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Heo0xoaumpble yc10BUsl OITUMAJIBHOCTH B OTHOM HerJIAJKOM 3a/1a4e
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AHHoTaums. PaccmatpuBaeTcs 3a/ia4a ONTUMAIBHOTO YIIPaBICHHUS, ONHChIBAEMAs Pa3HOCTHBIM aHAJIOTOM HHTETPO-
mudhepeHIaIEHOTO ypaBHeHMs THIIA BoneTeppa ¢ HemuddepenmpyeMsIM KpuTeprueM kadecTsa. [Ipu aTom mpen-
MOJIATaeTcs, YTO IpaBasi 4YacTh MCXOAHOTO YPaBHEHUS M (YHKLHOHAN Ka4eCTBa IO BEKTOPY COCTOSHHS MMEIOT HpO-
U3BOJHBIC 110 JIt0OOMy HampaBieHHto. CHauaja, TIPUMEHSS METOJ NPHUPAICHHS W YYUTHIBas HEKOTOPBIC TOHATHS
HETJIAIKOT'0 aHalin3a, YCTAHOBJICHBI HCO6XO)11/IM]>IG ycioBusA ONTUMAJIBHOCTU B TEPMHUHAX MPOU3BOJAHBIX I10 HaIlpaBJIC-
HMSIM, HOCSIIIME OOILIMiA XapakTep. 3aTeM, ONMUpasch HA HUX, YCTAHOBICHBI HEOOXOIMMbIE YCIIOBHS ONTUMAIILHOCTH,
HETIOCPE/ICTBEHHO BBIPAKCHHBIE Yepe3 MapaMeTpsl pacCMaTpHBaeMOl HETJIaAKoH 3a/1au.

KiioueBble cjI0Ba: pa3HOCTHOE ypaBHEHHE THMa Bonbreppa; Hernmaakuil GyHKIMOHAT KauyecTBa; MPOM3BOJHAS
0 HAIPaBJIEHHIO; ONTUMAIBEHOCTB; 331a4a HA MUHUMAKC.

/na yumuposanua: Mactanues P.O., barupast H.Jl. Heo0xonumple ycioBUs ONTUMAIbHOCTH B OJHOM HETIaIKON
3aja4e ynpaBJIeHUs TUCKPETHBIMH cucTeMamy THia Bonbreppa // BectHnk ToMcKOro rocyaapcTBEHHOIO YHHBEPCH-
Tera. YTpaBiicHHE, BRIYMCITUTEIbHAS TeXHUKA 1 nHpopMaruka. 2024. Ne 69. C. 4-9. doi: 10.17223/19988605/69/1

Original article
doi: 10.17223/19988605/69/1

Necessary optimality conditions in a non-smooth control problem
for Volterra type discrete systems
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Abstract. The optimal control problem described by the difference analog of the Volterra type integro-
differential equation with a non-differentiable quality criterion is considered. It is assumed that the right-hand side of
the original equation and the quality functional with respect to the state vector have derivatives in any direction. First,
using the increment method and taking into account some concepts of non-smooth analysis, the necessary optimality
conditions are established in terms of derivatives in directions of a general nature. Then, based on them, the necessary
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optimality conditions directly expressed through the parameters of the non-smooth problem under consideration are
established.

Keywords: Volterra type difference equation; non-smooth quality functional; directional derivative; optimality;
minimax problem.
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BBeaenne

Kak u3BectHO (cM., Hamp.: [1, 2]), MaTeMaTnuecKkoe MOIENNPOBAHKNE PA3HOOOPA3HBIX 3a/1a4 YKOHOMHM-
KH ¥ TEXHUKH MPUBOAMT K CIICIHATBHBIM 33]]auaM ONITUMH3AIINH C HETJIAJKUMH [eJIeBBIMHU (DYHKIIHOHATIAMHY.
Takue 3amaun ONTUMAIFHOTO YIIPABJIEHUS HEMPEPHIBHBIMU CUCTEMaMHU M3Y4eHHI B paborax [3, 4], rae mpu-
BEJICHA JIOTIOJIHUTENbHAs ONOIHorpadus.

Hapsiny ¢ 9TUM OUCKpeTHBIE TUHAMUYECKUE MOJEIH YIPaBIsIeMbIX CHCTEM SIBIISIOTCS TOBOJIBHO BaK-
HBIM B TEOPETHYECKOM M MPAKTUYECKOM OTHOIIECHHH KJIACCOM MaTeMaTHYECKHX MOJENEH, OHU MO3BOJISIOT
OXBAaTUTh OUECHH IIMPOKUHI KPYT PEATbHBIX 0OBEKTOB U COOTBETCTBYIOLIMX UM 3aJad ONTUMAIBHOTO yIpaB-
JICHUSL.

PaznuuHble acmekThl 3afjad ONTUMAIBHOTO YIPAaBJICHHS, OMUCHIBAEMBIX TUCKPETHBIMH CHCTEMaMHU
C HeMJIAKUMU (PYHKIIMOHAJIAMHU Ka4yeCTBa, M3y4YeHBI B paboTax [5, 6] u ap.

HccnenoBaHuio 3a1a4 ONTUMAIbHOTO YIPaBJICHUsI, OIMCHIBAEMbIX Pa3HOCTHBIMHU YPaBHEHHUSMH THIIA
BonbTepa ¢ riaaakuM TepMUHAIBHBIM KPUTEPUEM KauecTBa, MOCBAICHbI paboThl [7-9].

B mpennaraemoii sxe padote mogoOHas 3amada u3ydaercs B clydae HErnagkoro (GyHKIHMOHANa Kade-
CTBa, IIPU 3TOM C y4eToM crennuky GyHKIHOHANA KadecTBa JOKa3aHbl HEOOXOJMMBbIE YCIOBUS ONTUMAIIb-
HOCTH B TEpMUHAX IMPOU3BOAHBIX MO HampasiaeHusM [10].

1. IlocTanoBKka 3a1a4u

Iycte T ={t0,t0 +1..¢ —1} — 3aJlaHHas KOHEYHas I0CJIEeJO0BaTeIbHOCTh, IPUYEM Pa3HOCTh I —t;
eCTb HaTypajbHOE yuciio, a ®(X) — 3amanHas ckaaspHas GYHKIUS, YIOBICTBOPSIONAs yCIoBHIO JInmmuia

1 MMEIOIIasl IPOU3BOAHBIE 110 JIF0OOMY HarpaBJICHHUIO.
ITpeanonoXuM, 4TO YHPABISIEMBIH TUCKPETHBIM HPOLIECC ONUCHIBACTCS CHUCTEMOM OOBIKHOBEHHBIX
Pa3HOCTHBIX ypaBHEHMH Tuna Boabrepa

x(t+1)=zt:f(t,r,x(r),u(r)), teT, x(t,)=X,. (1)
=t,
3necy f(t,T,X,U) — 3amanHas N-MepHasi BEKTOP-(GYHKIMS, HEMpepbIBHAst M0 (X,U) ¢ YaCTHBIMH IIPOU3BOJI-
HbIMH 110 X TIpH Beex (t,7T), U(t) — r-MepHBbIil BEKTOP yNPAaBIISIONINX BO3ICHCTBUI.
Ecnu ynpasinsironnas Gyukmms U(t) yaoBiIeTBOpsSET OrpaHUYCHHUIO
ut)eUcR", teT, (2)
TO TAKYIO YIPABJISIONIYI0 (QYHKIMIO HA30BEM JIOMYCTUMBIM yrpaBieHneM. 3xeck U — 3alaHHOE HEIYCTOE,

OTPaHUICHHOE MHOXKECTBO.
3amaya 3aKJII09aeTCs B MUHIMH3AITUN HETJIAAKOTO (QyHKITHOHAIIA

S(u) = o (x(t,)) A3)
npu orpanuyenusx (1), (2).
Homyctumoe ynpasienue U(t) , mocraBisiioliee MUHUMAaIbHOE 3HaUCHUE (yHKIMOHATy (3) mpu orpa-

uuueHusx (1), (2), Ha30BeM ONTHUMATBHBIM yIIpaBIeHHEM, a cooTBeTcTBYrommi mporecc (U(t), Xx(t)) — om-

TUMAJIbHBIM ITPOLCCCOM.
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Llens HacToOALIECH CTaTbU — IMOJy4YEHHE HEOOXOIMMBIX YCIOBHH ONTUMAIBLHOCTH IIEPBOTO IMOPSAKA
B paccMaTpHUBaeMoil TUCKpeTHON Hernaakoit 3agade (1)—(3).

2. Heo0xoauMble yCI0BUSI ONTHMAJIBHOCTH B TEPMUHAX NPOU3BOJAHBIX N0 HANPABJIEHUAM

Cuutas (U(t),x(t)) dbukcHMpOBaHHBIM JOIYCTHMBIM MPOIECCOM, BBEIEM MHOKECTBO
f(t,‘C,X(’E),U)Z{OLZOLZ f(t,‘E,X(’E),V),VEU}. (4)
B nanbHelieM 0y1eM Mpeanoiarath, 470 MHOKeCTBO (4) BoIykiI0 mpH Beex (1, T).
Yepes u(t;e) 0003HaYMM MPOU3BOJIBHOE JOIMYCTUMOE YIIPABICHUE TAKOE, YTO COOTBETCTBYIOIIEE EMY
coctosiaue X(t;€) mporecca yaoBIeTBOPSIET COOTHOIIIEHUIO

X(t+Le) = (7 x(6e), U(ne)) =

1=ty

t : ()
= Z(l— e) f (t, 7, x(t;€),u(t)) +zgf (t, 7, x(7;€),v(t,€)),
=1y =ty
rae € €[0,1] — npousBonbHOE yKcno, a V(t) eU, teT, — npou3BoiIbHOE TOMYCTUMOE YIIPaBICHHUE.
Takoe nomyctiMoe ynpasienue U(t;€) CyIIECTBYET B CHIIY BBITYKJIOCTH MHOXKeCTBa (4).
[TycTb 1o onpeeneHuro
oX(t;e
(=288 ©)
¢ e=0.

HUcnonb3ys (5) u yuuThiBast Taaakocts Bektop-pyukipu f (t,X,T,U), moay4nm, 9To BeKTOP-(OYHKINSA
y(t), ompenensemas popmysioii (6), ABISETCS PELIEHUEM CIIELYIONIETO PA3HOCTHOIO YPABHEHUS B BApHallU-
sx tuna BonbTeppa:
t
y(t+1) =D [ f,(t, 7 x(x),u(0)y(e) + (f (t, 7, x(2),v(1)) - f (t, 7, X(x), u()]. @)
1=ty
C npyroii cTopoHsl, u3 (6) ICHO, 9TO
X(t;€) = X(t) + ey (t) + o(g;t). (8)
[Tpu 5TOM cnenmansHOe MpupalieHue QyHKIHOHANA KadecTBa (3), oTBeyaromiee JOMyCTHMBIM YIpaB-
nenusim U(t; €) u u(t), sanuceiBaercs B Buze:

S(u(t;e)) = S(u(t) = (x(t,;€)) - P(x(Y,)) =
=[@(x(t,) +ey(t) +o(t;e) - PX() +ey(t))] - 9)
—[P(x(L) +ey (L)) — P(x(t,)]-
[Tockonbky Gyukius DO (X) ymoBieTBopsieT ycnoBuio JIUMIIKUIA, TO SICHO, YTO
|[O(x(t,) +ey(t,) +0(e)) — P(X(t) +ey(L)) < 0,(e). (10)

Otcroa, UCTIOIb3ys ONpeAeSeHIe TPOU3BOAHOM 110 HANPABICHUSAM, TTOTydaeM

D(x(t,) +ey(t,)) - D(X(t,)) :g%ﬁ;”

Tenephb HPEAIIONOKUM, YTO HomycTuMoe yrpasienne U(t) onrumansHOe, TOTA U3 MOCIEIHErO pas-

+0,(g).

JIOKEHUS MoJTyyaeM
£0D(X(1,))
aoy(t)
Takum 00pazom, ToKa3zaHa cIeayromas Teopema.
Teopema 1. Eciu muoocecmso (4) svinykioe, mo 01 ONMUMALLHOCU OONYCIUMO20 YNPABLEHU

+0,() 2 0. (11)

u(t) e paccmampusaemoii sadaue (1)—(3) neobxooumo, umobwl nepasencmeo
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oy(t,)
svinoamnsnock ons écex V(t) eU, teT |

Hepasenctso (12) siBisieTcst HEABHBIM KPUTEPUEM ONITUMAJILHOCTHA OTHOCUTEIBHO MapaMeTpaMm 3aJauu
(1)—(3). Ucmons3ys ero, yaaercs MOIYYHTbh HEOOXOOMMOE YCIOBHE ONTHMAIBHOCTH, BEIPAXKEHHOE HEIO-
CpeICTBEHHO Yepe3 mapaMeTpsl 3amaqn (1)—(3).

Ypasuenue (7) ABIseTCA TMHEHHBIM HEOJAHOPOAHBIM Pa3HOCTHBIM ypaBHeHHEM. [loaTomy, mpuMeHss
pe3ynbTarhl, HanpuMmep, padot [7, 11] monyuaem, uto pemenne X(t) ypaBHeHHs B BapHalUsX, IOITyCKAaeT

npEacCTaBJICHUC

y(t) = i{ 3 R(t,s+1)(f(s,t,x(1),v(z)) - f(s,7, x(r),u(r))} (13)

=ty L s=

3necy R(t,S) sBusieTcst pe3osnbBenTol ypasHenus (8), npu pukcupoBanHoM t yaosiaeropser o S(S <t)

MaTpUYHOMY Pa3HOCTHOMY ypaBHEHHIO BonbTeppa
R(t+15s)= Z Rt+Lt+1f (1,5 x(s)u(s)), s<t (14)
=S

C HaYaJIbHBIM YCIIOBHEM
R(t+1t+1)=E,
rae E — (n x n)-MepHast equHUYHAS MaTpUIA.
YuursiBas (13), momoxum

L(v)= Z[Z R(t,s +1)(f (5,7 x(2), V(D) - f (5,1, X(t),u(r))}

=ty |_s=t

CrenoBatensHO, TOKa3aHa clelyomas TeopeMa.
Teopema 2. Eciu muooicecmeo (4) vinyxioe, mo 01 ONMUMATLHOCHU OORYCIMUMO20 YHPAGILEHUs
u(t) esaoaue (1)—(3) neobxooumo, umotel Hepasencmeo

(L))
LW

svinonnsnocs ons ecex V() eU, teT.

3. JIuneapu3oBaHHOE He00X0AUMOE YCJI0BHE ONTHMAJIBLHOCTH

B 3TOM pasnerne IOMOIHUTENBHO Mpeanoiokum, uro B 3amade (1)—(3) Bexrop-pyukums f(t,t,X,u)
HernpepbiBHO auddepenimpyema mo (X,u), a MHOkecTBO U BBIMYKIIO. DTH JOMOJHUTEIbHBIC YCIOBUS 1103~

BOJISIFOT HaM 3alliCaTh «BO3MYLICHHYIO» CUCTCMY BUA:

t t
X(t+Lp) = f 1 x(rp),ult,p) =D (@—¢) f (t,7,x(t, ), pv(t) + L—p)u(r)), (15)
=ty =ty
rae wel0,1] — mpousBonsHOE uncio, a V(t) poM3BONBLHOE IOMYCTHMOE YITPaBJIEHHE.
ITycth
ox(t;
2(tv) = XGW (16)
n=0

Torma u3 (15) cneayer, uro Z(t,V), onpenensiemoe hopmyioii (16), SBASETCS pEIIEHHEM CIIEAYIOIIErO
YPaBHEHUS B BApUALUAX:
t
Z(t+1L,v) = Z[ f, (t, T, x(7),v(1))z(T,v) + f,(t, T, x(7),u(t))(v(t) —u(v))]. (17)
=ty
ITpu 5TOM crieruaIbHOE MPHUPAICHAE KPUTEPHs KadecTsa (3), OTBeUaroIiee JOMyCTUMBIM YIIPaBICHU-
am U(t;u) u u(t) mpencrasisercs B BUJE:
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(L) |

S(U(6 1) = S(U() = [PX(E) + 12(t, V) + 0 ~ (Xt + 12, V) =

o(u). (18)

U3 noy4eHHOTo pa3ioKeHus CIeAyeT TeopeMa.
Teopema 3. Eciu muooicecmso U guinyrno, mo 0 onmumanvhocmu donycmumozo ynpasierus U(t)
6 paccmampusaemoni 3aoave (1)—(3) npu oonornumenvHom npeononodcenuu, umo @yuxkyus f(t,t,X,u)
Henpepulno oupgepenyupyema no (X,U), Heobx00umo, umobdvl HEPABEHCHEO
O . 19)
oz(t,v)
svinonnsanocs ons ecex V(t) eU, teT.

Kak u pasbllie, KOHKPETU3UPYEM IOTyYeHHOE HE0OX0JMMOE YCIIOBHE ONTUMAIIBEHOCTH, JPYTUMH CJIO-
BaMH, BBIPa3HM HEMOCPEICTBEHHO Yepe3 mapameTpsl 3aaaqn (1)—(3).
Braronaps pesynbraram pabor [7, 11] pemrenue Z(t,V) nuxeapusoBaHHOro ypaBHeHust B Bapuanusx (17)

MPEaACTaBUMO B BHUIC:
t-1 t-1

2(t,v) =D Y [R(t,8) f, (5,7, x(7), u(@)](v(x) ~ u(x)), (20)

re R(t,t) — pelenye ypapHeHus (14;;‘.0
BBenst 0603HaueHME
Qt1) = YIRAf, (5,7 X(DU(D]
u3 ToxaecTBa (20) HMeeM
2(19) = QL Av(e) ~u(:),
Orciona crenyer
2t,) = 3Ot HOW - ().

=t
Ilonaras

L) =Y Q) —u()),
=t

n3 HepaBeHcTBa (19) noayvaem cienyronuii pe3yibTar.
Teopema 4. Eciu mnodcecmeo U svinykio, mo 0ns onmumanshocmu oonycmumoo ynpagienus U(t)

8 paccmampugaemoti 3adaye (1)—(3) neobxooumo, umodvl HepaseHcmMeo
(L)) .,
oL, v)

guinonsnocy 05 écex V(t) eU, teT.

3akjoueHmne

B mpennaraemoii pabore paccMaTpHBaeTCs HETNIAJAKas 3ajadya ONTHMAJIBHOTO YHPAaBICHUS AUCKPET-
HBIMH cHCTeMaMHd BosbTeppa u mpu momouy MeToAa SBHOW JIMHEeapH3alHdu YCTaHOBJIEHO HEOOXOIOMMOe
yCIIOBHE ONTUMAJIBHOCTH MEPBOTO MOPAAKA B TEPMHUHAX MPOU3BOJHBIX 110 HAIIPABICHUSIM.
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MaremaTnueckasi Mojesib Tpexgasnoro AC/DC npeodpa3zoBareisi ¢ LC-puabTpom
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AnHoTamms. PaccMaTpuBaloTCsl MaTeMaTHYECKHE MOJIETH TpeXx(a3HOro ABYXypOBHEBOTO MHBEPTOpA HATIPSHKEHHUS
C pacIIeINIeHHOH eMKOCTBI0, PAa0OTarONIEero B 00pameHHOM pekuMe (aKTHBHOTO BEIIIPSIMHUTEIS), B COCTaBe OOPTOBOIT
ABHAIIMOHHOI CHCTEMBI AJICKTPOCHAOKEHUS C IEePBUYHBIM UYCTHIPEXNPOBOJHBIM HCTOUYHHKOM ITEPEMEHHOTO TOKa
nepeMeHHo# yactoTsl. [Ipeyaraetcs MaTeMaTH4ecKas MOJIeb Ipeodpa3oBaress B CTallMOHApHOH cucteme a—h—C-
KOOPJIMHAT C MCIOJIb30BAaHUEM MOJICNU CHJIOBBIX MTOJIYNPOBOJAHMKOBBIX KIIOYEH B BUJE MEPEKIIOYAIOMNX DYHKIHMI,
a TaKXKe MaTeMaTHdecKas MoJelb B MPOCTPAHCTBE COCTOSIHUI Kitoueil cxeMsl npeobpasoBatens. IIpoenen ananus
3JIEKTPOMArHUTHBIX NPOLIECCOB B IpeoOpa3zoBaresne, MOdy4eHbl JUarpaMMbl MTHOBEHHBIX 3HAYEHUI TOKOB U Hamps-
skeHuH. [IpoBesieH cpaBHUTENBbHBIN aHAIN3 MONYYEHHBIX JUarpaMM C pe3ylbTaTaMH MMHTAIMOHHOTO MOJETHPOBa-
HHSA, TOJTBEPKIAIOIINH aIeKBATHOCTh MOTyYEHHBIX MATEMATHUECKUX MOJETICH.
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Mathematical model for three-phase AC/DC converter with LC-filter
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Abstract. The article is devoted to the problem of developing mathematical models of a three-phase two-level
voltage inverter with a split capacitance. An inverter operating in reverse mode (active rectifier) is considered, working
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as part of on-board power supply system with a primary four-wire source of alternating current with variable frequency.
Mathematical models have been developed in a stationary a-b-c coordinate system using a model of power semicon-
ductor keys in the form of switching functions, and in the state space of the converter circuit power switches. An
analysis of electromagnetic processes in the circuit has been carried out, and inverter currents and voltages diagrams
have been obtained. A comparative analysis of the obtained diagrams with the results of simulation modeling was
carried out, and the adequacy of the obtained mathematical models was confirmed.

Keywords: mathematical model; power supply; voltage inverter; active rectifier; pulse width modulation; simula-
tion modeling; model verification.
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BBeaenune

CoBpeMEHHBIE CHCTEMBI JJIEKTPOCHAOKEHUS MOOMIBHBIX OOBEKTOB MPEACTABISAIOT COOOW MHOTO-
areHTHBIC CII0YKHO MHTETPUPOBAHHBIE KOMIUIEKCHI, BKIFOYAIOININE HECKOIBKO BUIOB IEPBUYHBIX HCTOUHUKOB
anexktpudeckoil sHeprum [1-9]. CornacoBaHue XapaKTEPUCTUK MEPBUYHBIX HCTOYHUKOB JJIEKTPUYECKOU
SHEPTUU U HAarpy3Kd OCYIIECTBISIETCS CTATUYECKUMH TMPeoOpa3oBaTeNsIMH MEPEMEHHOTO M TOCTOSIHHOTO
HanpsoKeHUH. [ yimyqieHust SHepreTHIecKruX M yIAelbHBIX XapaKTePUCTHK IIEMEHTOB CUCTEM IPeo0pas3o-
BaHUs U3 nepeMenHoro HanpspkeHus (Alternating Current — AC) B mocrostaHoe (Direct Current — DC) mpu-
MEHSIOTCA nHBepTOpH! Hampsukenus (MH), paboraromue kak aktuBHBIE BeIpsaMuTenu (AB), T.e. AC/DC-
npeobpazoBarenu [10].

OYHKIIMOHUPOBAHWE AKTHUBHOTO BBIIPSIMHTENS HANpPAaBIEHO Ha TOJIep)KaHWE 3alaHHOTO YPOBHS
HamnpsOKEHUs] B BBIXOJHOM 3BEHE MOCTOSIHHOTO HANPSDKEHHS TPH OJTHOBPEMEHHOM 00eCleYeHHUH BBICOKOTO
KadyecTBa SHEPTUH, NOTPeOIsIeMOil OT HCTOYHHMKA IIEPEMEHHOTO HATPSHKEHUSI, YTO JOCTUTAETCS C IOMOLIBIO
CHCTEMBI aBTOMAaTHYECKOTO yIPaBJICHNS TpeoOpa3oBaTes.

OpHuM 13 Hanboee MUPOKO PacPOCTPAaHEHHBIX BAPHAHTOB PETYIMPOBAHMS BHIXOIHBIX TAPAMETPOB
HNH B nacTosmee BpeMs SBISETCS HCIOJNB30BaHHE METOAa MIMPOTHO-UMITYIbCHOW Momysimun (LIMM).
B nogasnstomniem OoJbIIMHCTBE ciay4aeB NpUMeHeHHs UHBEPTOpoB ¢ [IIMM ucnob3yloTcsl CUCTEMBI aBTO-
MaTHYECKOTO YIPaBICHHUS C OOPATHBIMH CBS3SIMH IO TOKY W HANPSDKEHUIO C Pa3IMYHOTO BHUIA PETYISATOpa-
mu. Perenne 3a1aun CHHTE3a 3aKOHA YIPABICHUS M CUCTEeM aBToMarmueckoro perynupoBanusi (CAP) tpe-
OyeT pa3pabOTKu MaTeMaTHYECKUX MoJIesel npeobpasosareneii [11-23].

Tak, nanpumep, B padorax [11-14] ucrons3yercss MaTemaTiuueckas Mozienb AB B CHHXpOHHOH Bpa-
marorneiics cucreme d—q-koopaunatr. B pabore [14] reomerprueckas Moaelb Ui OOIbIIKX cUrHAIOB AB
B CHHXPOHHOM Bpallaroleics: cucteme 0—Q-KooprHAT MPUMEHEHA /IS MTOJTYYeHHsI €CTECTBEHHBIX TPAaeKTO-
puii cpeqanx Ha TakTe [1IMM 3HaueHMit mepeMeHHBIX COCTOSHUS TpeoOpa3oBaTes C IeNbI0 MPOrHO3UPOBa-
HUS IBUKEHMSI pabodell TOUKH B TIEPEXOTHBIX MPOIIECCax M0 3apaHee ONpeAeICHHBIM TPACKTOPHUSIM.

B pabore [15] ypaBHEeHHS MIHOBEHHBIX 3HAYEHH TOKOB IEPBUYHOTO HCTOYHHKA IEPEMEHHOTO
HamnpsoKeHUs B Tpex(a3Hoil cucTteMe KOOpAWHAT MCTIOIB3YIOTCS B TEXHOJIOTUH TPSIMOTO YIIPABIEHHS MOIII-
Hocteio 1 MomeHToM (Direct Power and Torque Control — DPTC) ¢ ucrnionb30BaHreM KOHTPOJUIEpa ¢ ajarl-
THBHBIM HEWpO-HeueTKUM uHTepdeiicom yrpasnenus cucremoit (Adaptive Neuro-Fuzzy Inference System —
ANFIS) ¢ akTUBHBIM BBINPSIMUTENIEM, HHBEPTOPOM HAPSOKEHUS 1 MHIYKTOPHBIM JIBUTATENIEM.

B pa6ote [16] BoIpakenns TokoB [IIVM-BEIIPSIMUTEIIS B CTAITMOHAPHOMN CHCTEME 0—f3-KOOPIWHAT HC-
MOJIB3YIOTCS ISl BEIOOpa HaMIYYIero MOMEHTa MEepeKII0UeHHs TTOJIyIPOBOIHIKOBEIX 1eMeHToB AB B an-
TOpUTME, OCHOBAaHHOM Ha ceTsX lleTpu ¢ omHOBpeMEHHBIM OTPaHWYCHHEM OITMOKH YIPaBIEHUS aKTHBHOMN
U peakTUBHON MOIIHOCTSAMU. B pabore [17] mans peanuzamnuu 6€31aTYNKOBOTO METO/Ia BUPTYAIBHOTO MTOTOKA
C MpUMEHEHHEM O0OOIIEHHOTO0 WHTETrpaTropa BTOPOTO TMOpPsAKA TakKe MPUMEHEHO MpeoOpa3oBaHUE TpeX-
(da3Hol MaTemMaTudeckoi Mozen AB B cTallMOHapHYIO CHCTEMY O—f3-KOOpHHAT.
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B pabote [18] nuckperHas MaTemarndeckas Moaens AB, Mony4eHHas ¢ MOMOIIBI0 IPeoOpa3oBaHUS
Knapxka, npencraBiaeHHas B cucteMe otcueTa (0—f3) ¥ IomojJHeHHas Tabauueld OrpaHMYeHHOro MO KOJInde-
CTBY COCTOSIHMH ITOJIyIPOBOIHHUKOBBIX 3JeMeHTOB AB, mcnons3oBana At LupoBoi peann3aniyu MOJEIb-
Horo mporHosupytoinero ynpasnexus (Model Predictive Control — MPC) B npeIuKTHBHOM KOHTpOJLIEpe
C IIPOCTPAaHCTBEHHO-BEKTOPHBIM Moy sitopoM (Space-Vector Modulator — SVM) renepanuu onTHMalIbHOTO
BEKTOpa HAIPSKEHUSI.

Heo0xonumo oTMeTHTh, 4TO B MpHUBENEHHBIX Bbime padoTax [11-18] paccmarpuBaercst mepBUUHBII
HUCTOYHHUK Tpex(a3sHOTro MEPEMEHHOTO HapsKeHus: 0e3 HyJIEBOro MPOBOJA € MOCTOSIHHOW YacTOTOH U CUM-
METPUYHBIMHU HAIPSHKEHUSIMH.

HecOanancupoBaHHOCTh (ha3 MEPBUYHOIO MCTOYHMKA IEPEMEHHOIO HAIPSDKEHUs 0e3 HyJIeBOIro Ipo-
BOJA C YHOMSHYTBIMH criocoOamu ynpasieHHss AB BeneT K MOSIBICHHIO MAPMOHMUYECKHX HCKaKCHUH BO
BXOJHBIX TOKaX, 9TO TpeOyeT Moaudukauy 3akoHoB yupasienus [19]. B padote [19] s cuHTe3a 3aK0HA
ynpaBiieHHs IpU HecOaJaHCUPOBAHHOCTH (a3 MEPBUYHOTO MCTOYHUKA IEPEMEHHOI0 HaNpsLKEHHS HCIIOJb-
3YIOTCS MaTeMaTHUYeCKHe MoIeld AB B CHHXpOHHOM Bpalaromieiicss cucreMe (—(-KoopanHaT I IPAMON 1
00paTHOM mociaenoBaTeIbHOCTEH BXOAHBIX ToOKOB AB. B padote [20] KOMITOHEHTHI BXOIHOTO HANPSIKSHUS H
Toka AB B cTarioHapHOW OPTOTOHAILHON CHCTEME 0—B-KOOPAMHAT HMCIIONB3YIOTCS M1 BBIYHCICHUS KOP-
PEKTUPYIONIMX KO3 (PHUINEHTOB NOMOJHUTEIBHOIO BHEIIHETO KOHTYpa € Iefbl0 OalaHCHUPOBKHM BXOAHBIX
(hazHBIX TOKOB. B padote [21] muckperHas Monens AB B cTanpoHapHOM cucTeMe o—-KOOpaMHAT HCIIOIb3Y-
eTCsl JUIs BBIYMCIICHUS KeJIaeMbIX MIHOBEHHBIX 3HAUEHUH aKTUBHOM M PEaKTHBHON MOIIHOCTEW NMPHU yIpaB-
JIEHUW aMIUTATYAO0U U (a30il mepBoii TapMOHHUKH BXOIHOTO MTEPEMEHHOTO ToKa AB ¢ 1enpio crabmimm3anuu
BBIXO/IHOTO IMIOCTOSIHHOTO HAIPSKEHUS.

B getpipexnpoBoanbix cucremMax ¢ AB [22-24] npu HebanaHce HAPsHKEHUH EPBUYHOTO HCTOYHUKA
1 [ WK Harpy3Kd B HYJICBOM IIPOBO/IC BO3HMKAIOT TOKH HYJIEBOH MOCIe0BaTeNbHOCTH. [109TOMY MaTeMaTu-
geckrue Monie AB momoHSI0TCS ypaBHEHHEM TOKa HYJIEBOTO TIpoBoja. B [22] ucmonb3yercs HeMHEHHAs
JIMHAMHYECKAsi MaTeMaTHYeCKas MOJIEITh [IPeoOpa3oBaTeis MATOro MOpsiIKa B CHHXPOHHOU cucteme 0—(-Koop-
IUHAT C TPEMsI KOHTPOJIMPYEMBIMH ITapaMeTPaMH C TOCIEAYIONIM HOHMKEHUEM TTOPSAKa A0 TPEX U MpoIie-
Iypoi InHeapu3anuu Ui pacdera napamerpos [IH-perymstopos. B [23] maremarndeckast MOJENb pacyera
(ha3HBIX KOOPAMHAT M TIOCTOSHHBIX HANpPSDKEHUH pacIieryieHHON eMKocTH AB ncmonb3yercs sl CHHTE3a
MapaMeTpPoOB TPEX CKAISPHBIX MPONOPLIUOHAIBHBIX PEryJIITOPOB BXOAHBIX (pa3HBIX TOKOB, [1M-perynsTopoB
[TOCTOSTHHOT'O HANPSKEHNUS U Pa3HULIBI HAMIPSDKEHUH MJ1ed eMKOCTH MTOCTOSIHHOTO HANPSHKEHUS.

B ynomsiHyTBIX BbIIIE pabOTaX MCCIAEIYIOTCS CUCTEMBI C BXOTHBIM HHAYKTHBHBIM (QHIBTPOM, KOTOPBIH
CHIDKAeT MyJIbCAllMOHHBIE COCTABJIAIONINE BXOAHOTO ToKa AB 1, COOTBETCTBEHHO, MEPBUYHOTO UCTOYHHKA
MepEeMEHHOT0 HanpshkeHusl. B cuctemax npeoOpazoBaHust JIEKTPHYECKON SHEPTHU aBUAIIMOHHBIX KOMILIEKCOB
TIEPBUYHBII HCTOYHUK MEPEMEHHOTO TOKA MEPEMEHHOM YacTOTHl XapaKTepU3yeTcsl He TOJIBKO HAJTMYHEM HECHUM-
METpHUH ypoBHEW (Da3HBIX HANPSDKCHUH M HAJTMYMEM HEHTpad MEepPBUYHOTO UCTOYHUKA, HO M MPEIbsSBICHIEM
TpeOOBaHMH K CIIEKTPAJIbHOMY COCTaBy HampspkeHui [25]. Hannune HecuMMeTprun HanpsHKeHUH U Harpy3Ku
JeNlacT PalMoHABHBIM MPUMEHEHNE CKASPHBIX METOJIOB HE3aBHCUMOTO yrpasieHus gazamu AB. Tpebo-
BaHMA K CIIEKTPAIbHOMY COCTABY HAIPsHKCHUH JeNal0T HE0OX0IMMBIM MOBBIIIEHHE TOPsIIKa (PHIBTPa.

Lenb nannoii paboThl — pa3paboTKa MaTeMaTH4eCKOM MOAEIH [T ONUCAHUS TMHAMUYECKUX MPOLEeC-
COB TI0 TOKaM M HaNpsDKEHUSIM B MEPCIEKTUBHOM cxeMe TpeX(a3HOTr0 aKTUBHOTO BBHINPSIMUTEIIST aBUALlMOH-
HOW cHcTeMBl 3J1eKTponuTaHus. OCOOEHHOCTh MPEACTABICHHOH MaTeMaTHYeCKOW MOJETH COCTOUT B ydeTe
HaJIM4us HelTpanel Harpy3Ky U MEpBUYHOTO HCTOYHHMKA IIEPEMEHHOTO TOKA MEPEMEHHON YacTOTHI C BBE/IE-
HueM LC-dunbrpa BxomHOro nepemenHoro Hampspkenuss AC/DC npeoOpaszoBarenst (aKTHBHOTO BBIIPSIMUTEIIS).
Pazpaborannas maTemMaTHyeckas MOJENb B JAJIbHEHIIEM MOET OBITh MCIIOJIb30BaHa Il CUHTE3a d(QeK-
tiuBHOW cuctembl ynpasinenuss AC/DC mpeoOpa3oBaTeneM B paMKaxX pEUICHHsS AaKTyalbHOH HaydHO-
TEXHUYECKON 3a/1auu, CBA3aHHOHM C MOBBIIICHUEM KAa4eCTBEHHBIX IMOKa3aTesiel mpeoOpa3oBaHus dJIeKTpHYe-
CKOM 9HEpruM B aBHALIMOHHBIX CHUCTEMaX JIEKTPONUTAHUs MPHU HAJIMYMK HEUTpasu MEepBUYHOTO HCTOYHHUKA
U Harpy3ku ¢ BBegeHreM LC-pumbpTpa BXOJHOTO MEPEMEHHOTO HAMPsHKEHHsI peodpasoBares [26—27].

B Hacrosmeit pabote npeacraBieHa MaTeMaTHYeCcKast MOJIENIb MOAEH TpeX(Pa3Horo npeodpasoBaTens
C Y4EeTOM HaJM4us HeHTpasel Harpy3KH U NEpPBUYHOTO UCTOYHHUKA MIEPEMEHHOT0 TOKA IIEPEMEHHOM YacTOTHI
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¢ LC-punbrpom BXxomHOTO niepemeHHoro Hanpstkerus AC/DC npeoOpaszoBarens (aKTUBHOTO BBITIPSIMUTEIIS).
OcymiecTBiieHa Bepr(UKaIUs MOJCTH IIyTeM MPOBEICHUS MaTeMaTHYECKOTO MOJICIUPOBAHHS M CPAaBHEHHS
C pe3yiabTaTaMH MMHTAIMOHHOTO MOJEIUPOBAHHS, MOJYYEHHBIX C ITOMOIIbI0O BHYTPEHHHX HWHCTPYMEHTOB
nakera [10 Matlab/Simulink u SimPowerSystem [28].

1. MaTemaTH4ecKHe MOAeJIM AKTHBHOTIO BBINIPAMMUTEIA

PaccmatpuBaetcs TpexdasHbIil JByXypOBHEBBIH HHBEPTOP HAIPSDKEHUS C PACHICTNICHHONH €MKOCTBIO,
paboTaromuii B 00palieHHOM peXXuMe (aKTUBHBINA BBITIPSIMHUTEINb), B COCTaBe OOPTOBOI aBUAIIMOHHOW CHUCTE-
MBI 3JIEKTPOCHA0KEHHUSI C MEPBUYHBIM YETHIPEXIIPOBOJHBIM HMCTOYHUKOM IIEPEMEHHOTO TOKa NepeMEeHHON
4acTOTHI, CXeMa 3aMeIeHHs] KOTOPOro npencrasieHa Ha puc. 1. 3xeck L, R u Ct — conpoTuBnenne, nHAYK-
THBHOCTh M €MKOCTh BXOJHOTO I'-00pasznoro LC-dumibtpa; R u Lf — compoTuBieHre 1 HHAYKTHBHOCTD (hH-
Jepa cetTu; €u...ec) — DHC ceTn nepeMeHHOro ToKa NEPEMEHHON YaCTOThL; €u(4), €u(s), Er(c) — BHYTPEHHUE
dbasupie DJIC uHBEpTOpa HANPSHKEHHUS; ic(1) — TOK eMKOCTH Ct hasbl 4; U — Hanmpshkerne eMkoctr Cr (hasbl A
iL(4) — BXOJIHOU TepeMeHHbIH TOK (a3bl A; Cy — paciiiernyieHHas eMKOCTh 3BeHa TIOCTOSHHOTO HAMPSHKEHUS; i1 U
iz — BBIXO/IHBIC TOKH 3BEHA MOCTOSHHOTO HampspkeHus npeodpaszosarenst; Ur u Uz — HanpspKeHUS Ha T1edax
pacmernierHoi emxoctr Cy; Uy — mocTosSTHHOE HanpspbKeHUe Harpys3ku; Ry — conpotuBienue Harpysku; V...
VT — MoynpoBOTHUKOBBIE KITFOUN B COCTaBe TpeX(a3zHol MOCTOBOM cxeMbl mpeobpaszopareisd. CpeqHue Tod-
K1 KOHZIeHCaTopoB Cy BBIXOIHOIO 3BEHA TIOCTOSIHHOT'O HAMPSDKEHUS M KOHIeHcaTopoB Cr BxoaHOro ['-o0pasHoro
LC-dunbrpa coemunensl. Takoe coenunenue mpu Cy >> Cr o0ecrieurBaeT He3aBUCUMYIO paboty ¢a3 AB.

la1

y lu

Un |:| Ry 3 U a

Y&

Puc. 1. Dnekrpuueckas cxema Tpex(a3HOro akTHBHOTO BBIIPSIMUTEIIS
Fig. 1. Electrical schematic diagram of a three-phase active rectifier

IIpu permenny 3aa4 aHajIM3a MEKTPOMArHUTHBIX TporieccoB u cuHTe3a CAP mpu ckamapHoM modas-
HoM ynpasienun ¢ [IIUM u ontumuzanun pexumoB nepeximoderns VTi ¢ B SVM HeoO0X0auMOo NONTYy4UTh
MaTEeMaTHYECKYIO0 MOJENb AJIsl OIIMCAaHMs IPOLECCOB B cxeMe Ha puc. 1. IIpu aTom ucnone3yrores obmenpu-
HATHIE nomymieHus [1-24]: Bpems mepexiIoueHus MoTyTPOBOIHUKOBEIX KITIOUEH HYyJIEBOE, COOTBETCTBEHHO,
MepTBOe BpeMs (BpEeMEHHas May3a MEXAY BKIIOYEHHBIMH COCTOSHUSMHU KIIFOYEeH OJHOM CTOMKH) MOXKHO
YCTaHOBUTH TAK)KE HYJIEBBIM; TIOTEPH MOITHOCTH B KIIFOYaX MPUHUMAIOTCS HYJIEBBIMH.

Cucrema auddepeHIranbHbIX ypaBHEHNH, OMUCHIBAIOMIAS JJICKTPOMArHUTHBIE TPOLECCH B TpeX
BXOJHBIX (pazax mpeoOpazoBaTelisi, UMEeT CIIEAYIOUIUN BU:

dig¢(j (i
ey~ Lt — i )Ry —L—L i R =€y,
S el U0 Ll e TR )
diej)

&bt g TR =ley (1)
dug;

() _j i
C— v "y

roe j=A, B, C.
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I[J'IH 3BCHA IMMOCTOSIHHOI'O HAIIPSIKCHUS CIIpaBCJIMBaA CICAYHOIIast CUCTEMa ypaBHeHHﬁ:

du, . u,+U
c,Lrj, e
dt R,
du . u,+U
Cy—F=ig ————=.
dt R,

Beenem nepekmoyarontue Gpyakmun Pyre kimogeit VT, K=1...6

¥ 1, ecmu VT, 3aMKHYT U IPOBOJUT TOK,
Vi 710, ecrmn VT, pa3aMKHYT 1 HE IPOBOJUT TOK.

(2)

®3)

IIponecc dhopmupoBanus Wyt mpu anropurme ckanapHoii cunycoupansHoi LIMM mosichen nua-
rpaMMaMu pHc. 2 Ha npuMmepe BepxHux kmouerd VT, VTs, VTs. s dassl 4 dopmupyeTcs AByXNOISPHBINA
CHHYCOUWIQIbHBIM CUTHAJ, Ha3bIBaeMbIii Moayupytomum curHanom U,a(t) = Msin(ot), vactrora koToporo o
3a/1aeTcs paBHOM 4acTOTE NEPBOM FAPMOHUKH BXOAHOIO MIEPEMEHHOr0 HanpskeHusa AB. Amnnuryaa nanHo-
ro curHaia, o003Ha4YeHHas Kak M, NOKHA yAOBIETBOPSTH yeinoBuio 0 < M < 1, B kauecTBe IprMepa Ha puc. 2
oHa paBHa equnune. s ¢a3z B u C HezaBucuMo (HopMUPYIOTCS aHAJIOTHYHBIE CHHYCOUIAIbHBIE CHTHAIBI
U,s(t) u U,c(t) co caBurom da3 Ha 120° u 240° coorBercTBeHHO. CHOPMUPOBAHHBIE MOIYTHPYIOIIHE CUT-
HaJIbl CPABHUBAIOTCSI C OMTOPHBIM MHJI000pa3HbIM ABYXHOJISAPHBIM cUTHAIOM U,,(t). TTepexiouaromniue hyHK-
in Wyt ykazanubix kirodeid pasbl 1 mpu U,;(t) > U, (t). Buaso, 4To Ha neproe MOIyIUPYIONIETO CHI'HA-

J1a U3MEHSIETCS TUTEIIbHOCTL COCTOSHUSA, B KoTopoM Wyrk = 1.

M

=== Lonft)

1 )

— Lha(d |

— Lhc(d) |

—PyT1(1)
—¥vTi(t)
—¥vT5(0)

| L

e, pad

Puc. 2. ®opmuposanue nepexodaronmx pyHkmmit vk
Fig. 2. Wvrk switching functions generation process

B 1m1000if MOMEHT BpEMEHHU B KaXKIOW U3 (pa3HBIX CTOEK MOCIEAOBATEIBHO COSAMHEHHBIX KIIOYSH MO-

JKET OBITh 3aMKHYT TOJIbKO OIWH KJIFOY, U, COOTBETCTBEHHO, MOXXHO 3allncaThb, YTO
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LPVT1 =1- IIIVTZ '
lIlv'r3 = 1 - lIIVT4 y (4)
Fyr, = 1- Py, -

Amnanmusupys mpoitecc paboTsl cxeMbl Ha puc. 1, cuctemsl ypaBHeHu# (1) 1 (2) ¢ HCMONMB30BaHUEM TTe-
pexmoyatomux yHkmi Pyrk (3), (4) MOKHO TIepenncaTth CIeayomuM o0pa3oM:

di,
(A) _ :
f g e e Ry

di
L 2
dt

szi i
at f(A) ~ L

=-U;Wyry +UWyrs +Ucy —iraRes (5)

di,
(B) _ i
L at =€@) ~Ucr ~1rm)Ry
iy i, R
T =-U Wy +UWyrg + Uc) ~ s ©
ducez . .
¢ dt( b=if @) ~ e
di,
© _ i
T ey —Ue) ~ )Ry
diL(C) i
- dat U ¥yrs +U¥yre +Uee) — I o)Res 0
due
) _: i
C m =ltc) ~IL(c)-
du, . . . U, +U
Co = =i Purs +ive Pura +ive)Purs - = o=
n
)
du _ _ . U, +U
Cq d_tzz_lL(A)\PVTZ ~ ey Pvra ~lie)Pre - 1R B

n

[Tomrygennsie cuctemsl ypaBHeHUH (5)—(8) SBIAIOTCS MaTeMaTHYeCKOH MOJENBI0O B CTAI[MOHAPHOM
TpexdazHoii cucteme a—b—C-KoopaMHAT, KOTOpasi MO3BOJISIET POBECTH aHAJIN3 AIICKTPOMArHUTHBIX MPOLEC-
COB C Y4ETOM XapaKTEPHBIX 0COOEHHOCTEH paboThI Tpex(a3HOro yIpaBIIeMOro MOCTA.

B npouecce pabotsl npeobpazoBartens Mo cxeme puc. | MOKHO BBIIETUTH 8 COCTOSHUI MOIYHPOBOA-
HUKOBBIX KitoueH [18]. Beenem nepexmoyvarone Gyakaun Wi...s, W+, Y- 1m0 4ymcay DaHHBIX COCTOSHHH.
[Mpunnun popmupoBanust STHX QYHKIHMNA TOSCHEH Ha PHC. 3, KOTOPBII MpeAcTaBisieT coO0 BhIICIICHHBIH Ha
puc. 2 y9acTtok mepuoaa moxyiupytomero curana [IIMM. B BepxHeii gactu puc. 3 mpuBencHa JBOWYHAS
KOJMPOBKA HOMEPA COCTOSTHHS CXEMBI.

Tak, Hanpumep, npu ¥+ = 1 3amkHyTHI Kiroun VT, VT3, VTs (cxema 3amerienust HHBepTopa puc. 4, a,
naBonunblid kox 111), npu W2 = 1 3amkuyTs! kitoun VT, VT3, VTe (cxema 3amMeriiennst HHBepTopa puc. 4, b,
nBouuHbIN ko7 010).

[Nepexnrouaromue (QyHKIMHA COCTOSIHUH CXEMbl Ha MEPUOJE BXOAHOIO IEPEMEHHOTO HaNpSIKEHUS
YIOBJIETBOPSIOT CIEIYIOIIUM YCIOBUAM:

YVi+¥, +¥VY;+¥Y, +¥+Pg+P, +Y_=1] ©)
Y, W, ¥y ¥, Vs - ¥V, -¥_=0.
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Pi=1 _¥+=1 ¥i=1 P2 =1 P =1 5=1 —JATI(T

1 ! | , —T3(t
011 111 011 010 000 011 Pvs(t

0

1

0

1

0 SRS

T4 w516 THOm/16 w716 3m/2

w, Do

Puc. 3. Inarpammsl nepeximodaromux ¢yaknuit W1, ¥s, W+, W- cocrosuni kimroueit
Fig. 3. ¥1, ¥s, ¥+, - switching functions of the keys status

1 #+ —r—
1

C g———F - C ¢F-:::::1-¢
a b

Puc. 4. Cxema 3ameienus napepropa (a — npu W+=1, b — npu ¥2=1)
Fig. 4. Equivalent circuit for inverter bridge (a — for ¥2=1, b — for ¥+=1)

B cBoro ouepenb, CBsA3b MEPEKIIOYAOMINX (QYHKIUHA KITI0YEHl U COCTOSHUI CXEMbl MOXHO OTpPa3HTh
CIEYIOLIMM 00pa3oMm:
Yy =¥, +¥s+¥s+Y,,
Yy =¥ +¥, +¥;+¥_,
Yyrs=¥Y, +¥;+¥s+Y,,
Yy =¥ +¥, +¥;+¥_,
Yyrs =Y +¥Y;+¥Y;+¥,,
Y=V, +¥, +¥g+¥_.

Hcnons3ys Boipakenus (5)—(8), (10), maremarnyeckyro mozeiap AC/DC-nipeoOpa3oBarelis Mo cxeme
puc. 1 B IpOCTPAHCTBE COCTOSIHHIA KIIFOUEH CXeMbl MOYKHO 3aITUCaTh CIICIYIOLIMM 00pa3oM:

(10)

di .
U, . .
CdFZIL(A)(\P4+LP5 +lP6 +T+)+IL(B)(T2 +T3+IP6 +"P+)+
iU " (12)
Cdd_':zz_iL(A)(lP1+lI]2 +lP3+‘{l_)_iL(B)(\{I1+\{I4 +\P5 +\P_)_
n

ITonyuennas Bropas Mmaremarndeckas Mozaenb (11), (12) B mpocTpaHCTBE COCTOSHUHN KITIOUEH CXEMBI
MOJKET OBITh MOJIE3HA TIPU PeaTTU3aINU POCTPAHCTBEHHO-BEKTOPHBIX METOZIOB MOIYJISIIHH.
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4. Bepudpukanust Mojesieii MMUTAIIHOHHBIM MO/EJIHPOBAHHEM

C nenpio Bepu(UKAMKM HPEATIOKESHHOIO MOAXO0Ja K MOCTPOCHHIO MaTeMaTHYECKUX MOJeNeH aJek-
TPOMAarHUTHBIX MPOLECCOB B CXEME Ha PHUC. | MPOBENEHO UMHTAIMOHHOE MOAEIUPOBAHUE CTATHYECKOTO pe-
XKUMa PaboTHl IpeoOpa3zoBaTessi C aKTHBHOW Harpy3koil. Pe3ynpTaThl MMHUTAMOHHOTO MOZAEIMPOBAHUS
CPaBHHBAIOTCSI C pe3yJbTaTaMUd MaTeMaTHYECKOTO MOJICITUPOBAHKS HA OCHOBE CHCTEMbI ypaBHeHHi (5)—(8).
[TapameTtps! mpeoOpa3oBaTensi, HCIONb30BaHHbBIE PU BEpUPHUKALINH, IPEACTABICHBI B TAOIHIIE.

PesynpTartel MaTEMaTHYECKOTO M UMUTALIMOHHOTO MOJICIMPOBAHUS PUBENICHBI HA pUC. 5, 6.

ITapaMeTpsl CHII0OBOJ CXeMbl

JeiicTByroliee 3HaYeHue ha3HoOM 3¢ 115B
Yacrora dazHoii aac 400 I'
Yacrora IUM 100 xI'y
MoIHOCTb Harpy3Ku 1 kBt
Emxocts kongencaropa Cqd 100 Mx®
ComnpoTHBICHHE HATPY3KH Ry 10 Om
Comporusnenue LC-punptpa RL 1 MxOm
WuanykrusrHoCTh LC-drmbTpa L 300 mx['H
Emxocts BxoaHoro LC-¢unbrpa Ct 10 Mx®
Comnporusnenue Guaepa nepeMeHHOro HalpsuKeHUs Ry 1 MxOm
WuayxTuBHOCTH (Hepa MepeMEHHOTo HanpshKkeHust L 1 MxI'n

Iy . . . . I
0.035 0.036 0.037 0.038 0.039 0.04 0.035 0.036

0.037 0.038 0.039 0.04

t,c t,c
a b
Puc. 5. Bxoausie Toku Tpex a3z AC/DC-npeobpazoBarens
Fig. 5. AC/DC converter 3-phase input currents
342.1 . : : - 340.1
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34205
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342
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5 341.95 = 340
341.9
33995
341.85
341.8 . . . . 339.9
0.035 0.036 0.037 0.038 0.039 0.04 0.035 0.036 0.037 0.038 0.039 0.04
t,c t.c
a b

Puc. 6. BeixoaHOoe BRIIPSAMIIEHHOE HANPsHKEHUE aKTUBHOTO BBIIPSMHTEINS
Fig. 6. Active rectifier output voltage
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Ha puc. 5, a npencraBineHsl MTHOBEHHBIE 3HaYEeHUs (pa3HBIX HEpeMEHHBIX TOKOB i (a)(t)...i ) (1), momy-
YEeHHBIE C TIOMOIIIBIO Bhipaxenuit (5) — (8). Ha puc. 5, b — 3T0T %e TOK, MOMyUYeHHBIH ¢ TOMOIIBIO MMUTAIIU-
onHoit Mmonenu makera Matlab/Simulik u SimPowerSystem (nuuensust Ne 355779). Ha puc. 6 npuBeneHsl
pe3yIbTaThl MATEMAaTHYECKOT0 (@) 1 MMHUTaMOHHOTO (D) MOEIMPOBaHHMs BHIPSMICHHOTO HanpshkeHus Upy(t).

