,

Tig, Lyig,

Wy (44)

The stator resistance parameter is estimated using an
observer with a transfer coefficient / [8]

z =1, {

2

Y 1 Y T T m,
ldqp‘ (Zsﬁ-l:*GLS ldqp‘ j—ldqpudq+RA_0 lcw‘ +0)07} 9(45)

A 1 . 2
RSS =ZS+ZSEGLS ldqp‘ , (46)

Ry =Ry + Ry - 47)
To estimate the rotor resistance parameter, we will use
its connection with the stator resistance parameter, due to
the interrelation of the rotor and stator temperature
parameters, as indicated in [8].
R, =Ry (RsRs_Ol ) (49)
In the proposed VC system, the present parameter of
rotor resistance is included only in expression (45).
Estimation of the temperature of the stator 7, and the
rotor 7, can be done by dependencies
7Awts =Ty +(1%ng()1 _l)ail’ 72” = fts . (50)
Fig. 4 shows a block diagram of a linearized system of
VC IM , which consists of the circuit of the torque current
and the dynamics of the mechanical part of the system.
Block 3 (Fig. 4) takes into account the limitations of
the current parameter in the original system. The element
in the feedback takes into account the possible time lag
that occurs when estimating the speed in the original
nonlinear system. The transfer function of the inertial link
in a straight chain is equal to the function in (39). As can
be seen in the figure 4, the block diagram of the linearized
system VC IM is simpler than the block diagram of a DC
motor of independent excitation (there is no EMF circuit).



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

]

Ir”.f'—ll- ”_Eu mll‘r‘rll o ! F,‘. . Hif il : N
. 3 k ) o >
@, —» nlygi;, Is+1 L * Is
a
I
Ls+1

Figure 4 — Block diagram of the linearized system VC AD:

1 — block forming the type of transition characteristics mqo (14), 2 — block forming of uncertainty observer jm (9), 3 — limiting

block of electromagnetic moment parameter value m,

The linearization of the original nonlinear indefinite
system was carried out by applying robust control
methods that compensate for uncertainties. Therefore, all
the parameters of the scheme, except for the given
moment of rotor inertia and the load, are reliably known
and are set in advance.

A simulation of a complete non-linear system of
equations was carried out, which corresponds to Fig. 2,
and the linear system of equations, corresponds to Fig. 4
using the graphic extension package MATLAB for
system SimuLink. At achievement of steady speeds the
load was put and removed. At positive speeds, IM worked
in the motor mode, and at negative speeds — in the
generator mode.

5 RESULTS

In Fig. 5-11, the processes obtained by simulating a
complete non-linear system of equations (index n) and a
linear system of equations (index /) are compared. As
seen in Fig. 5 and Fig. 6, in all modes of operation:
acceleration, stabilization of speed under load in the
motor and generator modes and without load, reverse and
stabilization of zero speed, the vector control system
provides good tracking of a given trajectory. Fig. 7 shows
the change in the parameters of the magnetizing and
moment currents during the operation cyclogram
corresponding to Fig. 5. Fig. 8 illustrates the zero-speed
stabilization process with no load and under load from
0.25 s. to 3 seconds. At the time point of 1.25 s, the
voltage dropped by 30%, and by 2 s. tension recovered. In
Fig. 9 shows a fragment of the process shown in Fig. 8.

As follows from Fig. 5-9, overload, load shedding,
failure and recovery of voltage only briefly violate the
stabilization of a given speed. The system is astatic with
respect to the specified actions. All of the above applies to
the original nonlinear system. The linear model, operating
independently, reproduces with high accuracy the change
in both currents and speeds at all points in time, except for
moments of voltage sudden change.

The above confirms the ability to develop algorithms
for vector management of IM with a nonlinear model,
working with a linear model. Herewith you can use well-
designed simple linear methods. Modeling processes
using a linear model requires an order of magnitude less
time than modeling a complete model. To predict the
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behavior of the nonlinear system when the reduced
moment of rotor inertia changes in Fig. 10 and 11, 3
simultaneously simulated processes are shown: with
nominal moment of inertia (curves with index 1), 2 times
larger (curves with index 2) and 2 times smaller (curves
with index 3). The simulation results of the linear system
indicate the robustness of the nonlinear system with
respect to the change in the reduced moment of IM rotor
inertia.

@ | rads

1 2 3 r 5 3 7 875
Figure 5 — Engine Speed

@ | rad’s

200+

150+
100}
50h-o-
0
50}
o .

9 7
Figure 6 — Engine speed at acceleration up to 150 rad/s
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Figure 9 — System reaction at the voltage drop at zero-velocity
stabilization

6 DISCUSSION
For the system of VC AD with a non-linear mathematical
model, a simple equivalent mathematical model is compiled
that describes the operation of the initial system in all
operating modes quite accurately. The equivalent system
preserves the robustness of the original system with respect
to the inaccuracy of knowing the parameters of the reduced
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significantly less time spent on modeling. This is
especially important when developing control systems for
complex dynamic objects using induction motors.
Numerical simulation of the dynamics of the original
nonlinear and equivalent linear systems showed a good
agreement between transient and stationary processes.
Developed linear control methods with small
modifications can be applied to control using DC motors
and synchronous motors.
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CONCLUSIONS

1. The scientific novelty of obtained results:

— for the robust system under study of vector control
of an object with a substantial non-linearity of properties
and characteristics, simple equivalent models were
compiled that fairly accurately reproduce the operation of
the original system in all modes of operation.
Simplification of models is achieved by considering the
dynamics of the entire system in a synchronous basis,
robust methods of controlling the parameters of currents
and by neglecting really small errors in the work of
regulators and observers of current circuit;

— synthesized models, as well as the original nonlinear
system, have the property of robustness due to the use of
combined control, as the whole drive, and current circuits.
Due to this, equivalent systems, as well as the original,
retain the robustness property in relation to

— inaccuracies of parameters knowledge of the given
moment of rotor inertia, load, friction;

— inaccuracies in the formation of the electromagnetic
moment;

— to all errors of the frequency converter (resistances
of keys, lateness of their opening and closing, dead time);

— cross-connections between the torque and
magnetizing circuits of currents;

— changes (including temperature) resistance contours;

— changes in the inductance of the circuits, due to the
magnetization curve;

— power surges.

2. The practical significance of obtained results.

The simplicity and linearity of the equivalent system
allows us to synthesize the control laws of the original
nonlinear system by well-developed linear methods with
significantly less time spent on modeling. The obtained
results confirm that the linearized vector-controlled object
model can be used to control of IM.
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YK 681.527.2
JIIHEAPI3AIISI MOJEJII OB’€EKTY 3 BEKTOPHUM KEPYBAHHSM

Kyaanina €. B. — xaHn. TexH. HayK, CTapliMid BHKJIagad KadeIpu eNEeKTPHYHMX MAIIMH 3aropi3bKOro Hal[ioHAIbHOTO
TEXHIYHOTO YHIBEpCUTETY, 3anopixoks, YKpaiHa.

Spumbam JI. C. — 1-p TexH. HayK, JOLEHT, 3aBiyBay KaQeapy eNeKTPHYHNX MALIMH 3aropi3bKoro HaliOHAIBHOTO TEXHIYHOTO
YHIBEPCHUTETY, 3amopixoKs, YKpaiHa.

Kouyp M. I. — xaHza. TexH. HayK, JOLUEHT KadeIpu eIEKTPUYHUX EIEKTPOHHUX amapaTiB 3amopi3pbKOro HalioHaJIBHOTO
TEXHIYHOTO YHIBEPCHUTETY, 3amopioKs, YKpaiHa.

SApumoam C. T. — KaHI. TeXH. HayK, JIOLEHT KadeApu EICKTPUYHHX MAIIMH 3aropi3bKoro HaliOHAJIBHOTO TEXHIYHOTO
YHIBEpCHUTETY, 3aopixoKs, YKpaiHa.

AHOTAIIIA

AKTyanbHicTh. JIocTaTHS KITBKICT CIIOCOOIB peaizaliii alroOpuT™MiB BEKTOPHOTO KEPYBaHHSI € J{yKe CKIIaJHUMHU Ta y OLIbIIOCTI
BUIMAJKIB MalOTh CXHJIBHICTh J0 HE30DKHOCTI BEKTOPY pe3yNbTYyIOUHX MapameTpiB 00’ekTy kepyBaHHsi. Tomy icHye motpeba y
CIIPOILCHH] CKIaJHUX HENiHIHHUX CHCTEMH BEKTOPHOTO KEPyBaHHS Ta 3aCTOCYBAaHHs Ul HHX JIHIHHUX JHHAMiYHHUX MOJENei
HENIHIHOTO 00’€KTa 3 BEKTOPHUM KepyBaHHAM. B maHumit yac 11 cki1agHOl CHCTEMU BEKTOPHOTO KEPYBaHHS BiICyTHI JOCHThH TOYHI
eKBiBaJIeHTHI TpocTi Mopeni. Po3poOka HaAifHUX MPOCTUX AWHAMIYHAX MOJENCH JO3BOJHTH NMPOCKTYBATH BEKTOPHY CHCTEMY
KEpYBaHHS 3 MAKCHMAaJIbHUM BHKOPHUCTAHHSM JiHIHHUX METO/IB CHHTE3Y Ta aHaIi3y.