HeiicTBytomiee 3HadeHre (Ha3HBIX BXOAHBIX MIEPEMEHHBIX TOKOB Ipeobpas3oBaTens cocTasisieT 2,94 A
(cm. puc. 5, @) u 2,97 A (cm. puc. 5, b), cperee 3HaueH#e BBIPSMIICHHOTO Hanpsbkenus — 342 B (eu. puc. 6, a)
u 340 B (cm. puc. 6, b) mis MaTemMaTHuecKoi 1 IMHTAIIMOHHOM Mojieneii cooTBeTCTBEHHO. POpMa BXOIHBIX
TOKOB MoJiesiell mogo6Ha B 00onx Mozemnsx. dopma BBIXOAHBIX HAINPSHKEHWH HECKOJBKO OTIMYAETCS, YTO
OOBSICHSCTCS BJIMSHUEM JIMCKPETHOTO XapaKTepa YHMCIEHHBIX METONOB pacdyeTa MMHUTALMOHHBIX MOJENEH.
Takum o0pa3zoM, MO pe3yabTaTaM IPOBEAEHHOIO MAaTEeMaTHYECKOTO M HMMHUTALHMOHHOIO MOAEIMPOBAHUS
MO>KHO CZI€NaTh BBIBOJ, YTO MOJIY4YEHHBIE MATEMATHIECKUE MOJEIN JOCTATOYHO TOYHO OTPAXKAIOT MPOLIECCHI
(YHKLIMOHUPOBAHUS PACCMAaTPUBAEMON CXEMBbl aKTUBHOT'O BBIIIPSIMUTENS], PACXOKACHUS B BEINYMHAX TOKOB
U HaNPSDKEHUH, TOyYEHHBIX IBYMs CIIOCO0aMH, COCTaBIIsIOT MeHee 1%.

3akioueHune

B nanHoit paboTte npeacTaBieHo [Ba BapuaHTa MaTeMaTHUECKO MOJENH sl OMMCAaHUs dJIeKTpomar-
HUTHBIX TPOLIECCOB B CHIJIOBOH cxeMe TpeX(a3HOro IByXypOBHEBOIO MHBEPTOPA HANPSKEHHS C PACIIEIUICH-
HOM €MKOCTBIO 3B€HA ITOCTOSHHOTO HANPSKEHHS, PabOTAIOUIEr0 B PeKMME aKTHBHOTO BeIMpsAMuTens (AB),
¢ BXOJHBIM Tpex(haszHbiM LC-QUIbTpOM U YeTHIPEXITPOBOTHBIM IEPBUYHBIM HCTOYHUKOM MIEPEMEHHOTO TOKA
MIEPEeMEHHON YacTOTH ¢ aKTUBHOW HArpy3koil MOCTOSHHOTO TOKa. OCOOEHHOCTH NMPENCTaBICHHBIX MaTeMa-
TUYECKUX MOJEJIel COCTOUT B y4eTe HaIW4YHs HeWTpaiu NMepBUYHOIO MCTOYHHKA U HArpy3ku, a takxke LC-
(nIpTpa BXOMHOTO MEPEMEHHOTO HaIpsbKeHus mpeoOpasoBarens. [lepBas MaTemarnyeckass MOJelb peod-
pasoBaTtess pa3paboTaHa B CTAIHOHAPHOHN cucTeMe a—D—C-KOOpAMHAT M MOXKET ObITh HCIOJIB30BaHa ISl pac-
YeTa DHEPreTHYECKHUX TI0Ka3zaTellell 1 peKUMOB padOThI MpeoOpa3oBaTelis U MPU CHHTE3€ 3aMKHYTOW CUCTEMBI
ABTOMATUYECKOTO YIPABICHUS JUISl YIy4IICHUS JMHAMUYCCKUX XapaKTEPUCTUK TPeX(Ha3HOTO BIMPSIMUTEIIS.
Bropas maremarndeckast Mojieb peoOpa3oBaTelis 3aMcana B IPOCTPAHCTBE COCTOSIHUN KITIOUEH CXEMBI U
MOKET OBITh MPUMEHEHA ISl BBIOOPa ONTHMAIBHOTO BEKTOPA HANPSHKEHHUS! B POCTPAHCTBEHHO-BEKTOPHBIX
MeToAax Moaymsuuu. Bepudukanums moneneil mpoBeaeHa ¢ MOMOIIBI0 MMHUTAIIMOHHOTO MOAEIMPOBAHHS
B Matlab uactpymentamu 6ubmuorexu SimPowerSystem. PacueTsl ¢ TOMOIIBIO MaTEMaTHIECKUX W UMHTA-
[IMOHHOM MOJIENIeH MOKA3aJId BEICOKYIO CXOJUMOCTD PE3YJIBTATOB C TIOTPEIIHOCTRIO, HE TpeBbIIatomnieit 1%.
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AnHoranus. [Ipobrema aHamm3a kauecTBa MPHPOJHOTO Ta3a PEeNIaeTcsl TPAAUIHOHHBEIMI METOJaMH T'a30BOH XpOMaTo-
rpadun. B cratee npeiaraercs ajJbTepHATHBHBINA ITOIXO0]] C UCIONB30BaHUEM HEHPOHHBIX ceTeil. M3ydeHbl aBTOMaTH3UPO-
BaHHasi HHGOPMALMOHHAs CHCTEMa OIpeeIeHHs SHepPreTHUeCKUX ITapaMeTpoB NPHPOAHOTO Ta3a U ee (GpyHKIMOHNPOBAHHE.
TecTupoBaHue CUCTEMBI IPOBOJUIOCH HA DKCIIEPUMEHTANIBHBIX JAHHBIX, ITOJYYEHHBIX HAa PEalbHBIX Ia30BBIX CMECAX B Ja-
0opaTopHBIX ycIoBHAX. PaccunTanbl MoKa3aTenn KauecTBa rasza M CJeaH BRIBOJ O IIPUMEHUMOCTH CHCTeMBI. PazpaboTanHoe
MaTeMaTH4YeCKOe M MPOrpaMMHOE 00ecIeYeHHe IT03BOJISIET 00eCeYnTh BBHICOKYIO NTPOM3BOJUTEIILHOCTh HH(GOPMAIIOHHOM
CHCTEMBI B CIydasx, KOTJla CBOMCTBA ra3a MOTYT OBICTPO MEHAThCS M TpeOyeTcs MOCTOSHHBIN MoHHTOpUHT. Ha ocHOBe pe-
3yJIbTaTOB SKCIIEPUMEHTOB MPEI0KEHO aATOPUTMHUYECKOE PELIEHHE JUIs aHAJIN3a KaUueCTBa IPHPOIHOIO rasa, HO3BOJIAIOIIEe
MOJTyYUTh HEOOXOIMMBIE JAHHBIE C MEHBIIMMHI BPEMEHHBIMU U (PMHAHCOBBIMU 3aTPaTaMH.
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Introduction

To modernize oil and gas industry, as well as to solve complex industrial problems too difficult for
traditional methods, there are a large number of examples of how to use neural networks in this industry [1-5].
One of the promising tasks where artificial neural networks can be used is to analyze natural gas quality.
Currently, there are a large number of different methods to analyze the quality indicators of natural gas [6-9].

As a result of the study to analyze advantages and disadvantages of existing methods and automated
information systems to determine gas quality indicators, the following conclusions are made. Currently,
physicochemical methods of gas quality analysis and such methods-based systems prevail in industry. The
main methods are gas chromatography and calorimetry to determine the energy characteristics of natural gas.
Physicochemical methods to analyze the component composition and energy parameters of gas have a num-
ber of significant disadvantages. In particular, these disadvantages are high cost and large size of the equip-
ment. Also, it takes a lot of time to analyze a single sample.

Currently, alternative analytical methods to analyze gas quality, and systems based on these methods,
are being developed. However, these systems are not yet widely used. The characteristic features of systems
based on analytical methods are low time costs to analyze, to use models (in particular neural networks), to
obtain the required concentrations of components, to use relatively inexpensive and commercially available
measuring devices.

This article discusses the problem of calculating the required quality indicators of natural gas using ar-
tificial neural networks. The implemented solution based on the information processing method provides
analysis of gas quality with low time costs. The performance of the system is expressed in determining the
required quality indicators using data obtained from measuring instruments and software for calculating pa-
rameters.

1. AIS architecture

The developed architecture of the gas quality analysis system determines the component composition
of the equivalent pseudo-gas model and energy parameters of natural gas with low time costs. Also, the ar-
chitecture uses neural network models, in particular recurrent neural networks, to find unknown concentra-
tions of components of the equivalent pseudo-gas model if the measured properties of the gas are known.
Finally, the architecture measures physical parameters of gas with commercially available and relatively in-
expensive measuring devices.

The main advantages of the system are as follows. The system analyzes gas mixtures at low time costs -
up to several seconds (compared to tens of minutes for a portable gas chromatograph to do the same job),
and highly accurately as neural network models are used. The achieved accuracy is up to the third class
(£0.5 MJ/m®) in determining the energy parameters of gas according to the existing regulatory documents.
The system measures gas mixture parameters at lesser cost as it uses commercially available measuring de-
vices up to hundreds of thousands of rubles (the cost of a high-precision industrial chromatograph exceeds
one million rubles). Finally, the system has smaller size of the measuring equipment compared to a traditional
chromatograph.

To accurately analyze natural gas quality, various automated information systems (AIS) based on
physical and chemical methods of analysis are currently used in industry. It should be noted that when such
AIS is used, the analysis is ensured to be accurate as gas mixtures are measured directly and appropriately
process the data. But such systems have the following disadvantages: significant time and economic costs
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to analyze data, system development is labor intensive, and the system’s equipment is costly to service.
Therefore, it is relevant to develop a new method and means to process information, as well as an AIS to im-
plement them to analyze natural gas quality at low development and operation costs.

Currently, neural networks are widely used in oil and gas industry to solve industrial problems too
complex for existing methods and algorithms. Neural network models determine operational and cost indica-
tors, control pressure in a gas distribution network, forecast natural gas viscosity, etc. Neural network tech-
nology is also relevant to develop new methods and means to process information for intelligent analysis of
the quality of natural gas.

As a practical implementation of the proposed solutions, this article experimentally confirms the pro-
posed method of information processing, in particular, how to implement an AlS to analyze gas quality. In the
process of studying the system, the results obtained earlier in [10-12] are used. In particular, the developed
neural network model is used, apply the multi-criteria assessment to select input parameters, use the algo-
rithm to switch to an equivalent pseudo-gas model, assess reliability by means of a probabilistic method.

The AIS architecture functions as follows. At the process facility where it is planned to apply the de-
veloped AIS, in a bypass (a bypass pipeline of the process unit used to transport gas parallel to the shut-off
and control valves) from the main process pipe, there are two measuring chambers (main and backup).

The measurement data is sent to a personal computer via a concentrator. The measurements received
from the input data module are sent to an algorithm subsystem implemented on a PC in Matlab. The AIS
architecture consists of three main units: an information subsystem that implements the developed algo-
rithms, a subsystem to obtain measurement information, including measured physical parameters of gas;
a subsystem to calculate energy parameters. The neural network analysis algorithm chooses network archi-
tecture and trains the network.

The measurement information subsystem consists of measuring devices and equipment that can be used
to obtain values of physical parameters to evaluate how the system operates as a whole. It is worth noting
that this subsystem was tested on a model that has all the properties of the proposed system. In particular, the
subsystem is able to highly accurately analyze mixtures since the mixtures are prepared by mass flow con-
trollers, and measured using commercially available and relatively inexpensive measuring devices.

The studied subsystem of measurement information also visualizes the main measured parameters, in
particular, the speed of sound, thermal conductivity, and carbon dioxide concentration to clearly present the
measurement process. To visualize the process, algorithms from the corresponding subsystem are used, in
particular, the algorithm to visualize how the parameters of the initial mixtures and the parameters of pseudo-
gas mixtures differ from one another. The proposed subsystem to obtain measurement information was tested
on available measurement equipment, its main function is to provide measurement information for subse-
guent processing in the next subsystem.

2. Neural network architecture

The neural network algorithms generate data for the model, develop the model itself, train the model,
and test the model on a data array. The data import algorithm is designed to upload data in a convenient for-
mat; the format depends on the platform from where the data is imported. The main neural network analysis
algorithm includes a number of algorithms implementing the following functions: to skip a number of models if
there is no need to consider them; multicriterially assess input parameters and subsequently select the most
suitable set of input data; divide data into training, validation, and test samples, then choose sample size,
number of splits, and the fraction of data going to each of the samples; select sets of input and output data,
round them to values that can be obtained by measuring devices; calculate the matrix of correlation coeffi-
cients, normalize and cross-validate the data; implement neural network models.

For the neural network models, set parameters, including model architecture, training algorithm, training
termination criterion, number of training cycles. Then calculate training errors for all models, reversely
denormalize data, calculate accuracy indicators during training and testing of the neural network models and
select a model for subsequent testing.
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The architecture of the neural network model is a simple recurrent neural network (RNN) with one
hidden layer. The number of neurons in the input layer is three according to the number of input physical
parameters (sound speed, thermal conductivity, carbon dioxide concentration). The number of neurons in the
output layer is three according to the number of output concentrations of pseudo-gas components except for
the concentration of carbon dioxide. The number of neurons in the hidden layer is eleven. A sigmoid func-
tion in the form of a hyperbolic tangent for the hidden layer and a linear activation function for the output
layer are chosen as the neuron activation functions. The structure of the developed RNN is shown in Figure 1
(n, k, m - the number of neurons in the input, hidden and output layers).

Input Parameters: Inpat Hidden Output Output Parameters
Layer Layer Layer
(n=3) (k=11) (m=3)
{
= e _ Effective nitrogen

Speedofiseund ; . . 2NN concentration
Effective methane

Thermal conductivity smaisinguiilion v

Carban dIO.XIde ’ e\ ./T\;h A Effective propane
concentration A

Y 1 concentration

Fig. 1. Neural network model to determine an equivalent pseudogas mixture

The stage of developing a statistical model includes a number of sequential tasks that must be solved
to develop the required model, namely, choosing a statistical model, choosing a model architecture, choosing
model parameters, training the model, assessing the accuracy of the developed model, testing the developed
model. Each of these stages is a multi-stage task, consisting of several subtasks that must be solved for the
successful development of the required model. It should be noted that before training the model, the data are
cross-validated, i.e. cross-validation is a method of evaluating an analytical model and its behavior on inde-
pendent data.

The model is tested on a test data sample. This sample includes data that was not used to train the neural
network model. The preliminary test sample includes more than four thousand gas mixtures, formed similarly
to the training sample, which included approximately one hundred thousand gas mixtures.

The algorithm subsystem gives an important advantage to the proposed architecture of the AIS for gas
quality analysis. The algorithms are implemented to prepare the data array and develop the neural network
model. At this stage, due to the multifunctionality of the subsystem, it is possible to skip or modify some
stages, and so to adjust the subsystem to a specific task. Also in this subsystem it is possible to preliminary
train and test the model, multicriterially assess the input parameters, switch to the equivalent pseudo-gas
model and other algorithms that make it simpler to further develop the system and provide an opportunity to
test some stages of the system's operation.

To assess the accuracy of the model, as in the previous steps, the following parameters are calculated:
average absolute error and average relative error. Given the fact that a model can have a satisfactory average
error, but at the same time have outliers at individual points, it is also necessary to calculate the maximum
absolute error and the maximum relative error.

3. Algorithm subsystem and software

This subsystem includes software with implemented algorithms for the main functions of the subsys-
tem. In the proposed implementation of the system simulation model, the application software package for
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solving technical computing problems Matlab with the NIST REFPROP plugin is used as software. As a
package of application programs for implementing algorithms and calculating gas parameters in the problem
under study, it is possible to use software that operates on modern operating systems, including Linux, macOS
and Windows, in which it is possible to implement the given algorithms, which is an advantage of the developed
system - the property of the multifunctionality of the system.

The algorithms subsystem includes the following algorithms: algorithms for generating calculated data,
algorithms for conducting neural network analysis, algorithms for primary data visualization.

The algorithm for forming the component composition of a gas consists of setting the minimum and
maximum (according to standards) concentration values of each component, followed by enumerating all
possible variants of the component composition with setting the step for each component. The algorithm for
calculating the component composition of an equivalent pseudogas model consists of using the methods
described above to calculate, based on the component composition of the source gas, the component compo-
sition of a four-, five-component pseudogas model or two types of pseudogas simultaneously, which can be
specified in this algorithm. The algorithm for setting temperature and pressure allows you to add pressure
and temperature values in the specified range to the component composition to generate calculated data.
The algorithm for calculating physical parameters and energy characteristics for a source gas and a model of
an equivalent pseudogas consists of choosing the standard by which the calculation will be made, selecting
the parameters to be calculated, units of measurement, generating a report on possible calculation errors
and generating an array of calculated data. The diagram of the algorithm for calculating physical parameters
and quality indicators in NIST REFPROP is shown in the figure 2.

Composition of gas and pseudogas with
temperature and pressure

Selecting the number and type of models

for calculation

Selecting the quantity and type of mixture
COMPONENts

Selection of input parameters
(default temperature and pressure)

Selection of output parameters
(default physical parameters and quality
indicators)

!

| Selecting units of calculation

Calculation of specified parameters in
NIST REFFROP

Handling calculation errors

Physical parameters and quality
indicators for gas and pseudogas

Fig. 2. Scheme of the algorithm for calculating physical parameters and quality indicators in NIST REFPROP

Algorithms that implement neural network analysis consist of generating data for the model, developing
the model itself, training it, and testing it on calculated data. The data import algorithm is designed to generate
a convenient for presentation type of calculated data, depending on the platform from which the import is
carried out. The main algorithm of neural network analysis includes a number of algorithms that implement
the following functions: multi-criteria assessment of input parameters; dividing data into training, validation,
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test samples with a choice of sample size and number of splits; selection of a set of input and output data;
calculation of the matrix of correlation coefficients, normalization and cross-validation of data; implementa-
tion of statistical models, calculation of accuracy indicators when training and testing statistical models.
Algorithms for simulating a statistical model consist of testing the model selected in the previous step and
calculating accuracy indicators at the model testing stage. Algorithms for visualizing calculated data consist
of constructing graphs based on differences in the parameters of initial gas mixtures and models of equiva-
lent pseudo-gas mixtures to calculate the deviation and its contribution to the error of the method, as well
as graphs on the process of training and testing models to search for possible errors in the course of these
processes and eliminate them from the implementation of the algorithms.

The subsystem of the above algorithms is an important advantage of the developed gas quality analy-
sis system, which implements algorithms for preliminary preparation of calculated data and development of
a neural network model. At this stage, due to the multifunctionality of the subsystem, it is possible to skip
or modify some stages, adjusting the subsystem to a specific task. Also in this subsystem it is possible
to implement preliminary training and testing of the model, multi-criteria assessment of input parameters,
transition to an equivalent pseudogas model and other algorithms that simplify further development of the
system and make it possible to test some stages of the system’s operation.

4. Experimental testing

The subsystem of gas analysis was implemented using the same software as the algorithm subsystem.
To test the proposed subsystem, a measurement experiment was conducted. In the experiment the physical
parameters of gas are measured, in particular, the speed of sound, thermal conductivity coefficient and carbon
dioxide concentration for the original gas mixtures and for the corresponding four- and five-component
pseudo-gas mixtures. These parameters under the selected thermodynamic standard conditions were measured
by two identical measuring devices to assess how reliable the obtained measurement data is. The speed
of sound and thermal conductivity were measured for a matrix of gas mixtures. This matrix was built by
gradually increasing the content of the components to cover the selected object, namely Russian natural gas.
The studied gas mixture matrix corresponds to the ranges of components of Russian natural gas. This,
in turn, means that in the experiment, all the natural gas under study was covered; this is another advantage
of the system in terms of its testing coverage.

Figure 2 shows the thermal conductivity data for a methane-nitrogen gas mixture. Figure 3 shows the
measurement results for the mixture of 96% methane, 4% nitrogen. It is worth noting that the jumps in
graphs 3 and 4 are explained by the fact that at the beginning and end of the measurements, a check is made
on pure methane to control how reliable the measurements are and to further correct the data on temperature
and pressure.
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Fig. 2. The results of thermal conductivity measurements in a methane - nitrogen mixtures
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Fig. 3. The results of thermal conductivity measurements for a 96% methane,

At the next step, the accuracy indicators are calculated of both the component composition of the
equivalent pseudo-gas model and of the energy parameters of the gas. This subsystem tests the developed
neural network model on the obtained experimental data after the model is corrected and the data is prelimi-
narily processed. The testing results (with the calculated maximum absolute deviation (MAD), average abso-

lute deviation (AAD) and root mean square deviation (RMD) are shown in Table.

Accuracy of component composition of pseudo-gas determined
by neural network model on experimental data

Component MAD, molar fraction, % AAD, molar fraction, % RMD
Methane 0,93 0,55 0,63
Propane 0,56 0,38 0,37
Nitrogen 0,48 0,27 0,25

Figures 4 and 5 show how accurately the energy characteristics of the gas are determined (lower vol-
umetric calorific value and Wobbe index).
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Fig. 4. Accuracy of volumetric calorific value determined by neural network on the testing stage
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Fig. 5. Accuracy of Wobbe index value determined by neural network on the testing stage.

4. Conclusions

An automated information system is developed to determine the values of energy characteristics of
natural gas based on measurements of a given set of gas physical parameters. The AIS architecture consists
of an information subsystem that implements the developed algorithms, a measurement information subsystem,
and an analysis subsystem. The advantage of the system is its distributed structure, which means that failure
of one of the units does not lead the entire system to stop completely. The AIS operates by means of software
to perform calculations and measuring devices to provide measurement information.

It is worth noting that high system performance of the system is extremely important for cases where
gas properties can change quickly and need to be monitored constantly. For example, the system can monitor
how associated gas from oil fields is processed, where the oil fields previously went into flares. Also, the
system can monitor gas obtained by hydraulic fracturing, and biogas from various sources [13, 14].

A number of algorithms, methods, and technologies were implemented in the system. These include
neural network technologies, multi-criteria assessment of input parameters, an algorithm to switch to an equiva-
lent pseudo-gas model, and reliability assessment using a probabilistic method. All these methods also provide
advantages to the system. The developed methods and architecture of the system allow us to study and ana-
lyze various modern methods to determine the quality of natural gas, to verify how equipment operates, and
to experimentally study how to assess the accuracy of natural gas quality measurements. Based on the research
results, an algorithmic solution was proposed, and software was implemented to operate within the existing
automated information system to analyze natural gas quality with lower time and financial costs. A crucial
part of further work is the calculation and study of the reliability of the automated information system [15].
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Annoramus. CHopMyIHpOBaHO CTPOrOe ONpeJieIeHNe BIIOJIHE HHTEPIPETHPYSMON HedIeMEeHTapHO! JTHHEHHOH
perpeccuu, coiepskalee AeBATh yCJIOBUN. J{1s1 KOHTPOJIS MyJIBTUKOJJIMHEAPHOCTH B ONTHUMU3ALIMOHHYIO 3a/1auy HH-
TETPUPOBAHbI JIMHEHHBIC OrPAaHUYCHHS Ha MHTEPKOPPENAIMU KaK MEXIy BHEIIHUMHU PErpeccopaMy, TaKk U MEXIY
BHYTPCHHHMH NEPEMEHHBIMH M3 Pa3HBIX perpeccopoB. MareMaTndeckuii anmapaT ObUI pealn30BaH B CIICIHAIH3H-
pOBaHHOI KoMIbIOTEepHOU MporpamMe. C MOMOIIBIO 3TOH MPOrpaMMbI 10 peajbHBIM AaHHBIM YCIIEIIHO MOCTPOEHa
BIIOJIHE MHTEpIpEeTHpyeMasi HedJIeMeHTapHas JINHEHHasT perpecchs, YAOBIETBOPSIOMAsl BCeM AEBATH CHOpMyIIHpO-
BaHHBIM YCJIOBUSIM.
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Abstract. The article formulates a rigorous definition of quite interpretable non-elementary linear regression,
containing nine conditions. To control multicollinearity, linear constraints on intercorrelations between both external
regressors and internal variables from different regressors are integrated into the optimization problem. The mathe-
matical apparatus was implemented in a specialized computer program. Using this program, a quite interpretable
non-elementary linear regression has been successfully constructed using real data, satisfying all nine formulated
conditions.
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BBenenune

B HacTos1mee BpeMsi ¢ MOMOILBIO MOJENeH MAaIIMHHOTO 00YYEeHHUs PEIIaeTCsl MHOKECTBO MPHKJIAAHBIX
3aJa4 B CaMBbIX Pa3HBIX O0JACTAX AEATENBHOCTH uenoBeka (cMm., Hamp.: [1-3]). K omHOMYy M3 TiaBHBIX
CBOICTB Mojeniel, 6€3yCIIOBHO, OTHOCHTCS TOYHOCTE. JIF0Oast MaTeMaTraeckast MOJIeh C HU3KOW TOYHOCTHIO
HE MMEET HUKAKOW NMPaKTU4EeCKON Mosb3bl. [Ipy 3TOM BBICOKOTOYHBIE MOJENH, HAIIPUMEP B BHUAE MHOTO-
CJIOMHBIX HEMPOHHBIX CETEel, 3a4acTyl0 MOXKHO OXapaKTEpPH30BaTh KaK I'POMO3JKHE «UEPHBIE SIIIUKI», 00b-
SICHUTh MEXaHU3M (DyHKIIMOHHPOBAHMSA KOTOPBIX HE NPEICTaBISIETCS BO3MOXHBIM. Eciiu Takas «HeoObsc-
HUMas» MOJENb MPUMEHAETCS NI PEIICHUsT HECEPhE3HOW 3ajad, HallpUMep IS MPOTHO3MPOBAHMA dHCIIa
MIPOCMOTPOB BHJICOPOIUKOB HA HEKOTOPOM HHTEPHET-PECYPCE, TO BPSL JIX CTOUT TPATHTh BPEMSI M IIBITATHCS
KaK-TO €e OOBSCHWUTh, BeJb INIABHOE, YTOOBI OHA JaBajia TOYHbIE IporHo3bl. Ho eciu pemaercst cepbe3Has
3a/1a4a, HAIpUMeEpP C MOMOIIBI0O MOAETH MAIIMHHOTO OOyYeHHUS CTaBUTCS MEAMIWHCKUAN AMArHO3 YEIOBEKY
60 BRIHOCHUTCA Cyne0HOE pelleHne, TO OJHOM TOJIbKO TOYHOCTH HelocTaTouHo. HyKHO eme mokazaTts, 9To
MOJIeTh KOPPEKTHO paboTaeT BO BCEX BO3MOXKHBIX CHUTyallMsIX W He OyneT naBaTh cOoeB. IHBIMU croBamu,
HY’KHO TIOBBICUTH JIOBEpHE K MOJENH, T.€. CACNATh TaK, YTOOBI Y CHEIHAJINCTOB HE BO3HUKIO HUKAKHX CO-
MHEHHUH OTHOCHUTENIPHO €€ BHEIPECHIS B IIPOM3BOJICTBEHHEIN mporiecc. s a3Toro Tpedyercss MoIes HHTEp-
MIPETUPOBATH, YTO O3HAYAET OOBSICHUTH MEXaHM3M €€ (DYHKIIMOHHPOBAHUS B TMOHSATHBIX JUIS YEIOBEKa Tep-
MuHax. MHTepnpeTnpyemMoe MammHHOEe OOydeHHe, BO3HHKIIEE OTHOCHUTENBHO HeAaBHO [4, 5], sBmsercs
aKTyaJIbHBIM HayYHBIM HAIpPaBJICHWEM Ha CETOAHSAIIHUN IeHb [6, 7].

B monorpadun K. MonHapa [5] K HHTEpIpPEeTHPYEMBIM MOEISAM MAaIIHHHOTO OOyYeHHUS OTHOCSTCS
CIIEYIONINE BHUIBI PETPECCHOHHBIX MOJENel: NuHeHHbIe [8] W JorucTudeckue perpeccuu [9], a Taxxe
00o0mmennbie nHeinble [10] u agautuBHbBIe Moaenu [11]. TIpu 3TOM yHUBEpCaIBHOTO CTPOrOro Marema-
TUYECKOTO ONpeesieHUs] HHTEPIPETUPYEMOH MOJIENH TOKa He cymiecTByer. B [12] aBTopom Oblam pac-
CMOTPEHBI BOMPOCH! ITOCTPOEHUS BIIOJIHE MHTEPIPETUPYEMBIX JIMHEHHBbIX perpeccuit (BUJIunP), npuyuem
unentuukanus BUJIuHP ocymiecTrisiack ¢ MOMOIIBIO MeTOJa HauMeHblnx kBajaparoB (MHK) [13],
a Juist orbopa uHdpopmaTuBHbiX perpeccopos (OUP) [14, 15] ucnons3oBancs anmnapaTr 4aCTUYHO -0yJIEBOTO
nuneriHoro nporpammupoBanust (UBJIIT). Orpannuenus B 3anaue UBJIII craBunmch Ha 3Haku kKoddduu-
€HTOB perpeccuu u abCONIIOTHBIC BKJIAIbl IIEPEMEHHBIX B OONIYIO JIETEpMUHALIMIO, YTO TIO3BOIHIO 3P dek-
TUBHO OOPOTBCS ¢ MYJIbTHKOJUIMHeapHOCThIO [16, 17]. B [18] B 3amaue nocrpoenust BUJIuaP nossunucs
JOTIOJTHUTENbHBIE OTpaHUUYeHHsI Ha KO3 GUIHEHTH MHTEepKoppessiuid. CTporoe MaTeMaTH4ecKoe Orpe-
JICJICHUE BIIOJIHE MHTEPIPETUPYEMbIX KBaswinHelHbiXx perpeccuii (BUKJIuuP), o6o6marmmux BUJIuuP,
MosIBUIIOCH B [19].

[Iponecc moucka HOBBIX XOPOIIO WHTEPIPETHPYEMBIX MaTeMaTHYECKHX (OPM CBSI3M MEXKAy Iepe-
MEHHBIMH TIpojioipkaercs. Tak, B [20] ¢ ucnonp3oBaHreM OMHApHBIX OnepaiMid MiN ¥ MaxX BBEACHBI Hedlle-
MeHTapHble JuHeiable perpeccun (HJIunP). Tam xe 3agaua OMP B HJIunP Opina dopmanuzoBana B BuIe
3agaun YBJII. JIoCTOMHCTBO TakuX MOJENEH B TOM, YTO OHH JIETKO UHTEPIPETUPYIOTCS B BHJE KYCOYHO-
3aganHbIX QyHkumid. [lostomy B [21] 3amaua YBJIII Obia pacumpeHa orpaHMYEHUSIMH, C TIOMOIIBIO KOTO-
PBIX MOXHO KOHTPOJHMPOBATh abCOJIOTHBIC BKJIAAbl MEPEMEHHBIX B OOIIyI0 AeTepMuHanuio. [loxydeHHoe
B pe3yJbTaTe €€ pelIeHUs YpaBHEHHE Ha3bIBACTCS BIOJIHE MHTEPIPETUPYEMON HE3EMEHTApHOMN JMHEHHON
perpeccueii (BUHJIunP). Onnako crpororo marematuueckoro onpeaenenus BUUHJIunP moka emie maHo He
osuto. K ToMy xe B 3amaue UBJIII s moctpoenuss BUHJIuHP He Obutm 3ameficTBOBaHBI OrpaHUYEHUS Ha
MYJIBTUKOJITIMHEAPHOCTh, YTO BCE K€ HE MO3BOJIAET MOJHOCTBIO OTHOCHTH TAKHE MOJIENH KO BIIOJIHE MHTEP-
nperupyeMbiM. Llenb qaHHON cTaThy 3aKIIF0UACTCS B PEIICHUH ABYX YKa3aHHBIX IIPOOIIEM.
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1. BnoJsiHe uHTepnpeTHpPyeMble HedJleMeHTAPHbIe JIUHelHble perpeccuu

IIycTs mMeeTcs: BRIOOpOYHAsI COBOKYITHOCTh 00BeMa N, coaepKaliasi 3Ha4eHUs 3aBUCUMON (0OBSICHS-
eMoii) mepeMeHHOM Y 1 | He3aBUCHUMBIX (OOBICHSIOMINX) TIEPEMEHHEIX X1, X2, ..., XI. PACCMOTPHM BBEICHHYIO

B [20] HJIunP ¢ Hem3BECTHBIMH TAPAMETPaMHU Oy, O , | =11, oM, o™, kM, k™, j=1,C?, Buma

I ct
_ min H min
Yi—ao'*'zlajxi,j_}'z;aj mln{xilUj‘l’kj Xi’uiz}—'—
i= i=
ct
max
+> af max{x
=1

,k;naXXi.}lj,z}_l_gi , i :1,n , (1)

iu j1
2 o o -
rae C” — umcno coueranuii 6e3 moBTopeHuit u3 | aemMeHToB 1O 2; MiN, Max — OMHApHBIE ONepaliy, BO3Bpa-
IIAIOINEe MHHUMYM M MaKCHMYM JBYX YHCEI COOTBETCTBEHHO; [, W;,, j=1 C,2 — DIeMeHTHI MaTpuisl M
2 o
pasMepa CI X 2 N coz[epmamen B CTpOKaX B HCKCI/IKOFpa(bI/I‘IeCKOM HOpHZIKe BCE BO3MOKHEBIC KOM6I/IHaHI/II/I Hap

MH/ICKCOB OOBSCHSIOIIMX HEPEMEHHBIX; €, | =1,N, — ommbKy anmpoxcuMaruy; X; # 0,i=1n, j=11.

Kak ormeueno B [20], o06macTu BO3MOXKHBIX 3HAUCHHU OIICHOK IMapamMeTpoOB kj”"”, ki™, j=1 C’?,

MOKHO 3ar1caTh B BUJC:

kj{nin,k}‘nax E(k}mm}l,k};epxn) , j :1' CIZ , (2)
e k= mind 2 S gy e e
le/lj,z anﬂj,z Xlu“j‘z X”vﬂj,z

PaBHOMEpHO pazbuBas nmpomexyTku (2) p Toukamu [20], nepeiinem ot HJIunP (1) k nuneiiHO# 10 ma-
paMeTpam perpeccuu:

I cl ¢t p
Vim0 D0+ DY G Zy + D> oGz e, i=1n, (3)
-1

=1 k=1 =1 k=1

rae zijfk:min{xiypj‘l,kjkxi’m}, zi}k=max{xiyujvl,7ujkxi’“j’2}, i=1n, j=1,C|2, k=1,_p; xjk, j=1,CI2,

k=1 p — onemenTsl MaTpuisl A pasmepa C x P, KaxIblil U3 KOTOPHIX paBeH K-if Touke paz6ueHHs j-ro

npomexyTka (2); o, o, j=1, C/,k =1,_p — HEU3BECTHBIC TTApaAMETPHI.

Hcnonw3ys moxens (3), BBenem crporoe onpenenenue BUHJIuuP.

Omnpenenenune. HJIunP (1), ouenennas ¢ nomompo MHK, Ha3kiBaeTcst BIIOTHE HHTEPIIPETHPYEMOIA,
ecIIu:

1) kaxaast OOBACHSIOIIAS TEPEMEHHAs! BXOJMUT B MOJIENb He 00Jiee 0JHOrO pasa;

2) 3HAKH BCEX KOB(i)(I)I/ILII/IeHTOB KOoppesnnn ryx_ ) J Zﬂ, ryz, , ryf , _| =1, C|2 , k =1,_p , YAOBJICTBO-
i ik ik

PSIOT collepKaTeIbHOMY CMBICITY PeIllacMOn 3aauH;
3) 3Haku Bcex KOAPPHUIIMEHTOB TPEICTABICHHOW B BUIE KYCOYHO-3aJaHHOW (QYHKI[MHA MOJIENN COTJIa-
CYIOTCS CO 3HAKAMH COOTBETCTBYIOIINX KO3 (PUIIMEHTOB KOPPEISIIIUU M, 5

4) BCEC aGCOJIIOTHI)Ie BKJIaJIbl pErpeCCcopoOB B 06HIYIO ACTCpMHUHAIIUIO Rz HE€ HHNXKEC BI>I6paHHOFO qucia
0e[0,1);
min  ~ max

5) Bee ouenku G, @, &7 3Ha4MMbI 1O t-kpuTEpHI0 CTHIOAEHTA /T BBIOPAHHOTO yPOBHS 3HAYH-

MOCTH O ;

6) Bce MHTEPKOPPEIISIMU KaK MEKAYy BHEIIHUMU PErpeccopaMy, TaK U MEXTy BHYTPEHHHMH Iiepe-
MEHHBIMHU U3 Pa3HbIX PErpeccopoB He3HauuMbl 10 {-kpureputo CThloJeHTa AJIsl BBIOPAaHHOTO YPOBHS 3HA4u-
MOCTH O ;

33



O6pabomka ungopmayuu / Data processing

7) Bce BCIOMOTATEIbHBIC 3aBUCHMOCTH Ka)K/I0TO perpeccopa OT OCTaJbHBIX HE3HaYMMBI 1o F-kpuTe-
puto ®umepa A8 BBIOPaHHOTO YPOBHS 3HAUUMOCTH O |

8) mMozenb B 1esioM 3HaunMa 1o F-kpurepuro dumniepa 1uisi BBIOPAHHOTO YPOBHSI 3HAYUMOCTH O ;

9) k03 PUIHUEHT TEeTePMHUHAIIMH MOJICITH R?>0,8.

[TpoxoMMeHTHpPYEM Aajiee HEKOTOPBIE YCIOBUS CPOPMYITUPOBAHHOTO OMIPEACTICHUSI.

VYcnoBue 2 MOKHO poBepHTS ere A0 oueHnBanus HJIuuP. [lns storo tpedyeTcs yyacTue 3KCIepToB
13 JaHHOHM mpeaMeTHOH obmactu. X 3amada cOCTOUT B aHAJM3€ COOTBETCTBUA COJIEPKATEIEHOMY CMBICITY
3HAKOB KO3 (HULUNEHTOB KOPPEISLIUA MEXIY perpeccopaMu U mepeMeHHoH Y. Eciu BbIsIBIEHBI HECOOTBET-
CTBHSI, TO UCIIOJIb30BATh TAKHE PETPECCOPHI B MPOIECCE OIIEHNBAHUS MOJIENN HE CIIETyeT.

3aMeTHM, YTO €CJIM IKCIEPTHI COrTIaCOBAIM KOPPEISIUH MEXAY OOBACHAIOUIMMHU MEPEMEHHBIMU H Y,

TO COIVIACOBAHME KOPPENAUMH MENLY Y M NIPE0OPa3OBAHHBIMU TIEPEMEHHBIME Z, Zj, | =1, C/, k=1p,
MOJKHO aBTOMaTn3upoBarh. Hampumep, nmpeoOpasosanue MIin{x;,K-X;} He HYkKHO MCKIHOYATh, €CIH I

HET'0 BBIIIOJIHACTCA OJHO U3 YETHIPEX yCJ'IOBPIIZI

1) k>0, 1, >0, 1, >0, 1 g iy > 05
2)k>0,ryxi<0,ry <0, 1) ing ey <05
3)k<0,ryxi>0,ry <0, 1y mingx iy > 05
4)k<0,ryxi<0,ry >0, 1y ringx ey <0

Yenosue 3 paBHOCUIIBHO BBINOJIHEHUIO HepaBeHeTs o -1, >0, j=11; aj - r. >0, o . >0,
] 1Ejk 1£jk

. 2 A
j=1C?, k=1p.
®urypupyolye B yciaoBur 4 abCOMIOTHBIE BKIIAIbl PETPECCOPOB B OOLIYIO JETEPMHUHALMIO IS MO-

nenu (3) HaxomsaTcs mo (opmysiam Cffc =T, -Bj , jzilj; C% =y B C¥ =y | B, j=1,C,2
i j Zj Yz ] Zj Yz ]

k=1p p,rae B;, j=L1; By, B, =1 C?, k :1,_p — HEW3BECTHHIC MapaMeTpbl CTaHAapPTU30BAHHOU pe-

rpeccuun Buja

ZB] |]+22B1kzuk+ZZBszuk+8 i:]" ’ (4)

j=1 k=1 j=1 k=1

Y e e LN TN e o AT Ik e Bk

B KOTOpOH Y, =

k =1,_p ; €, 1=1,N — HOBBIEC OIMOKH ANMPOKCUMAIINH.
[Ipu 3TOM CrIpaBeIMBO ClIEAyIOLIEe paBeHCTBO'
zCa6c+zzCa60+ZzCaéc R2
j=1 k=1 j=1 k=1
roe R? — Kod(pGUIMEHT AeTepMHUHAINH, olleHeHHOH ¢ moMotibpio MHK perpeccuu (3) nim (4).

VYcnoBust 6 1 7 0TBEYAIOT 3a KOHTPOJIb 3 (deKTa MyIbTUKOUTHHEAPHOCTH B MOJIEIIH.
[Hosicaum ycnoBue 6 Ha npoctoM npumepe. Ilycts ouenennass HJIuuP umeer Bun:

§=2+3x% +4min{x,, 8%} + 6max{x;,2x,}.
Torma HHTEPKOPPEITSIIUAMA MEXITY BHEITHUMHU PETPECCOPaMU SIBIISIOTCS KOAPPHUIIMESHTHI KOPPETSAINHA MEK-
ay X1 m min{x,, 8%}, x1 m max{x;,2x,}, min{x,,8x} u max{X;,2x,} . A HHTePKOPPEIALMIMA MCKIY
BHYTPEHHHUMH MEPEMEHHBIMH U3 Pa3HBIX PErPeCcCOPOB SBIIAIOTCS KOI(DOUIIMEHTBI KOPPEISAIIUN MEKIY X1 U X2,
X1 U X5, X1 X1 X3, X1 U X4, X2 U X3, X2 U1 X4, X5 U X3, X5 U X4.
Ecau B ycnmoBuu 6 BeIOpaH ypoOBEHb 3HAUYUMOCTH O, TO, KaK OTMEUYEHO B [21], mHTEpKOppEIIIUH
OynyT He3HauuMbl 10 {-kputeputo CThIOJIEHTA TOT/A, KOT/Ia BCE OHU 1O aOCONIOTHOW BETWMYHHE OYIyT
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tr (01N — 2)

, e t
\/n 2+t (a,n-2)

MEHbIIC Yucia I =

(oc, n-— 2) — KpUTHUEcKas Touka pactpeneneHus CToio-

KpHUT

JIEHTA.

Kax Bugno, npencrasienHoe omnpenencarne BUUHJIMHP HOCHT CyOBEKTHBHBEIN XapakTep, MOCKOJIBKY
OKOHYATeJbHBIH BBIOOP uncia O B yciosun 4, ypoBHeii 3HAYMMOCTH o B YCIOBUAX 5, 6, 7, 8 1 Jake rpaHHIbI R
B yCIIOBUU 9 octaercs 3a ucciienoBareneM. [[IoHITHO, 9TO OT 3TOro BbIOOpa OyIyT 3aBUCETh Pe3yJIbTaThl MO-
JIeTTUPOBAHUSL.

Iepeiinem k popmanuzanmu 3anaun OWP B crannapTr3oBaHHON perpeccuu (4) ¢ IOMOIIBIO anmapara Ma-
TEeMaTUYECKOr0 POrpaMMHUPOBaHU. PerieHne 9Toii 3a/1aun, €CIIM OHO CYIIECTBYET, IOJDKHO FapaHTUPOBATh BbI-
MOJIHEHHUE YCIIOBHH BhIlenprBeaeHHoro onpenenenns BUHJIunP. [{ns sToro BBenem OuHapHbIe IepeMEHHBIE

8,0}, j=1I; §,,8, {01, j=1C?, k=Lp, (5)
OTBEYAIOLIME 32 BXOXKACHHS perpeccopos B Mozenb (4). Hanpumep, ecnu 8, =1, To perpeccop Z; BXOAWT B
perpeccuto, a eciu 6y =0, TO HeT.

I[J'IH BBITIOJIHCHHA YCJIIOBUA 1 HY>XXHO BBECTHU OFpaHI/I‘ICHI/I}I

3 +225m+228;31 =11, (6)
ieY; k=1 ieY; k=1

rae Y; — MHOMKECTBO HOMEPOB CTPOK MaTpuilbl M, colepalluX CPe/Iu CBOUX DIIEMEHTOB YHUCIIO |.

VYcnoBue 2, Kak yKe 0TMEeUYalIoch, IPOBEPSIETCS 1O PELICHUs 3aJauu.
BrinonHenue ycnoBust 3 rapaHTUPYIOT OTpaHUYeHUs

0<B;<M-3;, jefs|r, >0}, ()
-M -3, <B; <0, je{s|r, <0}, (8)
0<B, <M-&,, ( e{(sls rz;§2>0}’ 9)
M -5, <B;, <0, ( 6{51,52 y5,152<o}, (10)
0B} <M -5, (1k)e|(sus,)Ir, >0}, (11)

M 8, <P}, <0, (j,k)e{(sl,sz)lryf <o}, (12)

5152
rae M — 6ombITIoe TTOJIOKUTEIEHOE YHCIIO0, TIPOIIeTypa BEIOOpa KOTOPOTo MoApoOHO onvcada B [20].
VYcnoBue 4 KOHTPOJIUPYETCSI C IOMOIIBIO OTPaHHYCHHI

rny'sze'Sj’ j:]j; (13)

r_ B, 20-8,, j=1¢", k=1p, (14)

YZjk

r . ﬁ,k—e ajk’ ji=1¢%, k

YZjk

(15)

Il
[
o

B KoTOphIX 4yncio 0 €[0,1) pekomenmyercs Opath He HIKe 0,05.
JUitst KOHTPOJISI HKHTEPKOPPEISILIMIA MEX/Ty BHEITHUMHU PErPecCOPaMu B YCIOBUH 6 BBEIEM OTPaHHICHUSI
(848, -1)<r, i=11-1, j=i+1l, (16)

r

%X

r

X; Zsk

(5, +8, ~1)<r, ‘r +

XjZg

(8;+85 ~1)<r, j=1I, sex\r,, k=1p, (17)

(85 +05, —1)<T, -~ (85, +8%,, —1)<r, j=11-1, j,=j+1l,
e, NY, k=Lp, s,er\(Y, UY,), s <5, k=1p, (18)
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(85 +80,, —1)<r, i =11-1, j,=j+L1,

- o+
Zsikq Zspky

seY, AY,, k=1p, s,eY\(Y, UY,), k=Lp, (19)

rae Y — MHOKECTBO HOMEPOB CTPOK MaTpHilsl M.

[HonoOGHbIi preM Ui TUHEHHON perpeccuu MoxHO Haiitu B [18]. Orpannuenus (16) npeaHasHaue-
HBI JUIsI KOHTPOJISL HHTEPKOPPEISIIUN MEXTy 0OBACHSAIONIMMHU MTepeMEeHHBIMY, (17) — Mex Iy 00BACHIIOIINMU
MEpEMEHHBIMU U OMHAPHBIMM OmepaiMsaMu Min u max, (18) — Mexxy OMHapHBIMHU oIeparusasMu Min 1 min,
max u max, (19) — mexay OMHapHBIMH oliepanusMu MiN 1 Max.

[t KOHTPOIISI MHTEPKOPPESIUMI MEXIY BHYTPEHHIMHU NIEPEMEHHBIMU U3 Pa3HBIX PErpeccopoB HYX-
HO UCIIOJIB30BaTh OrpaHUYCHHUS

o (85 +85 1)< (5J+5* 1)<r, j=11, ser\Yr;, k=Lp, (20)
b |(8;+8% - )s foo (8, +85—1)<r, j=1I, seY\Y;, k=Lp, (21)
| (B T80 —1) ST |ng 18y +80,, 1)<,
o | (B #8000 ~1) ST [n o [(8a +85,, —1) <,
j=11-1, j,=j+1l, sleleijz, k=1p, s,eX\(Y, UY,), s<s,, k,=Lp, (22
6 s ( O —1)Sr, B ( O —1)sr,
- (85, +8%,, —1)<r, h (85, +85, ~1)<r,
j,=11-1, FHLL, s e, AY,, k=Lp, s,er\(r,uY,), s<s,, k,=Lp, (29
s -(5;1k1+5;2k2 -1)<r, b (5;k1 55, —1)<r,
‘ (85, +85,, 1)<, s (85, +85,, —1)<r,
h=11-1, j,=j+Ll, s;.eY, nY,, k=1p, s,eY\(Y, LY, ), k,=1p. (24)

Orpannyenus (20) npeaHa3HAYSHBI JJIST KOHTPOJIST HHTEPKOPPENSAIUA MEXTy BHYTPEHHUMH TTePEMEH-
HBIMH U3 PErPECCOPOB C OJHOM MEPEMEHHOM U perpeccopoB ¢ onepauuei min, (21) — u3 perpeccopos ¢ oj-
HOW TIEpEMEHHOU W PErpeccopoB ¢ omeparmeir Max, (22) — u3 perpeccopos ¢ omepamusmMu Mmin, (23) —
U3 PErpeccopoB C onepainusaMu Max, (24) — u3 perpeccopoB ¢ onepauusMa Min 1 max.

B 3aBrcumMocTH OT OMHAPHBIX IEPEMEHHBIX H3MEHEHNE KOH(UTYpaliy CUCTEMBI JIMHEWHBIX airedpa-
HWYECKUX ypaBHeHUH ais HaxoxaeHus MHK-o1ieHOK cTaHIapTH30BaHHOM perpeccH MOXKHO 3arucarh B BU-
JIe CIEAYIOUIMX OTPAaHUYEHUI:

(13,
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3 Bt S Bt SN, B, <AsM . L G)

k=1 s=1 k=1 s=1 k=1
R AR IS 3
o1 K 15,1 Zy5 2k
C|2 p -
+2.2, o Bl =T, SA=8OM, j=1C?, k=1p, (26)
s=1s,=1
I ¢ p
(RN LD S A R 3 S S
s=1 s, =1s,
c? L
+Zirz* b2 B;S _ryf S(1_6-;—k)|\/| ’ j:l,Clz’ k=1, . (27)
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Hanpuwmep, ecu 8, =1, 4T0 03HAYACT, YTO PErpeccop Z; BXOAHT B PETPECCHIO, TO COOTBETCTBYIO-

miee BOfHOE HEpaBEHCTBO (26) TpaHC(hOpMHUPYETCS B CTPOTOE paBEeHCTBO. VIHBIMU CJIOBaMH, IPOUCXOIUT
BKJIIOUYCHHE YPAaBHEHHS B ciCTeMy. B mpotuBHOM ciy4ae, koraa &, =0, BkitoueHns He npoucxonur. Iloa-

XOJI K BBIOOpY Oombiioro uucia M B (25)—(27) Taxke obcyxkaaercs B [20].
B KauecTBe KpHTepHs ONTHMH3ALNU BHICTyHaeT KOd(h(UIMEHT aeTepMuHANum R% KoTopslii, ecTe-
CTBEHHBIM 00pa3oM, TOJKEH ObITh MAKCUMAIILHBIM:

R2=irwj.ﬁj+izp: BJk+ZZryZ B — max. (28)

j=1 j=1 k=1 j=1 k=1

Ilyctp sKcepTamMu YCIIEIIHO BBINOJTHEHA MpoBepKa ycioBus 2. Torma pemieHre ONTUMHU3AIMOHHON
3amaun YBJIII ¢ neneBoit ¢ynkumeli (28) u MuHEHHBIME orpaHudeHUsIMH (5)—(27), ecnu OHO CYIIECTBYET,
rapaHTHPYET BBITOHEHHE yciaoBuii 1, 3, 4 u 6 B moctpoerHort HJIunP. @opmanm3zaiiys oCcTalbHBIX yCIOBUH
B BHJE JIMHEWHBIX OIpaHMYEHUH U IOCJIEAYIOINAs UX HMHTErpanys B NPEAJIOKECHHYIO 3a/auy BO3MOJXKHA.
Hanpumep, ycinosue 9 ¢ yaetoM (28) MOKHO 3amucath B BUJIE IIPOCTOro orpanudenus R* > 0,8. Oanako mis
obecrieyeHus yCIOBHA 5, 7 1 8 Hy)KHO BBOAWUTH JONOJHHUTENIbHBIE OMHAPHBIE TIEPEMEHHBIE, YTO YCIOKHHUT U
0€e3 TOro HEMPOCTYIO B BEIYHCIUTEIHHOM IUTaHE ONTUMHU3AIMOHHYIO 3a7a4dy. K Tomy ke ycioBus 5, 7 u 8 mo
CMBICITy COOTHOCSITCS € yclIoBHAMH 4, 6 1 9 cooTBeTCTBEHHO. TaK, eciy abCOMIOTHBIE BKJIAbl PErPECCOPOB B
OO0IYI0 IETEPMHUHAIIMIO BBICOKH, TO, CKOpEE BCETo, U BCE KOIPPHUIMEHTH OYIyT 3HAYUMEI 1O t-KpUTEpHIO
CrpropenTa. Ecnu nHTEpKOppENAU MEX Iy BHEIIHUMU PErPeccopaMy Mallbl, TO, BEPOSTHO, M 3aBUCIMOCTHU
KaJKJIOTO PErpeccopa oT MHOKECTBA OCTANbHBIX OyIyT He3sHAUMMBL A eciu Kod(durment R? BHICOK, TO Mo-
ZeNb B OOJBIIMHCTBE CiTy4aeB OyneT 3HaunMa B mejioM 1o F-kputepuio ®Oumepa. Takum oOpa3om, odeHb
BBICOKHM IIAHCBHI, YTO pemieHue 3aaaun (5)—(28) OymeT rapaHTHUpOBATH BBHINOJIHEHHE BCEX AEBATH YCIOBHUIM
BUHJIunP.

2. ITpoBepka ycaoBuiit BUHJIunP na npumepe JOrucTU4ECKOii 3a1a4n

st TecTupoBanus pa3padOTaHHOTO MaTEMaTHYECKOTO anmnapaTa OblJI0 PeIeHO UCIOJIb30BaTh CTAaTH-
CTHYECKHE TaHHbIe, TpuBeAeHHbIE B [20], 1O CIeTyIOmnM TepeEMEHHBIM:

Y — OTHpaBiIeHUE IPY30B XK/J TPAHCIOPTOM OOIIEro moyib30Banus B MpKyTckoii obnactu (MJH T);

X2 — IPOLICHT TPYAOCIIOCOOHOTO HACEIICHUSI;

X3 — YACJIEHHOCTH paboueil CHiIbl (THIC. Yell.);

X5 — YUCJICHHOCTh TICHCHOHEPOB (THIC. Yell.);

Xg — YHCJIO COOCTBEHHBIX JIETKOBBIX aBTOMOOMIeH Ha 1 000 uenoBek HaceeHuUs (INT.);

X1g — YUCIIO MIPEANPHUATHI U OpraHu3aLuii;

X20 — KpEIUTOPCKAs 3aJ0JKEHHOCTh Opranu3amnuii (MiH pyo.);

X22 — IPOU3BOJICTBO 3JIEKTPO3HEprun (MiIpa kBr-u);

Xsg — TapU(]bI HA TPY30BEIE MIEPEBO3KH XK/ TPAHCIIOPTOM (YCII. €1.).