Merta craTTi — po3poOKa JiHIHHOI AMHAMIYHOI MOAeIi HEeNIIHIHHOTO 00’€KTa 3 BEKTOPHUM KEpyBaHHSIM, SIKa 3 JJOCTATHBOIO IS
MPAKTUKH TOYHICTIO BIITBOPIOE HOTO TUHIMIKY .

MeToan mociizkenHsi. [yl BUPIICHHS [TOCTABICHNX 3aBJaHb BUKOPHCTAHO TaKi METOIM: METOJX IPOCTOPY CTaHIB AJISI OIHCY
pobOTH cHCTEM KepyBaHHs, Teopis (iIbTpallil, 30Kpema, CIIOCTepirayiB, Uil OIIHKM BEKTOPIB CTaHy, HEBH3HAYCHOCTCH Ta
inenTudikaiii mapaMeTpiB; METOAM MOMAIBHOTO KEPYBaHHSA OIS CHHTE3y CIIOCTEPIradiB i pEryasTopiB; METOA YHCEIHLHOTO
MOJICITIOBAHHS IS LTFOCTpALii pane3aTHOCTI CHHTE30BAHUX CHCTEM KEPyBaHHS; BEKTOpHE KEPYBaHHS HETiHIHHIM O0EKTOM.

Pesyabratn. /s pmocmimkyBaHOi poOacTHOi CHCTEMH BEKTOPHOTO KepyBaHHA O00’€KTOM 3 CYTTEBOIO HENiHIHHICTIO
BIIACTUBOCTEH Ta XapaKTEPHCTHK CKJIAJICHI IPOCTI JiHIIfHI eKBiBaJeHTHI MaTeMaTH4YHI MOJEINI, IO JOCUTh TOYHO BiJTBOPIOIOTH
PoOOTY BHXIZHOI CHCTEMH Y BCiX pekuMax po6oTu. CHpOLICHHS MaTEMATHYHUX MOJEJICH T0CATaeThCs HUIIXOM PO3IIISLY ANHAMIKH
BCi€l CHCTeMH B CHHXPOHHOMY 0asmci, poOacTHHX METOJIB KepyBaHHs HapaMeTpaMH, Ta 3a PaxXyHOK HEXTYBaHHs IiHCHO MaJIIMU
noxuOkamu pobGOTH peryisTopiB i crocrtepiradiB. CHHTE30BaHI MoOJeNi, Tak caMo, SK i BHXiJHa HeNiHiffHa cUCTeMa, MaloTh
BJIACTUBICTh POOACTHOCTI 33 paXyHOK 3aCTOCYBaHHs KOMOIHOBaHOTO KePyBaHHSI.

BucnoBku. [IpocToTa Ta NiHIHHICTh CKBIBAJICHTHOI CHCTEMH J03BOJISIOTh CHHTE3YBATH 3aKOHHM KEPYBaHHs BHXIIHOI HETIHIHHOI
CHUCTEMH J00pe po3po0JICHUMH JIHIHHUMH METOJAaMH 3 ICTOTHO MEHIIMMH BHTpaTaMHd dYacy Ha MOJeIIoBaHHS. YucenbHe
MOJICITIOBAHHS JMHAMIKH BHX1THOT HETHIHHOI Ta €KBiBaJEHTHOI JIiHIIHOI CHCTEM MoKa3ajio JOOpHii 30ir mepexiHuX 1 CTaliOHAPHUX
IIPOLECiB.

KJIFOYOBI CJIOBA: mozenb, NiHIHHICTD, KEPYBaHHSI, CIIOCTEpirad, pOOaCTHICTb.

VK 681.527.2
JIMHEAPU3AIIUSI MOJAEJIM OB BEKTA C BEKTOPHBIM YIIPABJIEHUEM

Kynanuna E. B. — kaHJ1. TexH. HayK, CTapIIMii IpenoiaBaTens Kadeapbl SIEKTPUUSCKUX MalInH 3aopokKCKOro HAlMOHAIBHOTO
TEXHUYECKOTO YHUBEPCHUTETA, 3al0pOXKbe, YKpanHa.

Spbeiméam 1. C. — 1-p TexXH. HayK, JOLEHT, 3aBEeAYIOMUi Kadenpoil MeKTPUUECKIX MAIIuH 3alopOoKCKOT0 HAMOHAIBEHOTO
TEXHUYECKOT0 YHHBEPCHUTETA, 3al0pOXKbe, YKpanHa.

Komyp M. H. — kaHz. TexH. HayK, JOLUEHT Kadeaphl MEeKTPHUECKUX U 3JIEKTPOHHBIX allapaToB 3al0pOXKCKOr0 HAIOHAIEHOTO
TEXHUYECKOTO YHUBEPCUTETA, 3all0poKbe, Y KpanHa.

Apeimoam C. T. — kaHx. TeXH. HayK, JOLUEHT Kadeapsl EKTPUYECKUX MAIIUH 3all0pOXKCKOT0 HAILIMOHAIBHOTO TEXHHYECKOTrO
YHHUBEPCUTETa, 3aII0pOXKbe, YKpauHa.

AHHOTANUA

AKTyalbHOCTB. [Ipn DOCTaTOYHOM KOJIMYECTBE CIIOCOOOB peaan3aliyl alTOPHTMOB BEKTOPHOTO YNPABIEHHS, OHH SIBISTFOTCS
OYEHB CIIOKHBIMU, U B OOJNBIINHCTBE CIy4aeB UMEIOT CKIOHHOCTh K HECXOANMOCTH BEKTOpa Pe3yIbTUPYIOIIUX ITapaMeTPOB 00BEKTa
ynpasienus. [losToMy cymiecTByeT HEOOXOAMMOCTh B YIPOIICHUH CIOXXHBIX HEJHMHEHHBIX CHCTEM BEKTOPHOTO YIPABICHUS U
IIpUMEHEHHe [UIS HUX JINHEHHBIX JTMHAMUYECKUX MOJeNied HelIMHeHHOro 00beKTa ¢ BEKTOPHBIM yIIpaBlieHHeM. B Hacrosimee Bpemst
JUISL CJIOXKHOW CHCTEMBI BEKTOPHOI'O YHPABJICHUS OTCYTCTBYIOT JOCTATOYHO TOYHBIC SKBHBAJICHTHBIC NPOCTHIE MojenH. Pazpaborka
HAJIeKHBIX IPOCTBIX JAMHAMUYECKUX MOJENeH MO3BOJIUT MPOEKTUPOBATH BEKTOPHYIO CUCTEMY YIPAaBJIECHHS C MaKCHUMaJIbHBIM
HCTIONb30BAHUEM JIMHEWHBIX METOJI0B CUHTE3a U aHAIN3a.

Lean craTtbu. Pa3zpaboTka JIuHEHHON NUHAMHYECKON MOJIETH HEIMHEHHOro O0OBEKTa C BEKTOPHBIM YIPaBICHHEM, KOTOpas C
JIOCTATOYHOM IJIsI IPAKTUKH TOYHOCTHIO BOCIIPOU3BOINT €r0 JUHUMHUKY .

MeTtoabl ucciaegoBaHus. J{Is1 pemeHHs IOCTaBICHHBIX 3aJad HCIOJIB30BAHBI CIEAYIOMNE METOBI: METOJ IPOCTPAHCTBA
COCTOSIHUH JJIsI OIMCAHUS pabOTHI CUCTEM YHPABICHUS; TEOPHs (QHIBTpAlUK, B YaCTHOCTH, HAaOMIOHaTeNeH, sl OLEHKH BEKTOPOB
COCTOSIHUSI, HEOIPE/ISICHHOCTEH 1 MACHTU(PHKAINY ITapaMeTPOB; METObBI MOJAIBHOTO YIPABICHUS Ul CHHTe3a HaOJonaresied u
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PETYIATOPOB; METOJ YHCIEHHOTO MOJIEIHPOBAHMS Ul WINTIOCTPALMH pabOTOCIIOCOOHOCTH CHHTE3MPOBAHHBIX CHCTEM YIPaBICHHUS;
BEKTOPHOE yIPaBJICHNUE HETMHEHHBIM OOBEKTOM.
PesyabTatsl. /i uccienyemoii po6acTHOI CHCTEMBI BEKTOPHOTO YIIPABJICHUS OOBEKTOM C CYTTIOBOIO HEJIMHEHHOCTBIO CBOMCTB
U XapaKTePUCTHUK COCTAaBICHBI MPOCTHIC JMHEHHBIC AIKBHBAJIICHTHbIE MAaTEeMAaTHYECKHE MOJENH, KOTOphIE NOCTATOYHO TOYHO
BOCHPOU3BOAAT PabOTy MCXOJHOW CHCTEMBbI BO BCEX PEKMMax paboThl. YIPOILICHHE MAaTEeMaTHYECKHX MOJENCH TOCTUraeTCs IyTeM
paccMOTpeHHs AWHAMHUKHA BCEH CHCTEMbl B CHHXPOHHOM 0Oa3mce, poOACTHBIX METOOB YIPABICHHS MapaMeTpamMu, M 3a CUer
MpeHeOpeKEeHHsT JEUCTBUTEIHFHO MaJIbIMU MOTPELIHOCTAME PabOThI PeryIaTopoB U HabmoaaTeneil. CHHTE3UPOBAaHHBIE MOJIEIH, TaK
XkKe, KaK ¥ UCXO/Hasl HelMMHEeHHas CHcTeMa, UMEIOT CBOMCTBO poOacTHOCTH 3a CHET MPUMEHEHHsT KOMOMHUPOBAHHOTO YIIPABJICHHSI.

BeiBoasl. IIpoctoTa M JIMHEHHOCTh PKBHBAJICHTHOW CHCTEMBI IMO3BOJSIOT CHHTE3MPOBATh 3aKOHBI YIPABJICHUS HCXOJHOM
HEJIMHEHHOH CHUCTEeMBI XOpOIIO pPa3paOOTaHHBIMH JIMHEHHBIMH METOJAMH C CYIIECTBEHHO MEHBIIMMHK 3aTpaTaMd BPEMEHH Ha
MozenupoBaHue. YUCIeHHOEe MOJSIMPOBAaHUE JMHAMHUKH MCXOJIHOI HEIMHEWHON M JKBUBAJCHTHOW JIMHEHHON CHCTEM IIOKa3aio
XOpolLIee COBMAJICHHUE MTEPEXOJHBIX U CTALHOHAPHBIX MPOLIECCOB.
KJUIIOYEBBIE CJIOBA: mMozeins, TMHEHHOCTb, YIIpaBieHHe, HatoaaTenb, po0acTHOCTS.

10.

11.

12.

13.

14.

15.

JIITEPATYPA / JIUTEPATYPA
Khalil H. J. Nonlinear systems / H. J. Khalil. — N.-J. : Prentice Hall,
1996. — 750 p.
Isidori A. Nonlinear control systems / A. Isidori. — N.-Y. : Springer,
1995. - 657 p.
Computer simulation of electromagnetic field with application the
frequency adaptation method / [D. S. Yarymbash, S. T. Yarymbash,
M. 1. Kotsur, D. O. Litvinov] / Radio Electronics, Computer
Science, Control. — 2018. — Ne 1. — P. 65-74. DOIL
https://doi.org/10.15588/1607-3274-2018-1-8.
Enkun B.U. O penykuuu HENMHEHHBIX YNPaBISEMBIX CHCTEM K
nuHelHeM / B.U. Enkun // ABTomMaruka u tenemexanuka. — 2000. —
Ne2.—C. 45-55.
Huxudopos B.O. ApantuBHOe u pobacTHOE yHpaBlieHHE C
kxomneHcanueil Bosmymenuii / B. O. Hukudopos. — CII6. : Hayxka,
2003.-282c.
Salleh Z. Optimization of Fuzzy Logic Based for Vector Control
Induction Motor Drives / Z. Salleh, M. Sulaiman, R. Omar // ITEEE
8th Computer Science and Electronic Engineering (CEEC), UK,
28-30 September 2016: proceedings. — Colchester: IEEE, 2016. —
P. 83-86. DOI: 10.1109/CEEC.2016.7835893.
Auto-tuning Sliding Mode Control for Induction Motor Drives /
[F. A. Patakor, Z. Salleh, M. Sulaiman, N. Jantan] // IEEE 8th
Computer Science and Electronic Engineering (CEEC), UK, 28-30
September 2016: proceedings. — Colchester: IEEE, 2016. — P. 1-6.
DOLI: 10.1109/CEEC.2016.7835892.
Raumer T. V. Applied nonlinear control of an induction motor using
digital signal processing / T. Von Raumer, J. M. Dion, L. Dugard //
IEEE Trans. Control System Technology. — 1994. — Vol. 2, Ne 4. —
P. 327-335. DOL: https://doi.org/10.1002/acs.4480070511.
Kuroe Y. Design of a new controller for induction motors based on
exact linearization / Y. Kuroe, Y. Yoneda // Industrial Electronics,
Control and Instrumentation, Japan, 28 October-1 November 1991:
proceedings. — Kobe: IECON, 1991. — Vol. 1. — P. 621-626.
DOI: 10.1109/IECON.1991.239215.
Blaschke F. Das Prinzip der Feldorientiening die Grundlage fur die
Transvector — Regelung von Asynchronmaschienen / F. Blaschke. —
Siemens-Zeitschrift, 1971. — 757 p.
Iotanenxo E. M. PoGacTHbIe anropuTMbl BEKTOPHOTO YIIPABICHUS
acuHXpoHHBIM npuBozoM / E. M. Iloranenxo, E. E. Ilotanenko. —
3anoposkse : 3HTY, 2009. — 352 c.
Kaprayxos H. @. DnekrpoMexaHHYECKUE 1 MEXaTPOHHBIC CHCTEMBI
/ H. ®. Kapnayxos. — Pocros-Ha-/{oHy : ®ennkc, 2006. — 320 c.
Kapnayxos H. O. WmnynbcHble npeodpaszoBaresn
HCIOJHHUTENBHBIX YCTPOMCTB 3JIEKTPOMEXAHOTPOHHBIX ~CHCTEM:
VYueb. nocodue / H. ®@. Kapuayxo. — Pocros-Ha-J{ony : JII'TY,
1994. 71 c.
Peresada S. New passivity based speed-fluxtracking controllers for
induction motor / S. Peresada, A. Tilli, A. Tonielli / Annual
Conference of the IEEE Industrial Electronics Society, Japan, 22-28
October 2000: proceedings. — Nagoya: IECON, 2000. — Vol. 2. —
P. 1099-1104. DOI: 10.1109/IECON.2000.972276.
Peresada S. Theoretical and Experimental Comparison of indirect
field-oriented Controllers for Induction Motors / S. Peresada,
A. Tilli, A. Tonielli // IEEE Transactions On Power Electronics. —

©Kulanina Y. V., Yarymbash D. S., Kotsur M. 1., Yarymbash S. T., 2019
DOI 10.15588/1607-3274-2019-2-20

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

2003. - Vol. 18, No.
10.1109/TPEL.2002.807123.
Peresada S. Indirect Field-Oriented Torque Control of Induction
Motors with Maximum Torque per Ampere Ratio / S. Peresada,
S.Kovbasa, S. Dymko // Transactions of Kremenchuk State
University. — 2010. — Vol. 2, No. 3. — P. 33 — 36.

A Maximum Torque per Ampere Control Strategy for Induction
Motor Drives / [O. Wasynchuk, S. D. Sudhoff, K. A. Corsine,
J. Tichenor et al.] / IEEE Transactions on Energy Conversion. —
1998. - Vol. 13, No. 2. — P. 163-169. DOI 10.1109/60.678980.
Non-Holonomy in Induction Machine Torque Control / [B. Grcar,
P. Cafuta, G. Stumberger et al.] // IEEE Transactions on Control
Systems Technology. — 2011.— Vol. 19, No. 2. — P. 367-375.
DOI: 10.1109/TCST.2010.2042718.

Famouri P. Loss Minimization Control of an Induction Motor Drive
/ P. Famouri, J. J. Cathey // IEEE Transactions Industrial
Applicaions. — 1991. — Vol. 27. — P. 32-37. DOI: 10.1109/28.67529
Dymko S. Torque Control of Saturated Induction Motor with
Torque per Ampere Ratio Maximization / S. Dymko, S. Peresada,
R. Leidhold // IEEE International Conference on Intelligent Energy
and Power Systems, Ukraine, 2—6 June 2014: proceedings. — Kiev:
IEPS, 2014. — P. 251-256. DOI: 10.1109/IEPS.2014.6874189.
Kwon C. An Improved Maximum Torque per amp Control Strategy
for Induction Machine Drives / C. Kwon, S. D. Sudhoff // IEEE
Applied Power Electronics Conference and Exposition, USA, 6-10
March 2005: proceedings. — Austin: APEC, 2005. — Vol. 2. —
P. 740-745. DOI: 10.1109/APEC.2005.1453052.

Marino R. Adaptive input-output linearizing control of induction
motors / R. Marino, S. Peresada, P. Valigi // IEEE Transactions on
Automatic Control. — 1993. — Vol.38, Ne 2. — P. 208-221.
DOI:10.1109/9.250510.