ITo stum mannbM B [20] 66112 ioctpoeHa HJIuaP Buna
(0,6427) (0,1129)

§ = —24,527 + 1189 min{x, :0,000933x,,} - 0 0196 min{x,;0,006754x,,} —

(13,98)
(0,0843) (0,1063)

—0,0323min{x,;0,11725x,,}+ 0,0254 max{x,; 23,079x,,}, (29)

(-2,182) (3,859)
nns kotopoit R? =0,946183.
B ypaBuenuu (29) B ckoOkax noz kod¢pGUIreHTaMu yKa3aHbl HabmoaaeMble t-CTaTUCTUKY, a HaJl KO-
3¢ dHIHEeHTaMH — aGCOTIOTHBIE BKIIAIBI perpeccopos B R,
CHauana OBIJIO pelIeHO MPOBEPUTh, MOXKHO JIM oTHecTH Moznenb (29) k BUHJIunP, T.e. mpoBepuTsh
BBITIOJTHEHHE BCEX JICBATH MPEUIOKEHHBIX BBIIIE yCIOBHUiA. Byaem cuntath, uro yncio 6 =0,05, a ypoBeHs

sgayumoctu o =0,01.
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OueBuHO, YTO 17151 MOoAenH (29) BrImoNHSIOTCS ycnoBus 1,4 u 9.

B pabote [20] skcrepraMu poBeneH MOAPOOHBIN CONEpKATENbHBIH aHAIN3 3HAKOB BIHSHUS 00BsC-
HSIOIIMX MEPEMEHHBIX Ha Y, IOATOMY BBIIIOJHEHBI YCIIOBHE 2 U, KaK CIEICTBUE, YCIOBHUE 3.

ITo kpurepuro Cteronenta st ypoas oo =0,01 B mozenu (29) He3HAUUM TOJIBKO KOIDGDHUIUCHT TIPH

perpeccope min {X8;0,11725X58} , HO yxke 1t ypoBas o =0,05 on cranoBuTCs 3HauMMbIM. [ToaToMy ycio-

BHE 5 MOXKHO CUHTATh MO OOJILIIOMY CUETY BBITIOTHEHHBIM.

Habmronaemoe 3nauenue kpurepus @umiepa ans monenu (29) cocraenser 70,3619, uro ropazao BbI-
e Kputudeckoro 3HadeHus: uisi ypoBHs o =0,01, mosromy monenp B menoM 3HauMMma, T.€. YCIOBHE 8
BBITIOJTHEHO.

IIpoBepuM HanHuue MyJIbTHKOJUIMHEAPHOCTH B Mozenu (29). Kak oTmedeHo BhbIlIe, TOPOTOBOE 3HAYE-
HUeE I 17151 aOCONIOTHBIX BEJTMYMH UHTEPKOPPEISIIIA MOXHO HAUTH TIO opmyIie

. ton (0,05 21-2) _ 2,8609
J21-2+12,.(0,03; 21-2)  [19+2,8609?

KPHUT

=0,5487.

Bce abcomoTHBIE BEMYUHBI MHTEPKOPPEISIMIA MEXK/Y BHELIHUMH PETPECCOPAMH, KpoMe KodP uUIu-
eHTa Koppessuni Mexkay min{x;;0,006754%,} n min{x;;0,11725x,} , pasroro 0,8576, He npeBbILIAIOT

3HaveHus 0,5487. Otciona ciaemyet, 9To yciaoBue 6 HapymeHo. K ToMy e aOCOMOTHBIE BETMIMHBI MHOTHX
HHTEPKOPPEIAINI MEXIy BHYTPCHHHMH TEPEeMEHHBIMU TpeBblmaroT 3HadeHue 0,5487. Hampumep, xoad-
(hUIHeHT KoppeNsamur MexXay X2 u X3 paBeH 0,8199, mexny X2 u Xs paBeH —0,9017, Mexay Xs ¥ Xs paBeH
—0,863 u ap.

JlBe BCriOMOTraTeNbHbIe PErpeccuy U3 YeThIpeX 3HAUMMBI 10 Kputeputo dumepa mis yposas o =0,01:

3aBUCHMOCTb MiN{Xg;0,006754X,} or min{x,;0,000933x,}, min{x,;0,11725x.}, max{x,;23,079x,,} u
saBuCHMOCTh MIN{X;;0,11725%;,} or min{x,;0,000933x,}, min{x,;0,006754X,,}, max{x,;23,079x,,} .

TeM caMmbIM ycli0BUE 7 HApYILIEHO.

Taxum oOpazom, Mojieib (29) Henb3st otHectd K BUHJIMHP u3-3a npucyTcTBHs B HEll MyJIBTHKOIUIIN-
HEapHOCTH.

[Tocie 3TOTO C KCMONB30BAHUEM TEX XKe JTAHHBIX ObLIA MPEANPHHSATA MONBITKAa mocTpouts BUHJIuHP.
s aBromaruyeckoit popmanm3anmu 3anaun YBJIIT (5)—~(28) mo maHHBIM 0 TPY30BBIX /[T IEpPEBO3Kax ObLIa
WCIIOJIb30BaHa TMpOrpaMMa IOCTPOEHUS BIOJIHE HWHTEPIPETHPYEMBIX 3JIEMEHTAPHBIX M HEIIEMEHTapHBIX
KBa3WJIMHEHHBIX perpeccuoHHbIXx Moaenel (BMuTep-2) [18]. OHa no3Bosser aBToMaTHuecKu (Gopmynupo-
BaTh HY)XHYIO ONTHMH3AaLMOHHYIO 3a7a4y i nakera LPSolve IDE. HavanpHble HacCTpoOiiku B TporpaMme
BHHuTep-2 ocTanuch Te %ke, KoTopbie ucmoib3oBanuch B [20]. [Tapamerpsr 0=0,05, r =0,5487 .

B pesynbrate ¢ momoinkio makera LPSolve 6si1a moctpoena HITunP Buma
(0,551) 0,372)

(
y=-77,893+0,000888 min{x,;;1071,164x,,}+1,379max{x,;0,047x,}, (30)

(9,889) (7,691)
nns kotopoit R? =0,923181.
Hanee nna mogenu (30) nposepsttuce 9 ycnosuit BUHJIunP. Herpyano 3ameruts, uro ycnosus 1, 2,
3,4, 51 9 BHITTOJIHSIIOTCS.
Benuuuna uHTEpKOpPENALMI MEXKTy BHEIIHUMU perpeccopamMu min{X;;1071,164x,,} u max{x2;0,047 X3}

coctasinsier 0,283. A BeJMYMHBI MHTEPKOPPEISLUA MEXIy BHYTPCHHUMH MEPEMEHHBIMU X18 M X2, X1g8 U X3,
X22 M1 X2, X22 ¥ X3 coctaBisaor 0,0841, 0,0225, 0,3926 u —0,0013 cooTBeTCTBEHHO. BCe 3TH BEIMYMHBI 110 MO-
nymto Mesble, yeM 0,5487, moaTomMy ycioBHe 6 BBIIOIHEHO.

[ockonbky B Monenu (30) Bcero ABa BHEIIHMX perpeccopa, KodpQUIUEHT KOPPEsIHUd MEXIY KOTO-
pPBIMH HE3HAYHM, TO U3 3TOTO aBTOMAaTHYECKH CJEAYET BBHIIIOJHEHHUE YCIOBHA 7.

Habnronaemoe 3nauenue kpurepus Pumepa mnst mogenu (29) cocrasuser 107,933, uto ropasmo
BBIIIE KpUTHUYEeCKOro 3Ha4eHus a1 ypoBHs o =0,01, mosaTomy Mozens B 1ie10M 3HaYMMa U yCJIOBUE 8 BbI-

IIOJIHCHO.
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Takum 00pa3zom, Bce 9 yCIOBUHN BBHITONHSIOTCS, CliefioBaTenbHO, Moaens (30) otHocurcs k BUHJIunP.
OTO 03HAYaeT, YTO €CIH MPEICTABUTh €€ B BUAE KyCOYHO-3aaHHOH (DyHKUMH, TO B HEl, B OTJIMYUE OT Ky-
COYHO-3aJJaHHOT'O MpEACTaBICHUs perpeccuu (29), MOXKHO KOPPEKTHO MHTEPIPETHPOBATH OTACIBHOE BIIUS-
HUE a0COIOTHO JI000M 0OBACHSIONICH IepeMeHHON Ha pe3yJbTaTHBHEIN mpu3Hak Y. B Mmomenn (29) atomy
MPENSTCTBYET MYJIbTHKOJIMHEAPHOCTh, M3-3a KOTOPOU pa3inyaTh OTACIbHOE BIMSHUE OOBSCHSIOIIMUX IIe-
PEMEHHBIX Ha Y 3aTpyJHUTEIBHO.

3akioueHmne

Chopmymuposano ctporoe ompeaeneane BUHJIuHP, coxepixkariee neBsaTh yciaouil. Cpeau HUX
OTpaHWYCHHS Ha KOJMYECTBO BXOXKIEHUH OOBACHSIONINX MEPEMEHHBIX B MOJIENb, HA COOTBETCTBHE 3HAKOB
OIIEHOK COZepXKaTeIhbHOMY CMBICTY 3aJadd, Ha 3HAYMMOCTh Kod(hduimeHToB no t-kputeputo CThI0JeHTa U
BeIMYWHAM a0CONOTHBIX BKJIAIOB TIEPEMEHHBIX B OOIIYIO JETEPMUHAINIO, HA MYJIbTHKOJUIMHEAPHOCTh, Ha
aJIeKBaTHOCTH Perpeccuu mo Kod3puureHTy nerepMuHaImu 1 Kputeputo Oumiepa. BrimonHeHne Bcex 3THX
NEBSITH yCIOBHI O3HAYaeT, YTO B MTOCTABJICHHON B COOTBETCTBHE PETPECCHU KYCOYHO-33/IaHHOW (DYHKIIHU
MOKHO KOPPEKTHO MHTEPIPETUPOBATH OTAEIFHOE BIMSHUE JII000H 0OBACHSIONIEH TepeMeHHOI Ha OOBSICHS-
eMyIo TlepeMeHHyIo Y. B panee npemnoxxennyto 3amaqy UBJIII mis BeIOopa onTUMaNbHONW CTPYKTYPHOM CIie-
nudukarun BUHJIMHP wHTErprpoBaHbl JIMHEHHBIE OTPaHUYCHUS IS KOHTPOJS MYJIbTHKOJTHHEAPHOCTH
KaK MEXIy BHEIIHUMH PETpeccopaMy, Tak U MEXIy BHYTPEHHUMH ITEPEMEHHBIMH U3 Pa3HBIX PETPECCOPOB.
Pa3zpaboTannbIii MaTeMaTHYeCKUi ammapaT peann3oBaH B nporpamme BUHTep-2. C momMomsio mporpaMmsl
TepecTpoeHa MOyICHHAs paHee MOJEIb JKEIe3HOIOPOKHBIX MepeB030K B MpkyTckoit obmactu. Ilpu sTom
rokazaso, 4to Bce ycioBus BUHJIuaP s vee BeimonHensl. OMUCAaHABINA B CTaThe MaTeMaTHIECKUH arta-
paT MOXKET YCIEITHO MPUMEHATHCS B MAIIIMHHOM OOYYCHHHY JIJIS TOMCKA B CTATHCTUYECKUX JAHHBIX HOBBIX U
XOPOIIO HHTEPIPETUPYEMBIX 3aKOHOMEPHOCTEH.
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Abstract. Decision-making in the field of technosphere safety is based on timely receipt of up-to-date and com-
plete information about the state of the environment. Geomagnetic monitoring plays an important role in reducing the
negative impact of extreme geophysical events on objects and systems of the technosphere (power lines, communica-
tion systems, railway automation, etc.). In this paper, geomagnetic monitoring is considered from the point of view of
system approach, the main problems of obtaining geomagnetic data are identified and formulated, the main of which
is incomplete coverage by the monitoring network. Using a Su-field representation, an approach is proposed and
formalized, that extends the process of obtaining and using data with an interpolating computer model. The imple-
mentation of this model uses adaptive spatial interpolation to determine the optimal interpolation methods, taking into
account the geographical location of the interpolated points and the global geomagnetic activity index. The effective-
ness of the approach is demonstrated by the example of the geomagnetic information of the SuperMAG project using
a web-based software solution.
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BBeaenune

B Hacrosimee BpeMs HaOIMOJaeTCs aKTUBHOE Pa3BUTHE CHCTEM MOIACPIKKH MPUHATHS pelIeHu, Oa-
3UPYIOLIUXCS Ha MNPUMEHEHHUU T'EONMPOCTPAHCTBEHHBIX NaHHBIX Pa3IUYHOrO MPUKIATHOTO HA3HAUYCHHS.
[IpuMepoM TakuX JTaHHBIX SBISIFOTCS PE3YJIBTATHI HAOIIOCHHSI TEOMAarHUTHOTO TIOJISl M €T0 Bapualluii, HeoO-
XOJIUMBIE Il 00ecieueHrsT 0€30MaCHOCTH IKCILTYaTUPOBAHUS O0OBEKTOB M CHCTEM TeXHOC(EPHI B YCIOBUAX
JKCTpeMabHOM reodusnueckoit 00cTanoBku [1, 2]. Eciiu yCclIOBUSI B COOTBETCTBYIOIEM PETHOHE HE PACIIO-
JararoT K pa3MENIeHUI0 MarHUTOMETPHUECKUX M3MEPUTENBHBIX YCTPONCTB (ITO YacTo OBIBAET, K MPUMEPY,
B CYPOBBIX YCJIOBHUSX apKTUYECKOTO PETMOHA IUIAHETHI), TO U TONYyYUTh TaKylo MH(QOpMAIHIO U MpelnpH-
HATH COOTBETCTBYIOLICEC NMPEBCHTHUBHOC JICI?ICTBI/IC MIPUHUMAKIEMY PCIICHUA HE MPEACTABIACTCA BO3MOXK-
HBIM. UHBIMH CJIOBaAMH, Ha6n}0;1aeT051 Jle(bI/IHI/IT HGO6XOJII/IMBIX T IPUHATUA pCUICHUS JaHHBIX.

IIpencraBnsiercs 1eecooOpa3HbIM PacCMOTPETh 3afjady MOHHUTOPHHTA ITapamMeTpOB T€OMarHUTHOTO
II0JIA U €T0 BapI/IaI_H/Iﬁ C HOSI/IIII/Iﬁ CUCTCMHOI'0 aHajin3a, npeaACTaBUTh OTACIIbHBIC UCTOYHHUKU HAaHHBIX B UX
B3aMIMOCBSI3H C €IUHOW TOYKOH BXOZa IJIs MOTpeOnTeNel TEOMarHUTHBIX JIaHHBIX C BapbHPYEMBIM IIIaroM
TUCKPETU3alluH TSl CETH MOHUTOpUHTA. DaKkTHYeCKH NperoiaraeTcs, 9To JaHHbBIe TI0 apaMeTpy reomar-
HUTHOTO TIOJISL JIOJDKHBI OBITH TTOJIYYEHBI B JIFOOOW MPOCTPAHCTBEHHON TOYKE HE3aBUCUMO OT (PU3UIECKOTO
HaJu4Msl 31€Cb MarHUTOMETPUYECKOM ammaparypbl. MyJIbTHACIEKTHBIN aHAIN3 U3BECTHHIX PEIICHUN Ieo-
MarHMTHOTO MOHUTOPHHTA TAKXKE CTaBUT CBOCH IIENbIO BBHISBICHUE OCHOBHBIX MPOOJIEM U MEPCIEKTUBHBIX
HaIpPAaBJICHUH €r0 Pa3BUTHS C TOBBIICHUEM 3()(PEKTHBHOCTH COOTBETCTBYIONUX UCTOYHUKOB F€OMArHUTHBIX
JAHHBIX JUI1 KOHCUHBIX MIOTPEOUTEICH.

1. CucreMHbIii aHAIN3 3aJa4Yd TeOMAarHuTHOroO MOHUTOpHMHI A

B O6IlIeM BHUJIC paCCMOTPEHUEC CUCTEMBI TCOMAarHiTHOr0O MOHUTOPHHI'A KaK COBOKYITHOCTH 3JICMCHTOB
W TIOJICHCTEM MO3BOJISIET UCIONB30BATh ISl €€ MaTeMAaTHYECKOTO OIHCAHHS TEOPETUKO-MHOXKECTBECHHBIN
armapar (puc. 1) [3, 4]. Eciu 0003HaYUTh CHCTEMY T€OMAarHUTHOTO MOHUTOPHHTA KaK S, TO HMEEM:
S :{ml’mZ""'mN}7
rje M; — MarHuTHas o0cepBaTOpuUs / BapHAllMOHHAS CTAHIMS, Ha KOTOPOHN OCYIIECTBISICTCS PETUCTPAITUS
napamMeTpoB TEOMAarHUTHOTO MoJist  ero Bapuarmii (i =1, ..., N).
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MHOXeCTBO NpOoIIeUX 00paboTKy JaHHBIX 0003HauMM Kak D. L{eneBoii o OTHOIIEGHHIO K cucTeMe S
Oyner sBIAThCS (PYHKIHWS, 33[afolias MpaBuia OTOOpa)KeHHsS MHOXKECTBa S B MHOXecTBO D (momydeHue
T€OMarHUTHBIX JIAHHBIX MO pe3yJIbTaTaM IeOMarHUTHOT'O MOHUTOPHHTI'A):

f:S—>D:D={d,,d,,...d},
rae i — reoMarHUTHBIC JaHHbBIE, TOMyYCHHbBIC 10 pe3ysibTataM 00pabOTKU M3MEpeHHi i-ii MarHUTHO#H 00-
cepBaTOpUM / BApUAIIMOHHOW CTAHIIMU, HA KOTOPOM OCYIECTBISIETCSl PETUCTPAIUs [TapaMeTPOB TeOMarHuT-
HOTro moJist ¥ ero Bapuanuit (=1, ..., N).
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Puc. 1. Hpe}lCTaB.ﬂeHI/Ie IF€OMAarHuTHOrO MOHUTOPHUHTIA C TOUYKHU 3PEHUA IPUHIUIIOB CUCTEMHOI'O aHalIn3a
Fig. 1. Presentation of geomagnetic monitoring from the point of view of the principles of system analysis

Bapuaunn

L L L e e R G L M e L e

Ilpu 3TOM Ha pe3yabTaT OTOOpa)KEHHsI OKa3bIBAIOT BO3/ACHCTBHE BHEIIHME M BHYTPEHHHUE (DaKTOPBI,

HpeACcTaBIEHHbIE COOTBETCTBEHHO MHOXeCTBaMHU Fin 11 Fout:
f:S—>D:fiim —>difi=g(p.t, Ry Fou);
p; o (lat;,Ing;),i=1,...,N,

rze Pi — NpOCTPaHCTBEHHAs TOUKA, I7I¢ Pa3MEIAcTCsl MArHUTHAS 00cepBaTOpusl, Ha KOTOPOH OCYIECTBIISICTCS
peructpauus napaMmeTpoB T€OMAarHUTHOTO I0JIsl, IPOCTPAaHCTBEHHAsI TOUKA 3aaeTcs 1apoil reorpaguyeckux
koopauHat (mupota / lat, monrora / Ing); gi — GyHKIM, XapakTepu3yromas Bo3IeiicTBHE Ha pe3yabTaT Co-
MOCTaBJICHHS i-X JIIEMEHTOB MHOYKECTB BHYTPEHHHX M BHEIIHUX (hakTopoB, BpeMeHH (i) ¥ MpOoCTpaHCTBEH-
HOT'O pacronoxeHus (Pi).

3necs MoXkeT ObITh 0003HaYeHa MPOOIeMa TeOMAarHUTHOTO MOHUTOPHHTA, CBSI3aHHASI C TEM, YTO CpPell-
CTBa PETUCTPAIIMU MTAPaMETPOB F€OMArHUTHOTO TOJISl U €r0 BapHaluil pacipeieieHbl 10 3¢MHOH TTOBEPXHO-
CTH KpaifHe HepaBHOMEpHO. M3BecTHO, YTO HanOOoJIbIIee UX KOJIMYECTBO MPEACTABICHO Ha TeppuTopun EB-
POITBL, B TO BpeMsI KaK HHbIC PETHOHBI IJIAHETHl OXBAYCHBI CPEJICTBAMH MOHHTOPHHTA BeChbMa MOBEPXHOCTHO.
WupiMu ciioBamH, MOTpeOUTENH, OOPATHBINKCH K MUPOBOMY LIEHTPY JAHHBIX, MOKET HE MOJYYHTh HE00XO-
JUMYI0 eMy MH(OpMaIuio 110 TOi NpUYKMHE, YTO B JTAHHOU TOUYKE Pk (PETHOHE) OTCYTCTBYIOT CPEACTBA Peru-
cTpanuu. J{pyroil BapuaHt — cpeAcTBa perucTpanuy (GU3NIecKu MPUCYTCTBYIOT B HCKOMOM MPOCTPAaHCTBEH-
HOH TOUKe Pk (peTHOHE), HO B TpeOYEeMBIli MOMEHT BpeMEeHH He (GYHKITMOHHUPOBAIH 110 TEM WJIM WHBIM TIPH-
yrHaM. B TepMHHAX TEOpUH MHOXKECTB CKa3aHHOE BO3MOXKHO MPEICTABUTH CIECIYIOLUIUM 00pa3oM:

vm cM(i=1..,N)Af, :m —d, : f =9, (p. .t F..F.);: P> (at,Ing,),
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IJie Pk — IPOCTPAHCTBEHHAS TOYKA, T KOTOPOH HEOOXOAMMO OMPEIeUTh MapaMeTpbl FCOMAarHUTHOTO TMOJIS,
HO TIPU 3TOM OTCYTCTBYET MArHUTHAas 00CepBATOpPHS, HA KOTOPOU OCYIIECTBISCTCS PETUCTPALUS MapaMeT-
POB T€OMArHUTHOTO MOJIS ¥ €r0 BapHaIUii.

COOTBETCTBEHHO, MOTPEOUTENh TEOMArHUTHON WH(POPMAIIUK CTATKHBAETCS ¢ MpobieMol neduimra
HCKOMBIX Pe3yJbTaTOB MOHUTOPHHTA [TapaMeTPOB T€OMarHUTHOTO OIS U ero Bapuaiuii. B pesyibrare He-
BO3MOJXKHO MPUHUMATH aJC€KBaTHBIE PEIICHUS B TOW WM UHOW 00nacTu (M 0ocoOeHHO B 00acTu obecreueHus
TeXHOC(HEpHOU 0€30MacHOCTH), KOTOPhIE HAINPSIMYIO MM KOCBEHHO 3aBUCAT OT COOTBETCTBYIOIICH reomar-
HUTHOW 00cTaHOBKH. ECiM Mpy 3TOM reOMarHUTHEIE TapaMeTphl SBISIOTCS OJHUM M3 KOMIIOHEHT HH(popma-
LIMOHHOHM TOIEP KK MPUHATHS PEUICHHA, TO JaXKe HAMYHE JIPYTHX €€ COCTABISIONIMX MOXKET MPHBECTU
K CEPhE3HBIM MOCIEACTBHUSIM, B TOM YHCIIe SKOHOMUYECKUM.

B ciydae kpaTKOBPEMEHHOTO OTCYTCTBHSI TECOMArHUTHBIX JaHHBIX B OTJCIBHBIX CIIYyYasX BO3MOMXHO MX
BOCCTAHOBJICHHE W3BECTHHIMH CTATUCTUUECKHMH METOJaMH HHTEPIIOISAIMN BPEMEHHBIX psiioB. OTHAKO B TOM
cllydae, KOTJia UCTOYHHUKA JAHHBIX MPOCTPAHCTBEHHO HE CYNIECTBYET, JMOO MPOMYCKH MO JUIUTEIHLHOCTH
CBOEH BechMa CyIIECTBEHHBI, YKa3aHHBIC METOJbI TEPSIOT CBOKO 3((EKTHBHOCTD, a TIOJIYYCHHbIE HA UX OC-
HOBE FeOMAarHUTHbIC JAHHBIC MOTYT MPUBECTH K MPUHSITHIO HEBEPHBIX PEIICHHU, YTO 0COOEHHO KPUTHUYHO B
obmacTu obecrieueHHs TEXHOC(PEPHOI 0€30IMaCHOCTH CIIOKHBIX 00BEKTOB M CHCTEM.

COOTBETCTBEHHO HEOOXOAUMO PElICHHE, KOTOPOE MO3BOJIUT OLICHUBATH TEOMATHUTHYIO 0OCTAHOBKY B
YCIOBUAX AeUIUTA pe3ylbTaTOB PETHCTPAIUKM MapaMeTpoB T'EOMATHUTHOTO MOJIA M ero Bapwaiuid. [Ipu
OTOM HMCKOMBIC JAHHBIC JOJIXKHBI YYUTHIBATH BECh KOMILIEKC BHYTPEHHUX W BHCHIHUX @aKTOpOB, CIOCOOHBIX
OKa3bIBaTh HA HUX HETaTMBHOE MCKAXKAIOIICE BIUSHUE.

2. BenoabHbI aHAIN3 3aJa4Yd TCOMAarHuTHOro MOHMTOPHUHTI A

JlanpHeiilee ucclieOBaHUE MPEINONaraeT pacCMOTPEHHE MOTEHIMAIBHON CUCTEMbI T€OMAarHUTHOTO
MOHHUTOPHHTA C TIO3ULIHUN BO3JIEHCTBHS OJJTHUX €€ KOMIIOHEHT Ha JIpyrue (MpH HAJIWYHUK) [T BBIABICHHUS HO-
BBIX / IOJTBEPIKICHUS YK€ BBISBJICHHBIX MPOOJIEM MPU pElIEHNH COOTBETCTBYIOIEH 3a1auu (puc. 2).

HCHOCPCHCTBCHHO I/IHq)OpMaHI/IOHHO'I/I3MCpI/ITCHBHaH CUCTEMa U I'COMArHuTHBIC JAaHHBIC B TCPMUHAX
BEIOJILHOTO aHajiM3a PacCMaTpPHBAIOTCS Kak BapuaHThl BemiecTBa [5, 6]. IlpeoOpazoBanue BemectBa Bl
(MH(pOPMaLIMOHHO-U3MEPHUTENIbHASL CUCTEMa) B BelllecTBO B2 (reoMarHUTHbIC JaHHBIC) OCYLIECTBISIETCS 110
Bo3eiicTBHeM reomarauTHoro nodjs (I11), mapaMeTpsl KOTOPOro HEMOCPEICTBEHHO PETHCTPUPYIOTCS MpPH-
OopaMu M TIEPEBOJIATCS MOCIIe HEKOTOPBIX IPEOOPa30BaHMii B T€OMArHUTHBIC TAaHHBIC!

B2 = 111 - Bl - B2.

dakTHUeCKH MMEET MECTO KOMILJIEKCHAs CuCTeéMa, MOCTPOCHHAsA B BHUAC COBOKYITHOCTHU IIPOCTBIX
BETIOJICH, IPH 3TOM PacCMaTPHBACTCSI OJJHOBPEMEHHO HECKOJIBKO BEIIECTB M SHEPTHii B CBOCH B3aMMOCBSI3H.
JlaHHasi CTPYKTypa MOJHOCTBIO COOTBETCTBYET OCOOCHHOCTSIM MPOCTPAHCTBEHHO-BPEMEHHON JWHAMUKH
3HaYEHU I napamMeTpoOB rcOMariuTHOTO IOJIA U €ro BapHaHHﬁ, qTOo OGYCHOBJICHO KOMIIJICKCHBIM BO3I[CI>1CTBI/ICM
Ha M3MepseMble MapaMeTpbl TPYINbl BHEIIHUX M BHYTPEHHUX (aKTOPOB (B PENKUX CIydasx HaOI0gaeTcs
BO3/ICHCTBHE €IUHCTBEHHOTO (DAKTOpPA, UTO SIBJISIETCS, CKOpPEE, UCKITIOUCHUEM).

Ha Gosiee BEICOKOM YpOBHE a0CTpaKI[UH MPEACTABIISACTCS 1IEIeCO00Pa3HbIM PACCMOTPETh BhIJICIICHHBIC
BETOJIM KaK OCOOBIH THIT BETIOJICH, MPUMEHSIEMBIX JUIS 33/1a4 Ha U3MEpEHHE MapaMeTpOB MM OOHapyKeHHE
00bekTOB. Eciii B TakoM Cityudae mpeicTaBuTh HHPOPMAIMOHHOS-U3MEPUTEIILHYI0 CUCTEMY Kak BelecTBo Bl,
a TeOMarHUTHbIE JJaHHbIE — KaK BeliecTBO B2, To BO3MOXHO TOBOPUTH O MpUMEHEHNH B2 kak MHIMKaTOpa
CYyIIIECTBOBAHUA TIOJICH, BO3IeHcTBYIomMX Ha Bl (HemocpeacTBEHHO T€OMarHWTHOE TIOJIE, €r0 BapHallud,
00YCIIOBJICHHBIC Pa3InYHBIME (haKTOPAMH U TIp.).

31ech MpeACTaBIsIeTCs 1e1eco00pa3HbIM OTMETHTh HAJTMYKE B PACCMATPHBAEMOM CHCTEME TaK Ha3bl-
BacMBIX BPEIOHBIX cBszeil. K TakoBBIM OTHOCSTCS MOJIsI, KOTOPbIE HETAaTUBHO BO3/CHCTBYIOT Ha COOTBET-
CTBYIOLIIEE BELICCTBO, UCKaXKast (POPMUPYEMBIH MpH 3TOM pe3ynbraT. [I[puueM B paccMaTpuBacMOM Cilydae
HETaTUBHOE BO3/ICHCTBUE OT BPECIHBIX CBSI3eH MPOSBISETCS HE TOJBKO B OTHOIICHHH HEKOTOPOTO BEIECTBA,
HO TaKkKe M KacaTelIbHO HEKOTOPBIX TOJICH, KOTOPBIC, B CBOKO OYEepE/lb, OKA3bIBAIOT BO3ACHCTBUE HA MCXO-
HOE BEIIECTBO B Mpoiiecce GopMUPOBAHUSI HCKOMOTO BellecTBa (CM. puc. 2).
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Puc. 2. BenosibHast cxema reOMarHUTHOI'O MOHHMTOpHHI'A
Fig. 2. Su-field diagram of geomagnetic monitoring

IIpu 3TOM HEKOTOpBIE M3 IOJIEH MOTYT OJHOBPEMEHHO M BEIOOPOYHO BO3JEHCTBOBATH HETaTUBHBIM
00pa3oM Ha H3MepseMble 3HAYCHUS MMapaMeTPOB T€OMAarHUTHOTO TIOJIA (M Ha OJTHOMMEHHOE IT0JIe, IPUBEACHHOS
B BEMOJIBHOH cXeme). THBIMH cI10BaMH, UMEET MECTO ABOMCTBEHHOE HETAaTHBHOE BO3ICHCTBHE Psiia TMOJICH,
MIPOSIBIISTIONIEECS B MX BIUSHUH KaK Ha BEIIECTBO, TaK U HA JPYTHE MO, TAKXKe BIUAIONINE HA BEIIECTBO:

B2= (l+1,,, +II, )—>Bl—B2:
B2 = ((H1+H'Tq) +H'm)+(n;¢ +IT +H'T¢)+H ) = Bl > B2,

1€ lgnem ¥ Hwyrp — OIS, COOTBETCTBYIOMIME BHEIIHUM U BHYTpeHHUM (axtopam; [lag, [l 1 1y — uenoBeye-

BHYTP

CKHi (haKTOp, KOCMHYECKasl TIOroJa U TEXHOT€HHbIE (DaKTOPHI, B COBOKYIHOCTH cocTaBistronye nojie [yuen;
s 1 [Ty, — TEOMArHUTHBIE AaHOMAIIMK U TIPOYKE (PAKTOPHI, B COBOKYITHOCTH COCTABISIOMINE 10JIE [Tgayrp.

ITosIHOCTBIO UCKITIOUUTH HETATUBHOE BO3/AEHUCTBUE BPEAHBIX CBA3E€H B KOHTEKCTE '€OMAarHUTHOTO MO-
HUTOPHHTA HE MPEJICTaBIAETCS BO3SMOXKHBIM. [Ipy 3TOM MOKHO €ro 3HauMMO MUHHUMH3HPOBATh ITOCPEICTBOM
BBEJICHUS B BEIOJIBHYIO CHCTEMY JOMOJIHUTEIBHBIX 3JEMEHTOB, YACTUUHO HEUTPATU3YIOIIUX MOCIEICTBUS
HCKa)XEHHsI COOTBETCTBYIOIIEIO HCKOMOT'O BeLIECTBA (T€OMAarHUTHBIX JaHHBIX).

JononHeHHas cxema IpeACTaBIseT PacIIUPEHHBIN U (POPCUPOBAHHBIN BEIOJIb, IIOCKOJIBKY COAEPKUT
JOTIOJTHUTEIIbHBIN 3JIEMEHT, IPU3BAaHHbIM COKPATUTh WM MOJIHOCTHIO MCKIIOYUTh HETATUBHOE BO3JECHCTBHUE
BHEIIHUX U BHYTPEHHUX (PaKTOPOB Ha PE3yJIbTHUPYIOLINE T€OMarHuTHbIC AaHHble. Tak, B 4acTHOCTH, B 000-
3HAYEHHYIO BEHOJIBHYIO CTPYKTYpY Z00aBjieHa KOMIBIOTEPHAS! MOAETb, KOTOpask HapsiLy ¢ HHGOPMALMOHHO-
HU3MEPUTENBHON CHCTEMO ydacTByeT B (POPMHUPOBAHUM PE3YIbTUPYIOIINX T€OMarHUTHBIX IaHHBIX. Mozenb
IIpeICTaBIeHa ABYMsI KIIOUEBBIMHU MOJCUCTEMaMH 00paOOTKH T'€OMAarHUTHBIX JaHHBIX, @ IMEHHO MOJICHCTE-
MaM# (PUIIBTPALUH IJIs1 OYUCTKU JAHHBIX M UHTEPIIOJSLMH AJISl UX BOCCTAHOBJICHUS.

KommnbioTepHast MOZEIb ¢ COOTBETCTBYIOLIMMHU HACTPOHKAaMH MOKET BBICTYNATh B POJIM BUPTYaJIbHOM
nHGOPMALIMOHHO-U3MEPHUTEIBHONW CUCTEMBI (BUPTYaJIbHOM MarHUTHOM 0OCepBaTOpUHU M / WM BapHallOH-
HOM cTaHIMM). B 3TOM ciyuae ¢ ee MOMOIIBIO BO3MOKHO PEIICHHE MPOOIEMbI TPOCTPAHCTBEHHOH, BPEMEH-
HOMW MM MPOCTPAHCTBEHHO-BPEMEHHOI MHTEPIOJSIIIMY T€OMAarHUTHBIX JAHHBIX B YCIOBUSIX OTCYTCTBHSI MIIH
HEpabOTOCIIOCOOHOCTH PEATbHOIO0 M3MEPHUTENIBHOIO YCTPOICTBA B COOTBETCTBYIOLICH IIPOCTPAHCTBEHHOM
TOYKE WM IPOCTPAHCTBEHHOM pernoHe. Kpome Toro, KOMIbOTEpHAs: MOJEIb MOXET ObITh HCIONb30BaHa
Uil 00pabOTKM I'€OMarHUTHBIX NaHHBIX, MOCTYNMBIIMX C (U3UYECKHX HH(POPMAIIMOHHO-U3MEPUTEIbHBIX
cucreM. Takum o0pa3oMm, ee IPUMEHEHHE TEXHUYECKH II03BOJUT PEIINTh MPOOJIEeMy, CBSI3aHHYIO C BbIpa-
KEHHOW IPOCTPAHCTBEHHON HEOJHOPOAHOCTBHIO M I'€TEPOreHHOCThI0 HCTOYHUKOB T'€OMarHUTHOM MH(pOpMa-
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ouun. KOMHBIOTCpHaH MOACIb obecreynuBaeT Ipu 3TOM HIPHUBCACHUC PCIYJIbTUPYIONIUX TCOMArHUTHBIX JdH-
HBIX K CIUHOMY (I)opMaTy C 3a/IaHHBIM MIAaroM AUCKPCETU3ALIUN C HMCIIOJIBb30BAHUCM OOHUX M TCX KC CAUHHIL
HU3MCPCHUS MMAPaAMETPOB I'COMATrHUTHOT'O IIOJISA U €ro Bapnaunﬁ.

3. Onucanue npeajaraeMoi KOMIBIOTEPHOH MoaeIH

ITo cytu, BUpTyanbHass MarHUTHas oOCepBaTOpHs / BapUAIlMOHHAs CTaHIUSA B OOIIEeM cilydae Ipe-
CTaBJIsIeT cOOOH KOMIBIOTEPHYIO MOJIENb, KOTOpasl AOMOIHSAET U3BECTHBIE Pe3yIbTaThl HAOMIOACHUN U Ha UX
OCHOBE TIPOTHO3UPYET OTCYTCTBYIONIIME BO BPEMEHU W / WU NPOCTPAHCTBE 3Ha4YeHHsS. VHBIMU ClIOBamH,
B HAIlleM cITydae pedb HIET HMEHHO 00 MHTEPIIONAINY TeOMAarHUTHBIX JaHHBIX B HEKOTOPOH IeonpoCcTpaH-
CTBEHHOH TOYKE, IT0 KOTOPOH M0 TEM WJIM WHBIM IpHINHAM (IeJIOBEUSCKUN MM TEXHOTEHHBIH (hakTop, Ipo-
SIBIICHUST DKCTPEMAIFHOW KOCMHYECKOH IOTOMBI, OTCYTCTBHE CPEJCTBA M3MEPEHHS B TOYKE M Tp.) OTCYT-
CTBYIOT JAHHbIE U3MEPEHUH apaMETPOB F€OMarHUTHOIO MOJIA U €ro Bapualuil.

IIpencraBnsercss 1enecoo0pa3HbIM HMCIONB30BATh CIEMU(PUKY MPOCTPAHCTBEHHO-BPEMEHHOTO pac-
NpeAesieHUs] NapaMeTpoB FEOMArHUTHOTO TMOJS U €r0 Bapualui, a TaKKe UX 3aBUCHMOCTh OT Pa3zIu4HbIX
BHEIIHUX W BHYTPEHHUX (DAaKTOPOB UIA TOJXYYCHHS HAWIYUIIErO C TOYKH 3PEHUS MUHUMH3AIUHN OITHOKH
BOCCTaHOBJICHHUS TAaHHBIX MeTona HHTepIosyn [7, 8]. C 3ToH 1enbio aBTOpaMu OBUT IPOBEICH s BEIYUCITH-
TEJFHBIX SKCIIEPUMEHTOB, KOTOPBIE ITPH Pa3HOM COYETaHHWH BHEITHUX W BHYTPEHHHUX (PaKTOPOB 00ECIIeUnBaIH
BOCCTAaHOBJIEHHE MPOCTPAHCTBEHHO-BPEMEHHOTO Psila TEOMAarHUTHBIX JAaHHBIX. [Ipr 3TOM BBRIYHMCIUTETHHBIE
9KCIIEPUMEHTHI OBUIH MPOBENEHBI AJISl YCIOBHBIX TPEX IMPOCTPAHCTBEHHBIX TPYIII BOCCTAHABIMBAEMBIX I'€0-
MarHUTHBIX JaHHBIX, Pa3eJeHHBIX M0 CBOEH MIMPOTHOM MPHHAIEKHOCTH Ha COOTBETCTBEHHO BBICOKOIIH-
POTHBIE, HU3KOIIUPOTHRIE U MPHUIKBATOpHAIbHBIE 007acTH HaOmomeHui. [ AOCTIKEHUS MOCTaBICHHON
ey omnpezeneHus Hanboee 3QGEeKTHBHOTO ¢ yU€TOM BCEX BO3MOXHBIX (PAKTOPOB METOJIa IPOCTPAHCTBEH-
HOM MHTEPHOJAINH OBUIH IPOaHATU3NPOBAHBI PE3YIbTAaThl TEOMArHUTHBIX HAOMIOAeHUN 3a 3 KaJleHAapHBIX
rofia, TOJly4YeHHbIE MArHUTHBIMU 00CEPBAaTOPHAMU M BapHUAIIMOHHBIMUA CTAHIIMAMH TI0 BCEMY MHPY H JIOCTYTI-
HEIMU TiocpeacTBoM API, obecrneunBaromero oOpaiieHne K TeOMarHUTHBIX JaHHBIM TpoekTa SuperMAG
(URL.: https://supermag.jhuapl.edu/mag/) [9, 10].

B o6miem Buze A1 IpOCTPAHCTBEHHON MHTEPIIONIALNN POCTPAHCTBEHHBIE PETHOHBI OBLTH pa3/IeNeHbI
Ha TPH TPYIIIBI, ONpeesiCHHbIe CIIeHU(PUKON MPOCTPAHCTBEHHOTO paclpe/elieHns] TapaMeTpOB TeOMarHuT-
HOTO TIOJISi: TI0 Mepe MPHUOIHKEHUST K DKBATOPY M TOJNIOCAM YHCIO (PaKTOPOB, BIMSIOMIMX Ha PE3yJbTaThI
HaOJroIeHNi, Bo3pacTaeT (K MpUMEpy, KOJbIIEBbIE TOKM Ha DKBaTope W cyOOypH B MOJSIPHBIX 00JacTsX),
YTO, B CBOIO OYepe/b, IPUBOAUT K POCTY HEONPEAEICHHOCTH JAHHBIX O COCTOSHUM T'€OMarHUTHOTO TOJI U
€ro Bapualyii, a Takke MOBBIIIAET BEPOSTHOCTh PE3KOT0 «CKauKOOOPAa3HOT0» U3MEHEHHUS COOTBETCTBYIOIINX
ypOBHEH BpeMeHHBIX pAnoB [3, 5, 9]. B xauecTBe HOMONHUTEIHHOTO (hakTOpa OBUT ONpeaesieH HHIEKC reo-
MarHMTHOM aKTUBHOCTH, XapaKTEepPHU3YIONIIUI F€OMarHUTHYI0 OOCTAaHOBKY B COOTBETCTBHH C IapaMeTpaMu
KOCMHUYECKOH TOorojpl. M3BeCTHO, 4TO B IEPUOJbI BBHICOKONH I'€OMarHUTHONH aKTUBHOCTH, OOYCJIOBJICHHOMN
9KCTPEMaJIbHBIMHU MPOSBICHUAMU KOCMHUYECKOI TIOr0/bl, FTEOMarHUTHBIE BapHaIli HanboJee BhIPaKEHBI 110
CPaBHEHHIO CO CBOMMM 3HAYCHHUSIMU B MarHUTOCIIOKOMHBIE NTepuoas! [4, 8, 9].

Ananmu3 3()(peKTUBHOCTH METOIOB MPOCTPAHCTBEHHOW MHTEPIIONSLMK OB MPOBEACH JUIS KaXIoH U3
BBIJICJICHHBIX MPOCTPAHCTBEHHBIX 00JacTell MO MMEIOLIMMCS TOIOBBIM T€OMarHUTHBIM JTaHHBIM, PETHCTpPU-
PYEMBIM MarHUTHBIMH 00CEPBATOPUSIMU U CTAaHUMSIMU C 1narom B 1 muH (Tabnuua). s mpocToTsl B paboTte
MPUBEACHBI PE3yIbTAaThl HCCICAOBAHUN 110 OJHOMY M3 KOMIIOHEHT BEKTOPa T€OMAarHUTHOTO HOJIs (TOPU30H-
TaJIbHasl COCTABJISIONIAs), OJHAKO OBIJIO YCTAHOBJICHO, YTO TMOJIyYCHHBIE 3aKIIIOYCHHUS CHPABEAJIMBBI U IS
OCTaJIbHBIX MTAPAMETPOB BEKTOpA FT€OMAarHUTHOrO Nojs. {1 NpoBeaeHHs BEIYMCINUTENBHBIX SKCIIEPUMEHTOB
W3 UCXOJHBIX JAaHHBIX Ha KXIOM dTale M3bIMaiach OJHa MPOCTPAHCTBEHHAs TOYKa, aTpHOyTHBHOE 3HaYe-
HHUE B KOTOPOH OBLIO pacCMOTPEHO KaK HEU3BECTHOE M TpeOyrolee BHIYMCICHUSI METOJaMH HHTEPIOJISINH.
Jlanee nomy4eHHBIN pe3yapTaT CPaBHUBAJICS C OPUTHMHAIBHBIM 3HAUECHUEM.

[Ipu npocTpaHCTBEHHON MHTEPHOJSLUU BBICOKOLIUPOTHBIX T'€OMAarHUTHBIX JAaHHBIX HAWIYYIIUE pe-
3yJbTAThI OBLTH TIOJXYYCHBI TIPY MTPUMEHEHUHN MeToaa kpuruara [11, 12]. B ero ocHOBe JeXuT Bapuorpamma,
XapaKTepHu3yHIas MPOCTPAHCTBEHHYIO MOJENh M3BECTHBIX (OIOPHBIX) MPOCTPAHCTBEHHBIX ToUeK. Kaxmoi
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OMOPHOM MPOCTPAHCTBEHHON TOYKE MPHCBAUBACTCSA CBOW BECOBOW KOA(DQHUIMEHT, 3HAUCHHE KOTOPOTO TEM
OoJiblile, YeM OJIMKE U3BECTHAS TOYKA PACMOJIOKEHA (TEPPUTOPHATBHO) MO OTHONICHUIO K MHTEPIOIHUPYE-
moi [11].

B o0riiem BHe BRIYKCIICHUE aTpUOYTUBHOTO 3HaueHHs Z (Xo, Yo) B ToUKe (Xo, Yo) MO U3BECTHBIM N aTpH-
OYTHUBHBIM 3HAUCHUAM OMOPHBIX ToUeK Z(X;, Yi) MOKET OBITh MPECTABICHO PErPECCHOHHBIM BhIpaxkeHueM [11]
n
z (Xoa yo) - m(xo, yo) = Z}\’i[z (Xi , yi) - m(xi ] yi)]!
i=1

e m(Xi, i) 1 m(Xo, Yo) — MaTeMaTHueckoe oxunanue s Z(Xi, Yi) u Z(Xo, Yo) COOTBETCTBEHHO.

IIpu 3TOM OBLIO YCTAHOBICHO, YTO B YCIOBHSAX CIOKOIHO#M MarHutochepbl Haubomnee 3ddexkTurHa
MPOCTPAHCTBEHHAS UHTEPIONSIUS MOCPESICTBOM MPOCTOr0 KPUTHHra. B 3TOM cilyuae mpemonaraercs, 4ro
Cpe/lHee 3HAYCHHE OMOPHBIX MPOCTPAHCTBEHHBIX TOUEK MOCTOSHHO U M3BECTHO Ha BCEH 001aCTH MCCIIEA0BA-
uus (M(z) = m = const s Beex Z:

n
Z (X, Yo) = m+z7“i[z(xi'yi)_m]'

i=1

Pe3y.]IbTaTLl BBIYUCIUTE/IBHBIX IKCIEPUMEHTOB
0 UCCJIC/IOBAHUI0O METOA0B HHTEPIIOJALNUN N'eOMArHUTHBIX TaHHBIX

MeTobI HHTEPIIONNNH, 3HAUCHHE CPETHEKBAIpaTHIeCKO ommnoOku [HT1)

5 Bx. 28| % =S - 2 g

IIpocrpan- Teomar- = 5 |E3E 38 g 9 S = 2’8 = g

s = |&E & EQ E 2 = 5 E R | g E &5 < 5

CTBEHHEIE HHUTHas g § e 5 5 Z & E, S =) = 5 é 2 z é E =)

PErHOHBI  |aKTMBHOCTh | E & | X g § Z g Y 5 = E & é’ g 2 = =

SE 528 S8 | & 5 £ E EE § 5

= | = = = = s = s =

Her 323 | 556 | 298 | 182 16 556 | 318 | 414 | 512 | 498

Bricoko- Cga6:" 416 | 612 | 312 | 219 | 18 | 612 | 478 | 629 | 7,15 | 6,89
LIMPOTHEIE C P

Pg;‘l’)‘;a" 532 | 845 | 715 | 345 | 251 | 845 | 697 | 715 | 912 | 897

Her 12 151 | 1,78 | 017 | 054 | 151 | 321 | 478 | 597 53
6

TpuoKsa- Cga :’{ 2,5 48 241 | 065 | 097 48 4,86 59 5,95 63
TOpHaHbeIe C yp

‘é;;ia" 3.1 573 | 553 | 131 | 135 | 573 | 121 | 104 | 115 | 119

Her 186 | 17,12 | 1015 | 022 | 7,36 | 17,12 | 106 | 11,8 | 121 | 11,78

Huskom- Cga6:" 2219 | 2045 | 1592 | 212 | 10,12 | 2045 | 158 | 162 | 1698 | 16,45
POTHEIC C YP

”g;‘;’;a" 401 | 2834 | 276 35 12,7 | 2834 | 287 | 289 | 2716 | 251

B ycrnoBusix HECMOKOWHON MarHUTOC(hEphl HAMIYUIINE MOKA3aTeIH MPOCTPAHCTBEHHOW MHTEPIIOSAIINN
MoKa3aja METOJl YHUBEPCATBHOTO KPUTHUHTA ¢ KOHCTAHTHOW (DyHKIMEH (Tak Ha3bIBAGMBI KPHUTHHT C TPEH-
noMm) [11]. Tpena npu 9TOM 3aaaeTcs Kak JTHHEWHAs KOMOWHAINS M3BECTHBIX 0asucHbIX QyHKuui fi(Xo, Yo)
¢ ko3 durmentamu Pr. [locaeaHre, B CBOIO ouepe/ib, HEM3BECTHBI U MOCTOSHHBI BHYTPH OKPECTHOCTH OIe-
HUBAEeMOM TOYKH (Xo, Yo):

Z*(Xo' YO) :i fk (Xi ) yi)Bk + R(Xov yo)-

JI19 HU3KOIIMPOTHBIX U MPU3KBATOPHAIBHBIX PETMOHOB HAWIYyYIUE Pe3yJIbTaThl MPOCTPAHCTBEHHOM
WHTEPIOJSIIUKE OBUIH MOJYYeHBl ¢ ToMoulbio TpuaHryisinus [Jemone [13, 14]. [Ias omopHBIX HpoCTpaH-
CTBEHHBIX TOYCK ¢ KoopauHatamu (X, Y) u aTpuOyTHBHBIM 3Ha4eHHeM Buna Z = Z(X, Y) mocTpoeHue TpraH-
rynsiyu Jlenone DT(S) moxker ObITh TPEACTaBICHO CleAyromUM o0Opa3oM. TpeOyeTcs mOCTpOuTh Tpe-
YTOJIBHUK, 00pa30BaHHBIA OMOPHBIMH MPOCTPAHCTBEHHBIMH TOUYKaMH Si, Sz, S3 M copepkaliuii HCKOMYIO
(uHTEpHONIMPYEMYIO) TOUKy. Heo0Xomumo onpenenuTs ypaBHEHHE MIIOCKOCTH TOTO TPEYTOJbHHUKA, KOTOPBIN
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BKITIOYAET MCKOMYIO TOYKY. B 00IlleM Buje ypaBHEHHE TUIOCKOCTH COJCPIKUT YETHIPE HEM3BECTHBIX KO-
¢unmenTa a, b, c, d:
a-X+b-Y+c-Z+d=0.
YkazanHble KO3 (HUITUSHTHI ONIPEICIISIOTCS CICAYIONUMU COOTHOIICHUSMHU:
a =Y1(Zz - Zs) +Y2(Zs - Zl) +Y3(Zl - Zz)v
b=2Z(X,-X;)+Z,(X; - X)) +Z;(X, - X,),

C=X (Y, =Y3) + X, (Y = Y1) + X5(Y, —Y,),
d =X, (Y,Z, =Y,Z,) + X, (Y2, =YiZy) + X3 (. Z, =Y, Zy),
rae X1, Y1, X2, Y2, X3, Y3 — KOOpJAMHATEI COOTBETCTBYIOMINX TOUeK S1, Sy, S3; Z1, Z», Z3 — 3HaYCHHS MapaMeT-
POB MarHUTHOTO ITOJISI COOTBETCTBYIOIIHNX ToUeK S1, Sp, Ss.
Co0TBETCTBEHHO, HCcKoMas BemunHa Z*(Xo, Yo) MOKET OBITH IIOTydeHa B COOTBETCTBUH C YpaBHEHHEM
2" (%, y,) = -a-X,-b-Y,-d ’
c

rae a, b, ¢, d — HaiinenHbie K03(GUIMEHTHI U3 YpaBHEHHS MIOCKOCTH; Xo, Yo — KOOPAMHATH HHTEPIOIHPYE-
MO IPOCTPaHCTBEHHON TOUKH.

C y4eToM CKa3aHHOTO TpeIIaraeTcs CIeIyoIIni aJrOpUTM JMHAMAYECKOrO 1moAdOopa METO0B WH-
Teprosauy (puc. 3):

1. IlpoBenenne cepuu BBIUMCIUTENBHBIX SKCIIEPUMEHTOB IS orpeneieHns d()()EeKTUBHOCTH pa3HBIX
METOIOB B Pa3HBIX 00JacTIX (HU3KHE, CPEAHNE U BRICOKHE IMUPOTHI) U MPH PA3IMIHBIX BHENTHUX (haKTopax
(B cimygae reOMarHUTHBIX JaHHBIX — HHAEKC TeOMAarHUTHOW aKTUBHOCTH).

2. OcHOBaHHas Ha pe3yJIbTaTax dKCIIEPIMEHTOB ITOATOTOBKA ITyJia METOIOB.

3. IIpu mocTymieHnn 3arpoca Ha UHTEPIOJAIMIO 3HAUYSHHSI B HEKOTOPOH TOYKE B 3aJaHHBIII MOMEHT
BPEMEHH BHITIOIHEHNE WHTEPIIONALNH, BEIOpAaB METOX Ha OCHOBE NMPHUHAIEKHOCTH TOYKH OINPEAETICHHON
MIPOCTPAaHCTBEHHON OOJIACTH M CTETICHH BIIMSHHS BHEITHUX (aKTOPOB B YKAa3aHHBI MOMEHT BPEMEHHU.

Jarpyira Lnknior | go N
HCXOJHE JaHHEX
[0 OIOPHED
TOEAM
YoanuTe
NPOHIBMILIYID TOUKY A
B i pErnomne
HoenTHjHKanHa
nyna M MeTonoE
HHTE PO BoCCTaHOBHTE
IHAYEHHE B TOUKE Brisox myna
A M veTogamu METOIOR

HHTEPNOALHH

E
Pasnenenne OIOPHLIX

TodeR o N
NPOCTPAHCTREHHEIM BrIIETHTE
rHOHAM naudonee
P " ODHOBHTE VI
MpekTHBHEI H3 METDIOR
M meronor oA

HHTEPNOMALHH

VBEMTHYHTE [ Ha 1
Llmecm ¢

Puc. 3. Anroput™ afanTUBHONW MHTEPIOISLIUI
Fig. 3. Adaptive interpolation algorithm
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4. Onucanue U anpodanus NpeaAIaraeMoro noaxoaa

[IpennoxeHHpIi T0X0/1 OBLT MPOTPAMMHO PEATM30BaH B paMKax BeO-OpUEHTHPOBAHHOTO UCCIIEI0BA-
TEIIHCKOTO MTPOTOTHIIA IPHUIIOKEHUS, 00eCIIEUNBAIOIIET0 TPOCTPAHCTBEHHYIO HHTEPIOJIALUIO U BU3YaIH3aIHI0
T€OMArHUTHBIX JAaHHBIX HA OCHOBaHWH JIOCTYIHBIX PE3yJIbTATOB, MONyYEHHBIX HA3eMHBIMH MArHUTHBIMU
oOcepBaropusiMu. B o01mmem Buje apXuUTeKTypa pa3pabOTaHHOTO BEO-TIPHIIOKEHUS U €ro dKpaHHas dopma
MIpUBENICHBI Ha pUC. 4.

B kadecTBe nHCTpyMeHTa peanu3anuu ObuT BeIOpaH Python, 4yTo 00ycioBieHO OMBITOM aBTOPOB B 00-
paboTKe TeoNnpOCTPAHCTBEHHBIX JAHHBIX, a TAKKe BHYIIUTENHHOW 0a30i MHCTpYMEHTapHUs JUIS aHaln3a
TAHHBIX, pa3pabaThIBa€MOTO W MONIEPKHBAEMOTO U JaHHOTO S3bIKa MpOTrpaMMHpOBaHMs. Peanmzanus
CEpPBEPHBIX CIIEHAPHEB HCIOIB3yeT apXUTeKTypHbIi abaon MVC (Model-View—Controller), xoTopbrit
pasenseT MpuioKeHHe Ha TPU KOMITOHEHTA: MOJIeNb, IpeAcTaBieHne u KoHTposutep. MVC no3Bossier pas-
paboTYHNKaM COCPEIOTOYNTRCS Ha OTACIBHBIX aCTIEKTaX MPHIIOKEHHS BO BpeMsl pa3paboTku [15, 16].

Kunenr —\

Iapamerpi sanpoca

. ZE— .
&
\!{r
Omumx
L
| +
— N K
28] — (4] —
o}
C——_—T

Hexoanue pasmsie Moneas

TTyn merozon
HITEPROAKLIR

1aGaons: Konrrponiep N

B

BeG-cepaep

Cepaepusie cucHapiti basa merTonos
HITEPIIOARIIN

Puc. 4. Apxutextypa u 3KpaHHbIe ()OPMBI IPEATATAEMOTO PEIICHHS
Fig. 4. Architecture and screen forms of the proposed solution

Mogens (Model) siBisercst 00beKTHO-OPHEHTUPOBAHHBIM OTOOpaskeHHEM JaHHBIX MPeIMETHOH o0a-
CTH ¥ IPUMEHSETCS, B YaCTHOCTH, B KauecTBe Mozend ORM mpu B3auMoAelCTBHHY C pENIMOHHBIMU Oa3zaMu
nansbix [17]. Kontpomnep (Controller) B3auMojeiicTByeT ¢ JaHHBIMU (MOJIENBIO), IPUHUMAST 3aIIPOCHI OT
KIIMeHTa, o0pabareiBast ux U Gopmupys pesynbraTel. KommoHeHnT npencraBnenus (View) MOXHO paccMmar-
PHUBATh Kak ONIHOHAJIBHBIH, TaK KaK peIIeHUE IPEeACTaBIACT HauOOBbIINI HHTEPEC U MPAKTUIECKYIO MOJIB3Y
KaK ynasieHHas QYHKUUS U BEIYMCICHUS! HHTEPIOINPOBAHHOTO 3HAYCHUSI.

OyHKIMOHATBHOCTD NPWIIOKEHHS OblIa peann3oBaHa B ABYX ¢opmax. C OgHOHM CTOPOHBI, MPEACTaB-
nenue obecneuuBaetr nepenady HTML-pa3meTku ¢ nporpaMMHBIMH KOMIIOHEHTaMH [UIs BU3YyalU3allUuH pe-
3ynbTaToB B Opaysepe. C Apyroil CTOpOHBI, IPEAYCMOTPEHAa BO3MOXKHOCTh B3aUMOJECHCTBHS C CEPBEPHOU
gacTeio yepe3 RESTful API, mo3Bosnstomas CTOpOHHAM MPHIIOKEHHUSAM 3alpaliiBaTh HHTEPIIOINPOBAHHBIC
JaHHBIE, OTIPABIISAA CEPBUCY 3aIIPOC C BXOAHBIMU mapameTpamu [18, 19, 20].
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Jns oneHkn 3¢ (eKTUBHOCTH MPEUIOKEHHOTO PELICHUs] MPOOIEeMbl IPOCTPAHCTBEHHON WHTEPIIOJIS-
UM T€OMAarHUTHBIX JaHHBIX OBUI CO3JaH HCCIENOBATENbCKUN MPOTOTUN BeO-puiaokeHus. s Kakaoro
METOZAa MHTEPIOJSIINH OBbLT pa3paboTaH CBOW CepBEpHBIA MOIYINb, a TAKXKE CO3JaH CEpBEPHBIN ClieHapuil,
BBIOMparomuid Harbonee 3PpPEeKTHBHBIN METOI HHTEPIIOISIIUH.

OKCIEpUMEHTHI TIPOBOAMINCEH HA KIIMEHTCKOW CTOPOHE C MCIIOIb30BAHMEM KOMITBIOTEpPA C MPOLIECCO-
pom Intel Core i5 10300H 2,5 I'T, onepatuBHOii mamsThio pasmMepoM 4 I'b 1 cKOpocThI0 HHTEpHET-COEAN-
Henus 52,4 MOut/c, a Ha cepBepHOW CTOpOHE — Ha 0a3e BeO-cepBepa ¢ mpoueccopoM 72 * Intel® Xeon®
Gold 6140 CPU @ 2,30 [Tw.

Ha nepBoM sTare oneHnBaIoCh BpeMsl IOIy4YeHHs OTKIIMKA OT CEPBEPHOM CTOPOHBI. b0 oOHapyxe-
HO, YTO BHITIOJHEHHE KIMEHTCKOTO 3ampoca ¢ ydeToM HHbopManmuu o HamOojee 3()(PeKTHBHOM MeToze
HMHTEPIOJISLUY 3aHUMAaeT B CpefHeM 12 ¢, 4TO COOTBETCTBYET TPEOOBAHUSIM K BBHICOKOIPOU3BOIUTEIbHBIM
BEO-TIPHITOKCHHSIM.

Ha BTOpOoM sTame oueHuBanach OMIMOKAa MPOCTPAHCTBEHHOW HHTEPHOJSILMM IIPHU HCIIOJIB30BAaHUU
IIPEIJIOKEHHOTO aJalTUBHOIO IOAX0Ja B CPAaBHEHUH C CYIIECTBYIOIIMMH MeTogaMu. MccaenoBanus mpoBo-
JUINCh HA T€OMAarHUTHBIX JaHHBIX B Pa3HbIE IEPUObI TEOMArHUTHON aKTUBHOCTU U AJISI PA3HBIX IPOCTPaH-
CTBEHHBIX 00J1aCTe: CpeaHe-, BBICOKO- ¥ HU3KOLUIMPOTHBIX.

AHanu3 MoJIy4eHHbIX Pe3yJIbTaTOB MOKA3ajl, YTO HCIIOJIB30BaHHUE MPEIIOKEHHOI0 aJanTUBHOIO MOJ-
X0Za K IPOCTPAHCTBEHHON MHTEPIOJISLIUY T03BOJISICT CHU3UTh CPEIHEKBAIPATHUECKYIO OIIMOKY BOCCTAHOB-
JIEHHS] TIPOCTPAHCTBEHHBIX JAHHBIX 10 CPAaBHEHUIO C CYMIECTBYIOIIUMH TOAXOJaMHU CIEIYIOIUM 00pa3oM:
B CPEIHEIMPOTHBIX 00macTsax — Ha 4,71 HI 7, B BRICOKOMHUPOTHRIX 00nacTsX — Ha 4,95 v, B HU3KOMIHUPOT-
HBIX 00nacTsax — Ha 16,7 HT .

3akiaoueHue

CoBpeMeHHbIE HHCTPYMEHTHI MOHUTOPHHTa TEOMarHUTHOTO TIOJIS BKITIOYAIOT Ha3eMHBIe 00cepBaTOpHH,
CTaHINH ¥ CITyTHUKH. CHCTEMHBIN IMOAX0 pacCMaTpUBAEeT TEOMArHUTHBIA MOHUTOPHHT KaK CHCTEMY DIIEMEH-
TOB, pabOTAIOMIKUX TOJ BO3ACHCTBHEM BHEIIHWX M BHYTPEHHUX (aKTOpOB, KoTOpas (popMupyeTr pe3yibTH-
pYIOLIME MarHUTHBIE TAHHBIE, HAPABIIIEMBIE B HAJCUCTEMY — LEHTP JaHHBIX, a JAJIe€ — 3aHHTEPECOBAHHBIM
nunaM. BenonbHBIA aHamu3, MPOBEACHHBIH B paMKax paOOThl, BHISIBHI OCHOBHBIC MPOOJIEMBI MONYyYCHHS
TC€OMarHUTHBIX JaHHBIX, B YACTHOCTH MPOOJIEMY OTCYTCTBHUS JaHHBIX B HEKOTOPBIX TOYKAaX 3€MHOH MOBEPX-
HOCTH.

Pa3paboTanHast KOHLIENIUS TIpeUIaraeT BBEACHUE JOMOJHUTEIbHBIX KOMIBIOTEPHBIX MOJENEH B CH-
CTeMy TOJAJECPKKH TPHHATHS PElICHHH Ha OCHOBE I€OMarHUTHOW HH(OpPMAalWU TaKkuM 00pa3oM, YTOOBI
o0ecrevnTh MoJdy4YeHUE JaHHBIX O FEOMAarHUTHONW 0OCTAaHOBKE B TOM YHMCIIE U B T€X TOYKAX, TJ€ OTCYTCTBY-
10T WIH HEJOCTYIIHBI CpeAcTBa n3MepeHus. [IpennoxkeH moaxon, KOMOMHUPYIOUIMHA METObI MHTEPIIOJISIIUH
C HauMeHbIIEH OMMOKON JJIs pa3HbIX yCJIOBUM. Ha moAroToBUTEILHOM 3Tarne i KaXKI0r0 METOa OLCHH-
BaeTcsl OMMOKa MHTEPIIONALUH JJIsl pa3HBIX oOyacTedl U BHEIIHUX (akTopoB. [Ipu manpHeieil nHTepnos-
LUK ONpeeNsIeTcs MPUHAIEKHOCTh UCKOMOW TOYKH OJHOW M3 MPOCTPAHCTBEHHBIX 00JIaCTEH, OLICHUBAIOTCS
BHEIIHUE (PAKTOPHI U BHIOMpAETCS ONTUMAIBHBIA METOJ MHTEPHONSIHU. DPPEKTUBHOCTD MPEIJIOKEHHOTO
peLIeHMs TTOKa3aHa Ha MpHUMEpe FeOMarHUTHOW WHGOPMALUK AJsl Pa3HBIX IIUPOT M YPOBHEH aKTHMBHOCTH
Kp-unnekca.
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AHHoTamms. V3naraercst BBIYMCINTEIbHAS TEXHOJIOTHSI KHHEMAaTHYECKON AUarHOCTUKH CKOPOCTHOTO pacmpejie-
JICHUS 30HMPYIOIIEr0 CUTHANIA B CEHCMOAKyCTHYECKUX CpelaX B YCIOBUSIX JIMHEApH3alluK BO3HUKAOIIEH 00paTHOIT
KHHEeMaTH4eckol 3amaqn. [IpuBOIITCS MOCTAHOBKA 3aJa4yd, MOCTPOCHUE PELICHHS W BBHIYMCINUTENBHBIH aJrOpHUTM,
ocHoBauHbIi Ha Merone KT. Hcmomp3oBanme KT oGecmeunBaercss opraHm3anueil ToMorpaduieckoil CHCTEMBI
HaOoieHnit (pacroaokeHne NCTOYHUKOB U IPUEMHHUKOB 30HIUPYIOIIETO CUTHANIA HA OKPYKHOCTH). JInHeapu3anus
BBIMIOJIHSIETCST BO3JIE JIMHEHHOH (QyHKIMK riryOuHbl (mepemeHHas Z mpoctpancTtBa XY Z), BBLACIAEMOW B HMCKOMOM
(YHKIMU CKOPOCTH M IpejmnosaraeMoii u3BecTHoi. OCHOBHOE BHUMAHHUE YAEISSTCS OPraHU3alliH 9TOH COCTaBIISIO-
IIeH, YTO CYIIECTBEHHO BIMSAET HA TOYHOCTH M JOCTOBEPHOCTH IIOJy4aeMOro penreHus. [IpuBomsTcs pe3ysbTaThl
KOMIBIOTEPHBIX SKCIICPHMEHTOB, HINTIOCTPUPYIONINX PEIICHUE paccMaTpuBaeMoil 3a1a4un.

KuiroueBble cji0Ba: BHIUUCIUTENBHBIN anropuT™; 00paTHas 3aj1a4a; peparupoBaHHBIE BOJIHBI; KHHEMaTHYECKast
JIMarHOCTHKA; KOMIIbIOTEpHas ToMorpadusi.
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Computational kinematic diagnostics of the probing signal speed
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Abstract. A computational technology for kinematic diagnostics of the velocity distribution of a sounding signal
in seism acoustic media is presented under the conditions of linearization of the emerging inverse kinematic problem.
The problem statement, construction of a solution and a computational algorithm based on the CT method are pre-
sented. The use of CT is ensured by the organization of a tomographic observation system (location of sources and
receivers of the probing signal on a circle). Linearization is performed near the linear depth function (variable Z
of the X Y Z space), identified in the desired velocity function and assumed to be known. The main attention is paid
to the organization of this component, which significantly affects the accuracy and reliability of the resulting solution.
The results of computer experiments illustrating the solution of the problem under consideration are presented.

Keywords: computational algorithm; inverse problem; refracted waves; kinematic diagnostics; computed
tomography.
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BBenenue

OCHOBHBIMH XapaKTEPUCTUKaMHU (PU3MUECKUX MPOIECCOB, N3YYAEMbIX C MO3UINNA «KMHEMATHKW, SIB-
JSIFOTCSL CKOPOCTh, YCKOPEHUE, MyTh U BpeMsl. Y CTAHOBJICHHBIE 37ech (PM3MUECKHE 3aKOHBI B CBOMX (OPMY-
Jax 3aKpeIuIIoT CBA3b MEXIY 3TUMH XapaKTEPUCTHKAMHM, YTO ITO3BOJISIET OMPEAeATh KaKylo-TH00 M3 HHUX
4yepe3 U3MEpeHHe IPYTrux. JTO COCTABISET OCHOBY PELICHUS] MHOTHX NPAKTHUYECKUX MPOOJIeM, B TOM UHCIIE
3aJ1a4, BOSHUKAIOINX MPU TUCTAHINOHHOM M3MEPEHHH BHYTPEHHETO CTPOEHUS CEHCMOAKyCTHYECKUX H OTI-
TUYECKHX CPeJl Ha OCHOBE TEOPUM PACIpPOCTPAaHEHMsI BOJH. B 3TOM TemaTHke OfHON M3 BaKHBIX 3a/1a4 CUH-
Taercs oOparHas kuHeMaTudeckas 3amada (OK3), umeromas MareMaTndeckyro GOpMYJIHPOBKY Kak 3amada
HMHTETpaIbHOM T€OMETPHH, ONUPAOIIAsACS Ha apuanoHHoe ucuncienue [1, 2]. OK3 umeer cBoro ucroputo,
1 UCTOKH €€ BocxomaT k reodmsuke. I[leppast mocranoBka OK3 Onmna uccnenopana I'. I'eprimornem u E. Bu-
xepToM B 1905-1907 rr. ans chepuueckd CUMMETPUYHON Mojenu 3eMiM NPU HAIMYUU POCTa CKOPOCTH
30HAMPYIOIIEr0 M3TydeHHs] ¢ TIIyOWHOW (OT MOBEPXHOCTH K HEeHTpy 3emuu). Pesymbrarer I'. I'eprimorma
u E. BuxepTa mo3BoiauiaN ¢ MCHONBb30BAaHUEM AAHHBIX CEHCMUYECKHX HAOMIOACHUI HaJ 3eMJICTPSICEHUSIMU
CIeIaTh TePBhIE BHIBOABI O TIIyOMHHOM CTPOCHUH 3eMiTH. BCKope HAIIOCH €IIe OHO Ba)KHOE MPIIIOKCHHE
KMHEMAaTHYECKOH CECMUKH, CBA3aHHOE € JIOLUPOBAHUEM TSKEJION apTHIIIIEpUU IPOTHBHUKA B Xoze [lepBoit
MHPOBOIl BOWHBI, TIPX 3TOM HCITOJIb30BaICS (DEHOMEH MOBEPXHOCTHBIX BOJIH.

OK3 uccnenoBanace B OJHOMEPHON MOCTaHOBKe 10 60-X IT. MPOILJIOrO CTOJETHsI, KOryia Oblia pac-
CMOTpeHa AByMmepHas rmocranoBka (M.M. JlaBpentses, B.I. PomaHOB), oka3aBmiascsi MaTeMaTHIeCKH CHITBHO
HexoppektHoH. OK3, mo-Bunumomy, — nepBas paccMOTpeHHasi oOpaTHas 3afada ajst AugepeHInanbHbIX
ypaBHeHU# (ypaBHeHUe Diikonana) [1, 2]. M3BecTHBIe KOHCTpYKTUBHBIE pemeHus OK3 momydeHs! s jm-
HeapHu30BaHHBIX MocTaHOBOK. [lo cux mop pemenust OK3 B moaHON, HEMMHENWHOW MOCTAHOBKE HE MOJIyYEHO.
Crietyet OTMETHTb, uTO oHOMepHass OK3 umeeT BaxkHOE 3HAYECHUE JIJIsl MOPCKOM THAPOAKyCTUKH [3-5].

1. locranoBKa 32241 ¥ MOCTPOEHHE PelIeHHSs

OCHOBHBIM MaTEMAaTHUYECKHM IOHSTHEM Hapsgy C ypaBHEHHEM OWKOHaja SBIsIeTCS] (DyHKIMOHAN
®depma, CBA3BIBAIOMINI BpeMs IPUX0/a peparupoBaHHON BOJIHBI U3 MYHKTa I'eHEPAllUi BOJIHOBOTO CHUTHANA
(MCTOYHWK) B IlyHKT PErHCTpaIiy (IIpHeMHHK), 0603HaunM ux X° u X! cooTBercTBeHHO, X € R3, Torma

() =] oo, ®

A XV (x)

rZie OTMEUEHHOE BpeMsl «1podera» pedparupoBaHHON BOJHBI BIOJb JIy4eBOH TPaeKTOPUH (Te€0e3uIecKOi)
¥(x°, x1), coenumsromeit Touku X° u X', ABNAIOMIEHCA pelIeHreM CHCTEMBI ypaBHEHHI Diinepa s JaHHOTO
dynxumonana, dS — anement ayru kpuBoii y(x°, x*), V(X) — ckopocTh pedparnpoBaHHO# BOTHBI B HCCIETye-
Moii cpene. Mssectro, uto y(xX°, X') mocTapiser MHHHMyM 3HAYEHMIO JAHHOTO (DYHKIMOHATA (TIPMHIIHII
®epma). BrlmeckazaHHOe HAXOAWTCS B COOTBETCTBMU C IOCTAHOBKOW 3aa4d T€OMETPUYECKOHW ONTHKH
B IIPOCTPAHCTBeE [6].

TpeGyercs, 3nas 3navenns dyuxmun T(X°, XY), T.e. U1 PasIMUHBIX TIOTOKEHHH HCTOYHUKA U PHEM-
HUKa (pe3y IbTaThl M3MepeHnil), Haiith pynkimo V(X); oueBnaHo, 6e3 3Hanus y(X°, X1) 310 claenaTh HEBO3-
MO>KHO (Ha TpaKkTHKe 3Ta WHPOPMALUS OTCYTCTBYeT). Buapl TydeBbIX TPAaeKTOPUH ONPENENIOTCS] CKOPOCT-
HBIM paclpeiesieHHeM, UMEHHO OHO M TMOMAJISKHUT ompeaeneHnio. TakuMm oOpazoMm, UMeeTcs cepbe3Hoe 00-
CTOSITETILCTBO, MPEMATCTBYIOIICE PELICHUIO 3a/1a4H, T.€. IIOCTPOCHHIO OOPAaTHOTO ONEPaTopa; €CiM BhIpake-
uue (1) 3amucars B onepatopHoM Buae AV = T, To A AV = AT, V= AT,
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OfHako TIPU HAJIWYUHM OMpPEISIIEHHOW anmpHOPHON MH(OPMAalUu O CKOPOCTH PacCIpOCTPaHEHUS WC-
TIOJIE3YEMOT'0 BOJIHOBOTO CUTHANA, T.€. 0 PyHKIUH V, a IMEHHO TIPEJICTABICHUH €€ B BUJIE CyMMBI
V =V +V, V> V|, )
rae Vo — u3BecTHast QYHKUIUS WIM KOHCTaHTa, CTAHOBUTCSI BO3MOXKHBIM pemieHre OK3 ¢ mpumenenunem me-
TOJla JINHeapu3aluuu 3agaun «Bosie Vo». CucremMaTnyeckoe MCIOIb30BaHKUEe JHMHEApU3alMy Hayajoch ¢ pa-
0ot M.M. JlaBpentheBa u B.I'. PomanoBa [2] B Hauane BTOpOW MOJIOBUHBI MPOLLIOTO CTOJeTH. OTHOCH-
TenbHO Vo pabounmu BapuaHTaMu MOTYT OBITh

V,=A A=const, A>0, 3
Vo = A+Bxg,V; (), xe R, A=const, B=const, A>0,B>0. (4)

O06a BapraHTa UMEIOT (PM3MUYECKHIA CMBICH U MPaKTHYecKoe 3HaueHue. Hampumep, B okeane ckopocts V
nMeeT HeOOMBIION rPa/IMeHT 110, TITyOWHE U ee BapHalliy COCTABIISIOT MIEPBbIE MPOIIEHTHI OT KOHCTaHTHI 1 450,
OJTHAKO TAaKOE€ BOJIHOBOJHOE SBJIEHHUE, KaK «TIOBOTHBIN 3ByKOBOW KaHAT», U HEKOTOPBIE JPYTHe 3aMETHBIE KOJIe-
OaHMsI BO3JIE OTMEUYEHHOW KOHCTaHTHI nenaroT pemenrne OK3 akTyaabHBIM 3IIEMEHTOM MOPCKOM aKyCTHKH.
B a70i1 cBs131 BapuaHT Gopmysibl (3) mMo3BoIISET pa3padaTHIBaTh BHIYMCIUTENBHBIE AITOPUTMBI JJIsl PELICHUS BO3-
Hukarommx nocraHoBok OK3 [3-5]. Bapuant dopmyisr (4) sBisercss akTyalbHBIM IS CEHCMOAKyCTHYECKHX
WCCTIEIOBAaHUHM 3eMJTH — KaK BEpXHEH YacTh Te0JOTMYEecKOro paspesa (MH)KEHEpHbIE MCCIIEOBAHNS, HAPHMep
MTOJITOTOBKA CTPOUTENIFHOM TIIOIIAIKH, THarHOCTHKA COCTOSIHUS (DYHIAMEHTOB KPYITHBIX COOPYKEHHH, BHYTPEH-
HEro MpocTpaHCTBa TyHHENEH M T.[., pa3Beka U MOHUTOPUHI COCTOSIHUS 3KCIUTyaTHPYEMBIX MECTOPOXKIECHUH
TOJIE3HBIX HCKOMAEMBbIX, B YACTHOCTH YTJIEBOJIOPOJIOB), TaK M ITyOMHHBIX CEHCMUYECKUX MCCICIOBAHUN 3eMHON
KOpBI 1 BepxHeit ManTHH 3emun (TiryOuHHOE ceficMudeckoe 30HaupoBanre — ['C3). DTo 00BICHSETCS, HAPH-
Mep, TeM, YTO C YIUIOTHEHHEM TOPHBIX MOPOJI C MTyOUHOM (yHKIHMS V BO3pacTaeT M UMEEeT TSHASHLIUIO K KBa3H-
JMHEHHOMY POCTY, YTO XapaKTEePHO, B YACTHOCTH, JJIsI TTTyOOKHX OCaJ0UHBIX «0acCEeHHOBY, MEPCTIEKTUBHBIX IS
3anexeil yrineonopoaoB. Ha teppuropuu Poccuu 3to FOsxubnit Ypan (Ilpukacnuiickas HU3MEHHOCTD) U 3amaj-
Hast CHOHMpPb, U3BECTHBIE TAKUMU MECTOPOKIICHUSIMH; CIIEYET OTMETHTD B 3TOH CBSI3U U OKCAaHWYECKUH HISNb .

[MoguepkHeM, U4TO NMPU OPTaHU3AINN CHCTEMBI HAOIIOJICHUH (PacIiooKeHNE HCTOYHUKOB U TIPUEMHHU-
KOB) Ha «IHEBHOID TIOBEPXHOCTH (IOBEPXHOCTh 3eMIIH), T.€. Ha TockocTH X3 = 0, dpynkmus T(x, x*) sps-
eTcsl PyHKIMEH YeThIpeX MEePEeMEHHBIX, IOCKOJIBKY X0 = (Xlo, x50, 0) u Xt = (Xll, Xot, 0), u 3a7a4a onpeIeICHUs
TpexmepHol dynkuun V(X1, X2, X3) mo T(x, X*) ecTh 3amaua nepeonpeieeHus; KpoMe TOTO, TPAJAUIIHOHHBIE
npoduIbHbIE CHCTEMBI HabmoaeHui (Touk X° 1 X' pacrosIoKeHbl HA OJHON TMHUK) He 00ECTIeUHBAIOT Ma-
TEMaTHUYECKYIO TOJTHOTY UCXOAHBIX JaHHBIX Uil pemieHus OK3, uto oTpaxaercs Ha JOCTOBEPHOCTH pe3yJib-
TaTa (MHTepHpeTaluy pe3yIbTaToB u3MepeHui) [1].

OTH npobseMbl CHUMAIOTCSL TIPU BBIOOPE CHCTEMBI HAOJIIOJCHUI B BHIE OKPY)KHOCTH 3a/IaHHOTO pa-
nuyca r ¢ neatpom B touke (0, 0, 0) Ha mmockoctu X3 = 0, UMEOIICH ypaBHEHHE X2 + Xo% = r?, r = const,
r > 0. Eciu Touku X° 1 X' paconoskeHbl Ha OHOM OKpykHOCTH (puc. 1), To Bpems T cranoBuTCcs QyHKIHMEH
JBYX MOJIAPHBIX YIJIOB @1, Q2 U Paguyca OKPYKHOCTH I, T.€. IEPEONPEAEIEHHOCT 33Jaud CHUMAETCsl, 10
(YHKLIMH Tpex MEepeMEHHBIX T onpeaensercst QyHKIUs TpeX NepeMeHHbIX V.

[pumeuaTenbHo, 4To s ckopoct V = Vo, T.e. V = A + BXs, nyuessie Tpaekropun y(X°, '), onpese-
JSIIOTCSL ypaBHEHHEM

2
(X3+§J +|X|2:R2,R=const,R>0, ()

onuceiBaromuM chepy ¢ rieatpom B Touke (0, 0, —A/B), u ypaBHeHHeM miockoctd Q
(x,v)—P =0, P =const, v=(sin6,—cos6), (6)

TIepIIeH INKYJIAPHOI TIOCKOCTH X3 = 0 M mepecexaromiei ee o muauy, BKmouatommeit 1(x%, x1), T.e. yo(x°, x%) —
3TO cnen nepeceueHus chepsr (5) u miockoctu (6).
TMocTosiHHast R J1erko BHIYKCIAETCS B pPACCMATPHUBACMOIT MOCTAHOBKE KaK

2
R= (gj +r?, )
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OG6o3HaunM yepe3 d pacCTOSHUE MKy HCTOYHHKOM M MPHEMHHUKOM, OMPEIEIeMOe KaK PacCTOsHUE
MEXTy JBYMsI TOYKaMH C 3aJlaHHBIMH KooparHaTtamu. Torna hopMysia [Uist BBIYHCIICHHsI BpeMeHH To MMEeT BHJL:
1, 2R+d
To(xo,xl):—ln—. (8)
B 2R-d
Wrak, B COOTBETCTBMU C TPUBEACHHBIMH BBIIIC PACIPEICICHUIMA MOXHO 3aMEHHUTH T (XO , xl) ~
mdS ,wm [, ndS=T-T,, rae nlzi—izn—no.
70(X°.X) V V0

=T, +_‘.

}’o(XOxXl)
Ecmu T — Ty 0603HaunTh yepes T1, TO

'[?’o ndS ~T,. 9)

WuTerpansHoe ypaBHeHue (9) MOXeT ObITh MOJIYYCHO TAKXKE B PE3yJIbTATE JIMHEAPU3AIMH YPABHCHHUS

DOWKOHAJIa ¥ ¢ TOYHOCTBIO JI0 MAJIBIX BTOPOTO MOPSAKAa OTHOCHTEIHHO 1 M N1, 3HAK MPUOIMKEHHOTO PaBEH-

CTBa 3aMEHUM Ha =, T.€. '[70 mdS =T, .

Puc. 1. MmmiocTpanus reoMeTpHIeCKIX yCIOBHH TMHeapr30BaHHOU moctaHoBky OK3
Fig. 1. lllustration of the geometric conditions of the IKP linearized formulation

Janee mpu miepexojie OT HHTETPUPOBAHMUS M0 Yo K MHTETPUPOBAHMIO TI0 | BO3HUKAET BECOBON MHOXH-
A 2 (U2 o= 2 0 W1
Teab. Tak kak Z = —Ei R —|X| =7Z",XeR",Z =X, TO ¢ y4eToM TOro, 4to s ypaBHenus I(X°, X*) nme-

eM X1SiN6 — X2C0S0 — P, 1 MOCKOIBbKY HCCIIeTyeMblil POoLece MPOUCXOAMUT B mOIynpocTpancTse Z > 0, s dS

- [02 b2
MOJKHO TIOJTyYUTh dS =d|1/1+(Z|) ,wm dS =R—'|:d| )

7 +—
B

Takum 00pa3oM, MOIyvIaeM BbIPAKECHHSI
n(x,2*
T, (%) =VR? - PZL(XO,xl)l(—A)d' , (10)
2"+
B
T, (x°,x* n(x,2*
! )—j mixz), (11)

e 0,1
/Rz_Pz 1(x".x7) Z*+§
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Beipaxkenue (11) mo3BousieT, HCMOJB3Ysl HHTErpabHOE TpeobpasoBanue PanoHa, moayuuts Gopmyry
oOpalieHus I BBIYMCIEHUS 3HaUeHnit Ni(X, Z°):

nl(x,Z*)z[Z*Jrij‘lf(P,e), (12)
Tl(xo,xl)

R2 _ p2
nenstrorue npsimbie |2 P —(X,v) =0, P =const,v =(sin6,—cos0) (cm. puc. 1).

rae R — onepatop o6parnoro npeo6pasopanus Pagona, a f (P,H) = , P 1 6 — mapamerpsl, onpe-

Urak, paccmatpuBaemas nocranoBka OK3 1mo3BoJisIeT CBECTH €€ pellleHue K PEIIEHUI0 KIaCCUYECKOU
ToMOrpauuecKor 3a1a4u B Kpyre paanyca ' ¥ MOIY4YHTh B pe3yJIbTaTe 3HaYeHUs] CKOPOCTHOTO pacmpeje-
JICHUS Ha TOBEPXHOCTH BTOPOTO MOPsIIKa, 00pa30BaHHONH MHOXKECTBOM JIyUEBBIX TPAeKTOpHil yo. MI3MeHeHne
paanyca OKPYKHOCTH CHUCTEMbI HAOJIOJEHHI MO3BOJHUT MOJYYUTh CUCTEMY BIIOKEHHBIX OTMEUYEHHBIX IO-
BEPXHOCTEHN, Ha KOTOPBIX UCKOMast CKOPOCTh V ompesenieHa, 1 TeéM caMbIM BO3HUKAeT 00bEMHOE CKOPOCTHOE
pacripeneneHue Al 30HAUPYIOIIEro CUrHaia B UCCIIeoyeMOoH cperie.

Opranu3zanyst ToMorpaduieckux U3MepeHuii (mogydeHrne MpOeKIMOHHBIX JaHHBIX) TpeOyeT 3a1aHus
YHcia Map UCTOUHUK—TIPUEMHHK IpU (PUKCUPOBAHHOM HMX MOJI0KEHUH (0HA TOMOrpaduuecKas NpoeKIus),
1 KOJIMYECTBO ATHX MOJO0KEHUMH, ONpeIesIeMbIX IIOBOPOTOM CUCTeMBI HabmroaeHui ot 0 10 27 ¢ 3a1aHHBIM
marom (yrjioM ckaHupoBanusi), cootBeTcTBeHHO N u M (cm. puc. 1). Jluneapu3aiyss CKOPOCTH MIPOUCXOIUT
BO3JIC TUHEHHOW QyHKITMHU TITyOonHb! Z, T.e. Bo3ne Vo = A+ BZ, A>0, B >0, A = const, B = const. 3agecs I —
panuyc OKpYKHOCTH CHCTeMbI HaOMoeHni Ha Tutockoct Z = 0 ¢ IIeHTpOM B Hayalle CHCTEMbI KOOPIUHAT.
R — paguyc cdepuueckoil MOBEPXHOCTH, OOPa30BaHHBIA JTy4eBBIMH TpaeKTopusiMu (5), Q — MIOCKOCTB,
oTIpelieIICHHAas ypaBHEHHEM (6).

OCHOBHBIM 2JIEMEHTOM (hOpMHUPOBaHUS MPOCKIMOHHBIX naHHbIX f(P, 0) sBisieTcs yncaeHHoe peleHne
npsmoii kuaemarndeckoit 3anaun (ITK3), T.e. Berumcnenue 3nadennii T(x%, X') ¥ npu 3TOM HOCTpOEHHE JTy-
ueit y(x°, x!), Tak xax Bmons y(x°, ') pacnpocTpansercss pedparupoBaHHBI CHTHAN B QUKCHPYETCS BPEMS
ero npo6era. B o6mem ciyudae npu 3agannoil Gpynkmun V(X), X € R®, pemenne TTK3 3akmoyaercs B yucieH-
HOM DELICHUH HayaJbHO-KPaeBOW 3aJaudl JUIsl CUCTEMBI TPEX YPaBHEHHMH BTOPOTrO MOPSIKA, Pa3pelIeHHBIX
OTHOCHTEIBHO CTApPIINX MPON3BOIHBIX (CHCTEMa SIBISIETCS CIEACTBUEM M3 YpaBHEHHS DWKOHANA, M €€ 4acTo
Ha3bIBAIOT «CUCTEMa ypaBHEHMH Jsyda» [1]), [uid 3TOro Mcmosb3yeTcsl pa3HOCTHas cxema Meroja PyHre—
Kytra. IlpuxoanTcst pemnTh Tak Ha3bIBAEMYIO «ABYXTOUYEUHYIO 3a/ady», T.e. TpeOyeTcs yMeTb HaXOAWUThb
Jy4eBYIO TPAeKTOPHIO, COEAMHSIONIYIO BE 3a/laHHbIe TOYKH, & OTMEUEHHAasl Ha4aJlbHO-KpaeBas MOCTaHOBKa
HaMpsIMYIO 3TOr0 He 00eCleUnBaeT, MOCKOJIBKY TO3BOJISIET IIOCTPOUTD JIy4, BRIXOASIIMNA U3 3aJaHHON TOUKH
C 3aJJaHHBIMHU HAIMPABISIONIMMH KOCHHYCaMH. J[JIs1 pemeHns ABYXTOYEYHON 3a/1a4l IPUMEHSETCS] BBIUNCIIH-
TeNbHasE MeToauKa npucTpenkd. C UCIOJIb30BaHUEM PELICHUS HavalbHO-KPAeBOM 3ajaud MoJg0uparoTcs
HayalbHbIC JaHHBIC, U B OKPECTHOCTH HY)KHOW TOUKH «IPUCTPEIUBAIOTCS, HAIPUMED, TPU TOUKH U AeJaeT-
csl IETEpIIONAIHS B 3aJaHHYI0 TOUKy. B pesynbrare momydaem npubmmkennoe 3aagenue T (X, x°).

B cnyyae opranuzanuu TOMOrpaguuecKoro YMCICHHOTO SKCIIEPUMEHTa TaKOe BBIYUCICHHUE MTPOCKIH-
OHHBIX JaHHBIX JaXKe TPH «MAIOPaKypCHOI» Tomorpaduu, Kak MpaBHIIO, — BECbMa TPYJ0E€MKOE 3a/aHue
B CBA3H ¢ Gombumimu oObemamu 3Hadennii T(XY, X*). OnHaKo M3BecTeH Kiacc Cpell, A1 KOTOPHIX 3HAUCHHS
T(X°, x!) BBIUmCISIOTCS 1O ABHOM (hOPMYJIE, UTO TIO3BONIAET H36EKATh OTMEUEHHBIX BBIIIE TPYIHOCTEH. DTO
Cpenbl, B KOTOPHIX MTOKa3aTelb MPEIOMIICHNUS 3a7aeTcs (hopMyItoi

N(X) = Ao + (B, X+ 0 | X (13)
npu X € R3, Ao = const, a = const, B = (B1, P2, P3), rae P1 = const, B, = const, Bs = const [7]. Umeer mecTo a1s

T(x°, x') popmyna
MVM?Z -1

T (X, %) :T(az(xé +(B,xg) + 0% [ Xg [2) + (B +a?xg)) +
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L Inm +\/|v| D (o2

(7¥0+<[3 Xo>+0t |Xo| ) — (B+0‘ X0)+

(14)
+@((GZX_1+B)—(G2X_0+B)M)(B+0€2X_o),
rie
o xlzs)(sm %) |
a®1§ —p? )
J[(a X+ B)(B + aXp)I* + (0§ - BZ)[a (A2 +2(B. %) + 02 [ % ) + (025 +B)]
a’Lf —p?

Ucnonb3oBanue hopmydsl (14) HaknaapBaeT COOTBETCTBYIOIINE OTPAaHIMUYCHHS HA apaMeTpbl TOAKO-
PEHHOTO BBIPaKEHMS M IPaHMIIBI UCCIIelyeMOol POCTpaHCTBEHHOH obnactu. Beipakenue (13) nmpencraBum

KaKk N(X)=,Ag+¢(X), rme |e(X)| < do. ITycTs U1t ompeneneHHOCTH Ao = 1, 9TO yHOOHO Ui HAJIbHEHIIHX

paccyxknennit. Torma |@(X)| < 1. Jlanee, MOCKOIBKY paHee MCIOIB30BAIOCH 0003HaYeHHE Z = X3, TO 00IaCTh
m3meHeHus cocTaBisieT 0 < Z < Zmax, Zmax — MaKCUMAaJIbHOE 3ariIyOJIeHHE JTy4eBOW TPACKTOPHH, & UMEHHO
TOYKa ee MoBopoTa (cM. puc. 1), rae Zmax = R — A/B, rpaHuIIbl U3MEHEHHUS IEPEMEHHBIX X1 U X2 OTPEICIISIOT-
Csl HEpaBEHCTBaMHU |X1| < T U [Xo| < T, B manbHeiimem r = 1.

B Hamem ciydae y1o0HO BOCHOJIB30BAaThCS Pe3yibTaTaMu padOThI [7], Toe s Cpei ¢ moKaszaTeiaeM

npenomienus N(X) = \/1+ B, X)+ o | X |2 BBIBOAATCSA siBHBIE (hopmydbl 1yt perennst [1K3. Tlo npoekunoHHBIM

nanubM (P, 0) ctpouTcs TomMorpamma, copeprkarias HCKOMOE CKOPOCTHOE pacrpeiieiieHHe, U TeM CaMbIM
pemenne OK3 3aBepiuaercs. B Hamem ciyyae Uit MOCTPOSHUSI TOMOTPAaMM MOTYT OBITh UCIIOJIB30BAaHbI Me-
TOJBl U aJITOPUTMBI, SIBIISIONIMECS K HACTOSIIEMY BPEMEHH KJIACCHYECKHM MaTEMaTH4YeCKUM OoOecriedeHreM
KT. be3 orpanuyenuss OOIIHOCTH B KOMIIBIOTEPHBIX SKCIIEPUMEHTaxX MCIIONb30Bajics MeTrox EpoxuHa—
[ueiineposa [1] ¢ mpeaBapUTEIbHBIM CTJIAYKUBAHUEM TIPOEKITNH (M3MEpEHHsI, BBITIOTHEHHBIE IO/ ONPEAeTIeH-
HBIM PaKypcoM) ONKyOMYEeCKUMU CIIJIaifHAMH B COOTBETCTBHH C OIEHOYHBIM YPOBHEM CITy4allHOW MTOMEXH.

ITockonsky mHpOpManus o Vo, T.e. 0 KOHCTaHTax A 1 B, HOCHT 3BpHCTHYECKUI XapakTep U UX TOYHBIE
3HAYEHUs] HEM3BECTHBI, TO NPEACTABISACTCS Ba)KHBIM HCIIOJIB30BaTh MPOLEAYPY ONTHMHU3ALUKM MX BBIOOpA.
Hcnonp3yemslil B JAHHBIX UCCIEAOBAHUAX KIIACC CPEM, UMEIOIINX CKOPOCTHOE paclpeieieHHue, ONNChIBae-
Moe (opmynoit (14), rae SBHO 3agaHHOE BBIpaxeHue A Vo OTCYTCTBYET, MPEICTABISICTCS yIOOHBIM IS
HarJISJHOTO BBIOJIHEHUS TAKOH ONTUMH3ALIH.

2. YncjeHHOe KOMIIbIOTEPHOE MoAeaupoBanne pemenus OK3

OO6b19HO 0 Mapamerpe A mMmeercs OoibIlie HHPOPMAIIUHY, U C €r0 BEIOOPOM OO0JIbIe ONpeAeTIeHHOCTH,
4yeM ¢ mapameTrpoM B. B 3Toif cBsI3M B YHMCIIEHHBIX SKCIIEPUMEHTAaX, Pe3yIbTaThl KOTOPHIX MPE/ICTAaBICHBI Ha
puc. 2—-5, onTUMHU3ALKsI TPOBOIUTCSA MO OJHOMY Mapamerpy B, mpuyem nosiyveHHas TEHICHUHMS HArJsJHO
JEMOHCTPUPYET UMEIOLIYIOCS 3aBUCUMOCTh TouHOCTH petenust OK3 ot Beibopa B.

st mpoBeeHUsI YMCICHHOTO KOMIBIOTEPHOTO MOJEIHUPOBAHUSI PACCMOTPHUM Cpelly C IMOKa3aTesieM

npesnomiieHus N(X) = \/1— Xg +0,2% —2 107 +0,04| X|* . 31eCh CYIIECTBEHHBIM SBISETCS MPUCYTCTBUE

CPaBHUMOTO C TPaJMEHTOM MO TiIyOMHE (TepeMEHHasi X3) W3MCHEHHMs 10 MEPEMEHHOI X1, 3TO HapyliaeT
CHUMMETPHIO, YTO MPEICTABISACT MPAKTHYCCKUI UHTEpEC MPHU JUAarHOCTHKE HEOJHOPOJHOCTEH TaKOTO THIIA.
OtHocHTeNbHO cKOpocTH V(X) MOKHO 3armucaTh

V(X) = 1 1 zl—(p(x)=1+0,5x3—0,1x1+10‘4x2—0,02|x|2=1+0,5x3+vl(7), (16)
n(x) 1+o(x) 2

rae V;(X) =-0,1x, +10~*x, —0,02| x |2
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Takum oOpa3om, B kauecTBe KoHCTaHT A 1 B moxxHO BeIOpaTs A = 1 u B = 0,5. Torna Bcs HeoOxomu-
Mas uHpopmanus aist pemiernss OK3 1o n3in0keHHOMY BhIllle TOMOTpaduiecKoMy IMOAX0Ay mmosryueHa. Jlei-
CTBUTEIHHO, 3HAUCHUS TTapaMeTpa B BRIOWpannch B COOTBETCTBUU C TaOIHIICH.

3aBucumocTs omnokn Q oT M3MeHeHHs1 napameTpa B

B 0,45 0,5 0,55 0,6 0,65 0,7 0,75
Q 33% 28% 24% 20% 17% 19% 22%

3nauenue Q sBIsIeTCS OTKIOHEHUEM pedyibrata pemenns OK3 Ny 0T TOYHOTO 3HAYEHUS Nie, KOTOPOE
BBIYHUCIIICTCS 110 OpMYIIe

Iy (%5, X2 X3) = e (%5 X . X3)I
Q= |~ : 17)

2 *
2N (X4 X2, %3)
I’J

e X3 = X3 (X1, X2,), | ¥ j — TeKyIIue mapaMeTphl CETKH, B y3J1aX KOTOPOH BHIYUCIAIOTCS 3HAUEHHS Ny,

m— YCXOAHEA QYHKLMA = = = BoccraHoBneHHan GyHkuma

UcxogHan dyHKums = = = BoccraHoBneHHan GyHKuma

8:14- 834

-0.06

0.08 008
X x

Puc. 2. I'padudeckoe n306paXeHie cedeHns MIOCKOCTRIO X2 = () MpocTpaHcTBeHHOro Tpaduka dyHkmu Ni(X1, X2, Z7)
IUTS TTOCIIEI0BATEIbHOCTH 3HaueHuit mapamerpa B =0,75uB =0,7
Fig. 2. Graphic representation of a section by plane x2 = 0 of the spatial graph of the function ni(xs, x2, Z*)
for a sequence of B = 0.75 and B = 0.7 values

WUcxoaHan pyHKuma = = = BoccraHoBneHHaa GyHKUMA WUcxopHas dyHkuma = = = BoccTaHoBNeHHanA GyHKUMA
4 014
0.12 0.12
/
0.1 0.1
0.08 0.08
0.06 0.06

0.04

nl
n1

Puc. 3. I'paduueckoe n306paxeHne cedeHus MIOCKoCThIo X2 = 0 mpocTpaHcTBeHHOro rpaduka GyHkmu Ni(X1, Xz, Z°)
UTs TTOCIIEI0BATEIbHOCTH 3HaueHuit mapamerpa B = 0,65 u B = 0,6
Fig. 3. Graphic representation of a section by plane x2 = 0 of the spatial graph of the function ni(xs, x2, Z*)
for a sequence of B = 0.65 and B = 0.6 values
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Vcxoanan yHkuma = = = BoccTaHoBneHHan GyHKUUA VcxoaHan GpyHKuma = = = BoccTaHOBNEHHaA GyHKUUA

=L 14

0.12 0.12

0.1 0.1

0.08 0.08
0.06 0.06 »

0.04

0.04

n1
nl

0.02

0.5 1 15 -1.5

5-68 0-08
-6-68 08
X x

Puc. 4. T'paduueckoe n300paXkeHue cedeHns IIIOCKOCTRIO X2 = 0 mpocTpaHcTBeHHOTo Tpaduka GyHKmu Ni(X1, X2, Z7)
IUTs TTOCIIEI0BATEIbHOCTH 3HaueHuit mapamerpa B =0,55u B = 0,5
Fig. 4. Graphic representation of a section by plane x2 = 0 of the spatial graph of the function ni(x, x2, Z%)
for a sequence of B = 0.55 and B = 0.5 values

WcxopHan GyHKumA = = = BoccTaHOoBAEHHaa PYyHKUUA

nl

X

Puc. 5. I'paduueckoe M300paXeHne ceueHH s TIOCKOCTHIO X2 = 0 mpocTpaHcTBeHHOro rpaduka GpyHkimu Ni(X1, X2, Z*)
T 3HadeHus napamerpa B = 0,45
Fig. 5. Graphic representation of a section by plane x2 = 0 of the spatial graph of the function ni(x1, x2, Z") for a B = 0.45 value

BrInosTHEHHBIE KOMITBIOTEPHBIC 3KCIIEPUMEHTHI MTO3BOJISIOT CIIENATh BBIBOJ, YTO ONTUMAIBHOE B JIaH-
HOM ciy4ae 3HaueHue B Haxonutcs B okpectHoctu B = 0,65.

3akioueHne

Jlaunas Tomorpaduueckas mocranoka OK3 B Tpexmeprom ciyuae (V(X), X € R®) nossonster Haxo-
JUTh CKOPOCTHOE PaclpeAesiecHue C TOYHOCTHIO, OIpeessieMOl YCIOBHSIMU JTMHEAPU3aK U c1a00i cTere-
HBIO MAaTEeMaTHYECKOH HEKOPPEKTHOCTH 3TOW MOCTaHOBKH [8]. TOYHOCTH MOKET OBITH MOBBILIEHA B PE3YJib-
TaTe ONTUMH3AIMK BBIOOpA «Pe(ePEHTHOT0» CKOPOCTHOTO pactpeneiacHus, T.e. pyHkuuu Vo = A + BXs (X3 —
rryOuHa).

Tomorpaduueckuii moaxo1 00ecneyuBacT JOCTOBEPHOCTD PELICHUS 3a CUET:

1) HONMHOTHI MPOEKIIMOHHBIX TaHHBIX;

2) TeoMeTpUH CUCTEMBI HAOIIOJCHNH, KOTOpasi CHUMAaeT HEKOPPEKTHOCTD 3a/1a4H;

3) cnaboii MaTeMaTH4eCKO HEKOPPEKTHOCTH TOMOTPa(UUECKON TOCTAHOBKH.
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Pesynbrarhel qanHOW paboTHI JOMYCKAlOT 0000IIeHNe Ha BEEPHYI0 TOMOTpadHio B YCIOBHUAX anredpan-
YeCKOW PEKOHCTPYKIIMH, YTO OTBEUaeT MHTEepecaM KWHEMATHUYECKOW ceficMoToMorpadum, co3maBas Oolee
ONaronpusTHBIE YCIOBHUS TPH MPOBEACHUH TMOJIEBBIX reodn3ndyeckux m3mepenuil. [Ipencrasisiercs mepcrek-
TUBHBIM PaCCMOTPEHHBII MOJIX0J, OCHOBAHHBIN Ha alpHOPHOI WH(GOPMAIUH AJIT OpPTaHU3AIH AITOPUTMH-
YECKOTO U POTPAMMHOT0 O0ECIICUEHHSI B YCIIOBUSIX «IBPUCTHUECKOTO MOMCKA» B TEMATHKE UCKYCCTBEHHOTO
WHTEIJIEKTa C BBIXOZOM B JIOKAJbHYIO TOMOTpapUIECKy0 PEKOHCTPYKIHIO, T.e. B ROI-ToMorpaduro, B ToM
YUCJIE MIPU PETUCTPALIUU MTPOCKIUOHHBIX TAHHBIX B MOJIOCE U KOHYce Jyueit [9].

Crnemyer OTMETHTh, YTO OOpaTHasi 3afjadya CKOPOCTHOH IMArHOCTUKU CKOPOCTHOTO paclpeieieHHs
30HAMPYIOIIEr0 CUTHATA B HCCIEAYyeMON Cpele MOXET BO3HHMKATh Kak oOpaTHas 3ajada s BOJHOBOTO
ypaBHenus [10, 11].
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AHHoTanms. OnucaH MOAXOJ K PEHICHHIO 33afauyd CEerMEHTallud OOBEKTOB HCCIEIOBAHHS HA CHUMKAX aHTHO-
rpaduy IpH MPOBEACHUU TIPOLEAYPHl TPAHCKATETEPHOH MMILIaHTAIMU aopTanbHoro kinamana (TAVI). B cessu co
CIIO)KHOCTBIO aHaJIM3a OOJBIIOr0 00beMa JaHHBIX UL KapIHOXUPYProB B CTaTbe 0c000€ BHHUMAHHE YIEICHO aBTO-
MaTHYECKOMY aHAIN3y MEIUIUHCKUX JAHHBIX, OOyYCHUIO M CPABHEHHIO COBPEMEHHBIX apXUTEKTyp HEHPOHHBIX ce-
teit. [TogpoOHO paccMOTpPEHbI M MPOTECTUPOBAHBI IS IPOTHO3UPOBAHUS MAaCOK KOpPHs aopThl 50 HEHpOHHBIX ceTeit
(auxomeper U-net, U-net++, Linknet, FPN, DeepLabV3+ u mexomepst Efficientnet-b0, Efficientnet-bl, Resnext50,
Resnet34, Regnetx32). Ha sTanax oOyuenus u tectupoBanus kackan moneneir FPN + Efficientnet-b0 mo3Bomw mo-
JYYUTh HAWTYYIIyIO TOYHOCTH porHo3uposanus no merpukam IOU 0,771, Dice 0,870. IIpoBeneHHOE HccienoBaHne
MOKa3bIBAET, YTO MPEJIOKEHHBIN ITOJIXO0 Ha OCHOBE HEHPOCETEBBIX KAaCKaI0B, IIO3BOJISIONINX UATH HE B CTOPOHY Je-
TEeKTHPOBaHMS KITIOYEBBIX TOYEK, 4 B HAMPABICHUH CO3JAHHUS CETMEHTAI[OHHBIX MACOK, O3BOJISET IPOTHO3UPOBATh
B peaJbHOM BPEMEHHU PACIIONOKEHHE aOpTaJbHOTO KIIAlaHa M CHCTEMBI JIOCTAaBKH, TEM CaMbIM CIHOCOOCTBYS Ipa-
BHJIBHOMY TTO3MIHOHUPOBAHMIO KJlanaHa Bo BpeMs TAVI.

KiroueBble cj10Ba: cerMeHTaNus; TpaHCKAaTETEPHAs 3aMEHA aOpTATBHOTO KianaHa; riryookoe obyderne — CNN;
aHaIN3 MEANIMHCKUX U300pakeHuit; aoprorpadus.

bnazooapnocmu: Pabota BeImonHeHa npH ¢GuHaHCOBOI moynepxkke PH® B pamkax HaywHoro mpoekra Ne 24-19-
00084.
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Segmentation of the aortic root on angiography images
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Abstract. The article describes an approach based on neural network modeling, which is of great interest for

segmenting different anatomical structures during TAVI. Given the complexity of analyzing large volumes of data for
cardiac surgeons, the article pays special attention to the automatic analysis of medical data, training, and comparison of
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modern neural networks. Fifty neural networks were thoroughly examined and tested for predicting aortic root masks
(encoders: U-net, U-net++, Linknet, FPN, DeepLabV3+ and decoders: Efficientnet-b0, Efficientnet-b1, Resnext50,
Resnet34, Regnetx32). During the training and testing phases, the FPN Efficientnet-b0 cascade architecture demon-
strated the best prediction accuracy with metrics IOU 0.771 and Dice 0.870. The conducted study shows that the pro-
posed approach based on neural network cascades, which focuses not on detecting key points but on creating segmen-
tation masks, allows for real-time prediction of the aortic valve and delivery system location, thereby facilitating correct
valve positioning during TAVI.