Feedback linearizing field-oriented control of induction generator:
Theory and experiments / [S. Peresada, S.Kovbasa, S. Korol,
N. Zhelinskyi] // Tekhnichna Elektrodynamika. — 2017. — No. 2017,
Issue 2. — P. 48-56.

Ambrish D. DSP based feedback linearization control of vector
controlled induction motor drive / D. Ambrish, S. Madhusudan,
K. Narendra // IEEE International Conferenceon Power Electronics,
Intelligent Controland Energy Systems, India 4-6 July 2016:
proceedings. — Delhi: ICPEICES, 2016. — P. 36-42. DOI:
10.1109/ICPEICES.2016.7853631.

Sobczuk D. L. Feedback Linearization Control of Inverter Fed
Induction Motor-DSP Implementation / D. L. Sobczuk // IEEE
International Symposium on Industrial Electronics, Italy, 8—11 July
2002: proceedings. — L’Aquila : IEEE, 2002.— P. 678-682.
DOI: 10.1109/ISIE.2002.1026373.

Sobczuk D. Feedback linearization control of inverter fed induction
motor with sliding mode speed and flux observers / D. Sobczuk,
M. Malinowski // Annual Conference on IEEE Industrial
Electronics, France, 6—10 November 2006: proceedings. — Paris:
IEEE, 2006. — Vol. 2, No 5 — P. 1299-1304.
DOI: 10.1109/IECON.2006.348089.

Marquez H. J. Nonlinear control systems / H. J. Marquez. — New
Jersey : John Wiley & Sons, 2003. — 376 p.

1. - P. 151-163. DOI:

201



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 2

UDC 658.5.011.56

UNIFIED BASIC SOFTWARE AND HARDWARE COMPLEX FOR
PRECISION ENERGY-SAVING SYSTEMS OF AUTOMATIC
REGULATION AND CONTROL
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ABSTRACT

Context. Methods for the synthesis of precision electro-hydraulic control systems using the principle of multiplication are
proposed. Use of the principle of multiplication allows to create compact control systems of technological objects, having high rates
of precision and operation speed.

The problem of creating the unified basic software and hardware complex for precision automatic control systems and control of
an optional technological object is considered.

On the basis of effective methods of the modern theory of optimal control, control algorithms have been developed that provide
maximum compensation for all types of statistical and dynamic control errors.

Objective. The urgency of the work is due to the need to improve the precision of control systems of technological objects and
the development of software and hardware complex for these systems.

Method. We have used the methods of optimal control, methods of structural synthesis. To confirm the validity of the developed
models and principles, the method of experimental studies based on the operating equipment of test benches was used. To debug an
experimental model of a basic software and hardware complex for testing the plain bearings of internal combustion engines,
mathematical simulation of an electro-hydraulic drive was used. For the synthesis of a precision controller, the multiplication method
was used.

Results. A number of standard sizes of high-speed precision EHSS based on part-turn hydraulic motors with a torque moment of
up to 40 kNm were developed, providing reproduction in the tracking mode of specified input effects with a bandwidth of up to 20
Hz, positioning accuracy of up to one angular minute and a control range of up to 10*. Based on developed EHSS automated
simulation dynamic stands were created and brought to practical use for testing mobile object guidance systems (Customer-Central
Research Institute of Chemistry and Mechanics, Moscow) and the semi-axes transmission (Customer-JSC “KAMAZ”, Naberezhnye
Chelny). Based on the results of the research, a basic software and hardware complex for testing equipment of agricultural,
automotive and other industries was created. The high-speed precision regulator for controlling the position of steam turbine actuator
valves has been synthesized to compensate for all the main types of static and dynamic errors and more than double the performance
compared to the base variant while maintaining acceptable stability margins (the results are used in promising projects of the State
Energy Company “Centrenergo”, National Nuclear Energy Generating Company “Energoatom”, as well as in the Institute of Control
Problems of the National Academy of Sciences of Ukraine.

Conclusions. The practical engineering methods for the synthesis of effective control laws of precision electro-hydraulic systems
are proposed, as well as a number of effective regulators providing high characteristics of precision and operation speed. The
principle of multiplicative control is proposed which allows to synthesize effective control algorithms for individual, autonomous,
fully controlled and observable electro-hydraulic servo drive circuits based on third-order mathematical models. For selected
autonomous control loops, effective control laws are obtained based on modal control methods and solving inverse problems of
dynamics.

The proposed synthesis techniques are considered using the harmonic linearization method, the real nonlinear characteristics of
the control signal power limitation, which allows determining the real rational ratios of the regulator parameters and real limiting
precision and speed indicators, as well as preventing unwanted auto-oscillatory modes in the systems. In order to reduce the number
of measured parameters used in the formation of the proposed control laws, on the basis of the well-known general principles of the
synthesis of observing identification devices, the universal structures and formulas for calculating the parameters of standard models
of autonomous control circuits of the EHSS were obtained. The method of autonomous testing and debugging of the EHSS control
system using the electronic simulator of electro-hydraulic actuator has been improved which makes it possible to significantly reduce
the time and cost involved in creating and engineering development a complex system.

KEYWORDS: unification, electro-hydraulic drives, automatic control systems, precision, operation speed, control algorithms.

ABBREVIATIONS EHSS is a electro-hydraulic servo system;
BSHC is a basic software and hardware complex; RW is a research work;
EHD is a electro-hydraulic drive; EHA is a electro-hydraulic actuator.

ECM is a electronic computing machine (a computer);
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NOMENCLATURE

X is a displacement (linear or angular) of the hydraulic
motor working member;

1 is a coefficient of inertial load (mass or moment of
inertia of moving parts reduced to the output link of the
hydraulic motor);

D is a coefficient of dissipative load (the coefficient of
speed friction of translational or rotary motion);

P is a factor of the positional load (linear or torsional
rigidity);

q is a characteristic parameter of the hydraulic motor
(effective area of the hydraulic cylinder or specific
volume of the hydraulic motor);

Ap is a differential pressure on the hydraulic motor;

K., K;, K; is a coefficient of compressibility of the
working fluid, flow rate coefficient of the control valve
and leakage coefficient;

Xy is a displacement of the control valve of the servo
valve;

U, is a control voltage;

K, is a transmission ratio of the electromechanical
servo valve converter;

T,, &, T, is a parameters of typical dynamic links
(oscillatory and aperiodic), the serial connection of which
describes  the dynamic  characteristic of the
electromechanical servo valve converter;

V. =X

. o 1s a speed of the control valve;

F. is a effective area of the hydraulic cylinder;

V' is a volume of working cavities and connecting
channels of the hydraulic motor;

% is a adiabatic module of the working fluid bulk
elasticity;

C is a position load factor;

U™ =5B is a maximum control voltage in the input
circuit of the servo valve;

X, is vector of setting effects;
X out 18 vector of output parameters;

X, 1s vector of internal parameters.

INTRODUCTION

Having emerged recently in various industries large
demands in test equipment of various functional purposes
led to the idea of a modular concept for constructing test
complexes of precision automatic controllers, in
particular, for automatic control systems [1] whose main
goal is to minimize and unify technical solutions as well
as the elemental base used to create the test equipment.
One of such elements (modules) in the overall structure of
this concept is the basic software and hardware complex
(BSHC) designed to control the electro-hydraulic drives
of imitation dynamic stands. The development of the
BSHC was carried out with the cooperation of the authors
with  the scientific and production enterprise
“Teploavtomat” under a contract with the Ministry of
Machine-Building Industry of Ukraine within the

framework of the state “Instrument
Engineering”.

The object of study the automatic control system
with an optional technological object of increased
precision.

The subject of study: the processes of providing the
precision and operation speed of regulation systems.

The purpose of the work creating the software and
hardware complex for precision regulation and control
systems, ensuring high precision and operation speed
based on parametric synthesis and using multiplication

methods.

program

1 PROBLEM STATEMENT
According to a vector of input (driving) effects X, st

X))

and power characteristics (Fy, P, ) it is necessary to

X

including the necessary set of kinematic ( X, set>

et >

determine the law of control actions Uy (t) that ensures

the minimum (permissible) deviation of the corresponding

components of the output parameters vector
5= Xout _Xset (Xout {Xout’XoutﬂXoutvFouHE)ut} ) taking

into account the technological and operational constraints

vectors for input and internal  parameters
- min v y-max 1 min v y- max
Xout S/Yout S‘Xvout ’ Xin S‘Xvin S‘Xin : The

optimization criterion can be the minimum of the integral
of the product of the absolute error and the time

I= minj|a(t)|tdt which

compromise between static and dynamic accuracy.

provides the optimal

2 REVIEW OF THE LITERATURE

A large number of works of a number of scientific
schools and groups both in Ukraine and in the near and
far abroad are devoted to the developments and research
of the EHSS.