Keywords: segmentation; transcatheter aortic valve replacement; deep learning — CNN; medical image analysis;
aortography.
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BBeaenune

B cBs3u ¢ pa3BUTHEM BU3YaJbHOTO COMPOBOXKICHHS MEIUIMHCKUX MPOLENyp MHTEPEC K PELIeHUI0
3aJaudl CeTMEHTAIMK HEOONBIINX 0 pa3Mepy OOBEKTOB Ha 3alIyMIICHHBIX JBYMEPHBIX U TPEXMEPHBIX JaH-
HBIX HEYKJIOHHO pacTeT. M3BecTHbIC Ha CErOAHALIHUN JIeHb KJIACCHUECKUE AITOPUTMBI CEIMEHTAIUN MEIH-
LUUHCKHUX H300paskeHui [1] 001agaroT MHOXKECTBOM OTpaHMYCHHH, B YACTHOCTH aJITOPUTMBI, TIOCTPOSHHEIE
M0 MPUHIMITY KACKaJHOCTH, 00JIaAaloT HU3KOI 00o0mmaomieil cmocoOHOCThIO U HAKAIUIMBAIOT OIIUOKY BBI-
yuciaeHuil. TpexMepHble KIacCHYeCKHUEe aTOPUTMBI CerMeHTanuu [1] mpeacTaBiieHbl AOCTaTOYHO MallbiM
HabOpOM HCCIIeIOBaHUI, YTO OOYCIIOBJIEHO CIOXHOCTHIO U HEBO3MOXKHOCTBIO CETMEHTAIIMH TPEXMEPHBIX
MEJUIUHCKUX 00BEKTOB B PEATbHOM BpeMeHHU. Bolblioe KOJIMYecTBO KIACCHYECKHX METOAOB aBTOMAaTHYeE-
CKOW CErMEHTALMH CTAJKUBAETCS CO CJIOXHOCTBIO BBIACIEHHUS! PETHOHOB HA N300paKeHUHU B CBSI3H C HEpaB-
HOMEPHOCTBIO OCBEILIECHHUS, CXOKUMH 3HAUCHUSMU HHTCHCUBHOCTH MHUKCENEH Ul pa3HbIX 00BEKTOB, MaJjbl-
MU 00bEMaMH BBIOOPOK, HAIMYHEM apTe(aKToB U T.J.

B nactosimiee BpeMsi HauOoJblliee pacpOCTpaHEHUE TONYYMIM HEHpOCeTeBble MOAXOABI IPU pelle-
HUM 33/1a41 CErMEHTALUH 00JIACTH MHTepeca, YTO B OONbLICH CTEeHH 00YCIOBIEHO YCTOMYMBOCTBIO K LIYy-
MaM, CIOCOOHOCTBIO BEIOMPATh (aKTUBUPOBATH) HaubOOJIee pElIEeBAaHTHBIC XapaKTEPUCTHUECKHE MTPU3HAKU 0e3
peaBapuTeIbHON 00pabOTKH, OTKAa30yCTOHYMBOCTBHIO (MIPH HEOJIATONPHATHBIX YCIOBUSX BBIXOTHAs TOY-
HOCTb HEHPOCETEBOW MOJICIIN MTPAKTHYECKU He n3MeHseTcs) [2—4].

Hecmotpst Ha Gonblioe pasHooOpasue HerpoceteBbix apxutektyp (U-net [5], U-net++ [6], Linknet [7],
FPN [8], DeepLabV3+ [9] u mp.), MO3BOJSIOMINX MPOBECTH CETMEHTAIIUH H300paKECHUS, BBIZICICHHUE KOHTY-
pa KOpHS aopThl HAa CHUMKAax aHruorpaduu Ipyu MpOBEIECHUH TPAHCKATETEPHON UMIIJIAaHTAllMU a0pTaJbHOIO
knarrana (TAVI) [10] sBisieTcst HepenreHHOH 3amadeii. PeHTreHOBCKas KopoHaporpadus BKIIOYAET BBEIICHHUE
KOHTPACTHBIX BEILECTB B KOPOHAPHBIE COCY[bI, OTHAKO, HECMOTPS Ha M0/a4y KOHTPACTUPYIOLINX BELICCTB,
BH3yalU3allisi COCYIOB, B YACTHOCTH KOPHS aOpThl, CUJIBHO 3aTpyJHEHA HAJMYUEM Pa3IMYHBIX IIyMOB Ha
n300paKeHNH, HU3KOH KOHTPACTHOCTBIO, HAJMYMEM HEOJHOPOIHOCTEH, BBI3BAHHBIX BO3LYXOM B JICTKHX,
OTPaHMYCHHOCTBIO 00JIaCTH BUAUMOCTH, @ TAKXKe OBICTPHIM BBIMBIBAHHEM KOHTPACTa U3 30HBI HHTEpEca.

B manHo# pabote npeanokeHo NPUMEHEHHE HEHPOCETEeBOro MOAX0/Aa MPH aBTOMAaTHYECKOIH cerMeH-
TallMd KOPHS aoOpThl Uil OJMHOYHBIX (DIFOOPOCKONMYECKUX H300paykeHWH (CHUMKH aHruorpaduu) ¢ KOH-
TPAacCTHBIM YCHJIEHHEM, YTO IMO3BOJISIET MCIOIb30BaTh €0 KaK B KAaU€CTBE BCIIOMOIAaTEIbHOIO MHCTPYMEHTA
JUISL BU3yaJTU3alliU C [ENbI0 ONTUMH3AINY O3UIIHOHINPOBAHUS KiIallaHa, TaK U B KAYeCTBE DIIEMEHTA CHCTeE-
MBI 17151 cMHXpoHM3anuu JaHHbX KT u cHUMKOB aHTHOTpaduH.

1. UcTOYHHK JaHHBIX

B kauecTBe MCXOAHBIX JaHHBIX AJSI OOYUYEHHUS U BaJMOALMU HEHPOHHBIX CETell MCIOIb30BATINCH OPU-
TMHAIbHBIE CepuH M300paxkeHuil aoprorpaduu, coOpaHHbIE BO BpeMs MMIUIaHTaluu 14 camopacmmpsiio-
mmxcst OMompoTe30B aopTainbHOro kianana CoreValve mammeHTaM CO CTEHO30M aopTaJbHOTO KianaHa
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B niepuof ¢ 2015 mo 2018 r. [11] u opurnHaIbHBIE CEpUU N300paKeHUI aopTorpaduu, cCoOOpaHHBIE BO BpeMs
uMIIaHTanuy 31 GayuIoHOpacIIUpPsEMOro OMONPOTE3a a0pTaIBHOIO KianaHa Visi-Pro manuentam co creHo-
30M aopTanbHOro kjanasa B nepuof ¢ 2020 o 2024 r., BHIIIOJIHEHHBIE B OTAEJICHUU CEPACUYHO-COCYAUCTON
xupypruu HUU OI'BY «HanuoHanbHblil MEAULIMHCKUI UCCIEA0BATEIbCKAN LIGHTP UMeHU B.A. AnMazoBa»
Munncrepcta 3npaBooxpanenus Poccuniickoit denepanuu.

HaGop nannbix npeacrasisut coboit 50 cepuii Buaeonocnenoparensuocteit pasmepom 1 000 x 1 000 mux-
ceneil ¢ rmy6uHoit 8 6ut (mkana ot 0 go 255). C menbio cerMeHTalMu KOPHS aopThl BBIOpaHa cepus M300-
paKeHHH ¢ pa3HbIM KOJIMYECTBOM KOHTPACTUPYIOILETO BEIIECTBA U B Pa3HbIE BpPEMEHHBIE yYaCTKU MpoBee-
Hus npoueaypsl TAVI. PazmeTka JaHHBIX OCYyLIECTBISsIACH C HCIOJIb30BaHKEM IuaTdopMbl Supervisely Al
Taxkum oOpa3om, uToromas BEIOOpKa coctostia u3 2 250 m300pakeHHM B OTTEHKaxX CEpPOro, M3 KOTOPHIX
1 800 (80%) m300paxkeHHii MCIIOIB30BAJIOCh B KauecTBe oOydaromero Habopa, a 450 nzobpaxenuit (20%) —
B Ka4eCTBE [IPOBEPOYHOr0 Habopa.

PazpaboTka cucTeMbl cCerMEHTALUN KOPHS a0PThl COCTOSIA U3 IByX OCHOBHBIX ITAIIOB:

Oran 1. IlogroroBka JaHHBIX: MAapKUPOBKA AAHHBIX AJISI pa3pabOTKH OOydarollMX M MPOBEPOUYHBIX
Ha0OpOB; aHHOTALU U300pa’KEHHUSI UHTEPBEHLIMOHHOTO KapAHOJIOTa.

Oram 2. O0y4eHHe U TECTUPOBAHNE HEUPOHHBIX MOJIENICH: BRIOOP JOCTYITHBIX apXUTEKTYP HEHPOHHBIX
cerel, QyHKIIMU IOTEPh U ONUCATENBHBIX METPHUK, OLIEHKA KaYeCTBEHHBIX M KOJIMYECTBEHHBIX I1apaMeTPOB
10 JaHHBIM O0Y4EHHsI U TECTUPOBAHUSL.

2. Odyuenue

B xone mpoBeneHus WcCleAOBaHMS UCIIOMB30BAHBI KIFOUEBBIE OMOIIMOTEKH, MAaKeThl U (PperMBOPKH,
B YaCTHOCTH:

— Python Bepcuu 3.10.0 (RRID:SCR_008394) u PyCharm Bepcuu 2020.1 (RRID:SCR_018221) — B ka-
YeCTBE OCHOBHOTO SI3BIKA MTPOTPAMMHUPOBAHUSA W HHTETPUPOBAHHOM CpeIBl pa3paboTKu At 00paboTku / 06-
pabOTKM TaHHBIX U pa3pabOTKH HEHPOHHBIX CeTel;

— bubmmorexu Pytorch Bepcum 2.3.1 (RRID:SCR _018536); Scikit-learn Bepcuu 0.20.3 (RRID:SCR
002577); SciPy Bepcum 1.4.1 (RRID:SCR_008058); NumPy Bepcun 1.18.2 (RRID:SCR _008633); Pandas
Bepcun 0.24.2 (RRID:SCR _018214); OpenCV Bepcun 4.0.1.23 (RRID:SCR _018214); Seaborn Bepcuu
0.10.0 (RRID:SCR_018132) u Matplotlib 3.0.3 (RRID:SCR_008624).

C uenplo ynydmieHHs KauecTBa BXOJHON MH(OpManuu ObUIO MPEJIOKEHO M MPHUMEHEHO HECKOIBKO
Mocje0BaTeNbHBIX MpeoOpa3oBaHuii. Bo-NepBbIX, pealn30BaH ajIrOPUTM BBIYUTAHUS M3 OPUTHHAILHOTO
n300pakeHusT pe3ysibTaTta BbICICHHs Oenbix 00BeKTOB Ha Oonee TeMHOM Qone (White top-hat transfor-
mation), 4To MO3BOJIMJIO MOBBICUTh KOHTPACTHOCTh M300paXKCHUsI, CHU3UTh LIyM (DOHA M YIYUIIUTh BHIH-
MOCTBH KOpHsI aopThl. HeoOX0AMMBIM AJIsi KOPPEKTHOTO OTOOpaKEHUs] M300paKEHH TarKKe CTall Iar, CBs-
3aHHBIN ¢ OrpaHWYECHHEM 3HAUEHUH SIPKOCTH MUKcenel B quamnasone [0, 255].

Bo-BTOphIX, peann3oBaH MeTo]] afanTUBHOTO BhipaBHMBaHUA ructorpaMmMbl (CLAHE) [12], uto mos-
BOJIMJIO PETYJIMPOBATh KOHTPACTHOCTH JIOKAIFHO B HEOOJBIINX 00JaacTsX u3oopaxenus. LlenecoobpasHoctb
MpeBapuTeIbHON 00padOTKN MenTUIMHCKUX AaHHBIX Ha ocHoBe CLAHE oOycnoBnena MHOrooOpasueM cTpyk-
TYp, IJ151 KOTOPBIX HEOOXOIMMO MOAOUPATh pazHble KO3(QHUIMEHTHI YIIyUIIeH!s Ka4YecTBa OTOOPaKEHHSI.

B kauectBe HelpoceTeBBIX MOJENEH, MO3BOJSIONINX U3BJIEKAaTh MPU3HAKH, B MCCIEJOBAHNH HCIIOJb-
30BaHO HECKOJIBbKO pazHoBUAHOCTeH sHKOAepoB (U-net, U-net++, Linknet, FPN, DeepLabV3+) u aexonepon
Mozeiei cemantnueckoii cermentanuu (Efficientnet-b0, Efficientnet-bl, Resnext50, Resnet34, Regnetx32).

CpaBHeHHE Mo/ieNiel OCYIIECTBISUIOCh Ha 0a3e OCHOBHBIX XapaKTepUCTUK 3()(HEKTUBHOCTH, B YACTHO-
cTH criaxeHHoro ko3ddunuenta Copencena—/laiica (anra. Diceloss), loU, Precision, Recall.

Bce HeiipoHHBIE ceTH 00yuanuch Ha KOMIBIOTEpe ¢ Xapakrepuctukamu: mpoueccop Intel(R) Xeon(R)
Gold 5218R 2,10 I'T'w, 512 I'b oneparusnoii namstu, NVIDIA GeForce A6000 48 I'b, Debian 11.

B kauecTBe ontumm3aropa ucnonb3oBaiics RMSprop [13] ¢ HauanpabM marom 0,0001 (anri. learning
rate) u MHOXuTeneM yracanus 0,9 (aHri. learning rate annealing), TpUMEHSIOIIMMCS KaXKJble 5 IIaros.
Batch size mist 00y4uenus mosenelt ObUT OIMHAKOBBIM U COCTABIISLIT 16 00yYaroIuX MPUMEPOB.
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J1st OLleHKH KOMIIOHEHTOB KJTacCH(HKALUK M PErpeccuy HEMPOHHBIX ceTel ObUTH BBIOpAHBI CIEYIO-
LI1E METPUKH:

ou-— " @)

TP+ FP+FN

Dice = 2-TP ,

2. TP+FP+FN @)

Presion = L
TP+FP’ ®)

TP

Recall =——,

TP + FN (4)

rae TP — KOMM4ecTBO HCTUHHO TMOJIOKUTENBHBIX Pe3yIbTaToB, TN — KOJTMYECTBO UCTHHHO OTPHIIATENBHBIX
pe3yabpTaToB, FP — KOMHYecTBO JTOXKHOMIOIOKUTEIHHBIX PE3yIbTaTOB, FN — KONMHYecTBO JT0KHOOTPHUIIATEh-
HBIX PE3yJIbTATOB.

3. IToryyeHHbIE pe3yabTaThl

Ha puc. 1 moxa3an npumep oOydeHHUs MCCIeayeMbIX HEHPOHHBIX ceTell Ha mpumepe 3HKozaepa FPN.
I'paduku npencTaBigOT U3MEHEHNS 3HAUYEHUH (YHKIMH MOTEPh, IyHKTUPHBIMU JTHHUSAMHU BBIICIICHBI H3Me-
HeHU QYHKINY OTEPh HAa TPEHUPOBOYHOM HAOOpPE JaHHBIX, CIIONTHBIMU — HA BAIUAIIMOHHOM.

0,5

FPN

0,45

0,05

1 0 11 16 21 20 31 36
Epoch

= = Regnetx32(train) == « «Efficientnet-bl(train) Efficientnet-b0(train) Resnext50(train)
= = = Resnet34(train) s Regnetx32(val) e [ fficientnet-b1(val) e [ fficientnet-b0(val)
Resnext50(val) Resnet34(val)

Puc. 1. ®yHKIuUs OTEPH U1 HCCIEAYEMBIX HEHPOHHBIX CeTei
Fig 1. Loss of function for saving neural networks

Pesynbrarer 00y4eHuns Mojeneil HBMPOHHBIX ceTel TpeCTaBlIeHb! B Ta0IHIIE.

Iloka3aTenn pe3yIbTATHBHOCTH HellpoceTeBbIX APXUTEKTYP CEMAHTHYECKOH cerMeHTalluu

DHKOIED IHexonep loU Dice Precision Recall CkopocThb
Resnet34 0,756 0,861 0,862 0,859 0,096
Resnext50 0,740 0,851 0,857 0,845 0,107
FPN Efficientnet-b0 0,771 0,870 0,833 0,911 0,101
Efficientnet-b1 0,743 0,853 0,806 0,905 0,107
Regnetx32 0,744 0,853 0,866 0,841 0,105
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OkoHuyaHue TabJHUILI

DHKOIED Jexonep loU Dice Precision Recall CkopocTb
Resnet34 0,730 0,844 0,868 0,822 0,099
Resnext50 0,766 0,867 0,856 0,879 0,108
Unet Efficientnet-b0 0,755 0,861 0,848 0,873 0,105
Efficientnet-bl 0,762 0,865 0,817 0,920 0,108
Regnetx32 0,763 0,865 0,864 0,867 0,113
Resnet34 0,756 0,861 0,862 0,859 0,120
Resnext50 0,740 0,851 0,857 0,845 0,157
Unet++ Efficientnet-b0 0,738 0,849 0,867 0,832 0,117
Efficientnet-bl 0,743 0,853 0,806 0,905 0,115
Regnetx32 0,755 0,860 0,867 0,854 0,132
Resnet34 0,726 0,841 0,868 0,816 0,097
Resnext50 0,735 0,847 0,865 0,830 0,111
Linknet Efficientnet-b0 0,753 0,859 0,826 0,894 0,107
Efficientnet-b1 0,743 0,853 0,803 0,910 0,111
Regnetx32 0,737 0,849 0,874 0,825 0,111
Resnet34 0,758 0,862 0,867 0,858 0,096
Resnext50 0,757 0,862 0,866 0,858 0,110
DeeplLabV3+ Efficientnet-b0 0,761 0,864 0,827 0,905 0,106
Efficientnet-bl 0,751 0,858 0,820 0,899 0,107
Regnetx32 0,740 0,851 0,862 0,840 0,105
C nBeroBoii nmpenodpadoTkoit naHHEIX (CLAHE)

Resnet34 0,733 0,846 0,876 0,818 0,097
Resnext50 0,729 0,843 0,858 0,829 0,087
FPN Efficientnet-b0 0,745 0,854 0,825 0,885 0,096
Efficientnet-bl 0,760 0,863 0,849 0,879 0,099
Regnetx32 0,754 0,859 0,870 0,849 0,095
Resnet34 0,692 0,818 0,879 0,765 0,101
Resnext50 0,735 0,847 0,885 0,812 0,102
Unet Efficientnet-b0 0,753 0,859 0,842 0,877 0,095
Efficientnet-bl 0,734 0,846 0,869 0,825 0,101

Regnetx32 0,734 0,847 0,875 0,820 0,1
Resnet34 0,706 0,827 0,867 0,791 0,145
Resnext50 0,705 0,827 0,878 0,782 0,148
Unet++ Efficientnet-b0 0,758 0,862 0,825 0,903 0,104
Efficientnet-bl 0,758 0,862 0,881 0,845 0,106
Regnetx32 0,768 0,869 0,873 0,865 0,117
Resnet34 0,729 0,843 0,848 0,838 0,099
Resnext50 0,703 0,826 0,774 0,886 0,101
Linknet Efficientnet-b0 0,747 0,855 0,834 0,877 0,095
Efficientnet-b1 0,768 0,869 0,851 0,887 0,101

Regnetx32 0,732 0,845 0,871 0,821 0,11

Resnet34 0,759 0,863 0,858 0,867 0,11
Resnext50 0,737 0,848 0,845 0,852 0,124
DeepLabV3+ Efficientnet-b0 0,753 0,859 0,808 0,917 0,091
Efficientnet-bl 0,758 0,862 0,844 0,881 0,103
Regnetx32 0,754 0,860 0,857 0,863 0,099

CornacHo pe3yibTaraM, MPeICTaBICHHBIM B Ta0NHIle, HAMITy4IIne 3HAUYSHHs TI0Ka3aTesei OleHKH ce-
MaHTHYECKOH cerMeHTaru KOpHs aopThl mokaszana monenb FPN Efficientnet-b0 ¢ pesymbraramu 10U 0,771,
Dice 0,870, Recall 0,833, Precision 0,911. Ckopocts 06pabotku ogaoro m3zobpaxenus 0,101 c. Ilpu stom
HEO0OXOIMMO OTMETHUTB, YTO NTPHUMEHEHHUE MPeAo0pabOoTKN JaHHBIX HE AaeT 3HAYUTEIHHOTO YBEIMICHUS 3HA-
YeHHWI MEeTPHK KadecTBa. OHAKO, HECMOTPS Ha OTCYTCTBHE 3HAYMMBIX Pa3IMYNi B TOUHOCTH CETMEHTAIlUU
CTPYKTYp KOpHS aOpTHI, IpeaoOpaboTaHHbIe N300paKEHUST 3HAYNTENHHO YITYYIIAIOT BU3yaIbHOE BOCIIPHS-
THE N300pakeHN W 00JIeTJaroT pa3MeTKy MaHHbIX. [IpruMepsr n300pakeHUH ¢ 1IBETOBOM 00paboTKoif 1 Oe3
00pabOTKH MPEACTABICHEBI Ha pHUC. 2.
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Puc. 2. I[IpuMeps! cerMeHTalK KOPHS a0PThI: 8—C — CerMEHTAIMs H300pakeHn 6e3 1IBeTOBOiT 00paboTKH, H300paKEHUE CBEPXY
HCXOJIHOE, H300paXkeHKe B LICHTPE ¢ pa3MEYEHHON MaCKOii, H300paKeHHE CHU3Y C TIPEICKa3aHHOM Mackoi, d—f — cermenTarus
n3obpakenuii ¢ nseroBoii oopadorkoii (CLAHE), n3o0paxxeHne cBepxy UCX0IHOE, H300pakeHNe B IEHTPE C pa3MEUeHHON
MacKoOH, H300paXkeHne CHU3Y C MpeICcKa3aHHONH MacKOu
Fig. 2. Examples of segmentation of the lower aorta: a—c image segmentation without color processing, top image is original, center
image with labeled mask, image usually with predicted mask, d—f image segmentation with color processing (CLAHE), top image
is original, center image with labeled mask, the image matches the predicted mask
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3akjoueHmne

B cratee npuBenen aHanu3 50 cepuil BHIIEONOCIIENOBATENBHOCTEN, MOTYUYEHHBIX NP NPOBEACHUU
TpaHCKaTeTepHON MMILIAHTAIlMH aOpTaJbHOTO KJlamaHa, ¢ LeJbl0 CO3[aHusl CHCTEMbl BH3YalbHOW MOMOIIH
ULl KapAUOXUPYPra.

ITockonbKy peanbHbIe TaHHBIE UMEIOT HU3KYIO Pa3pemIalonyio ClIoCOOHOCTh, MPUMEHEHNE H3BECTHBIX
METOJIOB JIETEKTUPOBAHMS KaK C MPeroOpaboTKOM BXOTHBIX NaHHBIX, TAK U IPU €€ OTCYTCTBHH HE TO3BOJISET
MIOJIyYUTh NMPUEMIIEMOE Ka4eCTBO BH3yaJbHOTO MPEACTABICHHS KOPHS aOpPTHl Ha JAHHBIX C MajbIM KOJHYe-
CTBOM KOHTPacTUPYIOILETo BemecTBa. OnHAKO NPUMEHEHHE KacKala HEeHPOCETEBBIX apXUTEKTYp a0 BO3-
MO>KHOCTh HOJy4aTh CErMEHTALMOHHBIC MAaCKU M MCIIOJIb30BATh UX B Ka4ECTBE OPUEHTUPA, YTO IO3BOJIMIIO
BH3YaJIM3UPOBATh KOPEHb A0PTHI IPH CHIXKEHHM KOJINYECTBA BBEICHUH KOHTPACTHPYIOLIETO BEIIECTBA BO-
BpeMs IIPOBEICHHUS OIIEPALHH.

Peanuzanus u cpaBHEHHE Pa3THUUHBIX KACKAJOB aPXUTEKTYP 3HKOAEP—AEKOAEP, I'lle B KAUECTBE SHKO-
nepa BeiOpansl Unet, Unet++, Linknet, FPN, DeepLabV3+, a B kauecTBe Aexkoaepa BBICTYHNAIOT MOAEIH
EfficientNet-b0, EfficientNet-b1, Resnext50, Resnet34, Regnetx32, mo3BoMIN BBIACTUTD C TOUYKH 3PCHUS
TOYHOCTH ONTHMAJIbHYIO HEHPOCETEBYIO MOJIENb IS PELIeHN 3a/laull pAacliO3HABAHUSA U CETMEHTAI[H KOH-
TypOB KOpHS aopThl BO Bpems mpoBeneHus mpoueaypsl TAVI. Hammywmum kackagom siiserca FPN
Efficientnet-b0. TToka3arenu pe3yabTaTUBHOCTH MPOBEICHUS CEMaHTUYECKON CETMEHTALMH B JJAHHOM CITy-
gae umeroT 3radenus: IOU 0,771, Dice 0,870, Recall 0,833, Precision 0,911, CkopocTb 00paboTKH OHOTO
n3o6paxenus 0,101 c. Moaens Ha ocHoBe naHHO# apxutektypbl (FPN + nexonmep Efficientnet-b0) moxer
WCIIONIb30BaThCS KAaK B Ka4eCTBE BCIOMOTATEIBHOTO WHCTPYMEHTA Ui ONTHMH3AINH ITO3UINOHUPOBAHUS
KJIallaHa, TaK ¥ B Ka4eCTBE 3JEMEHTa CHCTEMBI Ui CHHXpoHu3anuH faHHbX KT u cHUMKOB aHTHOTpadum.
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Abstract. The effectiveness of the YOLOV4-CSP convolutional neural network model in solving the problem of detecting
objects moving in airspace is investigated. Images of flying objects of two classes were used as initial data for training and
researching the convolutional neural network model: helicopter-type and aircraft-type unmanned aerial vehicles. Images
of such objects were obtained in the optical and infrared wavelength ranges. Two datasets were formed from appropriately
labeled source images with objects of these two classes. The first dataset was created from optical images, and the second
from images obtained in the infrared wavelength range. The YOLOv4-CSP model was trained using training and validation
samples from each dataset. Comprehensive studies of the effectiveness of the trained model were carried out using test samples
from datasets. It is shown that the accuracy of detecting flying objects in optical images is higher than in images obtained in
the infrared range, and the results for the speed of model calculation when analyzing optical and infrared images are close.
Recommendations are given for the use of the YOLOv4-CSP model in computer vision systems for airspace monitoring.
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JleTeKTUpPOBaHHeE JIeTAIIMX 00bEeKTOB Ha H300paKeHUIX
¢ MOMOIILIO MOJIeJIN CBePTO4YHOI HeiiponHoii cetn YOLOv4-CSP
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Annortamust. Uccrenyercs 3G dexTuBHOCTE MoJienu cBepToYHOi HelipoHHo# cet YOLOvV4-CSP npu penienun 3agaqn
JIETEKTHPOBAHUS B BO3IYIIHOM HMPOCTPAHCTBE OOBEKTOB JBYX KJIACCOB: OECITMIIOTHBIX JIETATENHHBIX alapaToB BEPTOJIETHOIO
THUIIA U CaMOJIETHOTO THHa. V300paxkeHuss 00bEKTOB MOJIy4YeHb! B ONTHYECKOM M HH(PaKpacHOM JHUala3oHaX IUIMH BOJH, U3
HUX C(OPMHPOBAHO /IBa COOTBETCTBYrOmMX Aaracera. Mogens YOLOv4-CSP o0ydeHa ¢ ucmonp3oBaHHEeM oOydaromend u
BAJITAIIMOHHON BBIOOPOK M3 K)KIOTo naraceTa. [IpoBeeHsl KOMIUIEKCHBIE HCCe oBaHUs 3()(GEKTUBHOCTH 00y4eHHOH MO-
JIETM C UCTIONIb30BAHMEM TECTOBBIX BBIOOPOK u3 faraceToB. [oka3zaHo, YTO TOYHOCTH JETEKTHPOBAHMS JETAIOMUX 00BEKTOB
Ha ONTHYECKUX H300pa)KCHUSX BBIINIE, YeM Ha M300paKEHHsIX, NOJTYUCHHBIX B MH(PAKPaCHOM JHaNa3oHe, a pe3yJbTaThl
M0 CKOPOCTH BBIYUCIICHUS] MOJEIH MPU aHAIM3€ ONTUYECKUX M MH(PAaKpacHbBIX n300pakeHnit Onusku. JaHbl pekoMeHIauuH
1o ucnosb3oBanuto Mojenu Y OLOv4-CSP B cucteMax KOMIBIOTEPHOTO 3pCHUS 11 MOHUTOPUHTA BO3LYIIHOTO IIPOCTPAHCTBA.

KnroueBble cjloBa: cucreMa KOMIIBIOTEPHOTO 3peHMs; CBepTodHas HelpoHHas ceTb YOLOvV4-CSP; nerextupoBaHue
JeTaomux 00beKTOB; OECIUIOTHBII JIeTaTeIbHBIN anmapar BepTOJIETHOTO THIIA; OCCIIIIOTHBIHN JIeTaTeNbHbIHA amnmapar caMo-
JICTHOTO THIIA.
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Introduction

Today, research and development of modern computer vision systems (CVS) are intensively conducted
all over the world. Such systems are in demand for solving many applied problems in a variety of areas of
human activity, such as controlling autonomous vehicles, monitoring the safety of enterprises and hazardous
production facilities [1], processing and analyzing medical images, and in a number of other areas of
knowledge [2]. The problem of airspace safety above enterprises with hazardous technological objects and
processes deserves special attention. To solve this problem, radar systems for detecting flying objects (FO)
are widely used. FO usually refers to various manned and unmanned aerial vehicles, birds, etc. In recent
years, monitoring of airspace for the purpose of detecting FO has begun to be carried out using various CVS
based on deep learning methods and models. Such CVS can analyze images of FO in airspace obtained
in optical, infrared (IR) and other wavelength ranges [3]. Moreover, the analysis of images entering the input
of such CVS should most often be carried out in real time [4].

The authors of [1-3] believe that such CVSs should be created based on modern deep learning models,
primarily based on convolutional neural network (CNN) models [2]. However, on this path it is necessary to
solve a number of very complex problems: to select from among the known CNN models the most promising
model (models) for implementation in real-time CVS, to conduct a comprehensive analysis of its (their)
effectiveness, taking into account the requirements for the accuracy of LO recognition and the speed of cal-
culation this model and, if it meets the requirements of the CVS, solve the problem of software or hardware
implementation of such a model as part of the CVS. Moreover, even the preparation of a representative set of
images for training and research of a CNN model can be far from a trivial task [5].

The article presents the results of comprehensive studies of the effectiveness of one of the most promi-
sing CNN maodels for creating CVS, YOLOvV4-CSP, designed for detection and classification of two classes
of aircraft in images: aircraft-type unmanned aerial vehicles (UAVS) and helicopter-type UAVS. At the same
time, the problem of recognizing such objects is solved both in optical images (RGB images) and in images
obtained in the IR range.

1. The task of detecting flying objects using a CNN model

The task of FO detection in images is the main task solved with the help of CVS when monitoring air-
space. It comes down to three subtasks: detecting objects in an image, localizing them, and determining the
class of each object. Further, the term «detection» will describe the process of solving all three subtasks. Today,
a promising direction in solving such a three-stage detection problem is the use of modern CNN models in
CVS [2-4]. When creating a real-time CVS for airspace monitoring, it is necessary to select from among the
known CNN models the most promising model(s) for implementation in such a CVS and conduct a compre-
hensive analysis of its (their) effectiveness, taking into account the requirements for the CVS and, accordingly,
to the implemented model CNN.

Let's consider these requirements in more detail. In the images obtained during airspace monitoring
using appropriate equipment as part of the CVS, one or more FOs may appear, and in the case of several
objects they may belong to different classes. This must be taken into account when initially selecting a CNN
model from a set of potentially promising models for solving the problem of FO detection. The main re-
quirements for the CNN model are the contradictory requirements of high speed of model calculations and
high accuracy of detection (classification) of FOs in images. It is especially difficult to satisfy the require-
ment of high computation speed in the case of creating CVS operating in real time [1]. Such CVS must not
only detect and classify FOs, but also track their movement in space. The required real-time scale depends
on the speed of movement of FO in the airspace. At the same time, as shown in [1, 4], the main computing
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resources of the real-time CVS are used to calculate the CNN model, which emphasizes the relevance of
creating and using the most efficient CNN models in terms of computation speed in such CVSs.

The speed of detecting FOs in an image (the speed of calculating the CNN model), measured as the
number of analyzed images per second in FPS (frames per second), should be at least 25 for most real-time
CVS [4].

The accuracy of detecting (classifying) objects in an image is usually assessed using the generally ac-
cepted metrics APos (Average Precision) and mAPgs (mean Average Precision) - the average value of APgs
for all classes of FOs. In accordance with works [2,3], we will assume that the accuracy of detection (classi-
fication) of FOs in images using the CNN model is high (the requirement for detection accuracy is met) if the
values of the APys metric for each class of FOs and the mAPys metric for all classes exceed the threshold
value of 60%.

High algorithmic efficiency of the CNN model can be also highlighted as the third requirement.
The algorithmic efficiency of the model is assessed based on the calculation of two indicators: the size
of the CNN model and its computational complexity. The CNN model size (or the measure of compactness
of the architecture), most often measured in MB (megabytes), is the amount of memory of the CVS compu-
ting device required to store the weighting coefficients of convolutional layers and intermediate buffers when
calculating the CNN model. In turn, the computational complexity of the CNN model is measured in
GFLOPs (Giga-FLoating-point OPerations per Second) and is determined by the number of multiplication,
addition and comparison operations on floating-point numbers when performing convolution and subsam-
pling procedures in all convolutional and subsampling layers of the model. Note that the threshold values of
the model size and computational complexity of the CNN are set by the developers of the real-time CVS.
They generally consider that a candidate CNN model satisfies their requirement for algorithmic efficiency if
it can be implemented on a mid-range GPU or a modern system-on-chip with a programmable integrated
circuit to speed up the computation.

The problem solved in this study can be formulated as follows. It is necessary to create real-time CVS
based on the CNN model, which should allow detection of two classes of aircraft in images: aircraft-type
UAVs and helicopter-type (multi-rotor) UAVS. The task is set to select from the known CNN models the most
promising model for detecting FOs in images and the task of its comprehensive study in order to identify the
parameters of the model at which it satisfies all three requirements formulated above, and makes it possible
to detect not only single FO, but also several objects in the image, including those belonging to various classes.

2. Choosing a CNN model for research

There are two types of CNN models for detecting objects in images: one-stage and two-stage detectors
(Figure 1). First, two-stage detectors appeared, the most famous of them is based on the R-CNN model [6].
It provides high detection accuracy, but has a low image analysis speed. The Faster R-CNN model [7] and its
extension Mask R-CNN were developed to solve the problem of the low speed of the R-CNN model. However,
according to the evaluation of these CNN models from [2], their computational speed is significantly lower
than the selected FPS threshold of 25. Moreover, in [2] it is shown that their algorithmic efficiency is quite
low. All this does not allow us to consider such two-stage CNN models as a basis for creating real-time CVS.

The analysis of various classes of CNN models carried out in [1, 2] and the above results of our dis-
cussion of a number of CNN models suggest that the most suitable for detecting FOs in images, taking into
account the specified requirements, are the YOLO (You Only Look Once) class models [8, 9]. CNN models
of this class belong to CNN models with a single-stage architecture; they analyze the image in one pass (the
stages of detection, localization and classification of objects are performed in parallel, at the same time),
which significantly increases the speed of image analysis. Moreover, such CNN models have very high accu-
racy in object detection [2]. Some YOLO class models have a complex architecture and therefore can exceed
threshold values in terms of computational complexity and the size of the memory occupied by the CNN
model. Thus, the first models of this family, such as YOLO, YOLOv2 and YOLOvV3, are not suitable for
CVS with low computing resources [9]. For such CVSs, CNN models with more compact architectures are
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needed, including, first of all, a small number of convolutional layers. In this regard, for real-time CVS it is
proposed to choose and study the effectiveness of YOLO class CNN models with more modern architec-
tures, starting with the YOLOv4 model [8].

The YOLOv4 CNN model consists of 4 blocks, in contrast to the models of two-stage detectors,
consisting of 5 blocks (Figure 1) [8]: Input-input image; Backbone (used to build a deeper CNN in order
to increase its accuracy); Neck (used to obtain more detailed spatial and semantic information about an
object); Dense Prediction (used to determine bounding box coordinates along with a confidence estimate for
a feature class). The last block uses the same principle as the earlier CNN model YOLOv3 [9].
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Fig. 1. Single-stage and two-stage detectors
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Fig. 2. Backbone block structure: normal connection of layers (a); CSP layer connection (b)

The YOLOV4-CSP CNN model is a modification of the YOLOv4 model and contains a number of
important improvements of intermediate detector blocks. The main ones are the following.

1. Backbone. This block uses a regular CSPDarknet53 connection [10] for the YOLOv4 model (Figure 2a)
or a CSP connection for the YOLOv4-CSP CNN model (Figure 2b). A CSP connection is more efficient
because its basic idea is:
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—a half of the output signal goes along the main path (generating more semantic information with
a larger receptive field);

— the second half of the signal takes a detour (preserving more spatial information with a small recep-
tive field).

2. Neck. This block uses additional SPP layers [11], as well as the CNN PAN model for path aggrega-
tion (Figure 3).
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Fig. 3. Neck block structure: YOLOv4 CNN model (a); YOLOv4-CSP CNN model (b)

Moreover, by applying optimal scaling, efficient CNN models can be obtained from the YOLOv4-
CSP model for different input image sizes (Fig. 4).
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Fig. 4. Examples of YOLOv4-CSP CNN models for input images of various sizes

Compared to previous CNN models of the YOLO class, the YOLOv4-CSP model is more effective for
object detection than previous CNN models from this class, which is confirmed by the results of a number of
studies on the MS COCO dataset [12]. For example, the average detection accuracy of YOLOv4-CSP (with
MAPgs metric) is increased from 57,9% to 65,7% compared to the YOLOv3 model. All of the above made
it possible to select YOLOv4-CSP for potential use in real-time CVS as a promising CNN model. Next, it is
necessary to conduct a study of the effectiveness of this model and determine its compliance with the require-
ments described above for the CVS and, accordingly, for the CNN model implemented in such a system.
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3. Training the YOLOv4-CSP CNN model and studying its effectiveness
3.1. Dataset preparation

To study the effectiveness of the YOLOv4-CSP CNN model in solving the problem of detecting FOs,
two datasets were marked and prepared based on the results of shooting FOs of two classes: helicopter-type
UAVs and aircraft-type UAVS. The size of each dataset is 6230 labeled images. The first dataset is formed
on the basis of 1150 optical images (RGB), the second - on the basis of 1160 images obtained in the IR range.
To expand the datasets to 6230 images, data augmentation was carried out in each of them using the following
algorithms:

— varying the size of images;

— mirroring images horizontally and vertically;

— rotation of images at an angle from 1 to 15 degrees;

— mosaic placement of objects in the image.

70% of the volume of each of these datasets was used for training the YOLOv4-CSP CNN model,
20% was used for validation, and 10% was used for testing/research. The Python programming language and
the PyTorch framework were used for the software implementation of the YOLOv4-CSP CNN. Training of
the CNN model and testing/research of its effectiveness were carried out on a computer with the following
characteristics: Intel Core i9-11900KF processor, 64 GB RAM, NVIDIA Quadro RTX 6000 video card with
24 GB of video memory.

3.2. Results of FO detection in images

The number of epochs was set equal to 200, and learning rate was set equal to 0.001. These parameters
were not changed during training and validation processes for the CNN model. The Adam algorithm was
used as an optimizer.

When testing the trained CNN model YOLOv4-CSP and conducting studies of its effectiveness on da-
tasets with optical images and images in the IR range, the following model parameters were changed: input
image size (416x416, 512x512, 608x608 pixels), mini-batch size (4, 8) and activation function (Leaky
ReLU, Mish).

Figure 5 shows, as an example, the results of detection using the trained and validated CNN model
YOLOvV4-CSP FO of each class on optical images.

Helicopter

Airplane type UAVs

b
Fig. 5. Results of FO detection on optical images: Helicopter-type UAV (a); Aircraft-type UAV (b)

The first experiment was conducted to determine the effect on the accuracy of FO detection using this
model depending on the size of mini-batches, the size of the input optical images, as well as the approaches
used to train the model, implemented in the form of BoF (Bag of Freebies) procedures and BoS (Bag of Spe-
cials). The Leaky ReLU activation function was used in the experiment. BoF and BoS are procedures that
implement methods and techniques that change the training strategy or cost of training a CNN model to im-
prove the accuracy of detecting objects in images with its help. These methods are implemented in the model
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in the form of procedures (various plugins and post-processing modules), which can significantly increase
the accuracy of object detection at the cost of a slight increase in the cost of training the CNN model [8]. The
results of first experiment are shown in table 1.

Table 1

Accuracy of FO detection in optical images for various mini-batch sizes,
input images and usage of BoF/BoS procedures

mini-batch size input image size BoF/BoS mAPos5, %
4 416 x 416 - 61,5
4 416 x 416 + 62,7
8 416 x 416 - 62,3
8 416 x 416 + 63,2
4 512 x 512 - 62,9
4 512 x 512 + 64,7
8 512 x 512 - 63,1
8 512 x 512 + 64,8

From table 1 it follows that the use of BoF/BoS procedures in conducted experiment significantly increases
the accuracy of FO detection. In this case, the size of the mini-batch has little effect on it, but the accuracy
increases with increasing size. The accuracy of FO detection increases with increasing size of input images.

In the second experiment, the accuracy of FO detection in optical images was determined using the
YOLOv4-CSP CNN model using different activation functions and for different sizes of input images. The
BoF/BoS procedures were also used, the mini-batch size remained unchanged and was equal to 8. The results
of the experiment are shown in table 2.

Table 2
Accuracy of FO detection in optical images for various activation functions and input image sizes
activation function input image size MAPos, %
Leaky ReLU 416 x 416 63,2
Mish 416 x 416 63,7
Leaky RelLU 512 x 512 64,8
Mish 512 x 512 65,2
Leaky ReLU 608 x 608 65,1
Mish 608 x 608 66,1

In the third experiment, the detection rate of FO was determined using the YOLOv4-CSP CNN model
for various sizes of input optical images. In this case, BoF/BoS procedures were used, and the mini-batch
size remained unchanged and was equal to 8. The results of the experiment are shown in table 3.

Table 3

Speed of FO detection in optical images for different input image sizes

input image size Frames per second (FPS) Average detection time, ms
416 x 416 43 23,2
512 x 512 35 28,6
608 x 608 29 34,5

Here, the detection rate was defined as calculated frames per second and the average time of FO detec-
tion per analysis of one image. It was calculated by averaging the results over the detection time of 623 optical
images from the test sample of the first dataset.

In experiments NeNe 4-6, only the initial data for training, validating and testing the YOLOv4-CSP
CNN model was changed: instead of optical images, images obtained in the IR range were fed to the input of
the model. The results of these experiments are presented in table 4, table 5 and table 6. The results in table 5
are obtained using a mini-batch size of 8 and using the BoF/BoS procedures. The average FO detection time
required to analyze one image was calculated by averaging the results over the detection time of 623 such
images from the test sample of the second dataset.
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Table 4

Accuracy of FO detection in IR images for various mini-batch sizes, input images and usage of BoF/BoS procedures

mini-batch size input image size BoF/BoS MAPos, %
4 416 x 416 — 55,3
4 416 x 416 + 56,9
8 416 x 416 — 56,8
8 416 x 416 + 57,2
4 512 x 512 - 57,6
4 512 x 512 + 59,1
8 512 x 512 - 58,4
8 512 x 512 + 59,5
Table 5
Accuracy of FO detection in IR images for various activation functions and input image sizes
activation function input image size MAPos, %
Leaky ReLU 416 x 416 56,9
Mish 416 x 416 57,2
Leaky ReLU 512 x 512 59,5
Mish 512 x 512 60,1
Leaky ReLU 608 x 608 60,3
Mish 608 x 608 60,6
Table 6

Speed of FO detection in IR images for different input image sizes

input image size Frames per second (FPS) Average detection time, ms
416 x 416 42 23,8
512 x 512 36 27,7
608 x 608 27 37,0

4. Analysis of the obtained results

As it follows from table 1 and table 4, the accuracy of FO detection in images using the YOLOv4-CSP
CNN model in the case of using the BoF/BoS procedures changes slightly with increasing mini-batch size.
Without the use of these procedures, regardless of the wavelength range in which images of objects are
obtained, the size of the mini-batch significantly affects the accuracy of FO detection: the larger its value,
the more accurate the detection. This is consistent with the results obtained when detecting various objects of
a different physical nature in images [11].

The experimental results in table 2 and table 5 show that the accuracy of FO detection in images using
the YOLOvV4-CSP CNN model is higher when using the Mish activation function for different input image
sizes. This function is smooth, non-monotonic, bounded below and unbounded above, so these properties
allow it to obtain better results compared to the Leaky ReLU activation function. However, existing imple-
mentations of the Mish activation function depend on support for CUDA hardware instructions, making
it less universally usable than the Leaky RelLU activation function. This should be taken into account when
developing CVS.

From the experimental results shown in table 3 and table 6, it follows that the best speed of detecting
FOs in images using the CNN model under study can be obtained with an input image size of 416x416 pixels.
As the size of the input images increases, the detection time per image increases, and the number of frames
processed per second decreases. At the same time, the research results indicate that with the considered sizes
of input images (416x416, 512x512 and 608x608 pixels), the CVS created on the basis of the YOLOv4-CSP
CNN model for FO detection will work in real time (the FPS parameter value in all cases is above 25).

Analysis of the results obtained shows that the accuracy of FO detection using the mAP,s metric using
the YOLOvV4-CSP CNN model on optical images is 5-6% higher than on images obtained in the IR range.
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This is explained by the fact that the model, when generating feature maps from optical images, also takes
into account the characteristics of FO colors. Moreover, exceeding the threshold for the detection accuracy of
FO, equal to 60%, occurs in all studied cases of optical image analysis (table 1 and table 2). However, for IR
images, exceeding this threshold was detected only for three cases: with input image sizes of 512x512 and
608x608 pixels and the Mish activation function, as well as for input images with sizes of 608x608 pixels
and the Leaky ReLU activation function (table 5). It is the results obtained on the accuracy of FO detection
that make it possible to formulate recommendations for the use of the YOLOv4-CSP CNN model as the
basis of real-time CVS. Thus, for optical images, taking into account the specifics of the created CVS, it can be
recommended to select a model with parameters from a fairly wide set. For images obtained in the IR range,
it is possible to use in the CVS only three versions of the model, which were identified in the experiments.

Conclusion

The most important task in airspace control is the task of detecting and classifying various FO. In recent
years, FO images obtained in the optical and IR wavelength ranges have been increasingly analyzed to
solve this problem. For this purpose, CVSs are created based on modern CNN models. We selected
the YOLOvV4-CSP model, which is part of the YOLO class, as a promising CNN model for potential use in
real-time CVS.

Comprehensive studies have been carried out on the effectiveness of the selected CNN model in de-
tecting two classes of FO in images: helicopter-type UAVs and aircraft-type UAVS. It was revealed that the
accuracy of detecting such FOs using the YOLOv4-CSP CNN model is positively influenced by the use of
BoF/BoS procedures and an increase in the size of input images. To a lesser extent, the accuracy is influ-
enced by the choice of activation function (the best results were obtained using the Mish activation function)
and mini-batch size (a larger mini-batch slightly improves detection accuracy). The obtained estimates of
the speed of FO detection in images indicate the fundamental possibility of creating a CVS based on the
YOLOvV4-CSP CNN model, which detects FO in real time.

It has been shown that the accuracy of FO detection using this CNN model in optical images is 5-6%
higher than in images obtained in the IR range. Exceeding the threshold for the detection accuracy of FO,
equal to 60%, occurs in all studied cases of optical image analysis. However, for IR images, exceeding this
threshold was detected only for three variants of the model. The results on the accuracy of FO detection
make it possible to formulate recommendations for the use of the YOLOv4-CSP CNN model as the basis for
real-time CVS.
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Abstract. We consider a double stochastic generalized asynchronous flow of events with two states, operating in
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BBeaenue

MatemaTtudeckas MOJENb JBXKIBl CTOXAaCTHMYECKOTO IOTOKAa SBJSICTCS HanOojee MPUOIHKCHHON
K PEAIbHOCTH MOJEIBI0 MOTOKOB 3asiBOK, 3alPOCOB, COOOIIECHUHN, MPOTEKAIONIUX B KOMIBIOTEPHBIX CETSX,
TEJICKOMMYHHKAITMOHHBIX CETAX U ceTsAxX cBs3u [1]. s qBa)apl cTOXaCTUYECKOTO MOTOKA XapaKTEPHO Clie-
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IYIOIIee: COTPOBOXKAAMONININ CIyYaHBIN MPOIECcC SBISETCS MPUHIUITHAILHO HEHAOTI0JaeMbIM U MOMEHTBI
HACTYIUICHHSI COOBITHH Cly4aiHbl. [IBak[pl CTOXAaCTUYECKHE MOTOKU NENSTCS Ha JBa KJIacca: K MEePBOMY
KJIaCCy OTHOCSITCSI TOTOKH, MHTEHCUBHOCTh KOTOPBIX €CTh HENpPEpBIBHBIM ciydalHblil mpouecc [2, 3], ko
BTOPOMY — TMOTOKH C WHTEHCHBHOCTHIO B BHJIE KyCOUYHO-IIOCTOSHHOTO CIYYailHOTO MpoIlecca ¢ KOHSYHBIM
YUCJIOM COCTOsIHUM [4—8].

B GonbmioM konmyecTBe padOT MO TEOPUU MACCOBOTO OOCITY>KMBaHUS PEHIAOTCs 3aJadyu, KOraa BCe
COOBITHSI BXOJSIIETO B CUCTEMY MAacCOBOTO OOCIY)KMBaHHUs IOTOKa JOCTYMHBI Juisa HabmroxeHus. OqHAKo
Takas CHTyallHus JajeKo He BCErJla COOTBETCTBYET PEaIbHOCTH, TaK KaK B PeajbHBIX CHCTEMaX BXOJIIEe
COOBITHE CITOCOOHO MOPOIUTH MEPUOJT MEPTBOIO BPEMEHH ISl PETUCTpUpYIOIero npudbopa. B TeueHune sto-
ro Mepuoa ApyTrue COOBITHS BXOMSIIETO IMMOTOKA CTAHOBATCS HEHAOIIOZaeMBIMH — TepstoTcs [9]. MepTBoe
BpeMsi, IOPOXKAaeMOe HACTYIHBIINM COOBITHEM, SBIISIETCSI B HEKOTOPOM POJIe UCKAXKAIOMINM (aKTOPOM IPH
pEeIIeHNH pa3iNdHOTO Poja 3aJad OLEHWBAHUS COCTOSHHUH IMOTOKAa WM €ro MapaMeTpOB 10 MOMEHTaM
HACTYIUICHHUS COOBITHH B HAOJIFO1aeMOM TTOTOKE.

B pab6orax [10—14] pemieHs! 3amadn OIIEHUBAHUS JIUTEIIEHOCTH MEPTBOTO BPEMEHH, KOTJa HACTYIIHB-
e B TeUeHHe IepHoJa MEPTBOTO BPEMEHHU COOBITHS HE BBI3BIBAIOT €T0 MPOJUICHUS (HETpPOJIeBaroIIeecs
MEpTBOE BpPEMS).

[ToToK COOBITHIA, paccCMaTPUBAEMBIN B TaHHOH pabOTe, OTHOCHTCS KO BTOPOMY KJIacCy ABaXKIBI CTOXa-
CTHUYECKUX TOTOKOB. lIpearmonaraercs, yTo coObITHE, HACTYIIMBIIEE B TEUCHNE MTEPHOAA MEPTBOTO BPEMEHH,
XOTsI ¥ HE HAOJIFOTaeTCs, BCE e CIIOCOOHO MPOITUTE 00U ITepro.T HEHA0II0AAeMOCTH HCXOTHOTO IMTOTOKA
(mponnesaromeecs: MmepTBoe Bpems). [Ipu 3ToM mpHHUMAaETCs, YTO MEPTBOE BpeMs UMeeT (PUKCHPOBAHHYIO
JUTATENBHOCTb.

OTiuane HACcTOSIIETO UCCIIeNOBaHUA OT IpoBeneHHoro B [10] B Tom, 9To B manHO# padoTe 00001meH-
HBEII aCHHXPOHHBIA IMOTOK PAacCMATPUBAETCA B YCIOBHUSAX IPOJUICBAIOIIETOCS MEPTBOTO BpeMeHU (PHKCHPO-
BaHHOU JUTUTEIBHOCTH.

B HacTosmieit padoTe, SIBISIOMIEHCS MPOIOIKCHIEM HCCIISIOBaHMUs, Ha4aToro B [15], BRIBOAUTCS H pe-
IaeTcs ypaBHEHHE MOMEHTOB B 3a/1a4€ OIIEHWBAHUS JUTMTEIHHOCTH MPOJIEBAIOIIETOCS MEPTBOTO BPEMEHH,
MIPOBOJASTCS CTATUCTUYECKHE IKCTIEPUMEHTHI C [IEIbI0 YCTAHOBJICHHS KauecTBa MOJTy9aeMBbIX OI[EHOK.

1. MaTeMaTH4ecKan MOJ€Jb MMOTOKA

PaccmaTpuBaeTcs 000O0IICHHBI ACUHXPOHHBIA MOTOK COOBITHH, OOJIAAAIOIINEN CICAYIONUMH CBOM-
CTBaMU: CTAlMOHAPHOCTh, OPAUHAPHOCTb, HAJTMUHE [TOCIEICUCTBHUSI.
ConpoBOKIAONIMHA MPOIECC AaHHOTO MOTOKa A(t) sIBIsIETCS MPUHLIMIMAILHO HEHAOII0NAeMBIM Ky-

COYHO-TIOCTOSIHHBIM CIIy4aifHBIM HPOLECCOM C JBYMsI COCTOSIHUSIMH S, U S, ; OyneM rOBOPUTH, YTO UMEET
MmecTo coctostue S, mpouecca A(t), ecom A(t) =X, 1=12, A >4, >0. [nurensHocTs npeObIBaHUS MPO-
necca A(t) B cocTosHMM S, sBNSETCS CTydaiHOl BenuuMHOM ¢ GyHkumeil pacnpenenenus F (t)=1-e™",
t>0,i=12. B Teuenue Bpemenu npeObiBanus nporecca A(t) B COCTOSHMM S, MMEET MECTO ITyacCOHOB-
CKHI TOTOK COOBITHII C MapaMeTpoM A, ; B TeUEHHE BpeMeHH npeObiBaHus npouecca A(t) B cocrosHuu S, —
IIyaCCOHOBCKUII MOTOK COOBITHIA C MApaMeTpoM A, .

B MOMeHT nepexoja COIpoBOXKIAIONIEro ciaydaitHoro npouecca A(t) u3 coctosHHs S, B COCTOSHHUE
S, ¢ BepostHocThi0 P(0< p<1) MHMIMUpYETCS AONOIHUTEIBHOE COOBITHE IOTOKA B COCTOSHUU S, (CHa-
Yaja mnepexox u3 S, B S,, 3aTeM HACTYIUIEHHE JONOIHUTEIBHOIO COOBITUSA B S, ). AHAJIOTUYHO NpH Iepe-
X0JIe CONMPOBOXKAAOIIETo ciy4aitHoro mporecca A(t) w3 cocrosiHUs S, B COCTOSHHE S, C BEpPOSTHOCTBIO
q(0<q<1) uHnIEHpyeTCs TONOIHUTEIBHOE COOBITHE ITIOTOKA B COCTOSIHMY S, (CHaYaia mepexogus S, B S, ,
3aTeM HACTYIJICHHE JIOTIOJIHUTEIBLHOTO COOBITUS B S, ).

B MOMEHT HACTyIUICHHsI KaXKIOTO COOBITHS TOTOKA HACTYIIAET MEPUO]] HEHAOII0IaeMOCTH (PUKCHPO-
BaHHOH JuMTenbHOCTU 1 (MEpPTBOE BpeMsl), TaK UTO APYTHe COOBITHS, HACTYIMBIINE B TeUCHHE BpeMeHU 7,
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HEJIOCTYMHBI HaOMoAeHNI0. Kaxmoe coObITHe, HEeHAOM0aeMOe B TCUCHUE MEPTBOTO BPEMEHH, BBI3bIBACT
MIPOIICHUE TIEPHOa HEHAOIOMaeMOCTH Ha BEIMUUHY |; HAOIIOHaThCS OyIeT JUIIh TO COOBITHE, KOTOpOe
HACTYIHJIO TTOCIIE OKOHYAHUS TTOCIISTHETO MEPUoJia HEHAOII0JaeMOCTH.

Ha puc. 1 mpuBenens! cxema GpopMupoBaHus HAOII0OIaEMOTO ITOTOKA COOBITHI M OJTHA M3 pean3aliit
conpoBoxxaaromero npouecca A(t), rae S,, i =12, — cocrosHus npouecca A(t); ti, t2, ... — MOMEHTHI BpeMeHH

HACTyIUICHHsS COOBITHI B HaOmomaemMoM motoke. HaOmomaembie coOBITHS 0003HAUEHBI HE3aKPAIICHHBIMHU
KpyXKaMH, a HeHaOJojaeMble COOBITHSA, T.€. HEIOCTYITHBIC HAOIIOACHUIO M3-3a HAIMIUS MEPTBOTO BpeMe-
HU, — 3aKpaiieHHbIMU Kpyx)kamu. LlITpuxoBkoii 0003HaueH MEepHO]| HEHAOI01aeMOoCTH. [IUTeNnbHOCTh 00-
Iero nepuoja HeHabmogaeMocT § — CllydaifHasi BEIMYHHA.

Marpuiibl HHGHUHATE3UMATBHBIX XapaKTEPUCTHUK COMPOBOXK Aaroriero mpoiecca A(t) umerot Bux [16]:
B -(M+a;)  (1-p)oy A poy
° A-qa, -, +a,) C qo, A, .
OnemeHTaMu MaTpuibl D, SBISIOTCS MHTEHCHMBHOCTH IepexonoB Iponecca A(t) n3 COCTOSHUS B CO-
CTOSHME C HACTYIUICHHEM COOBITHS MOTOKa. HeamaroHanbHble 351eMeHTHI MaTpuibl D, — MHTEHCHBHOCTH

nepexoaoB mporecca A(t) U3 COCTOSHHS B COCTOSIHHE 0€3 HACTYyIIeHHUs cOOBITHS. J{naroHaabHbIE JIEMEHTHI
Matpuibl D, — HHTEeHCHBHOCTH BbIXOHa mpouecca A(t) M3 CBOMX COCTOSHHM, B3ATHIE C MPOTUBOIIOIOKHBIM

3HAKOM.
.5‘1 - T L T
1 I
I I
§ 1 a1 oz | [¢ 5]
]
I . 1
| i ! Tpomecc A(r) 1 [ -
T T I T Lal
o L o
| p ! q : p
- ol
£117: 117 r17r. 1777 1777 7177
i T WL s T W I 177 s " T
! : T : T s/ ' !
i [ [ i T 177/ | \
1 1 ! ! T 1 [

P = = i
I OO0wuii nepHo] HeHAGIIOAAEMOCTH 1

1
: : | i
I I I I
-0 O o0—0O oO—o—* !

4 I; I 1 1 I

Ha6mo1aeMblit TOTOK COGBITHER

Puc. 1. Peanu3anus HaOIr0Oga€MOT0 IIOTOKA COOBITHIA
Fig. 1. Realization of the observed event flow

LIGJ'H: JAaHHOI'0 UCCJICAOBAHNA 3aKIIIOYACTCA B MMOJYUCHHUU U PCHICHUN YPaBHCHUA MOMCHTOB B 3a/1a4c
OLCHUBAHUA MJIWTCIBHOCTHU MPOIJICBAOUICTIOCA MCEPTBOTO BPEMCEHU B PCKYPPCHTHOM 0606H_ICHHOM aCHuH-
XPOHHOM ITOTOKE CO6LITHﬁ, a TakK’X€ B ITPOBCICHUHN Ha HMHTaHI/IOHHOﬁ MOZCIIA MTOTOKA psAda CTATUCTUICCKUX
OKCIIEPUMEHTOB C LCJIbIO YCTAHOBJICHUA Ka4€CTBA IMOJTYUYCHHBIX OILICHOK.

2. JIBymMepHasi JIOTHOCTH BEPOSITHOCTH JIMTEJILHOCTEl IBYX COCEITHUX HHTEPBAJIOB.
YcioBus peKyppeHTHOCTH

Jlemma 1. J[ns 000OIIEHHOTO ACHHXPOHHOTO TMOTOKA COOBITHH, (YHKIIMOHUPYIOMIETO B YCIOBHSIX
MOJTHOM HAOJI0]aeMOCTH, COMPOBOXKIAIONINA KyCOYHO-TIOCTOSIHHBINA CiydaiiHbliii mporecc A(t) sBisercs
MapKOBCKHUM TIporieccom [16].

Iycts t, t,, ..., 1, ... — MOMEHTBI BpEMEHU HACTYILJICHUS COOBITUI B IOTOKE.
Jlemma 2. TTocnenosatensaocts {A(t, )}, moposknaemMasi COBOKYITHOCTBEO MOMEHTOB HACTYILUICHHS CO-

Obrtuii t,t,,...,t, ..., ABJIAETCA BIIOXKEHHOH Lenblo Mapkosa [16].
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[Ipenmosaraercs, 4T0 0OOOUIEHHBIA ACHHXPOHHBIN TIOTOK COOBITHH (YHKIIHOHUPYET B YCIOBHSAX MOJI-
moit Habmogaemocty (T = 0) B cTaimOHAPHOM PEXHME.

O6o3naunm t, =t, , —t, 7, >0, — 3HaUCHHE AIUTETLHOCTH K-ro MHTEpBasia MEX/Iy COCEAHUMH COOBI-
msime t, m t, ., K=1, 2, ..., HaGmrogaemoro motoka. B cuity crarmonapHOro pexnma (GyHKIMOHUPOBAHHUS
MOTOKA IS INIOTHOCTU BEPOSITHOCTH 3Ha4eHni T, cupasemmso P(t,) = p(t), T, =0, VK.

OT0 1o3BoJIsieT €3 OrpaHMYeHHs OOLUIHOCTU CYMTATh MOMEHT HACTYIUICHHS COOBITHS t PAaBHBIM HY-
JI0, WJTH, YTO TO K€ CaM0e, MOMEHT HaCTyIIeHHs coObITHs ecTh T=0.

B obmem ciydae uccieqyeMblii IOTOK B YCIOBHAX IOJHON HaOII0aeMOCTH SBJIAETCS KOPPEIUpOo-
BaHHBIM MOTOKOM. JIJ1s TOCTHKEHHs MOCTABJIEHHOM LeTH HEOOXOJUMO BBIIHUCATh YCIOBHS PEKYPPEHTHOCTH
MOTOKA M JJISl KaXK/J0I0 U3 BBIIMCAHHBIX YCIOBMH ONPENEIUThH SABHBIA BHJ IJIOTHOCTH BEPOATHOCTU 3HAYe-
HMI JUIMTENbHOCTH MHTEPBAJIa MEXKIY COCEHUMH COOBITHAMM ITOTOKA.

Bocnone3yemcs cienyromei TeopeMoil.

Teopema 1. [I10THOCTE BEPOATHOCTH 3HAYEHUH JUIMTENIBLHOCTH MHTEPBaa MEXIY COCEIHHMMH COOBI-
THAMU B 0000IIEHHOM aCHHXPOHHOM IIOTOKE B ciayyae Z, —Z; # 0 umeer Bun [17]:

p(t) =vze * +(—y)z,e %", 120,

y = 21 Z, = A=A, + (o, + 0, ) (A2, — POy 0L,)
Z,— 1 o, + o,k + (P +g)oy,
1
Z = 5[7»1 +o, +A, +a, —\/(k1 +oy, — A, —a,)’ +da,o, (L- p)L- q)] (1)
zZ,= %[kl +o,+A,+a, +\/(7\.1 +oy, — A, —0,)? +da,o, (L- p)L- q)},

2,>2,>0,2,-2,#0.
O6o3naunm P(Tt,,T,) — COBMECTHAs IIOTHOCTH BEPOSTHOCTU JUIUTEIBHOCTEH ABYX COCEIHHMX HHTEp-
Banos (t,t,), (t,,t,); ©, =t, —t,, 1, =t, —t, — 3Ha4yeHus anurenpHOCTEH, T, >0, T, >0. B cuiy cranuonap-
HOTO pEXHMMa pacronokeHue onHoro wuHreppanma (t,,t,,) 1mbo JBYX cOCeHMX WHTEPBAJOB

(t., t..), (t.., t.,) Mexay MOMEHTaMH HacTyILuleHHs coObthii t,t,,...,t, .., k=1 2, ..., Ha BpeMeHHOI
OCH TIPOM3BOJIBHO.

CripaBe/utiBa cieyromas Teopema.

Teopema 2. CoBMeCTHas INIOTHOCTb BeposITHOCTH P(T,,T,) MIMTEIBHOCTEH ABYX COCEIHUX HHTEPBa-

0B JU1s1 0000ILEHHOT0 ACHHXPOHHOT'0 OTOKa coObITU B ciiydae Z, —Z; # 0 umeer Bun [17]:

A, — pao, o
p(Tlsz) = p(Tl) p(T2)+’Y(1_’Y)A

-4 4%

(ze ™" —z,e %" )(ze ™" — 7,6 %),

172
1, 20,7, >0,
1 2 @)
(11(122122 (}"1 B }\‘2 + pocl - qaz)o\'l - 7\'2 + qOH - p(lz)
(z, - 2,)" (o, + 1,0, + (P +Q)oya,)’

z,>72,>0,2,-27 #0,

yl-v)=

rae z,,z, onpenenens B (1); p(t,) ompenenens B (1) wist t=1,, k=12,
U3 ananu3a (2) BBITEKAIOT yCIOBHS PEKYPPEHTHOCTH M COOTBETCTBYOLIME IUIOTHOCTH P(T) .
1. Ecimn A, —A, + pa, —qo, =0, 10 Y(1-y)=0 u p(t,,T,) dakropuzyercs.
IMoacrasnsst ycnosue A, —A, + pa, —qo, =0 B (1), HAXOAMM IUIOTHOCTH BEPOSTHOCTH 3HAYCHUH
JUTUTEIbHOCTH MHTEPBaIa MKy COCEAHUMHU COOBITHSIMU P(T) B BHIC:
p(t) = (poy, + A, )e Pt >0,

B sToM ciydae 0000LIEHHBII aCHHXPOHHBIN IOTOK BBIPOXKAAETCS B IPOCTEHIINY € MapaMeTpoM Po, + A, .
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2.Ecmm A, -, +qo, — pa, =0, 10 y(1-7)=0 1 p(t,,7,) daxropusyercs.

Ioacrasnsst ycnosue A, —A, +qo, —po, =0 B (1), HaX0AUM IUIOTHOCTb BEPOSTHOCTH 3HAYECHUMH
JUTUTEIbHOCTH MHTEPBaia MKy COCEAHUMHU COOBITHAMU P(T) B BHIE:

p(t) = (qo, +2,)e )7 1> 0.
Kak u B peapaymem cityyae 0000LIEHHBI aCHHXPOHHBIN MOTOK BBIPOXKAAETCA B MPOCTEHIINIA ¢ mapaMeT-
pom Qo +2,.

3. Ecmn A\, — pgo,0, =0, TO coBMecTHast INIOTHOCTE BepositHocTH P(T,,T,) dakropusyercs. [Toa-
craBisia ycinoBue A\, — pgo,a, =0 B (1), HAXOANUM MIOTHOCTH BEPOSITHOCTH 3HAYEHHI ATUTEIBHOCTH HH-
TepBajia MEXIY COCETHUMU cOObITUAMHE P(T) B BHIE:

p(t)=vyze " +(1-y)z,e *",t>0, (3)
YZM, 2,-2,#0.
Z,— 4

anee Be3ae paccMaTpUBaEeTCs peKYPPEHTHBIN TIOTOK B ciIydae 3.
3. [Ipeodpa3zoBanue Jlanuiaca NJIOTHOCTH BEPOSITHOCTH 001IEro MepruoAa HeHAOII01aeMOCTH

Ilycte & — mmMTENbHOCTH OOIIETO TIepHo/ia HEHAOIIOAAEeMOCTH B PEKYPPEHTHOM 0000IIIEHHOM acHH-
XPOHHOM TOTOKE, QYHKITMOHUPYIONIEM B YCIOBHUSAX MPOJIJICBAIONIETOCS MEPTBOTO BpEeMEHU (PIKCHPOBAHHON
amarensHocty T #0. IocnenoBarensHocTs i, 1,,... MOMEHTOB HACTYIUIEHHSI COOBITHH B HaOII0JaeMOM

MOTOKE 00pa3yeT BIOKEHHYIO 1iellb MapKoBa, U peKypPPEHTHOCTh HAOJII0JAeMOr0 MOTOKA COXPAHSIETCS.

Paccmotpum dynknuro ITanema ¢y (T) = I p(x)dx — BepositHOCTH TOTO, uTO Ha MHTepBase (0,T) co-
T

OBITUH PEKypPEHTHOTO IIOTOKA HE HACTYIHUT IPU YCJIOBHHM, YTO B HayaJlbHBbII MOMEHT BPEMEHU MHTEpBaia
(0,T) coOwitie HacTynmio [18]; 3mech P(X) — IUIOTHOCTH BEPOSTHOCTH JUTUTEILHOCTH MHTEPBAIa MEXIY
COCEIHUMHM COOBITHSMH B IBRXKbI CTOXaCTUYECKOM PEKYPPEHTHOM IOTOKE.

Teopema 3. IlpeoGpa3oBanue Jlamnaca MIOTHOCTH BEPOSITHOCTH 3HAYCHWH AJUTEIBHOCTH OOIIEro
nepuoja HEHaONI0JaeMOCTH B PEKYPPEHTHOM OOOOIIEHHOM AaCMHXPOHHOM IIOTOKE € MPOJJIEBAIOIINMCS
MEpTBLIM BpeMEHeM B ciaydae Z, —Z; # 0 umeer Bux:

(pO(T) 1_ (:]__e—(SJrzl)T)Z1 Zz _}“1_7"2 +(l_e—(s+zz)T)22 _21 +}V1+7\'2 (4)
e’ (s+2)(z,-1) (s+2,)(z,-2)

rie ¢ (T)=ve ™™ +(L—y)e ™" ; enuuuna y onpenenena s (3); 2,2, — 8 (1).

gg(s) =

Jlokazamenscmeo. Bocrnonszyemcst pe3yiabTatoM, noiydeHHbM B [17]. IlpeoOpasosanue Jlarutaca
IUIOTHOCTU BEPOSTHOCTH 3HAYEHHUH JUTUTEILHOCTH OOIIEro IMEepHoja HEHAOII0JAaeMOCTH B PEKYPPESHTHOM
JIBAXK]II CTOXACTUYCCKOM MOTOKE COOBITHIA, (PYHKIIMOHUPYIOIIEM B YCIIOBHUSIX MPOIJICBAIOIICTOCS MEPTBOTO

BPEMCHH, UMCCT BUJI:
1

0.)= 20 1- [e=pooax | . ©)
€ 0

Ilepeobo3navas mwiotHOCTh P(t) , ompenencunyo B (3), Ha P(X), moacTasisis B (5) U BBEIOIHSS He-

00X0 MBI TpeoOpa3oBanus, nmpuxoauM K (4). Teopema dokaszana.
Jlemma 3. MaremaTr4ecKoe OXHIAHUE JIMTEILHOCTH OOIIEro Meproaa HEHAOIIIaeMOCTH & B pe-

KYpPPEHTHOM 0000IIIEHHOM aCHHXPOHHOM MOTOKE COOBITHI € MPOJIIEBAIOIIMMCS MEPTBBIM BPEMEHEM B CITy-
qae Z, —z, #0 nmeer Bux:
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=—— o, +o, -1z, —(1-y)ze ™ |, 6
lez%m[al o, =12, = (L-y)ze ™ | (6)

rae z,, z, oupenenensl B (1); v =B (3); ¢,(T) — B (4).
/oxazamenbcmeo. Mox)HO M0Ka3aTh, UTO C UCHONb30BaHUEM BHa J, (S), onpeneneHHoro B (5), Ma-
TEMAaTHYECKOE OKHUIaHue & 3aIuIIeTcs B BUIEC:

1
9o (T)

Toncrasmsst P(X), onpenenennyto B (3), B (7) ¥ BBIIONHSSI HEOOX0AUMBIE ITpeoOpazoBanmst, Haxoaum (6).

ME = -g:()

=T ]xf)(x)dx. @)

4. Ilpeodpa3oBanue Jlaniaca MIOTHOCTH BEPOSITHOCTH AJUTEJILHOCTH HHTEPBAJIA
MeK/AYy COCeTHUMH COOBITUAMM B HA0J/1101a€MOM MOTOKeE

PaccmoTrpum unTepBan Bpemenu (i,t,.,), 3HaUeHHE MIUTENBHOCTH KOTOpPOro ectb T, =t —1,.
C npyroil CTOpPOHBI, JUIMTENLHOCTh 3TOTO MHTEpBaNa paBHa T=§+1, IIe 1| — JUIMTEIBHOCTh MHTEPBaAsa
MEeXTy MOMEHTOM OKOHYaHHUs OOILIEro mepuona HeHaOmogaeMocTd M MoMmeHToM t,,,. MHpuekc K omymien
B CHJIy IIPOHM3BOJIBHOTO PACIIOIOKEHUSI HHTEPBala Ha BpeMeHHO# ocu. CiiydaiiHble BeqnuuHbl 1 U § sBis-
I0TCSl 3aBUCHMBIMH. TOra IJIOTHOCTh BEPOSATHOCTH P(T) IIMTENBHOCTH HMHTEPBAlla MEXKIY COOBITUSIMH

B Ha6J‘IIO,Z[aeMOM IIOTOKE 3aIlIMIIECTCA B BUC.
p(x) = [ p(&) P(E)IE = [ p(E) p(z—EE)dE . (8)

Teopema 4. [IpeoOpazoBanue Jlammaca MIOTHOCTH BEPOSTHOCTU 3HAYCHUH UIUTEILHOCTH MHTEpBaIa
MEXJIy COCEIHUMHU COOBITUSMHU B PEKYPPEHTHOM OOOOIIEHHOM aCMHXPOHHOM IOTOKE C MPOJIICBAIOIIUMCS
MEPTBBIM BPEMEHEM B CIy4ae z, —z, = 0 MMEET BUJ:

9.(5) =[(z, +5)(z, +s)(a, + ocz)]f1 [,2,(s+ 0y +0,)g. (S)+ -
+0u,00, (A — A, + Qo — pa,)(hy — A, + Poy —qot,) [ 2,2, ]_1 sg. (o, + o, +9)],
riae ynkuus g, (s) ompenenena dopmynoii (4); g.(o, +a,+S) onpenenena popmynoit (4), B KoTopoit
HY’>KHO 3aMEHHTb apI'yMEHT S Ha O, + O, +S .
Jlokazamenscmeo. Haiiném oipakenue miast P(t— §|§) . Ilycth MOMEHT HacTyIIEHUS COOBITHS

B HabmomaeMoM motoke ecth T =0. Paccmotpum Bpemennoit unrepsan (0,7) =(0,€+1) u 3aduxcupyem & .

Mycts p;(1—E&) — ycloBHBIE BEPOATHOCTH TOTO, YTO B MHTEPBAIE UMTEIBHOCTH M =T—& HE HACTYNUT
coObITHii Habmonaemoro notoka u A(§+mn)=A; npu ycnosun, uro A(E)=%;, i, j=1,2. Ilo cmbicity BBE-
JICHHBIE YCIIOBHbIE BEPOSITHOCTH HE OTIMYAKOTCS OT BEpOsTHOCTEH Py (T) /Uist 0600IEHHOTO aCHHXPOHHOTO

TIOTOKA, MMOTyYeHHBIX B [17]:

b, (1) =— M+oy -2, ot 4 M+ o, -2, et
274 =4
1- - _ 1- _ _
plz(fc):u(e 4t —e Zz‘C), p21(T): U«Z( q)(e ut —e er)’ (10)
Z,— 4 2 T &
Py, (1) =Me‘zlr —me‘zﬂ, 120, z,-7 #0;
Z, -4 Z,— 7

Z,, Z, onpezenessl B (1).
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Torma ycnoBHblE BEpOATHOCTH p(r—z’;|§), i, j=1, 2, onpenensrorcsi popmynamu (10), B KOTOPBIX
apryMeHT T 3aMeHEH Ha T—§ .
Beenem P (t1—§&)=p,(t—&)+ p;,(t—&) — ycnoBHYIO BEpOATHOCTH TOTO, YTO B MHTepBaie (&,1) co-

OBITHI HAOIIOZAEMOr0 MOTOKA HE MPOM30iIeT pu ycinouy, urto A(E) =2, i =1, 2. Torxga ycioBHas miot-

HOCTh BEpOATHOCTH JUTHTENHHOCTH MHTepBana (£,1) mo ompenenermio ecth P,(t—&)=-P'(1-§),i=1, 2.

VYuutsiBas (10), Haxogum

p(t—8)=

{2,(2 —a,p+2,)e 9 42,00, + 0, p—7)e =9},
2 1 (11)
{2[M+0,+0,(1-0) - 2,]e 29 + 2, [0 + o, + 0, (1= Q) + 2, ]e 2}, T2,

p,(t—&)=

Z, -4
Beenem BeposTHOCTD T, (T | &) — YCIOBHYIO BEPOSITHOCTB TOrO, uTo A(T) =2, =1 2, npu yciosuu,
uto B MOMeHT T=0 cOoOBITHE HACTYNMIIO U HACTYIIUIO MEPTBOE BpeMs AnuTensHocTu & . Torna
p(r—E[e)=m, (= E[E) py (v~ &) + 7, (x = E[E) P, (x - E). (12)
BepositHocTn T, (T= E_,|§) 10 CMBbICTy coBHanalT ¢ BepostHocTsiMu T, (T), i =1, 2, onpeneneHHbIMH
B [17], B KOTOpBIX BMECTO MIepHOo/ia HEeHAOII01aeMOCTH | CIIEyeT paccMaTpuBaTh & :
m, (&) =m, (v =E[&) =m, - m, - m,(0f¢) Je (= ",

p,, +8m, [1— g (oot
T52(0|§): = 1_;E(a1+az)g :|

P, =0y (Xy + pa,)/ 2,2, my =0y /(0 +ay); Ttl(‘t:§|<:) :1_752(T:E.~|E.~)-

ITpuHuMas Bo BHUMaHHE YCIOBUE PEKyppeHTHOCTH A\, — Pdo, o, =0 u moxcrasmssa (11), (13) B (12),

, 8=, — paoya,) 1 2,2, (13)

Haxoanm
B 0, 0<t<§,
P = rgze w9 - r@nze 09 et
E)= . i . [ Z, — (M + poy)m (&) — (A, + o), (€) ]a (14)

A —A, + o, — pa,
2,7,

m,E)=m, {1—% e“‘”“”ﬂ, 1 (8) =1-m,(8).

Haiinem npeo6pasoBanue Jlamtaca miotHoctd P(t) , ucnomb3yst (8) u (14). Umeem

9.(5) = [~ p(r)d =

Il
O =y 8

e D PE)p(t— §|§)d§}dr = T p(g)ﬁe-“ p(t— g|g)dr}dg =
0 0 :

p(&) ﬁe“r@) ze " d T+ Te 1-r@©) zze_ZZ(r"é)dt} dg .
g &

Il
O ey 8

B Beipakenun 171 @, (S) BBIIOJIHUM 3aMeHy IepeMeHHbIX: T—&="n,T1=&+m. Toraa

9.5) =] p(&){ [z, r(E)e dn+ [e 9z, (1—r<a))e22“dn}da :

IMoncrasmuss seueiii Bug 1'(E), onpenenennsiii B (14), ¥ BHITOIHASA JOCTATOYHO TPYIJOEMKHUE IIPEOO-

pa3oBaHusl, IPUXOIUM K (9).
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5. OneHka JINTEJILHOCTH MEPTBOTO BpEMEHH

[Ipeobpazoranue Jlamiaca (9) mo3BoIAET MOIYIATh HAYATHHBIC MOMEHTHI
M()=(-0'g @) . 1=12, ...

ITosTomy Oymem pemiaTh 3a/ady OIEHHWBAaHUS JIUTEIFHOCTH MEPTBOTO BPEMEHH | METOJOM MOMEH-

1 n
ToB. BBenem craructuku C =—ZTL, [=12,.., roe 1, =t , —t — 3HaYeHME NIMTEILHOCTU UHTEPBaNa
k=1

MEeXJy MOMeHTaMu 1, u 1., HacTyIuleHHs COOBITHH B PEKyppEHTHOM OOOOIIEHHOM aCHHXPOHHOM IIOTOKE

C TIPOJIIEBAIOIIUMCS] MEPTBBIM BPEMEHEM.
[IpennonoxuM, 4To MapaMeTphl HOTOKA O, 0Ly, Ay, A,, P,( SABIAIOTCA M3BeCTHBIMU. [Ipu KonmuecTBe

HaOMIOJeHUH N —> 0 BBIOOPOYHBIH MOMeHT C; CTpeMHTCs K TeopeTndeckoMy MoMenty M (t) [19]. Torma
TS OLICHKY JUTUTEIILHOCTH MEPTBOrO BpeMeHH T nMmeeM ypasHeHue MomeHToB M (1) =C,.
Berunciue npousBoaHyio ot (9) mo S B Touke S=0 u B3siB el cO 3HAKOM MHHYC, ITOJYyYHM YpaBHEHHE

JUIS HaXOKIOeHUs 3HaueHus | oueHku T :

L(Z L7 — 4,2, )— a0, (A, =2, +qoy — pa, )(A, — A, + pa, — Qo) y
11T 4
2,2, o, +a, (o, + O‘z)(zlzz)z
x [ () +ME=C (15)
=C,,
1_’Y721(1_e*(21+0‘1+0‘2)1—) _ (I_Y)ZZ (1_e*(22+a1+‘7~2)1—)
7, +o, +a, Z,+ o, +0,

rae z,, Z, oupenenensl B (1); M§ — B (6).
O0603HaunM JieByro yacth ypaBHeHust (15) uepes f(T). MoxHo noka3ats, uto ¢pyukuus f(T), T >0,

sBisiercss  Bospacraromieil. Ypasaenue f (T)=C, pemaercs uucinenHo Ha wunTepBaie 0<T <t

min ?

T = Min{t, }, k=1,n. Bo3amoxHble cuTyanum:

1) f(T =0)>C,; B kauecTBe 3nHaucHus ouenku T BeiGupaercs 7™ =0;
2) f(T =0)<C,, Torna BO3MOXKHBI CIIy4aH:

a) KopeHb ypaBHeHus MoMeHTOB (15) momamaer B moayuatepsan (0,7 . ], Torma oH u BEIOMpaeTcs

min
B KauecTBe 3HAUeHus orenku 7 =71 ;

A

b) xopens ypasuenus (15) Gombie, yeM T TOTZIa B KadecTBE 3HaueHMs OreHKH T BeIOMpaeTcs

min >
T =1.,.

6. Pe3ym,TaT1>1 CTATUCTUYECKHUX IKCICPUMEHTOB

Jiia nomydyeHus cratucTukd C; IOCTPOEHA MMHUTALMOHHAs MOJENb, BBIXOJOM KOTOPOH SIBISETCS IO-
cienoBarenbHoCTh t,t,, ... MOMEHTOB HACTYIUICHUS COOBITHH.

HmuTtanoHHasi MOJIENb peaii30BaHa Ha si3bIKe TporpamMmmupoBanust C# ¢ UCTIONB30BaHUEM TEXHOJIO-
run WPF (Windows Presentation Foundation) n 6ubnuorexkn Math.NET Numerics. Pezynbrat pabotsr umMu-
TaIlMOHHOM MOJIENIM MIPUBEJICH Ha pucC. 2.

J1ist ycTaHOBIIEHHS CTALMOHAPHOTO PEKKUMA MPOBEACH CIEAYIOIINI SKCIIEPUMEHT.

OKCIIEPUMEHT 1. B nanHOM 3KcniepuMeHTe (PUKCHPYETCS YHCIIO OMBITOB N, KOTOpBIE TTPOU3BOIAT-
csl HaJl UMHTAIIMOHHON MOJENbBI0, 8 BpeMsi MOJICIIMPOBAHUS |m M3MEHSETCsl. 3HAUCHUS MCXOAHBIX JTaHHBIX
JUTSl IMHTAlMOHHOM MOJIEIIM TIPEeICTaBIICHbI B Ta0. 1.
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£ Napamertpei notoka

a A2
3 2
al a2
0.5 04
P q

4 I 1 03 05
T

0.2

——

Bpemn MogenupoBaHns
100

Puc. 2. CkpuHIIOT pabOThI IPOTPaMMBI
Fig. 2 Screenshot of the program

TaGunuma 1

Hcxoanbie 1aHHbIe 1/ SKCIepUMeHTa 1

M=0,8 A2=0,7
01=0,1 a2=0,3
p=0,5 g=0,5
N =1000 T=01

YuceHHbIS PE3YyIbTAaThl SKCIICPUMCHTA 1, MOJYYCHHBIC B PC3YyJIbTATC pa60TI>I HMHTaHHOHHOﬁ MOacC-
JIK, IPUBCACHLI B Tabm 2. B HCpBOﬁ CTPOKC 3a1a€TCAd 3HAYCHUC AJIUTCIIBHOCTH BPEMCHU MOACIIUPOBAHUA Tm,
BO BTOpOﬁ CTPOKC — BLI6OpOLIH0€ CpCAHCEC 3HAUYCHUC NJIMTCIbHOCTU MHTCPBAJla MCKIY COOBITHSIMU B ncxoa-

HoMm notoke M (7°) ; B TpeTheii cTpoke — BHIOOPOUHOE CpeHee 3HAYEHUE UTMTEILHOCTH HHTEPBANA MEKITY
coObITHsIMU B HabmrogaeMoM motoke M (T); B 4eTBepToil cTpOKe — BBIOOPOYHOE CpEHEe 3HAYCHHE MJIH-

TENBHOCTH 0011ero neproa Henadarogaemoctn M (§) .

Tabnuma 2
3asucumocts M (%), M(3°), M (é) OT BPeMeHH MOIeTUPOBAHUS Tm
Tm 100 150 200 700 750 800 850 900 950 1000
M (7°) 1,1611 | 1,1802 | 1,1747 1,1792 | 1,1807 | 1,1767 | 1,1796 | 1,1742 | 1,1723 | 1,1758
M (%) 1,2607 | 1,2851 | 1,2810 1,2858 | 1,2853 | 1,2806 | 1,2850 | 1,2888 | 1,2819 | 1,2825
M (§) 0,1042 | 0,1043 | 0.1045 0,1045 | 0,044 | 0,1043 | 0,1044 | 0,1044 | 0,1045 | 0,1043

Jlaunble u3 Taba. 2 IEMOHCTPUPYIOT cXoauMocTh oeHok M (7), M(3°), M(E) k HekoTOphIM IIO-
CTOSIHHBIM BeJm4yuHaM. [Ipu Bpemenu moaenupoBanus T >800 en. BpeMeHH yCTaHABJIMBAETCS CTAlHOHAP-
HBII pEXKUM.

A A

Jl1st monydeHust 3HaueHust 1 oueHkd T juTensHOCTH MEPTBOrO BpeMEHH T pa3paboTaH Cleyro-
Ui aJITOPUTM OLICHUBAHHUS:

1) 3agaroTcs mapaMeTphl HOTOKA C Y4eTOM YCIOBHH A, > A,, A, = pqo,a,, 0< p<1, 0<q<1;

2) B Teuenue Ty €I. BpeMEHH pabdOTaeT WMHTAI[MOHHAsA MOJIENh IOTOKA IS TOJYYEHHs BBIOOPKH
Ty, Tyyees Ty, HAXOMUTCS Ty, = Min{t, }, Berumcisercs craructuxa C,;

3) tabynupyercs dyukius f(T) u uucnenHo ycranasnuBaercs, uto f(T) sBisercs Bo3pacraromieit

(hyHKIIHEH;
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4) uncnenHo pemaercsi ypasHenue (15) meronom HproToHa; KOpeHb YpaBHEHUS] MOMEHTOB (15) siBIsI-
€TCsl eIMHCTBEHHBIM;

5) B pesynbTaTe maros 1—4 momyunm T, — 3HaueHue OeHKH T B IEPBOM OIIBITE;

2

6) maru 2—4 noBTopsroTcs s N OIBITOB M HAXOIATCS 3HAUEHHS OIIEHOK Tl* ,Tz* yeea Ty -

BribopouHoe cpemHee OIEHKH W BRIOOpOYHAS BapHUalus OIEHKH BBEIYHCIISIOTCS IO CIEAYIOmUM (hop-

N N
mymnam: M(T)= %ZT; , V(T)= %Z(T j* ~T)?, rae T — 3HaueHHE IHTEILHOCTH MEPTBOTO BPEMEHH,
=1 =

U3BECTHOE U3 UMHUTAIIMOHHON MOJEIH ITOTOKA.
Bri6opouHoe cpeiHee KOJIUYeCTBO COOBITHI UCXOIHOTO MOTOKA U BEIOOPOYHOE CPEIHEE KOJIUYECTBO

1 . 18 :
i R 0 7 = () (n _
COOBITHI HAOII01aEMOT0 MTOTOKA BBIYMCIIIOTCS 10 popMyaam N, = — E Moox + Moon = N E Neogn » TAE N2
i=1

=L

KOJIMYECTBO COOBITHIA HCXOOHOI'0 IIOTOKA B j-M OIIBITE, n(J) — KOJUYECTBO COOBITHUI Ha6J'HOZ[a€MOFO IIOTOKa

Ha0n
B j-M OTIBITE.
Jlg ycTaHOBIIGHUS Ka4eCTBa OJTYYSHHOH OIEHKHU MPOBENICH CIECAYIONINI SKCIIEPUMEHT.
OKCITEPUMEHT 2. B naHHOM SKCHEpUMEHTE MPU OJHHUX M TEX XK€ MapaMmeTpax MOToKa MEHsSeTCA
3HaYeHHE JUITUTEILHOCTH MepTBOTO BpeMeHu T ot T = 0,1 mo T = 1 ex. BpeMeHnN.
3HadeHHUs WCXOAHBIX JAHHBIX MpeacTaBicHBI B Tadn. 3. M3 skcrepumenTa 1 BpeMs MOIETHPOBAHMS
royraraeTcst paBHBIM T = 800 en. BpeMeHH.

Tabnuma 3

Hcxoanble 1aHHbIE JJIS1 IKCIIEPUMeEHTA 2

AM=5 A2=10,02
or=1 o2=5
p=01 g=0,2
N =1000 Tm =800

Tabymupyercst dpyukuust f(T). Ha puc. 3 npencrasnen rpaduk ¢pyukuuu f(T) mpu 3HaueHusx ma-

paMeTpoB, IPUBEACHHBIX B Ta0II. 3.

!
|
1
|
|
!
|
|
!

0 o1 02 03 04 05 06 07 08 o095 Bl SAULE 13

1,00 1,16

Puc. 3. I'paduk dpynxuuu f(T)
Fig. 3. Graph of the function f(T)

UncneHHple pe3ynbTaThl padOTHl aNropruTMa OIEHUBAHHSA MpHBEneHBl B Tabn. 4. B mepBoi cTpoke
Ta01. 4 3amaeTcs 3HaUCHNE IJIUTEIBHOCTU MEPTBOIO BPEMEHH T; BO BTOPOM U TPeTheH CTpOKax — BBIOOpOU-

Hoe cpenree oueHkd M (T) u BeiGopounast Bapuarms V (T) COOTBETCTBEHHO; B UETBEPTOM | IISITOM CTPOKAxX —
BBIOOPOYHOE CpeHEe KOJIMYECTBO COOBITUI MCXOAHOrO MOTOKa N . ¥ BBIOOPOUHOE CPEAHEE KOJIUYECTBO
COOBITUH HAOIIOZAEMOro IMOTOKa M

u6ns B ILIECTOH CTpPOKE — TIPOLIEHT HaOII0JaeMbIX COOBITHIA
=(n n 0
p =N, /N, )100%.
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Tabnumna 4

3asucumocts M (T),V(T), N, ,N .., P OT 3HAYeHUs JIUTEILHOCTH MEPTBOro BpeMeHH T

uex !

T 0,1 0,2 0,3 0,4 05 0,6 0,7 0,8 0,9 1
M (T) 0,0977 | 0,1995 | 0,2999 0,4001 0,4995 0,5996 0,6993 0,7987 0,8971 0,9735

V(T) 6.10° | 3.10° | 5.10° | 14-10° | 45.10° | 9,7-10° | 189-.10* | 354.10* | 593-10* | 10,83-10"

Nyex 3470 3470 3469 3466 3479 3470 3469 3464 3471 3469
Mg 2144 1372 904 608 415 290 201 141 100 71
p 61,79 39,53 26,05 17,55 11,97 8,36 58 4,08 2,87 2,04

AHanu3upyst pe3yJabTaThl, IPEeICTAaBICHHbIE B Ta0J. 4, BUANM, YTO C POCTOM 3HAYEHUS AJTUTEIBHOCTH
MEpPTBOTO BPEMEHU YUCIIO COOBITHII B HAOII0JaeMOM IOTOKE yMeHbIIaercs, Beioopoynas Bapuanus V (T)
pacTeT, 4To SIBJISIETCS] €CTECTBEHHBIM.

3ameuanue. Ouenku T ABIAIOTCA COCTOATENbHBIMH, TaK KaK: a) ClydalHbIE BEIMUHHBL T, T,,..., T,
ABIISIOTCS HE3aBUCUMBIMHU M OJMHAKOBO PACIIPEIENICHHBIMI; 0) TeOpeTHIeCKnii MOMeHT M (1,') CYyILIECTBYET;

B) YHCJICHHO ITOKa3aHO, YTO ypaBHEHHEe MOMEHTOB (15) nmeeT enuHcTBEeHHOE perienue [ 19].
3akiouenue

B nmamHo# paboTe paccCMOTpPEH ABAXKIBI CTOXACTHUECKHU 000OIIEHHBIN aCHHXPOHHBIN IMOTOK CITydaii-
HBIX COOBITHH C JBYMSI COCTOSIHUSIMH, (DYHKIMOHHUPYIOIIMI B CTAllMOHAPHOM PEXHMME B YCIOBUAX NPOAJIECBa-
IOIIErocsl MEPTBOTO BPEMEHU (PMKCHPOBAHHOM JNTUTENbHOCTH. [locTpoeHa MaTeMaTryecKkast MOJIeNb IAHHOTO
notoka. [lomydeHno mpeobpazoBanue Jlamnaca MIOTHOCTH BEPOSITHOCTH 3HAYEHUH JITUTENFHOCTH WHTEpPBa-
JIOB MEXKAY COCETHHMH COOBITHUSIMH B PEKYPPEHTHOM 0O0OIIEHHOM acHHXPOHHOM MOTOKeE (9), ¢ HCIOb30-
BaHHEM KOTOPOTO BBIBEJCHO ypaBHEHHE MOMEHTOB (15) s pelneHus 3ajaddl OLEHUBAHUS JTUTEILHOCTH
MepTBOro BpeMeHu 1. [locTaBiieHbl cTaTUCTHYECKHE SKCIIEPUMEHTHI Ha pa3paboTaHHON MMHUTAIIMOHHOM MO-
JACJIN ITOTOKA. Ananmms MMOJIYYCHHBIX YHUCJICHHBIX PE3YJIBTATOB ITO3BOJIACT YTBCPXKAAaTh, YTO IMOJTYYCHHBIC 3HA-

A

yeHus 1 OIICHOK T OJIATEIbHOCTH MEPTBOI'O0 BPEMCHHU T umerot IMPUEMIIEMOE KAa4€CTBO B CMBICIIC BBIOO-

pounoit Bapuaruu V (T) ; orienku T SBASIOTCS COCTOSATETBHBIMH.
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BBenenne

B pa60Te paccMaTpuBaCTCA 3a/ia4ya MHTCPBAJIbHOI'O paCliO3HABaHUA OONBIIHX BLI6pOCOB HEKOTOPLBIX

XapaKTEPUCTHUK X B dKOCHUCTEME 110 HabmomeHusM Y ¢ (hoToJOByIIEK. 31ech psig X = {Xl,..., xs} XapaKTepH-

3yeT, HalpuMep, 4acTOTy MOJXOJOB KOMBITHBIX XKHBOTHBIX K COJIOHIIAM, HEOOXOAWMBIM ISl KOPPEKINU
OMOXMMHYECKOT0 COCTaBa OPraHM3MOB OJICHEH, JIocel, KOCyldb W APYruX BHIOB. MOXHO OpaTb AZaHHOE
o0o3HaueHne B Ooyiee MIMPOKOM CMBICIE, HAPUMEP KaK BU3yaJbHYIO PETUCTPALNIO KPYIHBIX XHITHUKOB
(MenBenel, TUTPOB, JEONapAOB, BOJIKOB) IPU MX MOCEIICHUH HACEJICHHBIX MyHKTOB, IPU BCTpeyax BOJIHM3H
JOpOT WM (PUKCALUIO CIIEJIOB )KU3HENEATEIHbHOCTH U OCTAHKOB JKEPTB MPH HAIaJeHUIX Ha JOMAIIHHUX KH-
BOTHBIX. ECTh U Apyrue npuuuHbl BOSHUKHOBEHHUS KOH(JIUKTOB MEXIy YEJIOBEKOM U JUKUMH KUBOTHBIMHU.
Takue mMoAXOIbI MOTYT CHTHAIM3UPOBATH O HEXBATKE MUIIM JJIS KPYIHBIX XHITHUKOB W, KaK CIEICTBUE,
HapyIIEHNH HEKOTOPHIX OanaHCOB B 9KOCHCTEME, IPUBOIAIINX K ee HeycToitunBoctH [1-3]. 3agaya nanHoit
paboTel ObUIa TIpefompe/ieNieHa TaKkKe MMEIOIIMMHUCSA paboTaMHu MO MaTeMaTHYeCKOMY MOJIETHPOBAHHIO
COCTOSTHUS JIECHBIX SKOCUCTEM [4], TMHAMHKE YUCICHHOCTH TOMYJIAINUN KabaHa [5] u ucclieJoBaHuI0 OHO-
nmorum Kabapru [6].

Uro kacaeTcs HaOmroneHuil ¢ GoroynoBymek Y = {yl,..., ys} , TO OHH CBHJIETEIBCTBYIOT O CpeIHEMe-

CSTIYHOM TTOIX0/e K (POTOIOBYIIIKE YKHMBOTHBIX (M3I00PEH, OJICHEH, KOCYib, KAOAHOB), CIYKAITHX KOPMOM IS
KPYIHBIX XUIMHUKOB. OHAKO MOJICYET OOIIEro Yrcia MoOMIEANINX JKUBOTHBIX HE MOXKET OBITh CleNiaH 0e3
CEPBE3HBIX OIIMOOK, €CIIH BBIMIOIHATH €T0 10 YacTOTe perucTpanuil ¢poronoBymkoil. [IpuurnHa B ToM, 4TO
HCEBO3MOXHO JOKa3aTh pa3JIM4YU€ KOIBITHBIX JXUBOTHBIX, CJICAOBATCIIbHO, OAWH U TOT K€ 3BEPb MOXET pETU-
CTPUPOBATHCS HECKOJIBKO Pa3 M YUUTHIBATHCS KaK pa3HbIC )KHUBOTHBIE.

ITosToOMy MEXTy OTPENSICHHBIMU C TTOMOIIBI0 (DOTOJIOBYIIIEK YaCTOTOH (CpEeTHUM YHCIIOM HalOIIro1a-

€MBIX INOAXO0J0B YKa3aHHBIX )KI/IBOTHI)IX) " CpE€aAHUM YHCJIIOM Z= {Zl""’ ZS} CaMHX IIoAOIICAININX YKHBOTHBIX

CYLIECTBYET HEKOTOpasl CBS3b, BKIIIOYAOLIas B ce0sl HEM3BECTHBIM (HA30BEM €ro MEIIAIOIIMM) Mapamerp.
He momorator B 3TuX pacuerax ¥ (pUKCHpOBaHHBIC CBEICHHS IO JaTe€ M BPEMEHHU NMpeObIBaHUS, YTO TAKKE
¢ukcupyercst potonoBymkoil. Heodbxonumo youpaTs MeIIaromuyii mapaMeTp U CTpOUTh JaHHBIE IO BCTpe-
YaM XHBOTHBIX KaK OTHOCHTEIILHOE YMCIIO0, (PAKTUUECKH COBIAAAIoNIee ¢ OOIUM YUCIOM PErHCTpaluii Bcex
KHMBOTHBIX 110 MecsAaM. DTH NapaMeTpbl BBIPAXKAIOT CPEIHUE 3HAUYCHUS CYyTOUHBIX M CE30HHBIX ITOCEIICHUH
YKUBOTHBIMH COJIOHIIOB [7—9]. OTCYTCTBHE TaKOTr0 IapaMeTpa CTaBUT 3aJadyy MHTEPBAJIBLHOTO paclio3HaBaHUs
00JBIINX BHIOPOCOB B psiay HabmofeHnid X Mo pealbHBIM HaOmoneHusM ¢ goronoBymiex Z. Kpome Toro,

€CJI UMEIOTCS JIOIOJHUTEIbHBIE HaOII0neHus 3a skocuctemoin W = {Wl,...,ws} , TO BO3HMKAET 3aja4ya UH-
TEPBAJILHOTO paclio3HaBaHus B HaOMoaeHusIX Z 1o HabmrogenusM W. B wacTHOCTH, Takas 3a/1a4a MosBIIsIeT-

cs1, eciii B KauecTBe Habmoaennit W OepyTcsi IIMPOKO pacrpocTpaHEeHHBIE B METEOPOJIOTUH PsIIbl HaOIrO/Ie-
HUH 3a gaBienreM Hsoo Ha BEICOTE 5 KM.

1. UaTepBasbHOE paco3HABAHMSA 00JIBLIINX BHIOPOCOB B Ha0M0AeHUAX X 10 HAOI0aeHusAM Y
1.1. Anzopumm unmepeanbHoz0 pacno3HaA6AHUA RO OOHOMY RPUSHAKY

ITycTh 3a1aH0 MONOKUTENbHOE ynciio P, 0< p <1, mo koropomy ompenensiercs r =[ps] (3mecs [a] —
1enast YacTh BEIIECTBEHHOro yncia a). O6o3Haunm X = X;. PaccMOTpuMm Tereph aaroput™ HHTEPBAIBHOTO
pacrnosHaBanus 00pa3oB 60nbIKMX BEIOPOCOB (Xj = X) B psany X no nabmroaenusm Y [10]. Jlns storo cHava-

JIa YIIOPAZ0YKMM [0 BEIMYMHE, HAYMHAs ¢ HAMMEHBIIEro, psax X, Ipeo0pa3oBaB ero B COOTBETCTBYIOIIMIA Ba-
PUALIMOHHEI P, Tae X <...< X,
X{ = min x;, X =maxX;, X ), i=2,...,s-1. @

j = max min(X; , X;_,.... %
1<j<s ]

i <i i n-j+1
1<i <ip <<y SS
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Bamamum MHOkecTBo MHAEKkcOoB K ={k: X >x}. Onpenenum |K| — umcno snemenToB MHOXecTBa K,

U BBIYHCIAM Y, Y 10 popMynam

Y=min Yy, Y=max Y- 2)
- keK keK

Bynem pacnio3naBath npuHauIekHOCTh | € K 10 crepyroieMy npaBuiy:
y<y;<y, j=1..s 3)

OueBuHO, 4To Bce K € K OyayTt pacnosnaBathbest npaBmibHO. OnHako, ecnu | ¢ K, To MOryT OBITH OmIHO-

ku, korma j ¢ K pacmosHaercs kak j € K. O6o3naunm | K| gmcno sHauennii j ¢ K, xoTopsle MpaBHIBHO

pacnosHaroTcs, T.e. pacno3Hatores kak | ¢ K . Toraa oTHomenue

[KI+IK]
p= @
S
XapakTepu3yeT KauyecTBO MHTEPBAILHOTO pacliO3HABAHUSL.
1.2. Anzopumm unmepeansnozo pacno3nasanus no HeCKOJbKUM RPUIHAKAM
ITpearono)uM, 4To UMEIOTCsl HabIIoAeHHs ¢ HecKoIbkuX (otonoBymek Y; ={yyi,..., Y} 1=1,...,1.
JI1st KayKIoro u3 STUX HAOIIOACHUH BBIYUCIICHBI
Y, =min Y, ¥i = max Y- ()
- keK keK

Bynem pacrio3naBath npuHauIekHOCTh | € K 110 mpaBuity
Y, SV sy =10 (6)

Ecnu no-npexnemy |R| SIBJIICTCS YMCIIOM MPABUIIBHO pacrio3HaBaeMbiX HHICKCOB | & K, To dopmyna (4)
OyZer xapaKTepH30BaTh KauyeCTBO WHTEPBAJIHHOTO pacro3HaBaHus 1o | mpusnakam. O4eBUAHO, YTO C pac-
HIMPEHHEM MHO)KECTBA MPU3HAKOB KAUeCTBO PACcliO3HABAHUS OyAET yBEIMYMBATHCS / HE yMEHBIIATHCS.

Taxoif cioco® MHTEPBAIIBHOTO pacIio3HaBaHUsS OOJBIINX BHIOPOCOB TpeOyeT yucia apupMeTHIECKUX
OTepanyii, MPONOPLUUOHANBHBIX Sl, T.e. TMHEHHO 3aBUCUT OT AJIMHBI psiAa S M OT 4yKcia npu3Hakos |. Metox
WHTEPBAJIFHOTO paclo3HaBaHWs 00pa30B MHOTOKPATHO MPOBEPSIICSA Ha PEeabHBIX HAOOJEHHUIX 3aBUCHUMO-
cTH OONBIINX BBIOPOCOB OCHOBHOTO MpH3HaKa X OT COMYTCTBYIOIIMX Npu3HakoB |. [Ipuuem nposepka mpo-
M3BOJMIIACH HA KOPOTKUX psiiax HAaOMIOACHUH, Korjna AJMHA psiia HaOmoAeHUH N HeBeIMKa, a YUCIIO COIyT-
cTByroumx npusHakoB | Bemuko [11].

2. CTaTucTuueckas OICHKA UHTCHCHUBHOCTH BXOJAHOI'O IMOTOKA IPU HAJIUYHUHA MEIIAKIIET0 MapaMeTpa

PaccmoTpuM Temeps CBSI3b MEXKIY HAONIONCHHUSIMH 3a MPU3HAKOM Y, XapaKTepU3YIOIUM CpEIHee
YUCIIO TOJXOJIOB JKMBOTHBIX K (DOTOJNOBYIIKE, W MpU3HAKOM Z, XapaKTEPU3YIOIIUM CpPEIHEE YHCIIO
YKUBOTHBIX, TIOJIOMIEANINX K QOoTONOBYIIKE. J[jIst 3TOT0 CHavYaia mpenmnoiiokKuM, 4To Ha noyuHTepsaie [0,n)

3aj1aH MyaCCOHOBCKUM MOTOK TOYEK HHTEHCHBHOCTBIO A. DTH TOYKH ONPEICISIOT MOMEHTBI IPUX0/Ia 3asSBOK
B cucremy. Pazo0bem mnomyumuTepBai [0,n) wa nomyuntepBanst [0,1),[1,2),...,[n—1,n). O6o3naunum
&r-.. &, HE3aBUCHUMBIC ¥ OJMHAKOBO PACIIPECIICHHbIC CITy4aifHble BEIMYMHBI, ONPEACISIONINE YUCIIO TOUCK
[OTOKA B BBIJEJIEHHBIX MoJynHTEpBanax. [IycTh Termeps Kaxaast TOYKa BXOJHOTO IyaCCOHOBCKOTO TOTOKa,
nonasias B noiyuntepsai [i—1,i), mopoxkmaer B moayuntepBanax [i,i+1),...,[i+m—Li+m) mo oxHoii
HOBOHM TOYKe (MOMEHTHI (pMKCAIlUK TpuOOpoM 3asBKH). Torma B moayuHTepsaie [0,N) ciydaitHoe umciio

TOYCK ITIYyaCCOHOBCKOT'O IIOTOKa H CJ'Iy‘-I&fIHOC YHUCJIO TOYCK, IMOPOXKIAAEMBIX TOYKaMU IIYaCCOHOBCKOI'O
IIOTOKA, OIIPEACITIAIOTCA paBCHCTBAMHA

Ca(A) = 26, Dy(A) = Stemra+ 3 My o W)
t=1 t=1 t=m+1
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P
3HaukoM => 0003Ha4aeM CXOAMMOCTH C BEpPOSTHOCTBIO €AMHMIIA, & 3HAYKOM —> O0O3HaYaeM

CXOAMMOCTH IT0 BEPOSITHOCTH IIPU N —> 0.
YrBep:kaenue 1. IIycTh mpu HEKOTOPOM TOJIOKHUTETEHOM M BEITIOMHSAETCS HEepaBeHCTBO MM,
Toraa
Co(V)
n
JHoxkazatenbcTBo. Mcnonb3yst yCHUICHHBIH 3aK0H 00blnX grcen (cM., Hanp.: [12. . 8, 4]), nony4yaem

D, (M)

=2, S,(A) = = M\, N —> oo, (8)

CXOAMMOCTH C BEPOSITHOCTBIO €IMHUIIA TP N —> 00
Gy 18k =0 1 % me o,
Nk=1 N—Mk=m+1

OTKy/la aBTOMAaTHYECKH CIAEAYIOT POpMyIInI (8).