The initial scientific basis for the creation and study of
EHSS should be considered the fundamental, universal
work plan in the field of hydraulic drives, the theory of
automatic control, technical cybernetics. Such works may
include the works by G.I. Kaniuk [1, 2] in which the
principles of creating high-speed precision -electro-
hydraulic tracking systems in relation to test benches are
considered. Special attention is paid to the improvement
of electric and electro-hydraulic control systems [3, 4],
their optimization [5, 6] and the improvement of the
energy efficiency of their work [7]. About 90-95% of the
regulators that are currently in operation use PID
algorithms. In this regard, attention is paid to the use and
improvement of PID controllers [8, 9]. The parameters of
the regulators are optimized in order to improve the
quality of regulation [10]. Various modifications of
regulators are being studied [11, 12]. The principle of
robust control is successfully used, which allows
improving the quality of regulation [13]. Studies are being
conducted to improve the efficiency of management
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systems in various areas of economic activity, for
example, in railway transport [14] and in energy [15].

Nevertheless, despite the large number of diverse,
interesting and useful works in this area, currently there is
not a sufficiently systematized and universal theoretical
base for creating and researching precision high-speed
EHSS, which complicates and slows down the processes
of their development and implementation. Existing
methods are either general metatheories that require
filling with specific applied methods, mathematical
models and technical solutions, or are aimed at solving
particular  problems: typical design engineering,
verification calculations, and parametric optimization of
already existing or designed systems. In this regard,
applied theories and methodologies that would encompass
all stages of creating high-speed precision EHSS are
necessary.

3 MATERIALS AND METHODS

The aim of this work is the general presentation of the
results of theoretical and experimental studies dedicated
to the creation of the unified software and hardware
complex for the precise control of electro-hydraulic servo
systems of various functional purposes.

The BSHC includes the following main elements: a
digital programmable set-point device which provides the
formation of the required loading modes and emergency
protection of the stand; a high-speed analog controller
implementing efficient electro-hydraulic drive (EHD)
control algorithms to provide the required dynamic
characteristics of the test equipment; a personal computer
that performs the functions of a top-level management
system (coordination of several digital set-points in

accordance with a specified test program, visual control,
processing and registration of test results).

The general functional diagram of the BSHC is
presented in Fig. 1.

Structurally the BSHC is a stand in which the
following blocks are located: a microcontroller based on a
single-chip microcomputer with an inter-module
communication interface; blocks of analogue regulators;
power unit; power amplifiers; power supplies; a network
unit; a channel power transformer.

In the research plan the main problem in the creation
of the BSHC was the development of an optimal structure
of precision high-speed regulators since they play a major
role in providing the required dynamic characteristics of
the drives.

Taking into consideration quite high requirements to
static and dynamic characteristics of electro-hydraulic
drives, it was decided to use the following control
algorithms in analogue controllers of the BSHC:

— the algorithm of proportional-differential-integral
control by error (a proportional integral differential
controller — PID-controller);

— the algorithm for state parameters of the EHD (a
state controller) using the results of their direct
measurements or the results of calculations based on the
standard model (a state observer);

— the algorithm based on the method of solving the
inverse problem of the dynamics of the EHD.

Comparative performance characteristics of various
control algorithms of a standard size of the EHD of the
simulation dynamic bench are presented in Fig. 2.

The structure of analog regulators provides the
possibility of use, if necessary, other types of control
algorithms.

4 7 8
channel Nel|| ¢ [channel Nel /- EHD Nel | £ output
channel Ne2 parameters of EHD
| _>| R N channel No3|[| N 6 SN ]chanucl No2 :> 4>
V| © [V||[channel N1 /
S
~/ 5
- } =
channel 66 —
3 -j
9
signals of sensors of adjustable parameters 10
| |

signals of the sensors of the diagnostic system

\1_

Figure 1 — The general functional diagram of the basic software and hardware control complex of electro-hydraulic drive test
stands:

1 — upper-level control computer (personal computer); 2 — inter-module communication interface; 3 — digital programmable set-
point device; 4 — unit for setting the operating modes of the EHD; 5 — block of the control, diagnostics and indication of operating
modes of the EHD; 6 — digital-to-analog converter; 7 — block of analog regulators; 8 — electro-hydraulic drives (EHD); 9 — analog

generator of special signals; 10 — sensor of adjustable parameters and diagnostic systems
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Figure 2 — Influence of various control laws on the dynamic
characteristics of an electro-hydraulic drive:
1 — proportional regulator; 2 — PID controller;
3 — modal controller for three state parameters;
4 — regulator built on the principles of inverse dynamic
problems

The general linearized mathematical model of the
EHD including the executive hydraulic motor and the
control servo valve can be represented as a system of
usual differential equations of the sixth order [2]:

IX + DX + PX = qAp,
K Ap=2K ; X, —2qX —K;Ap, M

ToXcv +2E,»0T0X3 + X =KU,,
T,U,+U, =U,.

In this case, in order to ensure a set quality control in
the high-frequency region, the control algorithms used in
analog regulators must also have a minimum of sixth
order. At the same time the procedures of theoretical
synthesis and practical adjustment of regulators are
significantly complicated. However, when proportional
servo valves with a high pass-band are used in the EHD
(Fig. 3), the control valve position is equipped with
sensors, it is possible to reduce the order of the regulators
by using the principle of multiplicative control (separate
control of the positions of the control valve and hydraulic
motor [2]). In this case separate circuits can operate from
two autonomously adjusted regulators of the third (or,
depending on the type of load and range of reproduced
frequencies, and lower) of the order of one type or
another.

L(v),dB
0 &=
o1 -

0 20 40 60 80 100 120 140 160 180 f Hz
Figure 3 — Amplitude-frequency characteristics of the servo
valve YOI'-CB-100:

— O without correction, experiment; 1 — without correction,
calculation (approximation by the vibrational link 7=1.67-10 s,
£=0,7); 2 — correction with the help of PID-controller (K=300,

740.07 ¢, T.=0.3 s)

4 EXPERIMENTS

Development and debugging of the experimental the
BSHC sample were carried out using the mathematical
and electronic model (simulator) of the electro-hydraulic
drive of the test stand for testing the plain bearings of
internal combustion engines of trucks. The EHD of such a
stand is a hydraulic cylinder with a control servo valve
designed to reproduce dynamic loads acting on the
crankshaft main bearings. The range of reproducible loads
is 50 tons, the required drive bandwidth is 100 Hz.

Estimated calculations have shown that the main load
is due to the rigidity of the test objects (thus, the load is
mainly positional). Calculations showed that using the
principle of multiplicative control, it is possible to reduce
the dynamic distortion of the output parameter of the
servo valve (this task was solved by including the PID
controller in the autonomous regulation circuit of the
control valve). Figure 4 presents the amplitude-frequency
characteristics of the servo valve with a contour of
autonomous correction of the control valve position and
without it.

It follows from the graphs that the dynamical
characteristic of the servo valve in the required frequency
range (up to 100 Hz) corrected by the PID-controller can
be satisfactorily described by the oscillating link with the
values of the time constant 7. and the relative damping
factor &, respectively 110 s and 0.7. In this case, taking
into consideration the positional character of the main
load, the general mathematical model of the EHD in
matrix form and taking into account the control voltage
limit in the input circuit of the servo valve takes the form:

LK,
H T, T, H G
X,l=l o o 1 |x, +[0 0 UZX] o |, @
. T
ch 0 _L _2& ch ¢ Uv
2 ’
K

U, |<um.
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Figure 4 — Amplitude-frequency characteristic of the electro-
hydraulic drive with the PID-controller:
1 — calculation, 2 — experiment

The load on the rod of the hydraulic cylinder:
H=FAP.
The time constant and the static transmission ratio of

the hydraulic motor:
2F,

%
Th:FC(O,SXT+ )/Kya

c

Ky =2K,F./K,.

Calculations showed that the use of a PID-controller
with gain values, time constants of the differentiating and
integrating link is 10 V/V respectively; 0.1 s and 5-107 s,
it is possible to obtain the required bandwidth (about 100
Hz) for the adopted the EHP model (Fig. 4).

After fabricating and debugging of the experimental
BSHC sample, its functional and dynamic characteristics
were verified by laboratory tests at the research-and-
production enterprise “Teploavtomat” using an electronic
model (simulator) of the EHD, the structure and
parameters of which corresponded to the mathematical
model. The test results confirmed the calculated
bandwidth of the EHD.

5 RESULTS

Conducted studies have allowed us to obtain the
following results:

— a number of standard sizes of the high-speed
precision EHSS based on incomplete rotating hydraulic
motors with a torque range of up to 40 kNm was
developed, ensuring the reproduction in the tracking mode
of specified input effects with a bandwidth of up to 20 Hz,
positioning precision of up to one corner minute and
control range up to 10%;

— on the basis of the developed EHSS, automated
simulated dynamic test stands for testing of guidance
systems for mobile objects (the customer — Central
Research Institute of Chemistry and Mechanics, Moscow)
and for testing semi-axle transmissions (the customer —
Publicly Traded Company “KAMAZ”, Naberezhnye
Chelny) were created and brought to practical use.

6 DISCUSSION
As a result of a series of theoretical and experimental
studies carried out within the framework of state budget

research (the customer — Ministry of Education and
Science of Ukraine) on the basis of solving the inverse
problem of dynamics, the high-speed precision controller
for the control loop of the position of the steam turbine
actuator valves was synthesized, which compensates all
major types of static and dynamic errors and more than a
twofold increase in operation speed compared with the
baseline while maintaining the permissible reserves of
stability (the results of the work are used in long-term
projects of the State energy company “Centrenergo”
NNEGC “Energoatom” and “Institute of Control
Problems of the National Academy of Sciences of
Ukraine”.

All developments and technical solutions have been
tested experimentally (research tests and acceptance tests)
and implemented at customer enterprises, which confirms
the reliability and practical value of the scientific
positions and results as well as determines the possibility
of their further effective use when creating the high-speed
precision EHSS for various fields of technology in order
to increase the productivity and precision of technological
equipment, increase energy — and resource indicators of
production.

Experimental studies and practical engineering
confirmed that the developed scientific positions and the
results of the work generally provide the effective
practical results consisting in a significant reduction of the
time and money spent on the creation and completion of
new facilities due to the systematization and unification of
the most responsible and knowledge-intensive stages of
the design of the EHSS (a technical project and proposal).

The results of the work were used in the
implementation of a number of fundamental and applied
research to create the high-speed precision EHSS of
imitation dynamic stands for enterprises of the defense
and engineering industries.

CONCLUSIONS

Based on the well-known general principles of the
modern theory of optimal control, practical engineering
techniques for synthesizing effective laws of controling the
precision electro-hydraulic systems, as well as a number of
effective regulators that provide high (approaching to the
utmost in energy capabilities) characteristics of precision and
operation speed are proposed.

Scientific novelty:

— the principle of multiplicative control is proposed,
which makes it possible to synthesize effective control
algorithms for the individual, autonomous, fully controllable
and observable EHSS circuits based on third-order
mathematical models;

— for the selected autonomous control loops, effective
control laws are obtained on the basis of modal control
methods and solving inverse dynamic problems (including —
calculation formulas for choosing optimal parameters of
regulator parameters);

— in contrast to the existing methods of the linear theory
of optimal control, the proposed methods of synthesis take
into account, with the help of the method of harmonic
linearization, real nonlinear characteristics of the control
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YHI®GIKOBAHU BA3OBUM NPOI'PAMHO-TEXHIYHHU KOMILIEKC JJIsI IPELU3IMHUX
EHEPT'O3BEPII'AIOUUX CUCTEM ABTOMATHUYHOI'O PET'YJIFOBAHHS TA YIIPABJIIHHS

Kanwk I'. I. — 1-p texH. Hayk, npocdecop, 3aBiayBad Kadeqpu TEIUIOCHEPTeTHKU Ta SHEPro30epirarouux TEXHOJOriH YKpaiHChKOL
IH)KEHEepHO-TIeIarorivyHoi akajaemii, XapkiB, YkpaiHa.

Meseps1 A. }O. — kxaHJ. TeXH. HayK, JOLEHT, JOLEHT KadeApd TEIUIOCHEPIeTUKH Ta CHEpro30epiraloumx TEXHOJIOril YkpaiHChKoi
IH)KEHEePHO-TIeIaroriyHoi akazaemii, XapkiB, YKkpaiHa.

Kusizea B. M. - acmipanT kadeIpu TEIJIOSHEPreTHKM Ta eHepro30epirarouux TEXHOJOriH YKpalHChKOI iHXKE€HepHO-IeJaroriyHol
akaziemii, XapkiB, YkpaiHa.

XopomyHn JI. M. — acmipanT kadeapu TEIUIOCHEPTETUKU Ta CHEPro30epirarourx TEXHOJIOTIH YKpaiHCHKOI 1HKEHEpHO-IeIaroriqHol
akazemii, XapkiB, YkpaiHa.

®ypcoBa T. M. — joueHT kadenpu TEIIOGHEPreTHMKH Ta €Hepro30epiralouux TEXHOJOTiil YKpaiHChKOI iH)KEHepHO-NearorivHoi
akajewmii, XapkiB, YkpaiHa.

AHOTALIA

3anpornoHOBaHO METO/IM CHHTE3Y MPELH3IMHUX eNeKTPOTiIpaBIidHIX CUCTEM YIPABIiHHS 3 BUKOPUCTAHHIM NPUHIUIY MYJIbTHUILTIKALL].
BukopuCcTaHHS NPUHIMITY MYJIBTHILIKALII JO3BOJISIE CTBOPIOBATH KOMITAKTHI CHCTEMH YIPABIiHHS TEXHOJIOTIYHMMHU 00 €KTaMM, MAlOTh
BHUCOKI IIOKa3HUKH TOYHOCTI 1 IIBUAKOIIT.

PosrasinyTo 3aa4y CTBOpeHHS yHi()iKOBaHOTO 0a30BOrO MPOTPAMHO-TEXHIYHOTO KOMIUIEKCY [UIS MPELH3IHHUX CUCTEM aBTOMATHYHOTO
peryJIIOBaHHs Ta KEPyBaHHs JOBUILHIM TEXHOJOTTYHUM 00’ €KTOM.

Ha ocHOBI eeKTUBHUX METOAIB Cy4acHOI Teopii ONTHMAJIbHOIO YIpPAaBJIiHHSA PO3POOJIEH] alrOpUTMHU YIpPaBIiHHA, M0 3a0€3NedyIoTh
MaKCHMaJIbHy KOMIICHCAIIII0 BCIX BHIB CTATUCTHYHUX 1 ANHAMIYHUX MOMHJIOK yIIPABIIHHSL.
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O0’€KT H0CTIAZKEHHS: CHCTEMa aBTOMATHYHOTO PETYIIIOBAHHS JOBIIEHUM TEXHOIOTTYHIM 00 €KTOM ITi/[BUIEHOT TOYHOCTI.

TIpeamer pocaitzkeHHs : TipoliecH 3a0e3MeYeHHS TOYHOCTI 1 MIBUAKO/II CHCTEM peryIFOBaHHS.

Merta: CTBOpEHHS MPOrPaMHO-TEXHIYHOTO KOMIUIEKCY, Ul MPEHM3IHHUX CHCTEM DPEeryJIOBaHHS 1 YNpaBliHHs, [0 3a0e3rmedye BHCOKI
MOKA3HUKHU TOYHOCTI 1 IIBUKO/IT, HA OCHOBI IapaMETPUYHOTO CUHTE3Y 1 BUKOPHCTAHHS METOJiB MyJIbTUILIIKALIii.

AKTyalIbHiCTh. AKTyalbHICTH POOOTH 0OYMOBICHAa HEOOXiNHICTIO MiIBHINCHHA TOYHOCTI CHCTEM KEPyBaHHS TEXHOJOTIYHUMH
00’ekTamMu 1 pO3pOOKH POrPAMHO-TEXHIYHOTO KOMIUIEKCY VIS [IUX CHCTEM.

Metoa. B po0OTi BUKOPHUCTOBYBAIMCS METOAM ONTHMAIBHOIO YIPABIIHHSA, METOMM CTPYKTYPHOTO CHHTe3y. Jis minTBepIKeHHs
JOCTOBIPHOCTI pO3pOOJICHNX MoOJENel 1 INPHUHIMIIB, BHKOPHUCTOBYBAaBCS METOJ EKCIIEPUMEHTAJILHUX JIOCHTI/DKEHb Ha 0asi Jirouoro
o0IagHaHHSA BUIPOOYBAIBHUX CTEHIIB. [l Halaro/keHHs eKCIEePHIMEHTAIbHOrO 3pa3ka 0a30BOro IpOrpaMHO-TEXHIYHOTO KOMIUICKCY I
BUMPOOYBaHb MIIIIMIHAKIB KOB3aHHS JBUTYHIB BHYTPIIIHBOTO 3TOPSHHS BHUKOPHUCTOBYBAJIOCS MaTeMaTHYHE IMiTalliifHE MOJEITIOBAHHS
CIIEKTPOTiIPaBIiYHOr0 NPUBOAY. JIJIsi CHHTE3y HNPELU3iiHOro PerysTopa BUKOPUCTOBYBABCS METO/ MYJIBTHILTIKALL.