3ameuanue 1. Hanmnune muHENHHONM 3aBHCUMOCTH MEXTy CPEIHUM (3a N OTPE3KOB BPEMEHH, HAIIPUMEP
JHEH) YMCIIOM >KUBOTHBIX, OAOIIEANNX K (POTONIOBYIIKE, M CPEIHUM YMCIOM HOAXOJOB KUBOTHBIX K (ho-
TOJIOBYIIIKAM Ja)kKe TPU OTCYTCTBUU WH(PoOpMAIu o K03PPHUIIHEHTE TPOMOPIUOHATBHOCTH M MOXKET OBITH
HCTIOJIb30BaHO MIPY aHAIM3€ BCIBILEK YHUCICHHOCTH KUBOTHBIX. [l 3TOro y100HO BOCTIONB30BATHCS METO-
JIOM WHTEPBAJIBHOTO pacro3HaBaHHusa 00pa30B.

3. Coenunenne HHTEPBAJBHOT0 Pacnno3HaBaHUudA ¢ YCTPAHCHUEM MCIIAKIIECT0 MapaMeTpa

Jl1s MHTEepBABHOTO PACIIO3HABAHUS MOXHO BOCHOJB30BaThes (opmynamu (3) (Ipu HAIAYUU He-
CKOJIbKUX MpPU3HAKOB — (hopmyrnamu (5), (6)). [Ipeamonoxum, 4To UMeeTcs S MyaCCOHOBCKUX MOTOKOB HEH3-
BECTHO# HaMm MHTeHcuBHOCTH Yj, j =1,...,5, mmyctb Z; = S, (Y;). Torna us yreepxnenns 1 u gopmya (1),

(8) cnemyroT mpeneIbHBIE COOTHOIICHIS

mlnzk:>mm|nyk, maxzk:>mmaxyk, n— oo. 9
keK

B srom cmbiciie 3ameHa Y €Y Ha Zj € Z NPUBOJUT C BEPOSTHOCTHIO CAMHHIA K TOMY XK€ Pe3yIbTaTy HH-

TEPBAJLHOTO pacrio3HaBaHust pu N —> oo . JleicTBUTENBHO, BeeacTBUe (opMyibl (9) MpUHAUICKHOCTH
j € K o3Hagaer, 94T0 C BEPOATHOCTHIO €THHHIIA

min lim z, = mmln Y < I|m z; =my; <max lim z, = maxmyk

keK n—w keK n—oo
AHaJIOrMYHOE COOTHOIIEHUE MOKHO NMPHUBECTH AJII UHTEPBAJIBHOIO PAclO3HABAHUS MPH HATMYUHN HECKOJIb-
KHMX IPU3HAKOB. B cBOIO ouepenb, A ONpEAeNIeHNs NOTPEIIHOCTEN 3TOM 3aMEHBI MOYXHO BOCIOJIB30BATHCS
BMECTO yTBEPKIEHUS | CIEAYIONUM YTBEPKACHUEM.
YrBepaxnenue 2. IlycTe npu HEKOTOPHIX MOJOXKUTENBHBIX M, A BBINOJHAIOTCS HEpaBEHCTBA

m<M,A <A, torma mns moboro € >0 BBINONHIETCS HEPABEHCTBO

M2A(, 2+A2M?
P(|S, (%) —ma|>¢) < |1 +4n . (10)

JlokazarenbctBo. O003HAUNM

(m) o(m) =12, B(m,n)—B(m) p(my=2+ L _2M

A(m,n
(m,m) = 2 2 6m 3

Torma mpr M >1 BBRIMONHSAIOTCS HEPABEHCTBA
o2(m)< -, B(m) < S
BrrunciuM y ciyuaiinoit Bemuunnsl D (A) MaTemaTnueckoe 0)KUIaHHUE U IHUCIICPCHIO:

M (D, (1)) = mni(1+ A(m,n)), D(D, (X)) = mznk(1+ B(m,n)).
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OTCIO,Z[a CJICOAYIOT paBCHCTBA

M (S, (1)) = mA(1+ A(m,n)), D(S, (L)) = m%’“(u B(m, n)).

Hcnone3ys 3TH paBeHCTBA, MOyYaeM HEPABEHCTBO

M(Sn(%)—mmz=D(sn(M)+<M<sn(x>)—m>~)2=m727”<1+ B(m,n)+x2nA2(m,n»sm? 1+2+j1\r12 ™)

C TIOMOIIBI0 KOTOPOro noiyyaercs ¢popmyia (10).
3ameuanue 2. KoHeuHo, Takas OIeHKA SBISIETCS JOCTATOYHO IpyOOH, TaK KaKk BEJIMYMHBI M, A 3ame-

HAIOTCS Ha BepxHUE onleHKH M, A. Ho TakoBa mena 3a ycTpaHeHHE MEIIAOIEro mapamMeTpa m.

4. UaTepBajibHOE pacno3HaBaHue 00JIBIINX BLIOPOCOB B Ha0/I0AeHUsIX Z M0 Had ogeHusam W

[Ipenmonaraercs, 4To MOXET OBITh HECKOJBKO, KaK MPAaBHJIO, HEU3BECTHOE YKCIIO MPHYUH, KOTOPHIC
OMpPECTAIOT KOJMYECTBEHHBIC MTOKa3aTely, MOyYeHHbIC B TaKUX HaOmroaeHusx. Hampumep, npu mocerie-
HHSX KOIBITHBIMH 3BEPSIMH CYIIECTBEHHOE BJIHSHHE MOTYT OKa3bIBaTh PA3IMYHbBIC TIOTOMHBIC YCIIOBHS,
a Tak)Ke KaueCTBEHHBIC XapaKTePUCTUKH T€X OMOTOIIOB, T/I€ PACIONI0KEHBI (DOTOJOBYIIKH, BO3AECPKIUBAIOTCS
JIM KUBOTHBIE OT MOCEIIEHHU TaKUX MECT, €CITM OOHApYKaT MPUCYTCTBHE YEIIOBEKA HMIIM OIMACHBIX ISl HUX
XUITHUKOB [13, 14].

W3noxxeHHbII B paboTe METO]] MHTEPBAJIBHOTO paclio3HaBaHUs MPEAToaraeT, yto Habmoaenune X xa-
pPaKTEpHU3yeT BCIO SKOCHCTEMY U IOTOMY MOJXKET OBITh Ha3BaHO OCHOBHBIM IPH3HAKOM. B cBoio ouepesnsp,
HaOoeHre Z eCTECTBEHHO Ha3BaTh COMYTCTBYIOIIMM Mpu3HaKoM. OIHAKO H3JI0KCHHBIM B MPEIbIIYIIEM
paszzerne MeToJ] COeMHEHNSI MHTEPBAIbHOTO PACIIO3HABAHUS C YCTPAaHEHUEM MEIIAIOIIETO IMapaMeTpa MOXKeT
OBITh PACCMOTPEH U MO-ApyroMy. Hampumep, MOKHO B Ka4eCTBE OCHOBHOTO IapaMeTpa B3STh HAOIOIeHUE
Z 3a 4acTOTOW NPUXOJia )KUBOTHBIX K (POTOJIOBYIIKAM, & B KA4eCTBE COITyTCTBYIOIIETO MPHU3HAKA PACCMOT-
peTh, HAIPUMEP, METEOPOJIOrHYECKUe HaOIroIeH . B 3ToM ciiyuae HEOOXOAMMO 3a1aThCs YacCTOTOM Mpe-
BBILICHUSI HEKOTOPOTO KPUTHYECKOTO ypoBHs [15] m mo He#t onpexaenuts MHOXecTBO K Tex HabmoneHui,
B KOTOPBIX 3TOT KPUTUYECCKHUI YPOBEHB IPEBBIMIACTCS. A qajiee CICAYeT BOCIOIb30BaThCS OLIEHKAMU UHTEP-
BaJIbHOT'O PACITO3HABAHMSI U3 MIPEIBIIYIIEro pasena.

Ji1s TOro 94TOOBI MOCTPOUTH TAKYIO MPOIEypy MHTEPBAIBHOTO PAcIlO3HABAaHUS, HY)KHO CHadaia pac-
CMOTpPETh MHTEPBAIBHOE pacio3HaBaHUE OOJIBIINX BHIOPOCOB B HabmoacHusx X mo HaOmoaeHusM W. Jlns
3TOTO 1O 33/IaHHOMY [) MOXKHO omnpenenuTh aHaimor L muoxkectBa K, HO yxe mns pspa Z. [Ipeobpasyem psin

Z ={z;,...,2,} B COOTBETCTBYIOLIMII eMy BapUallMOHHBIH psix Z; <...<z{. Ilycth Z =Z;, W 3aajuM MHO-
xectBo uHekcoB L ={l: z; > z}. Torna cnpaBeuIMBO NpeeIbHOE COOTHOLICHHE

minz, = mminy,, maxz = mmaxy,, N — oo,
leL keK leL keK

npuyeM z; = my,, | €L, n 3nauur B npenene npu N — oo moxkuo nonarate L = K. Jlanee Bbiienum B psaay
Z MHOXecTBO 1eMeHToB {Z, : | € L} u yxe mo HuM noctpoum mnpoueaypy WHTEPBAIBHOTO paclo3HABAHUS
no HaOmonerusam W, momarast

w=minw;j, W=maxw;
jeL jeL

¥ OIpEAeNsisl PUHAIEKHOCTs j €L ycnoBuem W<W; <W. B srom cmbicne 3amena y; €Y Ha Z;€Z

MIPUBOJIUT C BEPOATHOCTHIO €UHHIIA K TOMY € pe3yJIbTaTy HHTePBaJIHHOTO PACIIO3HABAHU 110 HAOIIOACHU-
aM Z Tipu N — oo, AHaJOTHYHAs MPOIEAypa MOXKET OBITh MOCTPOEHA IS PACIO3HABAHUS 1O HECKOIBKHAM

npuzHakaM (Wy;,..., W), 1=1,..., 1.
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5. Ounenka ko3¢ GpuLEEeHTa KOPPeJISALIHH 10 HETOYHbIM JAHHBIM

Hapsiny ¢ MeToJJ0M HHTEPBAIBLHOTO PACTIO3HABAHKS MOXKHO TaKXKE HUCTONB30BaTh OIEHKH KO3 GUIIH-
€HTa KOPPEIALUH, KOTOPBIH 4acTO MPUMEHsIETCS Mpu 00paboTKe MeTeoposornueckux naHHbIX [16]. Ipen-
TTOJIOXKHUM, UTO pacCMaTPUBAETCSA KOI(PPHUITUEHT KOPPEIAINN MEXKIY CIydaitHeIMu BenmanHamu X, Z. OnHa-
KO BMECTO ciyuaitHol BennunHbl X Oepercs cinydaiiHas BeanunHa Y = XK(1+€+7). 3mech € — ciyuaiiHas
BEJINUMHA C HyJICBBIM CPEIHUM H KOHeuHoil mucrepeneii: M (g) =0, D(g) = 6°, He 3aBUCAIIAs OT CIydaifHOro

BekTopa (X, Y), a nerepmunupoBaHHas BenmuumHa |y|<1. [anee Oymem mnpeamnonarath, 4to |y(T)|— 0,

o? (T)>0, T > oc0. DTO HpEnNoNIOKEHUE ONPAB/BIBACTCS COOTHOIICHUSAMH, TOoNydeHHbIMH B [10], ecnu

OTPE30K BPEMEHH, M0 KOTOPOMY OIPEIENAIOTCS clydaiiHpie BennduHbl X, Y, Z qoctatouno Benuk. [Ipuuem
ko3 umuenT K HEN3BECTEH U MOXKET CUYHUTATHCS MEIIAIONINM apaMeTpoM. BeraucnnM temeps k03¢ huim-
€HT KOPPEJISIIUU MEXTy CIydaitHbIMU BenuunHamu Y, Z:

_ cov(Y,Z) _ B
p(Y'Z)_—D(Y)-D(Z)'COV(Y’Z) M(YZ)-M(Y)M(2Z).

Iepecunraem mucnepcuro D(Y) u xoBapmarmro cov(Y,Z) gepes muctepcuro D(X) u xoBapuarro cov(X,Z):
cov(Y,Z)=cov(XK(1+e+7),Z) =M (XK(1+e+7)Z) - M (XK(Q+e+vy))M(Z) = K(1+vy)cov(X,2),

D(Y) = K’D(X(L+&+7)) = K’ [ (M(X*(L+2+7)") (M (X A+ +)° |=

2 2
= K2(1+7)2D(X) 1+$(X) .
(1+v)°D(X)
Ortcrona cienyet popmyna
2 2
mvz)zpoazx1+&4”,6:—53Q¥il—

(1+7v)°D(X)

st nanpHEHIIMX OLICHOK MOYKHO BOCIIOJIB30BAaThCS psiioM Teilnopa, cripaBeasiuBbIM IPU |8|<1:

2k —1)1!

(1+5)71/2:1+k§1(—1)k5k iy ZDU=13 k1), k=1

Ortcroga mpu 0< 3 <1 crnenyer HepaBEeHCTBO

15 P D) o4 5p
p(X,Z)

IMonp3ysicek pasnokenneM B psa Teinopa Gyukmum (1+ 8)_1/ 2

, MOXHO Toy4ath npu 0 <K1 u Oosee

TouHble oreHKH. Tournocts omenku p(Y,Z) Tem BeIIe, YeM OOINBIINE OTPE3OK MIUHBI T, W OIpEAEISIETCS

yenosusmu |y(T) |, 62(T) >0, T —> 0. Bee 3T OLEHKH 6a3UpYIOTCS HA MPEAIONIOKEHAN HE3aBHCHMOCTH

CIIy4aiiHO# BEJIMYMHBI € OT CiTydaiHOro Bekropa (X, Z) ¥ mo3BOJISIOT H30aBUTHCS OT HEM3BECTHOTO TTAPaMET-
pa K, KoTopslii MOKHO TIOJIaraTh MemarmuM. [Ipeanonoxenne 0 He3aBUCHMOCTH CITy4YaliHOW BEJIMYUHBI € U
ciydaitnoro Bekropa (X, Y) MOKHO HEKOTOPBIM 00pa3oM OCIIaOUTh.

3akioueHune

OcHOBHas ujesl JaHHOW pabOTBHl COCTOMT B COSAMHEHWU MHTEPBAIBHOTO PACIIO3HABAHHS C YCTpaHe-
HHEM MEIIAIOIIETO TTapaMeTpa MpU ONpeIeICHIN HHTEHCUBHOCTH MOTOKA YKUBOTHBIX, IPUXOASIINX K (OTO-
noBymike / GOTOIOBYIIKAM. DTO MO3BOJSET MPEIIOKUTH UCTIONB30BAHUE MATEMATHUECKON MPOIEIyPhI IS
yCTpaHeHHS MEINAIONIETo MapaMeTpa Mpu 00paboTKe OONBIIMX JaHHBIX, MMOJIYYCHHBIX TUCTAHIIMOHHO C (O-
TOJIOBYIIEK FIJIM MHBIX CPEJICTB aBTOMATHUECKOTO OOHAPYKEHHs, a Takke mpu 00paboTKe MaHHBIX 1O KOH-
(bMKTaM YenoBeKa U OMACHBIX KMBOTHBIX, BO MHOTHX HCCIIEOBATEIBCKUX MPOIIEypaxX 300JI0TOB, HCIOIb-
3YIOIIHUX KOJIMYECTBEHHBIC TAHHBIC.
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Introduction

Quantum computing is a cutting-edge field that harnesses the principles of quantum mechanics to per-
form calculations exponentially faster than classical counterpart and solve complex problems that are intrac-
table to it. Similar to classical circuits in traditional computing, quantum circuits (QCs) are the fundamental
blocks of quantum algorithms and consist of quantum gates placed sequentially and operating on quantum
bits (qubits). However, the noisy nature of current quantum systems, together with hardware constraints and
limited available resources, poses the significant challenges to the implementation of QCs. QC optimization
is therefore a crucial task, and various techniques have been proposed to perform it.

In general, there is a wide variety of QC optimization criteria. In [1], the authors aim to reduce the
number of two-qubit controlled-NOT (CNOT) gates because of their proneness to errors. For that, the problem
is converted to tree search problem and then solved by A" graph-traversal heuristic search allowing to find
optimal path between any two nodes of the graph.

QC depth is another popular QC optimization criteria, and it means the largest number of single-qubit
and two-qubit gates on any path from input to output of a circuit [2]. In [3], the authors propose to construct
depth-optimal QC via meet-in-the-middle algorithm being a heuristic graph-traversal path-finding search.

There is a separate group of topology-aware QC optimization techniques. As QC is a sequence of
guantum gates operating on qubits, logical qubits used in a gate description should be mapped to physical
qubits embedded into the architecture. Commonly, architecture should satisfy the Nearest Neighbor (NN)
condition implying that physical qubits can interact only with their neighbors [4] and making the process of
logical qubits mapping non-trivial. However, it allows to reduce impact of noise on quantum operations [5],
but introduces significant overhead because of auxiliary SWAP gates (SWAPs) applied to make interacting
qubits adjacent. Thus, QC optimization in NN architecture is significant to minimize the number of additional
cost-expensive SWAPs (SWAP count) [6].

Several approaches to optimize QC by minimizing SWAP count have been proposed. They differ by
the way of QC representation and optimization technique used. For instance, circuit is commonly studied
as a NN-compliant circuit, and heuristics are used to minimize SWAP count. In [6], graph bipartitioning
applied to qubit line adjacency graph is proposed as a SWAP count minimization technique in linear (one-
dimensional) NN architecture. In [7], QC is represented as a graph of interactions between each control-
target pair as an edge with weight equal to the number of times this pair appears in the circuit and SWAP
count is minimized by qubit lines rearrangement in two-dimensional (2D) NN architecture using Harmony
Search algorithm being a sort of gradient-based metaheuristic.

Despite global qubit lines rearrangement, qubit lines can be rearranged locally, implying that qubits
used in the description of only the current gate are reordered. This kind of qubit lines rearrangement has been
proposed in [8, 9] with SWAP count minimization performed by heuristics.

We are focusing on optimizing QCs for the 2D NN architecture intensively studied recently [9-12]
and follow the approach proposed in [9] where the authors consider a circuit as a gate dependency graph and
divide it into NN-compliant subcircuits by local reordering of qubits. For that, they propose to partition the
graph using Boolean satisfiability. Further, to connect 2D placements of qubits obtained for each subcircuit,
A’ search is used. The novelty of the present paper is that we propose hybrid quantum-quantum QC optimi-
zation approach with quantum computing techniques replacing the classical counterpart. The choice of such
a revolutionary type of computing is the main advantage of our approach. More specifically, quantum
annealing implemented in D-Wave quantum machine is proposed to solve the problem under study. Being
a hardware implemented heuristic, it returns the solution in constant time, opposed to traditional classical
heuristics. It makes quantum annealing beneficial for solving QC optimization problem. The details are de-
scribed further.

The structure of the paper is as follows. In Section 1, the problem is formulated accurately. Section 2
is devoted to the theoretical fundamentals of quantum theory. In Section 3, the approach of QC optimization
is proposed. Section 4 illustrates encouraging optimization results of several QCs.
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1. Problem statement

In this paper, we study possibilities of QC optimization via local qubit line mapping in 2D NN archi-
tecture. For such an architecture, gate set is commonly restricted and consists of single-qubit gates and
CNOT. In combination, the aforementioned gates form a universal gate set meaning that any unitary opera-
tion can be approximated by a QC composed of only these gates [13].

To introduce a 2D architecture, a 2D grid is defined and each qubit has four neighbors (two horizontal

{ql a; qs}

ds U5 Qg

and two vertical) at most here. For instance, in grid qubit g1 has two neighboring qubits which are gz and Q..
In 2D NN architecture, two-qubit gates act only on adjacent qubits, and SWAPs are used to rearrange

non-adjacent interacting qubit lines to perform given operations. Count of additional SWAPs depends on the

initial qubit lines placement. Therefore, finding a 2D placement of qubit lines that minimizes the SWAP
count is essential for optimizing the circuit.

m
More precisely, we have to find a sequence of qubit lines placements {Ak }k_l meaning that qubit lines

placement is changed for, say, m times, where A* is a 2D grid (matrix) with A%; = q, if qubit q is positioned at
k
g

Such a sequence consists of qubit line placements each of which is valid only for one subcircuit constructed
from a given circuit by gates recombination and becoming NN-compliant after qubit line reordering.

To map each intermediate qubit line placement A to the next one, additional SWAPs are needed. For
a 2D grid, its count is calculated via the Manhattan distance and should be minimized, i.e.

n - -
s(k):=3 ‘Ig —igt
g=1

(i, j). For convenience, we also define inverse mapping q — (i, , jg) as a position of qubit ¢ in 2D placement A*.

-k sk+1
+‘Jq ~Jq

— min. @

Then, the overall SWAP count within the whole circuit is as follows:
m m n
> sk)= 32 i —i™
k=1 k=1g=1
where n is the number of qubits.

However, quantum gates composing a given circuit should be recombined according to the gates de-
pendency graph G = (V, E), where V is a set of gates of the circuit and E is the set of dependencies of the
gates with Boolean weight eg1 4> = 1, if g follows gi1 and they are not commutative (meaning that interchange
of them causes different result of circuit implementation), and eq1,4> = 0, if g1 and g» are commutative.

As such, the problem is a graph partitioning problem with goal function (2).

-k ck+1
+‘Jq ~Jq

— min, 2

2. Scientific background
2.1 Quantum theory basic properties

Qubit is a basic unit of information in QC [14]. A qubit has the two basic Boolean states. Because of
the quantum theory nature, qubit can also store a superposition (linear combination) of the two basic Boolean

states |0) EE} or |1) E[ﬂ i.e. the qubit state |¢) can be expressed as follows:

o) =| 5| =i+ o1

where a, B € C, such that o® + p? =1.
The next fundamental quantum property is entanglement [13]. It allows qubits to interact in pairs irre-
gardless of the distance between them and makes them dependent on each other that way.
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To perform computations in quantum computing, quantum gates are used. They act on qubits and
change their states correspondingly in that way [13]. Quantum gates are used as basic blocks to compose
more complex functionality that is represented by a QC [15].

Algebraically a quantum gate is represented as a unitary operator [13] meaning that its inverse matrix is
equal to its adjoint matrix. Unitarity conserves being of a quantum system in one of the possible states [13].

There is a great variety of quantum gates. Some of them are single-qubit, i.e. aforementioned NOT
gate inverting the qubit. Other gates operate on several qubits. For example, CNOT (controlled-NOT) gate

operates on 2 qubits and entangles them by inverting the target qubit if the control qubit is in state |1> . For

example, if control qubit is the first one and target is the second one (CNOT(qs, 02)), then it is as follows
1000

0100
000 1/
0010

Three CNOT gates being in combination construct a two-qubit SWAP gate that interchanges input
qubits [13].

2.2. Quantum Annealing

Quantum Annealing (QA) is analogous to traditional Simulated Annealing (SA) that is a local search
optimization heuristic resembling the physical annealing process. Similar to the physical cooling, cooling
scheme manages SA process and transition to the next candidate solution is done with temperature-
dependent probability decreasing over time. The difference between SA and QA is that the latter is able to
find global optimum thanks to the quantum tunneling enabling annealing process to pass through the energetic
barriers [16].

The QA system aims to decrease the cost function of the problem, which can be represented in an
Ising model [17]:

s@=Yhz+ ¥ Jiizizj, 3)
ievV (i,j)eE

where E:{—l,l}M is a set of spins describing qubits from V, G = (V, E) is an undirected graph of allowed

interactions between qubits, Jij = J;i is interaction strength of the qubits i and j connected by an edge and h; is
the on-site energy of qubit i.

Note that QA is not a universal quantum computer. QA can solve only Quadratic Unconstrained Binary
Optimization (QUBO) problems defined as follows [18]:

min_ X QX, 4)
xefo V!

where Qi = h;, Q; = J;; from the Ising model (3).

As for the hardware implementation, QA is developed by D-Wave and can be run online for a limited
access time. IT-company Fujitsu provides an alternative quantum-inspired Digital annealer.

3. Solution approach

We introduce a hybrid quantum-quantum SWAP count optimization of a QC to be implemented in
a 2D NN architecture following [9]. The key ingredients of the original approach involves Boolean satisfia-
bility (that checks if there is at least one set of the variables' assignments under which the given Boolean
formula evaluates to TRUE [19]) and A" heuristic graph-traversal path-finding search [20].

Algorithmic description of our approach is presented below. It differs from [9] by solving SAT-
problem in QUBO format using QA (see Step 3.2-Step 3.4 below).
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Step 1. Require: 2D grid with initial qubits placement; gate dependency graph G; set of gates T’
partition P=0.

Step 2. While I" not empty.

Step 3. Binary search to construct a subcircuit G (taking into account gate dependency graph G):

Step 3.1. Convert G to a CNF CNFy;

Step 3.2. Convert a SAT-problem with CNF¢ to a QUBO problem with coefficient matrix Qx (by
gubovert Python package);

Step 3.3. Solve QUBO problem defined by Qk using QA,;

Step 3.4. Extract the first solution (with the lowest energy) - qubit lines placement A¥;

Step 3.5. If CNF is TRUE;

Step 3.5.1. Partition P =P U G¥ and I'=T"\GX, and return to Step 2;
Step 3.6. Return to Step 3;

Step 4. Apply A" search to connect {A" }|m1 and calculate number of SWAP gates needed for that.

The approach is iterative and is based on binary search technique used at Step 3 to construct a subcir-
cuit taking into account gate dependencies. To obtain CNF at Step 3.1, the following conditions should be
formulated:

Condition 1. Interacting bits of all gates are adjacent.

Condition 2. Each qubit is assigned to only one cell on a 2D grid.

Condition 3. At most one qubit is assigned to each cell on a 2D grid.

We introduce Boolean variables xij that are 1 if qubit gy is assigned to cell (i, j) and 0 otherwise. For
simplicity, 2D grid of 3 rows and 3 columns where cells are placed rowly is considered.

To express Condition 1 as a Boolean function, we consider a CNOT(q1, g2) as an example. If gz is
assigned to (1,1), then g2 should be assigned to either one of (0,1), (1,0), (1,2), or (2,1). This condition can be
expressed as

—X111 Vv Xo12 V Xqg2 V X122 V Xo12- (5)

Then, applying disjunction to the Boolean formulas of such conditions for the other cells of the grid,
we obtain a formula for the condition such that q; and g, should be adjacent on the grid. After that, we apply
conjunction of the obtained Boolean formulas for all the pairs of interacting qubits.

As for Condition 2, each qubit is assigned to at least one cell and at most one cell. The former part
of the condition can be expressed as

(i\’/j) Xijr =1 (6)

for each qubit q,. The latter part prohibits assigning the qubit to two different cells:
—|X|1 jlr \Y4 _|Xi2j2r = 1 (7)
for each qubit gr and each pair of cells (i1, j1) # (i2, j2)-

Condition 3 prohibits assigning two different qubits to one cell meaning that

_‘Xijrl \/—|Xijr2 =1 (8)

for each cell (i, j) and each pair of qubits grand qrz, r1 # r2.

At Step 3.3, QA solves QUBO problem constructed from CNF by qubovert automatically. If the solu-
tion is satisfiable, i.e. there is such a qubit placement A* satisfied to (5)—(8) then G¥ forms a NN-compliant
subcircuit with qubit placement A¥, and binary search on the rest of circuit is continued.

After partitioning the gate dependency graph G into NN-compliant subcircuits with qubit placements

{Ak}lnil, A" search is used to connect them optimally (Step 4). A" search is a heuristic that allows to find

optimal way from the starting node S of a graph to the target one T based on a cost function f(N) = g(N) + h(N),
where N is a current node during the search, g(N) is a cumulative cost from S to N [9], and h(N) is a heuristic
that estimates the cost from the current qubit placement N to T. In our problem, a qubit placement A* is
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a node of a graph with Al as the starting node and A™ as the target one. Cumulative cost g(A¥) is SWAP count
needed to obtain A* from A® and it is the sum of the Manhattan distances between the positions of each qubit
in the Aand A% i.e.

G ke
g(A") = _218(1),
1=
where s(i) is defined in (1). Heuristic cost h(A¥) is calculated analogously.

4. Numerical experiments

Recall that in order to solve a SAT problem in QA, at first it should be converted into QUBO format
(4). 1t can be done using the technique from [19] which requires preliminary setup to encode a SAT-problem
to the Ising model. Alternative way is to use Python package qubovert that performs such a conversion
automatically by using sat library. In this paper, we propose to follow the latter approach. To obtain a SAT-
problem, each of the Conditions 1, 2, and 3 ((5) — (8)) are added to the resulting Boolean formula with some
positive Lagrangian parameter A tuned by hand. For the experiments performed, A=100 for (5), (7) and (8),
and 2=10 for (6).

To verify the applicability of the approach, we optimize one quantum gate from Reversible logic syn-
thesis benchmark page by D. Maslov (available at https://reversiblebenchmarks.github.io/) and another one
created by us. To perform the experiments using QA, we use a real quantum annealer, namely, D-Wave
Advantage_system5.4 with 5614 qubits and 40050 couplers, fixing the annealing time to 20us and taking the
best out of 2000 simulation runs. Due to the limited access time on it, we also optimize the circuits via SA
and classical SAT-solver PicoSAT run on local Ubuntu machine (Ubuntu 23.04 with 31 GiB RAM using
11th Gen Intel(R) Core(TM) i7-11700 @ 2.50GHz). Note that numerical experiments are performed only for
the circuits with no more than 5 qubits because of the high computational demand on gubovert. Along the
lines, we also benchmark the resulting quantum part of the algorithm in terms of logical and physical qubits
to demonstrate its computational complexity of QA.

4.1. Fredkin gate optimization

Fredkin gate is a gate from Reversible logic synthesis benchmark page by D. Maslov. It is frequently
used in QC because of its small cost in some QC technologies. The circuit realization at elementary quantum
gate set is illustrated in Fig. 1 and consists of 7 two-qubit quantum gates (enumerated as C;...C7) operating
on different pairs of 3 qubits. In case when qubits are placed in 2x2 grid rowly with numbering starting at

0 1
the left side, i.e. NN topology defined as {2 } , 6 SWAPs are needed to implement the circuit (as 1 SWAP

is needed before each gate to make it NN-compliant, and 1 SWAP returns the qubits to their initial order
after the gate). In Fig. 2, the dependency of the gates of Fredkin gate from Fig. 1 is illustrated.

(@)
|/E 1) [ C ;\I
N N
() /
9o ~
N
| Cs )f
o
e} /
p /
qz (e
N
7 ‘&K’(_.:\]
C = _
Fig. 1. Fredkin gate with initial SWAP count = 6 Fig. 2. Dependency of gates in Fredkin gate from Fig. 1

108



Maltseva M.A. Quantum circuit optimization via local qubit reordering by quantum annealing

At first, we use SA due to the limited access time of QA on D-Wave. After applying the proposed
approach, the circuit is divided into 2 NN-compliant subcircuits as follows from Fig. 3. The qubits are placed

following Al = [(2) j and A% = Ll) j within the first and the second subcircuits, respectively. 1 SWAP is

needed to make them consistent.
o
a1
T

7
C =

Fig. 3. The optimized Fredkin gate from Fig. 1

QA divides the circuit into subcircuits in the same way as SA does. The qubits are placed following

-0 -0
Alz{1 2} and A? =L J within the first and the second subcircuits, respectively. Similar to SA,

1 SWAP is needed to connect them. We should note that SA always returns positive result in case when
a subcircuit is satisfiable unlike QA. Thus, we should repeat QA for several times (it is 15 in our case)
to reduce the probability to exclude satisfiable subcircuit accidentally. In order to convert the subcircuit to
QUBO, 19 logical qubits are used and 36 physical qubits are used for the first subcircuit whereas the second
one holds 33 physical qubits. It implies that QA hardware (with more than 5000 qubits) used can solve
bigger QUBO problems.

To validate the result obtained above, we replicate the classical approach proposed in [9] and use the
classical SAT solver PicoSAT via pyeda Python package. In this experiment the circuit is divided in the same

-1 - 2
way as both in QA and SA (see Fig. 3). And the qubits are placed following A :[O 2} and A? ={0 J

within the first and the second subcircuits, respectively. 1 SWAP is required to make them consistent.
4.2. Optimization of CNOT-based circuit

To verify the applicability of the proposed approach for a bigger QC, we construct one illustrated in
Fig. 4. It contains 6 CNOT gates (enumerated as C;...Cs) operating on some pairs of 5 qubits. Initially, it
requires 6 SWAPs in order to implement the circuit in 2D NN architecture that is a 2D grid where qubits are

0 2
placed rowly, i.e. {3 } In Fig. 5, the dependency of the gates of circuit from Fig. 4 is depicted.

o

q1

o & PO

=]

% o © (c:)
[ Cq
l ! ./
qa
& Cs )
C = _
Fig. 4. The circuit to be optimized. Initial SWAP count = 6 Fig. 5. Dependency of gates in circuit from Fig. 4

After applying SA, the number of SWAPs needed is 2 at best. During the optimization, the circuit was
divided into 2 NN-compliant subcircuits: the first one contains C;, C, Cs, Cs, and Cs and the second subcir-
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cuit is formed by C4 gate (see Fig. 5). Note that C4, Cs, and Cs gates are commutative and it allows to place

-4 2 3 - 2
C, after Cs. The qubits are placed following A' =L } and A? =L A 0} within the first and the

second subcircuits, respectively.

T T
3T 1
:i T

Fig. 6. The optimized circuit from Fig. 4
QA also divides the circuit from Fig. 4 in the same way as SA (see Fig. 6) where optimal qubits

4 30 01 4
placements follow Alz[ 1 2} and A’ :{ 5 3} within the first and the second subcircuits, respec-

tively. In order to make these optimal qubits placements consistent, 5 SWAPs are needed.

To encode the first subcircuit into QUBO, 103 logical and 354 physical qubits are used and 111 logi-
cal and 304 physical qubits are used for the encoding of the second subcircuit into QUBO.

Here, QA returns suboptimal solution due to the dimension of the problem. As this CNOT-based cir-
cuit requires more logical and physical qubits than Fredkin gate investigated in Section 4.1, it seems that
more simulation runs are needed to obtain better solution. However, its number is bounded by the access
time provided by D-Wave machine that is also limited. We decided to increase the number of simulation
runs up to 4000 and the result is encouraging. The proposed technique partitions the circuit into 2 subcir-

2 0 -
cuits: the 1% one consists of the first four CNOT gates (C1, Ca, Cs, C4) with qubit placement Al = L 3 J

0 - 4
and the other two gates construct the 2" subcircuit with qubit placement A2 =L 3 J. Only 3 SWAPs

are needed to make the subcircuits consistent.
By optimizing the circuit using PicoSAT, the circuit is divided in the same way as both in QA and SA

- 4 2 - 40
(see Fig. 6). Optimal qubits placements of the subcircuits follows Alz{1 3 0} and A2 =[3 1 2}

within the first and the second subcircuits, respectively. 2 SWAPs are required to make them consistent.
Conclusion

In this work, we introduce hybrid QC optimization approach by local reordering of qubits using QA
and Boolean satisfiability. Its promising nature is explained by the use of a breakthrough computing for solving
such a problem, which provides a solution in constant time. Numerical experiments show that QA performs
well on small scale: the solution obtained is comparable with one returned by classical SAT-solver. However,
while solving a larger problem, QA may return suboptimal results, and making the simulation process longer
improves the solution.

Author express thanks to Rumyantsev Alexander S. (Dr. Sci. in Physics and Mathematics) for the sig-
nificant comments and advice while writing the paper.
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Abstract. An algorithm and neural network architecture are proposed for classifying signal patterns generated
in devices for analyzing the composition of a gas mixture in exhaled air. The devices use a set of non-selective semi-
conductor gas sensors synchronized with each other and operating in the thermal cycling mode. The implemented
algorithm and neural network provide for the normalization of signal values simultaneously from the entire set
of sensors and the differentiation of signal patterns. The software package is implemented in the C++ algorithmic
programming language in the Qt environment and allows for additional training of the neural network by integrating
tools from the database management system and neural network data analysis when increasing the database volume.
The studies used data from exhaled air samples taken from healthy volunteers and patients with squamous cell carci-
noma of the larynx and oropharynx. The obtained sensitivity and specificity indicators of the neural network data
classifier are comparable with modern high-precision X-ray methods for diagnosing respiratory tract tumors.
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BBenenune

YpoBeHb pa3BUTHS MEIUIMHCKHX TEXHOJOTHH, 00SCIEUUBAIOIINX YCIECITHOE JCUCHUE OHKOJIOTHYE-
CKUX 3a00JICBaHUM, HAMPSIMYIO BIMSACT HA TMOKA3aTelb CPEAHEH MPOJOJKUTEIILHOCTH JXKU3HU U, KaK Cie/-
CTBHE, HA KaYEeCTBO YKU3HU 3HAYMTEILHOW 4YacTH HacelieHUs cTpaHbl. C yBEJIMUYCHHUEM BO3PACTa PacTeT U
PHUCK pa3BUTHs OHKOMATOJOTHH [1]. B CBSA3M ¢ 3THM AJs ymydIIeHns KaduecTBa )XU3HH HEOOXOIMMO YACTSATh
BHUMAaHHE Pa3BUTHIO TEXHOJOTHH, HAMPABICHHBIX HAa MPOQWIAKTHKY H MPEIBAPUTEIHHYIO JIHATHOCTUKY
OHKOJIOTHUECKHX 3a00JICBaHMM Ha paHHUX CTAIUAX [2].

C pa3BUTHEM TEXHOJIOTHI MOTYIPOBOJHHKOBBIX MATEPHAIIOB, YYBCTBUTEIBHBIX K KOMIIOHEHTaM Ta30-
BBIX CMecei, MUKPOTIPOIIECCOPHON TEXHHKH W METOJIOB NU(PPOBONH 0OpabOTKM JAHHBIX MHTEPEC K CEHCOP-
HBIM TEXHOJIOTHSM JHATHOCTHKH paka 10 aHAN3y BBLIBIXaeMOTO BO3JyXa 3HAYUTEIHHO BO3POC, O YeM CBU-
JIETENbCTBYET OBICTPO PACTYIIee YUCIIO MyOnuKaluii Ha 3Ty TeMy. OCHOBHBIMH XapaKTEepPUCTUKAMHU PaKOBON
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OITyXOJIH SIBJISIFOTCSI HEKOHTPOIMPYEMBIH POCT KIETOK BHYTPH OpraHW3Ma, W3MeHeHHe OOMEeHa BeIeCTB
B OpraHU3Me ¥ XapaKTePHBIN IS 3TOTO MaTOJIOTHYECKOTO MPOIlecca BBIOPOC JIETYUYHX OpPTraHHYECKUX COEIH-
HeHUil. B 3aBUCHMOCTH OT TOrO, TJ€ PacHOJOXEHBI PaKOBbIE KIIETKH, OHH UMEIOT pa3Hble XapaKTEepPHBIE
MPO(UIN BBHIIENAEMBIX JIETYYHX OPTraHWYECKUX COSIMHEHWH, KOTOpBIE HCIONB3YIOTCS it auddepeHmma-
MU TI0 CPaBHEHHIO C IIIOJbMH, Y KOTOPBIX OHKONATOJIOTHS OTCYTCTBYeT. V3-3a HU3KOH pacTBOPUMOCTH
B KPOBU XapaKTEPUCTHUYECKHUE JIETy4INe OPraHUYECKUE COSIUHEHMS JIETKO TUPPYHIUPYIOT B allbBEOISIPHBIN
BO3/yX W BITOCIIEJCTBUHU BBIICISIOTCS C BBIIBIXaEMBIM BO3yXOM, UTO MO3BOJISIET X O0HAPYKUBaTh. TexHO-
JIOTHH aHAIH3a JIETYYHX OPTaHWYEeCKHX COCAMHEHUH B BBIIBIXa€MOM BO3yXE B ITOCIEAHEE BpPeMsl MPHUBIIE-
KarOT TOBBIIIICHHOE BHUMAaHKE B CBS3U C UX BO3MOXKHBIM IPUMEHEHHEM JIJIsl pAHHETO CKPUHHHTA paka Oa-
rojapsi CpaBHUTEIBLHO BHICOKON CKOPOCTH MPOBEJEHNS aHAIN3a U HEMHBA3UBHOCTH MeToja [3].

Panuss npeaBapuTenbHas AUArHOCTUKA B CIyYasX 3TI0KAYECTBEHHBIX HOBOOOPA30BaHMUI TOJIOBHI U IIIEH
MTO3BOJISIET MPOBOIUTE Oosice 3((DEKTUBHOE W CBOCBPEMEHHOE JICUCHHUE, 00ECIIEUNBAET MEHBIIYIO MOTEPIO
(hyHKIIMOHATHPHOCTH M CHIDKCHHE YPOBHS CMEPTHOCTH [4]. B pe3ynbTare CBOEBPEMEHHOTO BEISBICHHUS U Te-
panuu OOJBHBIX C MECTHO-PACIIPOCTPaHEHHBIMHU 3JI0KaYeCTBEHHBIMH OITyXOJIIMH Opo(dapHHreabHOW 00I1a-
CTH W TOPTaHH, KOTOPHIE BXOMAT B CTPYKTYPY JIOKATH3AIMHA paka TOJOBHI M III€H, MOXET OBITh HCKIIOUEH
LeTBIil KOMIDIEKC HETaTWBHBIX TOCJIEICTBUI: WHBAIHAW3ANNsA, HapyIIeHHe (U3NOIIOTHIECKNX (YHKIHM,
TSDKEIIbIe KOCMETHYECKHE TTOTepPH, a TaK’Ke MHTEHCHBHOE BOSHHUKHOBEHHE MCUXOIMOIIMOHANBHBIX TPaBM [5].
CoBpeMeHHbIE METOIUKH OOCIICIOBaHUSA OOJBHBIX CO 3JI0KAYeCTBEHHBIMH HOBOOOpPa30BaHUAMHU OpodapuH-
reaJbHON 00J1aCTH M TOPTaHU OCHOBBIBAIOTCS HA MCIIONIB30BAHNHN IHIOCKONINYECKHIX, PEHTI€HOJIOTHIECKUX U
MOP(OIOTHUECKAX METOJIOB AUATHOCTHKH [6]. DD(HEKTUBHOCTh TAKUX METOIOB 3aBHUCHUT KaK OT JOCTYITHO-
CTH MHCTPYMEHTAJIHHON U JJaOOpaTopHOil 0a3bl, TaK U OT OMBITA CIIEIHAINCTOB AUATHOCTHIECKOTO TMPOQHIIS.
B cBsi3u ¢ 3TEM K HOBBIM METOJAaM IPEIBAPUTENHHON JUATHOCTUKH MPEABSBISIOTCS TpeOOBaHMS HHU3KOM
ce0ecTOMMOCTH, HE3aBUCHMOCTH OT YEJIOBEYECKOro (hakTopa, a TaK’Ke BO3ZMOXKHOCTH MCIOJIB30BaHMS B He-
CHETMaTN3NPOBAHHBIX KIIMHUKAX BpadaMy nepBuyHOro 3BeHa (JIOP-Bpauamu, cromarosoraMu u ap.).

B kadecTBe HEMHBAa3MBHOT'O METOJa CKPUHWHTA 3JI0OKAUYECTBEHHBIX HOBOOOPA30BAaHMI T'OJIOBHI M IIEH
MOXKET BBICTYTIAaTh TEXHOJIOTHS, IMpeIyCMaTpHUBAIOIIas aHAJIN3 Ta30BOM CMECH B BBIIBIXAaEMOM BO3JIyXe.
B ycTpoiicTBax, MCHONMB3YIOMNUX TaKOW MOJXOJ, MPUMEHSIOTCS pa3idHble HAOOPHI Ta30BBIX JAaTYMKOB U
VHTEIJIEKTYalbHbIE METOIBI 00paboTku maHHBIX [7]. IlpumensemMoe obopymoBaHME IS 3TOM TEXHOJIOTHH
OTHOCHUTENIbHO Hepoporoe. OHO o0nagaeT BBHICOKOW MOOHIBHOCTBIO, HE TpeOyeT IOMOIHUTEIBHOrO Tepe-
00yYeHHs TIepCOHaa, SIBJISIETCS ONEPaTUBHBIM. [ 'a30BbIe MOYNPOBOIHMUKOBBIC NATYUKU 00J1aatl0T HHEPIHU-
OHHOCTBIO, HO TIPY 3TOM 00ECIICUNBAIOT MTOJyYCHUE JTAHHBIX 0€3 CYIIECTBEHHBIX 3aJIepKeEK.

B pamkax HacTOAIIEro UCCIeJ0BaHU yCTPOWCTBO-Ta30aHATIN3ATOP UCIIONB3YETCS I HECEIEKTHBHOM
UACHTU(PHUKALUY JIETyYUX OPraHHYECKUX COCIUHECHUH B BBIIBIXa€MOM BO3IYyXE OOJNBHBIX 3JI0KaYECTBEHHBI-
MU HOBOOOPa30BaHMSMH T'OJIOBBI U IIEH U 30pOBBIX A00poBoibleB [8]. [lonydyeHHbIE TaHHBIE CTPYKTYpH-
PYIOTCS 7Sl NabHEHIIET0 YCTaHOBICHHS WX MPHHAIJIC)KHOCTH KJIAacCy Mpod OT MalUeHTOB ¢ MaTOJOTHeH
WINA 30pOBBIX J00pOBOJbIEB. MaeHTHGHIKpPYeMas COBOKYINHOCTH JIETYYHX OpPIaHHUYECKHX COCIUHEHUH
Oyzaer cuuTaThcsl OMOMapKepoM 3a00JIEBaHMS, €CIIM OHA CTATHCTUYECKH OTIMYACTCS Y NPUBIICKAEMBIX IS
WICCIIEIOBAHUA TPYII JIO/IEH.

3nokadecTBEHHbIE HOBOOOPA30BaHUSI M3MEHSIOT COCTAaB M COJACPKaHHE HEKOTOPBIX JIETYYHX OpraHu-
YECKHUX COCIMHEHUH, MIPUCYTCTBYIOMIMX B JIBIXaHUU YEIOBEKa, KOTOPBIE MOTYT PaCCMaTPUBATHCS B KaUECTBE
Mapkepa 3aboneBanus [9, 10]. KauecTBeHHO M KONWYECTBEHHO WACHTH(QHUIMPOBATH XUMHUECKHE BEIICCTBA
B T'a30BOH CMECH Ha OCHOBE OOJBILIOrO KOJMYECTBA AAHHBIX MO3BOJIAIOT METOJBI MAIIMHHOTO OOYYEHHSI.
CoOBMECTHO C YCTpOMCTBaMHU-Ta30aHAIN3aTOPAMHU YaCTO MPHUMEHSIOTCS METOJ| OMOPHBIX BEKTOPOB, METOJ
Ommkaiimx coceneil 1 ucKyccTBeHHbIe HelpoHHbIe ceTu [11]. BonpmmHCcTBO padoT, CBA3aHHBIX C aHATU30M
JETy4YNX OPraHMYECKHX COCTUHEHUH M MX B3aUMOCBS3BIO0 C OHKOJOTMYECKUMH 3a00JIeBaHUSIMH, TaK WIIH
MHa4e UCIOJIb3YIOT HCKYCCTBEHHbIE HEHPOHHBIE CETH.

B paborte [12] uccnenoBanu mpuMeHEHNE Pa3IMYHBIX METOAUK KiacCU(UKAIMU IJIs1 ONPEeTICHUs pa-
Ka Jerkux. B skcriepumente npuHsin ydactue 100 10OpOBOIBIEB ¢ MPAKTHYECKH OAMHAKOBEIM pacipesie-
JICHWEM TIO0 KOJHYECTBY 3/I0OPOBBIX M OOJBHBIX. [ Kiaccuukanmuyd MPUMEHSIINCh MOAU(DUIINPOBAHHBIN
k-NN-meton, kmaccubukaTopbl Ha OCHOBE JTMHEHHBIX U KBaJPATHYHBIX JUCKPUMHUHAHTHBIX (QYHKIMHA U UC-
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KyCCTBEHHAasi HeMpoHHast ceThb. TOUYHOCTh KiIacCU(UKAIIMKM JOOPOBOJIBIIEB BO BCEX TPEX CIydasx OKa3alach
Ha ypoBHe 89%. Takoii mokaszaresb CONOCTABUM C COBPEMEHHBIMU PEHTTCHOJIOTMYECKUMH METOAaMH Ina-
THOCTHKH 3JI0KQUECTBEHHBIX HOBOOOpasoBanuit. Hampumep, npumenenune [19T / KT obnagaer uyBCTBUTEIb-
HOCTBIO U crienuduyHocThio Ha ypoBHE 90,1 u 96,2% cootBercTBenHo [13]. IIpu 3TOM mokazaTenn TOYHO-
CTH KJaccu(UKaTOpa JaHHBIX Ha OCHOBE MCKYCCTBEHHON HEHPOHHOH CETH MOTYT OBITh YIyYIIEHBI IIyTeM
YBEIMUYEHHUS KOJIMYECTBA 3MOX OOy4eHHs] M BHYTPEHHHX CIJIOEB, YUUTHIBas HEOOJBIIOE KOJINYECTBO CTaTH-
CTHYECKHX JaHHBIX. B pabote [12] xommuecTBo 3mox o0ydeHus coctaBuiio 20 ¥ HCIOIB30BANACh HEHPOHHAS
CeTb C OIHUM BHYTPEHHHUM CJIOEM.

Lenp HacTosIIero uccneaoBanus — GopMUpPOBaHHE 0a30BOH apXUTEKTYPHI, alTOPUTMa U HEHPOHHOMH
CeTH AJIs1 IOCTPOEHUS] IPOTrPaMMHOT0 KOMIUIEKCA HEMPOCETEeBOM KiacCH(UKALMK JaHHBIX Ta30aHANIUTHYE-
CKOTO 00CJIeIOBaHUS ABIXaTEIIbHON CHCTEMEBI, 00€CIIEUNBAIONIET0 00padOTKy AAHHBIX, (DOPMHUPYEMBIX C ITO0-
MOLIBIO CHELUATM3UPOBAHHBIX YCTPOWCTB aHAIM3a COCTaBa ra30BOil cMecH B BhIIbIXaeMOM Bo3nyxe. K cozna-
BaeMOMY IIPOrPaMMHOMY KOMIIJIEKCY MPENbBIISIINCH TPEOOBAHNUS BBHIIIOJIHEHUS BCEX ONEpaluil U CTaaui 1o
00paboTKe NaHHBIX NPEUMYILECTBEHHO B ABTOMAaTHYECKOM PEXUME, BO3MOXXHOCTH OLIEHKH YacTHBIX U
00001IIeHHBIX KpUTepreB 3PHEKTHBHOCTH GOPMUPYEMBIX HEHPOHHBIX CETeH, CTPYKTYPHPOBAHUS Pa3HOPO/I-
HBIX Ha0OpPOB JaHHBIX, OJyYaeMbIX OT YCTPOICTB aHaNIM3a COCTaBa ra3o0BbIX CMECEH, U pealn3aliyu Mexa-
HHU3MOB J000YUYCHUSI HEHPOHHBIX ceTel. Hapsaay ¢ 3TuM mporpaMMHBIA KOMIUIEKC JOKEH OCYIIECTBIIATH
moadop o0yJaromuX BBIOOPOK MAHHBIX A (POPMHUPOBAHHUS HEHPOCETEBBIX KIACCH(HUKATOPOB MATOJOTHH
IBIXaTEeTIFHON CICTEMBI PAa3HOTO THUIIA.

1. ®opmaT npeacTaBjaeHusI JAHHBIX FA30aHAJTUTHYIECKOT0 00C/IeT0BAHHUSA IbIXaTEIbHOH CHCTEMBbI

B namem uccnegoBaHUM M3MEPEHUE COBOKYITHBIX CUTHAJIBHBIX MATTEPHOB Ta30BOM CMECH B BBIJbIXa-
€MOM BO3[YyXE OCYILECTBISETCS C MOMOIIBIO YCTPOMCTBa-ra3oaHaln3aTopa, O0ECHEeUnBAIOIIEr0 €IUHbIH
yHU(HULIMPOBaHHBIH HaOOp neHcTBUi A1 0TOOpa NPo0 y BceX HCCeyeMbIX J00OpOBOIIBLEB MPU COOTIOICHUT
HOPMaJIbHBIX BHEHIHUX ycsoBui [8]. Jarunku Bo BpeMs (yHKIMOHMPOBAHUS YCTPOHCTBA-Ta30aHaIn3aTopa
paboTaloT B pekMMe TEPMOLMKIMPOBAHMS U 3a BpeMsl cOopa JaHHBIX (POPMHUPYIOT HECKOJBKHX ITOJHBIX
LUKJIOB OT TOYKM Ha4aja Harpesa J0 TOYKM OKOHYAHUS OCTHIBAHMUSI.

B pesynbraTe onMQpOBKH cocTaBa Ta30BOH CMECH B BBIIBIXa€MOM BO3AyXE MO KaXIOMy oOcienye-
MOMY 100pOBOJIBbILY (POPMHPYETCS MACCHB 3HAYCHUH U3 24 YHCIIOBBIX PSAAOB, KAXKIBIH U3 KOTOPHIX BKJIIOYa-
€T B CpelHEM 7 MEepUOoJOB TEPMOLMKINPOBaHMSA. ABTOMAaTH3aLUus Ipolecca NpodooTdopa B yCTpoucTBe-
ra3oaHajn3aTope o0eclieunBaeT BCerga OAMHAKOBBIM 0OBEM BBOAMMOIO BO3AyXa AJsl Mpod Bcex I00po-
BoJbLIeB, paBHBIM 250 mit. [IporpamMHOe obecriedeHrne yCcTpOHCTBa-ra30aHaIN3aTOpa 3aIyCKaeT MpOoIecc
coopa nansbix Ha 90 c. AHanoro-undpoBoe npeodpa3oBaHNUE CUTHAIOB C 24 MOJIYHNPOBOAHUKOBBIX METAJ-
JIOOKCHUIHBIX HECEJIEKTHBHBIX I'a30BBIX JATUYMKOB BBINOJHSETCS ¢ 4yacToTol auckpermsanuu 50 I'n. Ilocie
3aBEPIICHUS U3MEPEHHUSI CUTHAJIBHBIX IaTTEPHOB BKJIIOUAETCS MPOJYBKA YCTPOMCTBA OUUILIEHHBIM BO3IYXOM.