PesyabTaTn. Po3pobneno psn tumopo3mipiB mBuakopitounx npenusiiaux EI'CC Ha 0a3i HEIOIHOIOBOPOTHHE TiPOABHTYHIB 3
niama3oHoM KpyTHHX MoMeHTiB 10 40 kHwm, 1o 3abe3neuyroTh BiITBOPEHHS B CTEKHUTh PEXUMI 33[aHUX BXIJAHUX BIUIMBIB 3 MPOIYCKHOO
3patHicTio 10 20 ', TOYHICTIO MO3MIIIOHYBaHHS 10 OJHIE] KyTOBOI XBHJIMHH 1 Jiana3oHoM peryitoBanHs 10 104. Ha 6a3i po3pobieHux
ET'CC ctBOpeHi i m0BefieHI [0 MPaKTUYHOIO BHKOPHCTAHHS aBTOMATHM30BaHi iMiTalliliHi JMHAMIi4YHI CTEHAM Ul BUIPOOYBaHHS CHUCTEM
HaBeAeHHs MOOLTbHUX 00’ekTiB (3amMoBHUK — [IHIIXM, M. Mocksa) i juist BunpoOyBaHHs MiBBich TpaHcMicii (3aMoBHUK — AT «KamMA3», m.
HaGepexni UYennu). Ha ocHOBI pe3ynbTaTiB BHKOHAHHX JOCTIMKEHb CTBOPEHO O0a30BHil MPOrPAMHO-TEXHIYHHN KOMIUIEKC Jist
BUIPOOYBAJILHOTO OOJIaJIHAHHS MiANPHEMCTB CiJIbCHKOTOCIOAAPChKOi, aBTOMOOUIBHOT Ta IHIIMX Taly3ed NpoMuciIoBocTi. CHHTE30BaHUI
LIBUIKONIIOUMH HPELM3ifHUI perynsTop KOHTYpY YIpPAaBIiHHS CTAaHOBMILEM PETYIIOIOYHMX KJAlaHIB IMapoBoi TypOiHM, W0 3abesmedye
KOMIICHCAI[II0 BCIX OCHOBHHUX BH[IB CTATHYHHUX 1 JMHAMIYHUX TTOMHJIOK i OUIBII HDK ABOPAa30BE MiJBHIICHHS IIBHIKOIII B IMOPIBHSAHHI 3
0a30BMM BapiaHTOM MPH 30€pEKEHHI JOMyCTHMHUX 3araciB CTIHKOCTI (pe3ysibTaTé pOOIT BUKOPUCTOBYIOTHCS B MEPCHEKTUBHUX MPOSKTAX
JepxaBHoi eneprernuHoi komnanii «Llenrpenepro», HAEK «Eneproarom», a Takoxx B MITI «lHctuTyT npobiem ynpasninas HAH
VYkpainu».

BucHoBKH. 3amporoOHOBAHO MPAKTHYHI IH)KCHEPHI METOAMKHA CHHTE3y e(EeKTHBHHX 3aKOHIB YIPaBIiHHSA MPeHU3iiiHAME
€JIEKTPOTIPaBIIYHUMHI CHUCTEMaMH, a TaKOX psl e(EeKTHBHHX PEryJIATOPIB, WO 3a0e3Me4yOTh BHCOKI XapaKTEePHUCTHKH TOYHOCTI 1
MIBUAKOZII. 3alpONOHOBAHO NMPUHIHUI MYJIBTUIUIIKATHBHOIO YIPABIIHHSA, IO JO3BOJISIE CHHTE3yBaTH ¢(EKTHBHI aITrOPUTMH YIPAaBILiHHA
OKpEMUMH, aBTOHOMHHMH, ITOBHICTIO KEPOBaHUMH i crocTepexyBanuMu koHTypamu EI'CIT Ha OCHOBI MaTeMaTH4HHX MOJENCH TPEThOro
mopsiaky. J{isi BUIUIEHHX aBTOHOMHHUX KOHTYPIB YMpPaBIiHHS OTpHMaHi e()eKTUBHI 3aKOHH YIPaBIiHHS Ha OCHOBI METO/iB MOAAIbHOTO
VIpaBIiHHA 1 PO3B’S3Ky OOEpPHEHMX 3anad JMHAMIKH.Y 3alpoloHOBAaHMX METOAMKAX CHHTE3y BpaxoBaHi, 3a JOMNOMOTOK METOIY
rapMOHIHHOI JliHeapu3allii, peanbHi HEiHifHI XapaKTepUCTUKH OOMEXEHHsS MOTY)KHOCTI KepPyIouoro CHrHally, LIO JIO3BOJISE BU3HAYaTH
pealbHi palioHaIbHI CIiBBiIHOMICHHS MapaMeTpiB PEryJATOpIiB i peaNbHi TpaHUYHI NOKA3HUKH TOYHOCTI 1 MIBUAKOMIT, a TaKOX 3amodiratu
BUHHKHEHHIO HE0a)XaHMX aBTOKOJHMBAJIBHUX PEKHMIB Yy CHUCTEMax. 3 METOK 3MEHIICHHS KUIbKOCTI BHMIPIOBaHHX IapameTpiB,
BUKOPHCTOBYBaHHMX IpH (OPMYBaHHI 3alpOIIOHOBAaHHX 3aKOHIB YIpPaBIiHHSA, Ha OCHOBI BIJOMHX 3araJbHUX HPHHIUIIB CHHTE3Y
CIIOCTEPIraloTh IPHUCTPOIB iNeHTU(IKANI] OTPUMaHI YHIBepCalbHi CTPYKTYPH 1 (OPMYIH I PO3paxyHKy IIapaMeTpiB eTANTOHHUX MOJeNeH
aBTOHOMHHX KOHTypiB ympasminds EI'CC. YgockoHalieHO METOIMKY aBTOHOMHHX BHIPOOYBaHb 1 HalTaro/KCHHS CHCTEMH YIPaBIiHHS
EI'CC 3 BukopucTaHHsM enekTpoHHOro imitatopa EI'IM, mo no3Boiisie iCTOTHO CKOPOTHUTH BHTPAaTH 4Yacy i KOLITIB Ha CTBOPEHHS 1
JIOBE/ICHHS KOMILIEKCHOT CHCTEMH.

KJ/IIOYOBI CJIOBA: yHidikaris, eleKTporiipapiiuHi HPHBOAW, CUCTEMH aBTOMATHYHOTO YIPABIIHHS, TOYHICTh PETYITIOBAHHS,
LIBHKO/IisI, aITOPUTMH YTIPABITiHHSI.
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AHHOTAIUA

[IpeutoxkeHbl METOABl CHHTE3a IPELU3HOHHBIX IEKTPOTHIPABIMYECKUX CHCTEM YIPABIEHHUS C HUCIOIb30BaHUEM IIPUHLUIA
MyJIbTUIUIMKANWH. Vcronp3oBaHMe MNpUHOMNA MYJNbTHIUIMKAIIMKA  TIO3BOJSIET  CO3[aBaTh KOMIIAKTHBIE CHCTEMBI  YIPABJICHHS
TEXHOJIOTUUECKUMH 00BEKTaMH1, 00J1aJal0T BEICOKMMH MOKa3aTeIIMH TOUHOCTH M OBICTPOJICHCTBUSL.

PaccmoTpena 3amauya co3gaHus YHUGHULIMPOBAHHOIO 0a30BOTO NPOrpaMMHO-TEXHHMYECKOTO KOMIUIEKCA Ul NMPELU3HOHHBIX CHCTEM
aBTOMAaTHUYECKOI'0 PEryJIMPOBAHMS M YIPABICHHS IPOU3BOJIBLHBIM TEXHOJIOIHYECKUM OOBEKTOM.

Ha ocHoBe 3((EKTUBHBIX METOIOB COBPEMEHHON TEOPHU ONTHUMAIBHOTO YIPABICHUS pa3pabOTaHbl alrOPUTMBl YIPaBICHUS,
obecrieyrBaoIIne MAKCUMaIbHYI0 KOMIIEHCAIMIO BCEX BUIOB CTATUCTHYECKHX U TMHAMHYECKHX OLIMOOK YIpPaBICHHMS.

O0beKT HCCIe0BAHMSI: CUCTEMa aBTOMATHYECKOTO PEryJMpPOBAHUS HPOU3BOJIBHBIM TEXHOJOTHYECKHMM OOBEKTOM ITOBBILICHHON
TOYHOCTH.

IIpenmer Mcclel0BaHUs: TIPOLIECCHI 00ECTICUEHHUS TOYHOCTH M OBICTPOJICHCTBUSI CHCTEM PEryJIMPOBaHUSL.

Leab: co3gaHus IPOrPaMMHO-TEXHMYECKOTO KOMIUIGKCA, Ul INPEHU3HOHHBIX CHUCTEM PEryJHpoBaHUS M  YIpPaBJICHUS,
00ecreynBaoIIero BLICOKUE TOKa3aTeId TOYHOCTH M OBICTPOJICHCTBHS, HA OCHOBE NapaMETPUUECKOr0 CHHTE3a U HCIOJIb30BaHUS METO/0B
MYJIbTUILTIKALUH.

AKTYalIbHOCTb.  AKTYalbHOCTh  PabOThl  OOyCIOBJICHAa HEOOXOJUMMOCTBIO  IIOBBIMICHHUS TOYHOCTH CHCTEM  YIpPaBJICHHUS
TEXHOJIOTHUECKUMH 00BEKTaMU M pa3pabOTKU MPOrpaMMHO-TEXHHUYECKOTO KOMILIEKCA JUIsl 9THX CUCTEM.
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Metoa. B pabore HCHONB30BAIKCH METOABI ONTHMAJIBHOTO YIPABICHHS, METOIbI CTPYKTYpHOrO cuHTe3a. [lisi mOATBep)KACHHS
JIOCTOBEPHOCTH Pa3pabOTaHHBIX MOJEJICH ¥ NPHHIMIIOB, HCHOJIB30BAJICS METOJI SKCIIEPUMEHTAIbHBIX UCCICI0BaHUI Ha Oa3e NeHCTBYIOIETo
000pyI0BaHHs UCTIBITATENBHBIX CTEHAOB. JJIs 0Tia/ika SKCIIEPUMEHTAIBHOr0 00pasia 6a30BOro MPOrpaMMHO-TEXHUYECKOT0 KOMIUIEKCa JUIst
WCHIBITAHUHA TOJIIMITHUKOB CKOJBXXCHUS JIBUTATelIeld BHYTPEHHETO CrOpaHMs HCIIOJIb30BAIOCH MAaTeMaTHYeCKOe HMMHUTAIIOHHOE
MOJIETIMPOBAHKE JIEKTPOTHIPABINIECKOT0 MpHUBOJa. J{JIs CHHTE3a MPEIM3NOHHOTO PETYIIATOPA UCIOIb30BAJICS METO. MYIbTHILTUKAIINH.

Pesyabrarnl. PaspaGotan psg TumopasmepoB ObicTpoaeicTBymommx mpeuu3uoHHsix J['CC Ha 0a3e HEMNOJHOMOBOPOTHBIX
THAPOJIBUraTenell ¢ Juana3oHoM KpyTamux MoMmeHToB 10 40 kHM, obGecriednBaiomux BOCIPOMU3BEICHUE B CIEISIIEM PEXHUME 3aJaHHBIX
BXOJHBIX BO3JEHCTBHI C mMojocoil npormyckanus a0 20 ', TOYHOCTBIO MMO3MIIMOHMPOBAHUS 10 OJHOW YIJIOBOW MHHYTHI M Hara3oHOM
perynupoBaHus 10 10*. Ha 6aze paszpaborannbsix I'CC co3naHbl M JOBEACHBI 10 MPAKTHYECKOTO HCIOJIB30BaHUS aBTOMAaTH3UPOBAHHbIC
MMHTAIMOHHBIC TUHAMHYECKUE CTEH/IBI ISl CIBITAHHMS CUCTEM HaBeIeHUs MOOMIbHBIX 00bekTOB (3akazuuk — [IHUWUXM, r. Mocksa) u
JUISl MCIIBITaHUs Mostyocei TpancMuccuit (3akazuuk — AO «KamA3», r. Habepexxnoie Yennsl). Ha ocHOBe pe3yinbTaToB BBIIOJIHEHHBIX
HCCIIEIOBaHUi  co3laH  0a30BBIl  IPOrpaMMHO-TEXHHUYECKUH  KOMIUIEKC Ui HCIBITATENIbHOTO  O0OpYNOBAaHHS — MPEANPUSITHH
CeNbCKOXO035CTBEHHOW, aBTOMOOWIIBHON M APYTHX OTpacieidl mpombinuieHHOCTH. CHHTE3MpOBaH OBbICTPOJACHUCTBYIONIMIA MPEIU3HOHHBIN
PeryJsTop KOHTYpa YNpPaBICHHUs IOJOKEHHEM PEryJUPYIONMX KIAallaHOB MapoBOH TypOMHBI, 0OecHedYMBAIOIIMA KOMIIEHCAIMIO BCEX
OCHOBHBIX BHJIOB CTAaTHYECKUX ¥ JMHAMHYECKUX OLIIMOOK U Oojiee 4eM JIBYKpaTHOE MOBHIIICHNE OBICTPOACHCTBHUS 110 CPABHEHHUIO C 0a30BBIM
BapUaHTOM IIPU COXPAHEHHM JOMYCTHUMBIX 3allacOB YCTOWYMBOCTH (pe3ynbTaThl pabOT HCIHONB3YIOTCS B TEPCIEKTHBHBIX IMPOSKTaX
T'ocynapcrBenHoit sHepreTudeckont kommanuu «Llentpanepro», HADK «Dueproatomy», a taxke B MI'Tl «MucTuTyT npobiaeM ynpaBieHUs
HAH VYxpaunsi».

BreiBoabl. [lpemioxeHpl NpakTHYeCKUE HHXEHEPHbIE METOAMKH CHHTe3a 3((EKTHBHBIX 3aKOHOB YIPABICHUS INPEHN3MOHHBIMU
JNIEKTPOTHPABINICCKUMH CHCTEMaMH, a Takke Psil 3PPEKTUBHBIX PEryISTOPOB, 00SCHSUNBAIOIINX BBICOKHE XapaKTEPUCTHKU TOYHOCTH U
obicTposeiicTBus. TIpeyioxkeH NPHHIUI MYJBTUILIMKATUBHOTO YIPABJICHHUS, MO3BOJISIONIMI CHHTE3UpOBaTh 3((GEKTHBHBIC aJTOPUTMBI
YIpaBICHUS OT/CIBHBIMHA, aBTOHOMHBIMH, TIOJIHOCTBIO YIIPaBIsieMbIMH U HaOitogaeMbiMu KoHTYpamu DI'CI1 Ha OCHOBE MaTeMaTH4eCKHX
Mozeneil Tperbero nopsaka. sl BBIIEJICHHBIX aBTOHOMHBIX KOHTYPOB YIPaBJICHHS IOMy4eHbI d(P(eKTHBHbIC 3aKOHBI YIPaBJICHUS Ha
OCHOBE METOJIOB MOJQJILHOTO YIPABJICHHs M peleHHs 0OpaTHBIX 3a1ay JAUHAMUKH. B IpeIoyKeHHBIX METOAMKAX CHHTE3a YYTEHBI, TIPU
MOMOIIM METOJa TapMOHMYECKON JIMHEapU3allMi, PEalbHble HEJUHEHHbIC XapaKTEPUCTUKH OTPaHUYCHHUS MOIIHOCTH YIPABISIOLIErO
CUTHaJIa, YTO TIO3BOJIAECT OIPENCNSATh pealbHBIC pAIMOHAIBHBIC COOTHOLICHUS ITAPaMETPOB DETYJSTOPOB W pPEAbHBIC IpeeIbHbIC
TI0Ka3aTeN TOYHOCTH WM OBICTPOAEHCTBHS, a TAaKXKe IPENOTBPAIaTh BO3HUKHOBEHHE HEXEIATEIBHBIX aBTOKOJIEOATENbHBIX PEXHUMOB B
cucremax. C LeJIbI0 yMEHBILIECHUS KOJIWYECTBA MU3MEPSEMBIX MAapaMeTPOB, UCIOIB3YEMbIX MPU (HOPMHUPOBAHUM TPEITIOKEHHBIX 3aKOHOB
YIpPaBJICHUs], HA OCHOBE W3BECTHBIX OOIIMX NPHUHIMUIIOB CHHTE3a HAONIOAAIONIMX YCTPOWCTB MACHTH(HKALMU MOJIy4eHbl YHHBEpCAJIbHbIC
CTPYKTYpPBHI ¥ (OPMYJIBI [T pacdeTa MapaMeTpOB STaJOHHBIX MOElIell aBTOHOMHBIX KOHTYpoB ympaieHus DI'CC. YcoBepiuieHCTBOBaHa
METO/AMKAa aBTOHOMHBIX HCHBITAHMH M oTinanku cucreMmbl ynpasineHus OI'CC ¢ mcmonp3oBaHHMEM 3J€KTpoHHOro mmuraropa OI'MM,
MO3BOJISAIOIIAs CYLIECTBEHHO COKPAaTUTh 3aTPaThl BDEMEHH U CPEZCTB HA CO3/1aHKE U JOBOAKY KOMIIEKCHON CUCTEMBI.

K/IFOYEBBIE CJIOBA: yHnu¢wukanus, 31€KTPOrHIpaBIMYecKHe IPHBOJbI, CHCTEMbl aBTOMATHYECKOTO YIIPaBJICHUs, TOYHOCTh
peryIrpoBaHus, OBICTPOAEHCTBHIE, AITOPUTMBI YIIPABIICHHS.
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