Ha puc. 1 nmpencrasien npumep rpaduka ¢ yCpeAHEHHBIMH 3HAYEHUSIMH BEJIMYMH OTKIIMKOB S C OJIHO-
ro JaT4MKa Ui JBYX TPYIN 00cielyeMbIX 100poBoJbLEB. B rpymme co 31o0kayecTBEeHHBIME HOBOOOPa3oBa-
HUSIMH TOJIOBBI U ILIEH YCPEOHEHUE MPOBOAMIOCH 110 23 mpobam, B KOHTPOJIBHOM IpymIle 310POBbIX 100pO-
BOJIBIIEB— 110 25 TIpodam.

ITapamerp S BeIumCISICS 110 hopmyie

S=k— 1

T 1)

rae kK — koadduipent macmradbuposanusi, pasubiii 100 000, U; — ypoBeHb HanpspKeHUs] Ha BBIXOJIE JaTUUKa
B 4-M TepHo/e OJHOTO MUK n3Meperus, U, — ypoBeHb HATIPSKEHHs HA BBIXOJE JaTYHKa B |-M mepuose

OJTHOTO IMKJIA M3MEPEHHs, COOTBETCTBYIOMIETO 1m0 BpeMeHu Ui i xapaktepu3yromero (oHOBbIH Bo3myX. Jis
pacdeToB mpu 00pabOTKe JaHHBIX U3 OAHOTO MEPHO0/Ia TEPMOIMKIMPOBAHUS UCTIONB3YETCS TOJIBKO HHTEPBAI
OT Hayajia JI0 OKOHYAaHHs HArpeBa JAaTYMKOB C JUIMTEIBHOCTBIO 3,5 ¢ Kak Ooyiee HHGOPMATHBHBIN C TOUKH
3peHus peoOpa3oBaHUsI U3MEPSEMOT0 TTapaMeTpa.
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Sensor TGS822 (Acetone, ethanol, benzene, n-Hexane, isobutane,

CO, methane)
——— Head and neck cancer —&— Healthy
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Puc. 1. Yepennennsie oTkianky naturka TGS822 Ha BBIABIXa€MBIH BO3IYX
Fig. 1. Averaged responses of the TGS822 sensor to exhaled air

Otnnune ¢popM KpUBBIX M COOTBETCTBYIOIINX 3HAYEHHWI CHTHAJIOB Ha rpapukax IMOKa3hIBaeT M3MEHe-
HHUE B COCTaBE BBIABIXA€MOT0 BO3/[yXa, B YACTHOCTH B KOHIIEHTPALMAX aKTUBHBIX MOJEKYN. Takue oTiamdus
B YCPEOHEHHBIX NaHHBIX JUIS MAIIMEHTOB C MATOJOTHUEH U 3J0POBBIX TOOPOBOJIBLEB SBIISIOTCS SBHBIM IpPHU-
3HaKoM JuddepeHunanuu 100poBOJIbIEB IJisi UCKYCCTBEHHONH HEHPOHHOH ceTH MpH ee 0OyueHHH U BepH-
¢dukanmu.

B xo0/1e MOATOTOBKY JaHHBIX JJIs IOCCyIOIIeH Kiaccu(ukaiu HeHPOHHON CEThIO C ITOMOIIBIO MTPO-
IPaMMHOTO KOMIUIEKCa (GOPMHUPYETCS MACCHB-CTPOKA COAEPIKAIIUH MOCIEI0BATENbHO BHICTPOSHHBIE PSBI
3HaYeHUH OT BCeX 24 MaTUMKOB, KaXKIBIH M3 KOTOPBIX BKJIIOYAET COOTHOIIEHHE 4 U 1 MeprosoB TepMOLIUK-
JUPOBaHMS OT TOUKH Hayalla Harpesa /10 TOUYKHM Hadajla OCThIBaHUA Ha nepuoje 3,5 ¢. C yacToroil nuckperu-
sanmu 50 ' popmupyetcst 175 3HaYeHU IS KOKIOTO OTACIBHOrO psija. B xoze uccinenoBanus sKcrepu-
MEHTaJIBHBIM MYTEM BBISABJICHO, €CM OpaTh Kaxkaoe 10-e 3HaueHHE OTAEIBHOTO Psijia, TO MOTPEUIHOCTh He
YBEIMYUBACTCS; TAKMM 00pa3oM, ObUI CYIIECTBEHHO YMEHBILIEH pa3Mep BXOAHOTO MaccHBa AaHHBIX co 175 3Ha-
YeHUH U1 Kaxzaoro gatyvka 1o 17. B pesynbraTe Ha BXOJX HEWPOCETEBOro KiaccH(pHUKATOpa MO KaKIOMY
OTAETbHOMY 00CiIeyeMoMy JOOpPOBOJBIYY MOJABAJICS MAacCHUB-CTpOKa M3 17 X 24 3HaueHHi, NOJTYy4YEeHHBIX
C ra3oBbIX AaT4uKoB. OO0Ias pa3MepHOCTh BXOJHOTO CJIOsl HeMpOHHOHM cetn coctaBuia 408 3nauenmii. Ha
TEKylLIeM 3Tarne paboT He MPOBOJMINCH UCCIIEIOBAHMUS, HAalIPaBICHHbIC HA YIy4IIeHHE TOYHOCTH Helpoce-
TEBOTO KiaccuduKaTopa 3a cueT MpUMEHEeHUs1 HHQOpMAaLMU O BO3pacTe, FeHJepHON MPUHAIICKHOCTH, JIO-
KaJM3aluy OIyXO0JIeBOTo mpolecca, pakre KypeHus: U ynoTpeOlIeHus alKoToJis, a TaKKe JUIMTSILHOTO pu-
eMa JICKapCTBEHHBIX MPENapaToB 10 MOBOAY BO3MOXKHBIX UMEIOIIMXCS XPOHUYECKUX 3a00JI€BaHUI U IPYyTUX
¢axTopax.

2. HeiipoceTeBoii kjaccu(pukaTop J1aHHbIX

B xone mcciemoBaHus MPOBENEHO HECKOJIBKO CEPHI AKCIIEPUMEHTOB, MPH KOTOPBIX OMPEIEISIINCH
BO3MOXKHOCTH HEHPOHHOW CETH MO KIACCH(UKAIMK JaHHBIX OT 3I0OPOBBIX JOOPOBOJIBIIEB M MAIUEHTOB CO
3JI0KQ4€CTBEHHBIMH HOBOOOPA30BaHHUSMH TOJIOBBI M IIIEeW. TakoW MOAXOJ MO3BOJIAET HCIOJIB30BaTh Xapak-
TEpHbIE MPENMYIIecTBa OMHAPHBIX KIacCU(UKATOPOB. B mepcrekTrBe 3TOT METOJ MOXKET HMCIIONIb30BAThCS
B TIPEIBAPUTEIBHON UATHOCTUKE Pa3HBIX 3a00JIEBAaHUI MyTEeM TOCIEN0BATEIHHOTO MPUMEHEHHS OTIEINb-
HBIX HEMPOCETEBBIX OMHAPHBIX KIacCU(PUKATOPOB.

Ha BepxHeM QyHKIMOHATFHOM yYpOBHE ajlrOPUTM MPOTPAMMHOTO KOMIUIEKCa HEHpPOCeTeBOH Kitaccu-
(bMKanMu JaHHBIX MTPOBOAUT MPEIBAPUTENBHBIN 0TOOP MPOO BBIBIXaEMOTO BO3/IyXa y MAIMEHTOB C HAJIHYH-
€M TIaTOJIOTHH U TOOPOBOJIBIIEB 0€3 MAaTOIOTHYECKOTO Tporiecca. [lamee paccunTeIBaeTCsl MOKa3aTeb Iopora
pa3zaesneHus MOJOXKHUTENBHBIX M OTPHIATEIBHBIX P00, a 3aTeM C UCIIOIF30BAaHUEM MPOTPaMMHOTO KOMITIIEKCa
MIpeIBapUTEIHHO TUATHOCTHPYETCS 3JI0KAYeCTBEHHOE HOBOOOPA30BaHUE TOJOBHI U IIEH MPH OIMPEIEICHHBIX
3HAYCHUSAX BBIXOIHOTO HEWPOHA MCKYCCTBEHHOW HEHPOHHOM ceTH. 3HaYeHHs (OPMHUPYIOTCS MPEABAPUTEIb-
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HO 00Yy4EeHHON HEHPOHHOW CEThI0 Ha COOTBETCTBYIOLIEM HAaOOpe HOOPOBOJBIIEB, BKIOYAOMEM 48 YeIoBeK
B cooTHoIIeHn: puMepHo 50:50 — ¢ HamuareM u 0e3 MaTONIOTHH.

ApXUTEKTypa HEHPOHHOW CETH CHHTE3HPYETCS ISl HOCTMXKEHUS ONPENEICHHON LEeIH. YYUTHIBACTCS
00JIBIIIOE KOJTMYECTBO MTAPaMETPOB, TAKMX KaK 3aKOHBI COOTBETCTBHS BHIOOPOK UCXOOHBIM 00pa3aMm, pa3mep-
HOCTH, TIPUPOJIa U3MEHUYMBOCTH BXOAHBIX U BBIXOAHBIX JaHHBIX U T.A. CyIIECTBYIOT 0OLIMe pEKOMEHAANH
IUIs1 BBIOOpa apXUTEKTyphl HEHPOHHOW CETH, AJIs1 HAYaJIbHOTO OIIpEIeNICHHs €€ Pa3MEPHOCTH, IePelaTOUHBIX
¢yHKUMI HelpoHOB, GopMaTOB JaHHBIX U T.A. Eciim OTCYyTCTBYeT BO3MOKHOCTH MONOOPATh apXUTEKTYPY
0]l KOHKPETHYIO IIeJib, TO OHA BBIOMPAETCS] SKCHEPUMEHTAIBHBIM IyTeM M3 HauOojiee OMU3KUX BapuaH-
ToB [14].

Hcxons n3 mocTaBiIeHHON 3aJauu [IPpeaBapUTEIbHON ANAarHOCTUKY 3a00/IeBaHus, Hanboee moaxos-
LIMM BapuUaHTOM apXUTEKTYphl HEWPOHHOH ceTH Ui KiIacCU(pHUKALUU 3A0POBBIX JOOPOBOJIBLEB U HalKEH-
TOB C MATOJOTMYECKUM HPOLIECCOM SIBJISIETCS] HEUPOHHAS CEeTh MPSAMOI0 PACHPOCTPAHEHHS TUIIA MHOTOCIIOM-
HBIH nepcentpoH. Hannune oqHOrO MM HECKOJNBKUX CKPBITHIX CJIOEB B TaKOH CETH IO3BOJISIET OCYIIECTB-
JSATh HeNMMHEHHbIe TpeoOpa3oBaHys Pa3sHOOOPa3HbIX CUIHANOB. IIpu 3TOM BoIpoc BbIOOpa pazMepa CKpPBITOTO
CJIOSI B K&KIOM KOHKPETHOM CIIydae, Kak MPaBHJIO, PEIaeTCsl ONBITHBIM ITyTeM. KonndyecTBo u pa3smMepHOCTD
CKPBITOTO CJIOSl B XOJE HAILEr0 HMCCIEJOBAHMS BAPbUPOBAIH Ul JOCTIKCHHS MAaKCHUMaJIbHOM TOYHOCTH
n obecrieueHUs pabOTOCIIOCOOHOCTH KiaccH(ukaTopa Ha WMEIOIIEMCS CTaTHCTUYSCKOM HaOope TaHHBIX.
OO0m1as pa3MepHOCTb BXOAHOTO CJI0SI HEHPOHHOM CETH COOTBETCTBYET KOIMYECTBY NpeaBapUTEIbLHO 00pabo-
TaHHBIX BBIXOJHBIX CHTHAJIOB C JAaTYUKOB U cocTaBisieT 408. BBIXOMHON coif — 0uH HEWPOH, MPUHUMAIO-
LM 3HAYeHHE B Auana3oHe oT —1 10 | u pa3rpaHMYeHHBIA TOPOTOM pa3zesieHHs! MOMOKUTENBHBIX U OTPH-
naTenbHBIX Mpo0. HopMupoBKka Ha Takoi AMana3oH caenaHa Juid BceX (YHKIHMHA aKTHBAIMH MPOTPAMMHOTO
KOMIUIEKCa Ui yAOOCTBa aHalM3a JuarpamMM IEepeKpecTHOW NMPOBEPKH. 3HAUEHHS HEHPOHOB BBIXOJAHOTO
CJIOSl TIPEACTABIAIOT COOOW BEpPOATHOCTh. 3HAUEHHE, Oiu3Koe K 1 BbImIe mopora paszeneHus] Ha BEIXOJTHOM
HEWpOHE, 03HAYAET COOTBETCTBHE 00pabaThIBaeMbIX JAHHBIX HAOOPY MAIMEHTOB C MATOJIOTHEH, HUXKE TTOPO-
ra 10 —1 — 3m0poBeIM 100pOBOIBIIAM. PeKyppeHTHBIE HEHpPOHHBIE CeTH HE MOIXOIST /IS MOCTaBICHHOH 3a-
a9y W3-32 HANMW4Ms OOpaTHBIX CBs3€H, YTO JleaeT ux OMrmKe K 3ajjadaM Mpeacka3aHus TPEHAOB, 9eM K 3a-
nmadaM OMHapHOH Kinaccuukannu. PannanpHple HEHPOHHBIE CETH UMEIOT CIIOKHOCTH B 00y4eHUH, OCOOCHHO
JUT MCTIOJB3YEeMBIX Pa3MEpPHOCTEH, YTO BIIOCIEACTBHH MPHUBEICT K 3HAYUTEIFHOMY CHMKEHHIO TOYHOCTH
KJIacCU(UKAIIHY.

OO0yueHne MCKYCCTBEHHOW HEUPOHHOW CETH OCYIIECTBISJIOCH C MOMOIIBI0 ajIrOpHTMa OOpaTHOTO
pacrpocTpaHeHus CUTHajla OMIMOKH. DTOT METO] PEACTaBIsieT co00i pa3HOBUAHOCTh IPAJIMEHTHOTO METO-
J1a, OTITUMU3NPOBAHHOTO C YUYETOM apXHUTEKTYypbl MHOTOCIOWHOTO nepienTpoHa. C ero momMouso npou3Bo-
Juiiach MUHAMU3AIMs (QYHKIMH OIIMOKH, KOTOpas OmpeneleHa B MPOCTPAHCTBE MapaMeTpOB HEWPOHHOM
ceru. [lapameTrpaMu ceTH B 3TOM Cilydae SIBJISIOTCS BeCOBbIC KOA((UIIMEHTH BCEX HEHPOHOB. Y CIEIIHOE
3aBepIleHre polecca 00ydYeHHs CeTH ONpPeAessuIoch M0 MUHAMYMY OLIMOKH Ha TECTOBOM MHOECTBE MPH-
MepOB 00pa0OTKM NaHHBIX. TecToBOe MHOXKECTBO BBIACTIIOCH M3 MCXOIHOTO MHOMKECTBA HMMEIOIIETrOCs
Habopa aHHBIX MPOO BBLIBIXaEMOTO BO3AyXa, U3 KOTOPOTO TaKKe BBIIACISUIOCH U 00ydaroliee MHOKECTBO.
TecToBbie U 00y4arONIMe MHOKECTBA TIPH STOM HE IIEpECEKaIHCh.

[Ipu ompeneneHny ONTHMANBHBIX MapaMeTpoB OOydeHUs] HEHPOHHOW CeTH Ha MMeromeMcsi Habope
JaHHBIX BapbUPOBAJIM THIIeprapaMeTpsl. s 6a30Boil apXUTEKTypbl HEHPOHHON CETH MPUMEHEHa HOpMallu-
3alyd — aNTOPUTM, COIVIACHO KOTOPOMY HEKOTOPBIM CJOSM HEHPOHHOW CETHM Ha BXOJ MOJAIOTCS JaHHBIE,
peaBapuTeIbHO 00paboTaHHBIE U UMEIOILINE HYJEBOE MaTEMAaTHUYeCKOE OKUAAaHUE U eIMHUYHYIO AMCIEp-
cuo. B xoJe uccienoBanus ocymecTBIsUIcs nog0op nmoaxoaammx GyHKUUH aktuBauuu. OHH BBIOMpAroTCs
B 3aBHCHUMOCTH OT 3aJla4d ¥ BXOJHBIX JaHHBIX. Takke BO3MOYKHO MCIIOJIb30BaHUE Pa3HBIX (PYHKIMH aKTHBa-
UMM Ha pa3HbIX cJOsX HeilpoHHoW ceru. [lpm wWccnenoBaHMM BIWSHUS THNA (QYHKIUH aKTHBaLUU
B CKPBITBIX CIIOAX Ha Ka4eCTBO pabOThl HEHPOHHOM CETH C MMEIOIIMMCS HAOOPOM JaHHBIX YAAJIOCh YCTaHO-
BUTH TO, YTO TIPH UCIIOJIB30BAHUY JIMHEHHBIX (YHKIWH aKTHBAaLWH linear B Ka)IOM CKPBITOM CJIO€ HEHpOH-
Hasi CeTh COXPaHSIET CBOE KAUEeCTBO C HE3HAUYUTEIIbHBIM OTKJIOHCHHEM.

B xome uccienoBaHus MpoBepsiach 3aBUCUMOCTD (G (GEKTUBHOCTH HEHPOHHOW CETH OT mapamerpa
ckopoctr o0ydeHus learning_rate ¢ onmTuMu3aIueii Mo anropuTMy riryookoro ooydenns adam. B pesynbrate
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ONTUMANBHBIMHY SIBJISIFOTCSA 3HAaYeHUs B auamnaszoHe learning rate = 0,0008 + 0,001. MccnenoBanue 3aBucu-
MocTH 3PPEKTUBHOCTH KiIacCH(UKATOpa OT KOJIUYECTBA CKPBITHIX CIOEB TOKa3allo, YTO YMEHBIICHHE HX
koJmdecTBa ¢ 3 10 1 ¢ marom | He MPUBOIUT K YBEIMYCHHUIO TOYHOCTH KJIacCU(PUKATOPa, OJTHAKO HE0OXO-
JIUMO HaJM4re KaKk MUHUMYM OJHON HOPMAJIH3allU{ MEXAY CKPHITHIMH M BBIXOJHBIM CIIOSIMH JJISi COXpaHe-
HHS €T0 TOYHOCTH.

3. CTpykTypa M (pyHKIMHU NPOrPaAMMHOI0 KOMILIeKCa
Bce KOMIOHEHTHI MPOrpaMMHOTO KOMIUIEKCA HEMPOCETeBOM KiacCH(PUKALUKN JAaHHBIX ra30aHaIUTH-
YeCKOTo 00CneoBaHMs AbIXaTeJIbHON CUCTEMBl B3aUMOICHUCTBYIOT MEXIy COOON IBYyMs croco0aMu: depes

CHCTEMHBIC TIEpEMECHHBIC H BBI30B (PYHKIMI ¢ mapameTrpaMu win 0e3 Hux. CTpyKTypa mporpaMMHOTO KOM-
IJIeKca MpeIcTaBiieHa Ha pUC. 2.

: bA Q N
Anketa_2.5. | |000055_0012
Xis xml iE

Kamanoz ¢paiinos CYEb. ,a Moo yrb aiinos
2a30aHAAUMUYECK020 HeiiponHoii cemu u ee
o6cnedosanus PostgreSQL FANN < >
PasmemkKa u Bu3syanusayus
Cbop/peaucmpayus npedobpabomka OaHHBLIX, pe3ynemamos
OaHHbIX oby4yeHue/npumeHeHue ’:> obyyeHus/npumeHeHus
HelipoHHoUl cemu HelipoHHol cemu

paguyeckuii unmepdgpeiic nono3oeamens

Puc. 2. CTpyKTypa NporpaMMHOI0 KOMILIEKCa HeHpOCeTeBOi Kitaccu(puKavy JaHHBIX
Tra30aHAJIMTUYCCKOI'O 06cne1103aH1/151 IIBIX&TeJILHOﬁ CHUCTCMbI
Fig. 2. The structure of the neural network classification software for the gas analytical examination data of respiratory system

I'padmueckuii maTEepdeiic monb3oBarens odecreunBaeT QyHKIUH TEPEKIIOUCHUST SKPAHOB 110 CTAIHSIM
00pabOTKH IaHHBIX, IEPEKITIOYCHHS PEKIMOB pabOTHl KOMIUIEKCA U 0TOOpaKEHHE TPOIecca X BBITIOJHEHUS,
3alIUTHl OT HEMPAaBUJIBHBIX JNEHCTBUH ITOJIb30BATENs, a TAK)KE MHIMKALMU TEKYIIETO COCTOSHUS Mpolecca
00paboOTKH NaHHBIX. B HeM peann3oBaH dKpaH JJisi BBITOJHEHUS (YHKIUH cOOpa W PEerucTpalvy AaHHBIX.
C momorsio Hero manHsie u3 (aiina «Ankera X.X.XIS» ¢ MeTamaHHBIMH 1O JT0OPOBOJBIIAM W MHOTOUHC-
JeHHbIX (QaiiioB «Homep mpoObl cepuiiHbIii HOMEp ycTpoiicTBa.XMl», B KOTOPBIX COAEPIKATCS COOTBET-
CTBYIOIIME OIM(POBAHHbIC CUTHAJIBHBIC MATTEPHBI MO0 KaXKIOMY OTAEIHHOMY JOOPOBOJBLLY, MPEIBAPUTEIb-
HO TIOMEIICHHBIX B KaTajor ()ailyIoB ra30aHaJIMTUYECKOTO OOCIEIOBaHUS, 3aHOCATCS U CTPYKTYPHPYIOTCS
B Oa3e ganHbIX. [lepeHoc JaHHBIX B 0a3y OCYIIECTBIISICTCS U MX MOCIEAYIOIeH aBTOMaTH3UPOBAaHHOM 00-
paboTku u ananu3a. sl B3aMMOJEHCTBUS MPOrPaMMHOT'O KOMILIEKca ¢ 0a30i TaHHBIX MIPUMEHSIETCS CHCTEMa
ynpasnenus PostgreSQL. CBs3p nporpaMMHOT0 KOMIUIEKca ¢ 06a30i TaHHBIX OCYIIECTBISIETCS! IPU MOMOIIH
CTaHJapTU3HpoBaHHBIX SQL 3ampocos.

3agaya IPOEKTUPOBAHUS JIOTHYECKOH CTPYKTYpbI 0a3bl TaHHBIX I'a30aHAJIMUTUUYECKOTO 00CIeOBAHUS
JbIXaTeFHOM CHCTEMbI MAIEHTOB C HMCCIEAYEMBIMH MATOJIOTHYECKUMH IporeccaMy (ITOCKOKIETOUYHBIN
pak ropraHy, pak opodapuHreaqbHoil 00macTi) U 10OPOBOJIBLIEB KOHTPOJIBHON I'PyMIbl 0€3 OMyXOJEBBIX
MIATOJIOTHI COCTOsIIa B OMpeAeNIeHHH coCcTaBa Tabiui u aTpuOyToB (ToJneit) Tadmui 6a3bl. [ xaxmoro mo-
JIs1 ONpeAesICHBI TUII, Ha3BaHUE U c(hOPMHUPOBAHO ero cogepkanue. C Lenbi0 MUHUMU3ANHA 00beMa OTAeIb-
HBIX Ta0JMI] KaXJOMY IOJIF0 TIPUCBOCHO YHUKAIBbHOEe 00o3HaueHue (kiaccupukarop). [Ipu atom o6o3Haue-
HUS BEIOMPAIKCH C YYETOM COXPaHEHHMS JIOTHUECKON CBS3M C Ha3BaHMSAMHU IoJieH: Hampumep, none Medical
address oOo3HaueHo cumBomamu MED ADDRESS, momo Type treatment mpucBoeHO 0003HaueHHE
TYPE TREAT u T.1.
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Pa3zpaborannast nmorudeckas u (pu3myeckas CTPyKTypa 0asbl TaHHBIX TO3BOJSAET COXPAHITH HECTPYK-
TypUpOBaHHBIE METa/laHHbIC, a TAKXKE OCYIIECTBIISATH ONMEPATHBHBIN MOMCK HEOOXOMUMON WHGOPMAINH 10
HabopaM 3a/1aBaeMbIX aTpUOYTOB CPEACTBAMHU CUCTEMEI yIipaBiieHus. Kaxmas CymHOCTh JIOTHYECKOH CTPYK-
TypHI 0a3bl IJAHHBIX HMEET YHUKAIBFHOE UMSI, KOTOPOE OTPAXKAEeT €€ CMBICIIOBOE 3HAYeHHe. J{JIs KaXkIoi cyI-
HOCTH 33/1aHbI €€ MopOoOHOe ONMCaHUue U OCOOEHHOCTH B3aUMOACHCTBHS ¢ IpyruMu Tadbauuamu. Perucrpanus
JAHHBIX B 0a3€ BBITIOJIHIETCS MEPHOANYECKU TOCTIe HAKOIUICHHUS OYEePEIHON MOPIUU JaHHBIX B YCTPOMCTBAX
aHaJM3a cocTaBa ra30BOM CMECH B BBIIBIXaEMOM BO3AYXE, pa3MELIaeMbIX B MEAULUHCKUX YUPEKICHHUIX.

Otan 00pabOTKU AaHHBIX BBHIMOJHIETCS C MOMOIIBIO SKpaHa rpaduueckoro nHTepdeiica, B KOTOPOM
peanu3oBaHbl QYHKIMU Pa3METKU W NpenoOpabOTKH NaHHBIX, OOy4YeHHs U NPUMEHEHHs] HEeHPOHHOI ceTu.
Jlo mpoBeneHusT HEHPOCETEBOTO aHAIM3a JAaHHBIX CHUTHAIGHBIE TATTEPHBI, 3apETUCTPUPOBAHHBIE B 0a3e, MO-
TYT TIOJIBEPTaThCs MpEeABAPUTENbHOW 00paboTKe (HOPMHPOBKE, MPUBEACHUIO K JHWANa30HY, BBHITOJHEHUIO
KaTHOPOBOYHON (hYHKIIMH, YUCICHHOMY COKpAITICHHIO, MpeoOpa30BaHNIO THUIA | T.1I.), TTOCIIC Yer0o OHM CTa-
HOBSITCSI TOCTYITHBIMHU TSI HEHPOCETEBOTO aHAIN3a.

DyHKIMS HEUPOCETEBOTO aHaIM3a JaHHBIX BBHIMIOJHAETCA B JBYX pekumax. [lepBblii pexxum mnpemy-
CMaTpHBaET BEIOOD 3amucel B 0asze Iy 00yUeHUS HCKYCCTBEHHONW HEHMPOHHOW CETH, HACTPOWKY THIIepIapa-
METPOB, 00yUeHNe U CHHTE3 HelpoHHOH cetn B (aitn Network.net. Bo BTopoM peknMme OCYLIECTBIISETCS
MIPUMEHEHHUE CYIIECTBYIOIIEH CeTH s KiIaccu(PUKauy OTAeNIbHBIX 3aIicei n3 0a3bl JaHHBIX.

Pa3paboTka mporpaMMHOTO KOMIDIEKCa OCYIIECTBILLIAch B cpeae Qt moxm ympaBieHHeM omeparfoH-
HO# cuctembl Linux Ubuntu. [{is nporpaMMHO# peain3aiiii HCKYCCTBEHHON HEHPOHHOMN CETH MCIOJIb30Ba-
JUCH BCTpamBaemble OuOnmorexu. llocne aHanmm3a cymecTBYOIHMX OWONMOTEK, HANMCAHHBIX Ha SI3BIKE
C/C++, 6pu1 cienan BeiOOp B monb3y FANN (Fast Artificial Neural Network). Jlannas 6ubnmoreka co3maBa-
JIach C WCIOJB30BaHHEM OKpykeHus oneparuonHon cucteMbl GNU/Linux, s3pika C 1 KoMmuiaTopa gec,
YTO COBMECTUMO C KOH(UTypanrei MCTIOIb3yeMbIX MPOrpaMMHBIX MOYJIEH W KOMIIOHEHTOB B IPOTPAMM-
HOM KOMILJIEKCE.

ITocrne 3amycka skpaHa 0OpabOTKH JAHHBIX IPOUCXOIUT MPOBEPKa TOTO, KAKOE JeHCTBHE HEOOXOANMO
BBINOTHAUTE. Ecim HE06X0mnMo 00yduTh HEHPOHHYIO CETh, TO 3aITycKaeTcs (GYHKIHA, B pe3yibTare paboTsl
KOTOpO#i (hopmupyercst BeixoaHO# daitn Network.net, coneprkaruii mapameTpbl 00y4eHHOW HEHPOHHOM CeTH:
KOJIMYECTBO CJIOEB, KOJMYECTBO HEUPOHOB B KAXIOM CJIO€, THUI aKTUBAIIMOHHON (YHKITHH, aJITOPUTM 00Y-
YEHUS, KOIMYECTBO PACCUUTAHHBIX BECOB M WX 3HaueHWs. [Ipu oOyueHUN HEHMPOHHOW CETH 3a/Jar0TCs mapa-
MeTpsl ¢ momotnsio Gyukmuu fann_set {training_algorithm, learning_rate, activation_function_hidden, acti-
vation_function_output, train_error_function, quickprop_decay .u nap.}. Ecim mporpaMMHBIA KOMILIEKC
paboTtaeT B pexuMe NMPUMEHEHHs CYIIECTBYIONIEH HEHPOHHOW ceT, 00y4eHHOW paHee, TO e 3arpy3Ka 3
¢aiina Network.net nmpoucxomur ¢ nmomomupio GpyHkimu fann create ¢ mapamerpamu. Paiii, comepkaiuii
napamMeTpbl U BeCOBbIe KOA((HUIMEHTH HEWPOHHOM CeTH, HaXOJAUTCs B paboueM KaTajore mporpaMMHOTO
KOMILIEKCA.

[Tocne Toro kak HeWpOHHAsI CETh 0OyYeHa M BCE €€ BBIXOIHBIE (hailiIbl CreHepUPOBaHbl B pabounii Ka-
TaJIOT, C IOMOLIBbIO (PYHKIUH BU3yaJH3allMU Pe3ysIbTaToB 00y4YeHHUsl U MPUMEHEHUs] HEHPOHHOW CeTH B Tpa-
¢duueckom MHTEpdeiice TPoucXoauT hopmMupoBaHue oTdera 00 3(PPEeKTUBHOCTH OMHAPHOTO Kiaccupukaropa
Ha oOyuaronieM Habope ¢ BRIOpaHHBIMH THIeprnapaMeTpaMu. JlanHsie otdera 3aHocsTes B (aitn Results.xls.
[Ipu 3TOM, €ciu 10 3TOTO BBHIOJIHSIIOCH JIeHCTBUE MO0 00YUYCHUIO HEHPOHHOMW ceTH, daiin OyaeT coaepkaTb
3aBUCHUMOCTH MOTEPh M TOYHOCTH NMPU OOYYEHHH U BepU(HUKALMK OT KOJUYECTBA MOX AJIS 00YyYaIOIMX H
TECTOBBIX HAOOPOB JaHHBIX ¢ Buzyanuzauueil t-SNE B Buzie tabnui 3HaueHunit u rpaduxos [15], auarpammy
pacrpeneneHus KJIacCOB MpPU BBHIMOJIHEHUU MepeKkpecTHON mpoBepku, ROC-xapakTepuCcTHKy, MOKa3zaTelb
AUC [16] u T.n. Ecnu e BBINONHATIOCH ASHCTBHE MO MPUMEHEHUIO HEMPOHHOH ceTu, To B (aiin otyera a0-
0aBATCS CBEICHHUS O 3HAYCHUU BBIXOJHOTO HEWpoOHa U Kinaccudukanun oopadaTbiBaeMoro Habopa JaHHBIX.

4. [IpumMeHeHUe MPOrPAMMHOI0 KOMILJIEKCA

B TecTtoBOM 3KCHIepuMEHTE paccMaTpUBaiicsi HA0Op JaHHBIX OT 23 340pOBBIX JOOPOBOJIBLEB U 25 ma-
LUEHTOB C IJIOCKOKJIETOYHBIM PaKOM ropTaHu M opodapuHreansHoi obnactu. [locie oOydeHust HeHPOHHOM
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CeTH M NEePEeKPECTHOI MpPOBEpKH OBUIM IMOJYYEHBI Pe3yJbTaThl, IpelICcTaBleHHbIe HA puc. 3, 4. TouHOCTDH
[peABapUTEIbHON THarHOCTUKH cocTaBuna 79,17%, ayscrBurensHocTh — 80,12%, cnennduyanocts — 78,26%.
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Puc. 3. Jlnarpamma kiaaccu(ukauu npod mpH MepeKpecTHOM MPOBEpKe I BCEX 3M0POBBIX T0OPOBOJIBIICE
U MalJUECHTOB C MJIOCKOKJICTOYHBIM PAKOM I'OPpTaHU N Op0(1)apPIHF6aJILHOI>‘I obactu
Fig. 3. The samples classification diagram of cross-validation for all healthy volunteers
and patients with squamous cell carcinoma of the larynx and oropharynx
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Puc. 4. ROC-xapakTepucTnKa JJIsl BCEX 3JJOPOBBIX JOOPOBOIIBIEB
¥ TIALMEHTOB C IUIOCKOKJIETOYHBIM PAKOM FOPTaHH 1 OpoQapHHTeanbHON 00IacTu
Fig. 4. ROC curve for all healthy volunteers and patients with squamous cell carcinoma of the larynx and oropharynx

HOpOF pa3aciiCHus MOJIOXKUTCIIBHBIX U OTPULATCIIBHBIX TCCTOB OBILIT Haﬁ[{eH C INOMOIIBKO aHaJIu3a
ROC-xapakrepuctuku u cocrasua 0,071. Benmunaa AUC-ROC cocrasuia 0,873, 4To TOBOPUT O XOPOIIEM
Ka4ecTBe KJlacCu(UKaTopa.

B npoBeneHHOM HCClIeIOBaHUM COCTaB AOOPOBOJIBIIEB MO TPYIIaM YYaCTHUKOB COMOCTaBHM IO Oy
u Bo3pacTy. Ha HauajgpHOM 3Tane ucciaeoBaHus U3yvanach BO3SMOKHOCTh HCIOIb30BaHMUs CUTHAIBHBIX MAT-
TEPHOB BBIIBIXa€MOI0 BO3LyXa i A hepeHIraiy 310pOBbIX 100POBOJIBIIEB U MAIUEHTOB C MTaTOJIOTHEH.
[TosTOoMy Bech HaOOp JaHHBIX O 1OOPOBOJBIAX MPH O0YYCHUH U NPUMEHEHHH HEHPOCETEBOIrO Kiaccu(uka-
TOpa He MPUMEHSUICS. B fanpHeleM y4eT TOMOoMTHUTENbHBIX CBEJCHNH, TAKUX KaK (pakT KypeHHus, MO, BO3-
pacT, JIoKanu3alus OMyXoJIeBOro mpolecca, cTaaus 3a0ojeBaHusi, PakT ynmoTpeOICHUH aKOTOMsl, a TaKxKe
JUTMTEIIbHBIA MPUEM JICKApCTBEHHBIX IMIPErnapaToB MO MOBOLY BO3MOXKHBIX MMEIOMIMXCA XPOHUYECKUX 3a00-
JIeBaHUH U Ap., pu 00pabOTKe NAaHHBIX MO3BOJMT YIYUIIUTh pabOTy HEHPOHHON CETH MpH KiIacCH(UKaUK
JOOpOBOJIBLIEB U METOJIMKY MPEABAPUTEIBHON JUATHOCTUKHU B LIETIOM.

3akioueHmne

B pabote mpemioskeHbl aITOPUTM M apXUTEKTypa HEHPOHHOW CETH Ul CO3IaHUsl MPOrpaMMHOIO
KOMIUIEKCa HeHpOoceTeBON KiacCU(pUKAMN JaHHBIX a30aHAIMTHYECKOTO 00CIeIOBAaHNS IbIXaTeIbHON CHCTe-
Mbl. [IporpaMmHbIii KOMILTIEKC obecriednBaeT 00paboTKy JaHHBIX, (POPMUPYEMBIX C TIOMOILBIO CIICLUATN3UPO-
BaHHBIX YCTPONCTB aHaJIM3a COCTaBa [a30BOM CMECH B BBIIBIXa€MOM BO3Iyxe. B kauecTBe 4yBCTBHTENBHBIX
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AJIEMEHTOB B Ka)X/IOM OTAEIHHOM YCTPOMCTBE NMpPUMEHSETCS HAOOP HECENEKTUBHBIX ITOIYIPOBOIHUKOBBIX
ra3oBbIX JaTYMKOB, CHHXPOHH3MPOBAHHBIX MEXIY CO0O0W M pabOTarolUX B PEKUME TEPMOIMKIUPOBAHUS.
[IpenmMy1iecTBa CO3MaHHOTO MPOTPAMMHOTO KOMITIEKCA 3aKIIOYAI0TCS B aBTOMATH3AIMH OMepanuii mo 00-
paboTKe JaHHBIX 3a CYET WHTETPallid HHCTPYMEHTOB CHCTEMBI yIIpaBJiIeHHs 0a30i JaHHBIX U HEHPOCETEBOTO
aHaJM3a JaHHBIX. JTO MO3BOJISAET CTPYKTYPHPOBATh 3alUCcH B 0ase, mepeodydaTh U 1000y4aTh HEHPOHHBIE
CeTHU IIPH YBEJIWYEHUH 00BbEMOB JAaHHBIX C MPOOaMHU BBIABIXaEMOT'0 BO3MyXa, YTO, B CBOIO ouepens, odecre-
yuBaeT GpopmMupoBaHHE PabOUNX HEWPOHHBIX CETEW IS MEJICBBIX MEIUIIMHCKUX MPHUOOPOB MpEIBApUTENb-
HOW JMAarHOCTUKHU 3a00JIEBaHUH JIBIXaTEIFHONW CHCTEMBI. B HallleM ucClieZloBaHUU MPOTPaMMHBIA KOMILIEKC
OpUMEHSIICS U1 00pabOTKH NaHHBIX OT MPOO BBIIBIXa€MOTO BO3/AyXa, OTOOPAaHHBIX y 3I0pPOBBIX A00pO-
BOJIBLIEB U TIAIIMEHTOB CO 3JIOKAY€CTBEHHBIMUA HOBOOOPAa30BaHUAMHU Opo(apHHreabHOM 00JI1aCTH U TOpTaHH.

Bcenenctere MOMHOCBI3HOCTH HCKYCCTBEHHOM HEMPOHHOM CETH alTOpPUTMHYECKas CIOKHOCTh BBIYHC-
JICHWH MPOMOPIIMOHANBHA KBaJIpaTy YMCIIa HEHPOHOB, YTO BJIEYET 32 COOON 3HAYMTENbHBIE BPEMEHHEIC 3a-
TpaTbl Ha 00yueHue cerei Oombmoro pasmepa [14]. [lockonbky o0ydeHre HEHPOHHOM CEeTH BKIIIOYAET B ceOsl
0O0JIBIIIOE KOJIMYECTBO HEOOXOAUMBIX MAaTEMAaTHUECKHX OIMEPalnii, KOTOPBIE MOIIAI0TCS paclapalieIiBaHHIO,
IIPH AaJbHEHIIEM Pa3BUTHH POTPAMMHOTO KOMIUIEKCa HEMpOCeTeBO! Kiaccu(UKaUy TaHHBIX Ta30aHaNH-
THUYECKOT0 00CIIEOBaHMS JBIXaTENIbHOW CHCTEMBI HEOOXOAMMO 3aJI0KUTh (DYHKIIMK MPOBEICHHS PACUETOB
C TPUMCHEHHEM BBIUYMCIUTEIBHBIX PECYpCOB TIpadHUECKHX YCKOPUTENIEH M MpOrpaMMHON OMOIHOTEKH
CUDANN.

Ha Texymiem stame mccieoBaHUs MONTYYEHHBIE MOKA3aTENd YyBCTBUTENBHOCTH M CIEUU(DUIHOCTH
COIIOCTaBHMBI C COBPEMEHHBIMH BBICOKOTOYHBIMH PEHTI'€HOJIOTHYECKIMH METOAAMH JWAarHOCTHKH OITyXO-
neit merxarensHbx myTeit (MPT, CKT, I19T) [13, 17]. HocturHyThle mokaszarenu YQPeKTUBHOCTH HeWpoce-
TEBOr0 Kjaccu(ukaTropa MaHHBIX Ta30aHAIMTHYECKOTO OOCIENOBAaHMS AbIXaTEIbHOM CHCTEMBI OTPaKaioT
€ro MEePCIEeKTUBHOCTH B MPEIBAPUTEIHHON TUArHOCTUKE OMYXOJIEBBIX MPOIECCOB Y OOJIBHBIX PakoM opoda-
pUHTEATBHOM 00JIaCTH U TOPTaHHU.
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AHHOTamMs1. Brruncienne QyHKINE CUIMOMIA PEaM3yeTcsi METOJOM MOopa3psaHoro orobpaxenus. B pamkax
9TOTO METO/A apryMEHTHI M 3Ha4YCeHHs CHTMOU/A IIPEACTABISIOTCS B ABOMYHOM Kojie B (opmate ¢ (HhHKCHPOBAHHON
3ansToil. Kaxkaplil pa3psit 3HaUSHHsT CHTMOHIA OTAEIICH OT APYTHX M NPeCTaBIsieTcs: B BUE OyieBoil (GyHKIMHU OT pas-
PSIOB apryMeHTa W €€ TaOJIUIbl HCTHHHOCTH. OLCHNBAIOTCSI BOZMOXKHOCTH PEaM3allii BEIYUCIUTENCH pa3psiioB
3HaueHnit QyHKIMM curmounsia Ha Giokax nporpammupyemoit oruku [IJIMC. Ananmu3upyertcs 1Ba crocoda peannsa-
I[UM: Ha OCHOBE TaOJHI] HCTUHHOCTH U Ha OCHOBE MHHHMHU3HPOBaHHBIX OyneBbIX (QyHKImA. Bo Bcex peann3oBaHHBIX
CXeMax apryMeHTHl U 3Ha4eHHs (QYHKIMU CUTMOHJIAa HMEIOT PAaBHYIO IPYT IPYTY pas3psaHocTb. CXeMEI, pean30BaH-
HbIE 110 TabJIMI[aM UCTUHHOCTH, UMEIOT Pa3psaHocTH oT 6 1o 11 6ut. [lokazaHo, YTO BBIYMCINUTEIN OTACIBHBIX pa3-
PSIOB 3HAUCHUIT (DYHKINUU CHTMOWAA NpU 7- U 8-pa3psIHOM IPEICTaBICHHH apryMeHTa MOTYT Pa3MeMaThesl BCETO
Ha ogHoM Onoke ITJIMC u BBINONHSIOT BBIYMCICHHS 32 HauMeHblee BpeMs. [Ipe/uioKeHHbI BapUaHT peatn3aini
BBIYHCITUTEIISI CHTMOUIHOM (DYHKITMHM MOXKET HCIIOIB30BAaThCSA B COCTaBe OOYYEHHBIX HEHPOHHBIX CETEeH, peanmsye-
MBIX aIapaTHo.
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Realization of the sigmoid activation function for neural networks
on current FPGAs by the table-driven method

Inna V. Ushenina
Penza State Technological University, Penza, Russian Federation, ivi23@yandex.ru

Abstract. In the work, the sigmoid function is implemented using the bit-level mapping method. Within this
method, inputs and outputs of the sigmoid function are represented in binary code in fixed-point format. Each output
bit is separated from others and represented by a Boolean function of the input bits or its truth table. The possibilities
of implementing sigmoid function output bit calculators on FPGA programmable logic blocks are assessed. Two imple-
mentation ways are analyzed: on the base of truth tables and on the base of minimized Boolean functions. All imple-
mented circuits have equal bit widths of inputs and outputs to each other. The circuits based on truth tables have bit
widths in the range of 6 to 11 bits. It is shown that the sigmoid output bit calculators of 7- and 8-bit inputs occupy just
a single programmable logic block and make calculations in the shortest time. The proposed variant of the sigmoid
function calculator can be used as a part of trained neural networks implemented in hardware.
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BBeaenune

OOyueHre U pa3BepThIBAHNE HEMPOHHBIX CeTel Ha armapaTHOW IuratdopMe ¢ BO3MOXXHOCTHIO MAacCHB-
HO-TIApAJIIETHHBIX BBIYUCICHUI 3HAYUTENFHO YKOHOMHUT BPEMsI BBIUUCIIEHHH, a TAK)KE ITO3BOJISIET BBITOJHSTH
WX B peadbHOM MacmTade BpeMeHH. JlocTymHOW maTOpMOM, MO3BOJISAIONEH OCYIIEeCTBIATh MAacCHBHO-
napajienbHble Berancienus, spaatorcesa [IJINC.

B HeHpOoHHBIX CEeTSIX THIA «MHOTOCIOWHBIN MEePCENTPOH», 00yUYAOIINUXCS 0 aITOPHTMY OOpaTHOTO
pacmpocTpaHeHUs OIHUOKH, B KadecTBe (DYHKITUN aKTHBAIMK HEMPOHOB YaCTO UCTIOIB3YETCS CUTMOW/T

1
()= 1)

Orta ¢yHKUIMS UMeeT noaxoasauyio Gopmy, HenpepbiBHO Auddepenpyema u TpedyeT HeOOIBIINX JOMO-
HUTEJBHBIX aNapaTHBIX 3aTpaT Ha BEIYMCIICHHE TIPOU3BOAHON, HY )KHOW IPH 00yUEHHH.

B HacTosimmee BpeMmsi yalle BCEro HCIOJB3YETCS TPU METOJAA BBIYMCICHUS (YHKIUM CHUTMOMJAA Ha
ITIJINC, xaXaelif 13 KOTOPHIX ITO3BOJISET OOOWTH BBHIYHCIICHHS YaCTHOTO M SKCIIOHEHTHI, HAIIPsAMYIO HE pea-
nuzyembie Ha coBpemeHHbIX TTJINC.

Hawuboinee pactipocTpaHeHa anmpoKCHMAIINS CHTMON/IA, B YaCTHOCTH KyCOUHO-JIMHeHHas [ 1-4], korma
CUTMOUJ 3aMEHseTCcs HabOpOM anmpoKCUMUPYIOIIHUX OTpe3koB. HemocTaTkom merona SIBIAETCS IOMOJIHU-
TeJbHAs TOTPEITHOCT BRIUNCICHUI; IpenMyIiecTBOM IpH peanu3anun Ha [TJIMNC — HeboIbpII0e KOMHMIecTBO
YMHOXHUTENEN WiIu Jaxke uX orcyTcTeue [1, 2].

Merox CORDIC (COordinate Rotation DIgital Computer) 3axio4aercsi B MOCTEIICHHOM MPHOJIIKE-
HUH K BBIYUCIIEMOMY 3HAYCHHUIO 33 CUET MOCIIEeI0BATEIbHOCTH IIOBOPOTOB BEKTOPA U YTOUHEHHUS €r0 KOOp-
JWHAT. BBIYUCIHMTENb TAKOTO THIIA COIEPIKUT TOJIBKO PETHCTPBI CIBUTA M YCTPOUCTBA CIOKECHHS / BHIYMTAHHS
u He TpeOyet ymHoxutenel [5]. Merog CORDIC moxeT 00ecieduTh BHICOKYIO TOYHOCTh PE3YIIETATOB BBI-
YHUCIIEHUH, HO 3a CYeT OOJBIION JAaTEHTHOCTH CXEMBI, TaK KaK KakJI0€ YTOYHEHHE pe3ynbrata Tpedyer 1o-
MOJHUTEILHON UTEpallMU BHIYUCICHUMN.

B pamkax TabIIYHOTO METOa BBIYMCIIUTENh MPEACTABIsIET cO00i GIIOK OmepaTnBHOW MaMATH, XpaHi-
LM 3apaHee paccuynTaHHbIe 3HaueHus QyHKun [6—8]. Ha ero agpecHbie BXOIBI MOIAIOTCS 3HAYEHUS apry-
meHTa. [IpenMyIecTBa MeToa — MEHbINAs TOTPEIIHOCTh BBHIYHCICHAN TI0 CPaBHEHHIO C allIPOKCHMAIIHEH,
a TaK)Kke BBICOKAasi CKOPOCTb, CBSI3aHHAS KaK C OTCYTCTBHEM JIATEHTHOCTH, TaK U C TE€M, YTO BpeMs JIOCTyIa
K TIaMATH, KaK MPaBUIJIO, MEHbIIIE BpeMEHHU BbruncieHns. OIHAKO ¢ yBETHYCHNEM Pa3psATHOCTH BBIYUCICHUH
Tpebyercs Bce Oonpimii 00beM maMaty, kotopoit [IJIMC umerotT BecbMa OrpaHUYeHHBIE 3aI1achl.

Pa3HoBUAHOCTE TAOIMIHOTO METO/Ia — METOJI Opa3psaHoro oTobpakenws [9]. B pamkax 3Toro Meto-
Jla apryMEHTBI M 3HAUCHHS CUTMOMJIA MPECTABIAIOTCS B IBOMYHOM Koze B ¢opmare ¢ pUKCHPOBAHHOM 3a-
nsTod. Kaxkaplid paspsig 3Ha4eHUs CHIMOHJA OTACJSIETCS OT IPYTUX M NpeACTaBisieTcsl B BHAE OyJeBOM
(YHKIMY OT pa3ps0B apryMEHTa WK €€ TaONUIbl HCTHHHOCTH. Pa3psaiHOCTh apryMeHTa BIHsET Ha pa3Mme-
PBI TaOJIMIl HCTHHHOCTH M CJIOXHOCTB OyneBbIx ¢yHKuui. [Ipumenurensro k peanusanun Ha [TJIMC nopas-
psiIHOE OTOOpaKEHHUE JaeT MPEUMYIIECTBO M0 CPAaBHEHHIO CO CTAHIAPTHBIM TaOJIMYHBIM METOIOM: TpU pa-
00Te C OTHEIBHBIMH pa3psjgaMyd MOXKHO OCBOOOUTh Oounyto namsath [IJIMC u peann3oBaTh BBIYUCICHUS
Ha PacIpee/ICHHON mamsTH — Tabau4HbIX mpeodpasosarensix (Look-Up Tables, LUT), kotopsie umerorcst
Ha [IJIMC B 607bI1I0M KOJIMYECTBE B COCTaBe OJIOKOB IMPOTrpaMMHUPYEMO JIOTHKH.

B [9] u mocnenoBaBinx 3a Helt padorax [10—12] oTaensHbIE pa3paasl 3HAUCHUH (PYHKINH aKTHBAIH
BBIYHUCISIFOTCS TIO0 OyJIEBBIM (YHKIHSIM, TPEICTABICHHBIM B MHHUMAIbHOH TU3BIOHKTUBHONW HOPMAaIbHOU
¢dopme (MAH®D). Cxembl BeIUMCIUTENCH UMEIOT Pa3psAAHOCTD HE Oojee 7 OUT, IpU KOTOPOH OyneBbl (yHK-
UM IOCTATOYHO MPOCTHI U Peau3yIOTCsl Ha MajoM KoJludecTBe pecypcoB. B [13] mokazano, yto B 0OyueH-
HOW HEHPOHHOW CETH Pa3psIHOCTb BBIYUCIHUTENS (PYHKIMHA CUTMOHIA AOJDKHA OBITH HE MeHee 7—8 OUT, Tak
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KaK UMCHHO IIpH 3THUX Pa3psAAHOCTAX MNPOHUCXOAUT PE3KOC CHUIKCHHC CpeﬂHeKBaﬂpaTH‘lCCKOﬁ OIIIMOKU BBI-
XOIHBIX CUTHAJI0B B CJIOAX HCﬁpOHHOﬁ cern. Tam xe IIOKa3aHoO, 4TO 06yLIGHI/Ie HeﬁpOHHOﬁ CETHU U NOCTHIXXKEC-
HHE OKECTKOI» CXOOAUMOCTH, TO €CTh YCIIOBUSL

Ity —xj|<27* )

TpeOyeT pa3psaIHOCTH BBIYUCICHUI QyHKIHK curmomnnaa He menee 9—10 Out. 3xmeck tj — meneBoe 3Ha4YeHHE
J-TO HelpoHa BBIXOIHOTO CJIOSI CETH, XL j — 3HAYE€HHUE BBIXOJHOIO CHTHANA j-TO HEHPOHA BBIXOIHOTO CJIOSI CETH,
L — KoIMdecTBO CII0E€B HEUPOHHOU CETH.

Od4eBHIHO, YTO TIOBHIIICHUE PA3PSIIHOCTH BHIYMCICHUH 3HAYUTEIHHO YCIOXKHAET OyJeBsl (PYHKINU H
MOXET clIeJaTh CXEMbI BBIYMCIUTENEH IPAKTUUECKU HEPEATU3YEMBIMH U3-3a BO3POCIIENH PECYPCOEMKOCTH.

JI1s HepOHHOM ceTH, pa3BEPHYTOH MIIH 00yUaIOMmIEHCs armapaTHO, BAYKHBI TAK)KE BPEMS BEIYHCIICHUN
Y aHaJU3 BKJIA/a B 3TO BPEMS Pa3IMYHBIX BIHAIOMUX (DAaKTOPOB: pa3psSAHOCTH BBIYHCIHUTENS, BPEMEHU pa-
OOTBI JIOTHYECKHX 3JIEMEHTOB, 33J€pPKEK PACcTIPOCTPAHEHUSI CUTHAJIOB TI0 COSAMHEHUSAM MeXIy HUMH. B pa-
6orax [9, 11, 12] pecypcoeMKOCTs U BpeMs BBIYMCICHUN MPUBOIATCS A 7-OUTHBIX BBIUMCIHTENEH; KpOME
TOTO, QYHKITUEH aKTUBAIIMK HE BCET/IA SBIISIETCS CUTMOW/I, a IeJIeBbIM ycTpoiicTBoM — [TJIWC.

B nanHO# cTaThe MpeAcTaBICHBI M MPOAHAIN3UPOBAHBI CXEMbI BBIUUCINTENEH OTIACIBbHBIX Pa3paI0B
3HaYeHUH QYHKINM CUTMOUWAA (Jajiee — BEIYMCINTENEN) pa3paaHOCTIO OT 6 1o 11 6ur, paboTaromue MeTo-
JIOM TIOpa3pAIHOTo OTOOpakeHUs U pealn30BaHHbIE Ha Ojokax mporpammupyemoit soruku [IJINC. Ananu-
3UpyeTcs ABa crocoba peann3anny: Ha OCHOBE TaOJIHIl MCTHHHOCTH U HA OCHOBE MUHUMHU3HUPOBAHHBIX OyJie-
BbIX (hyHkmmii B MJIH®. [ kaxmoil cXeMbl OMydeHbl XapaKTEePUCTUKH PECYPCOEMKOCTH, TaKHUE KaK Tpe-
OyemMoe KOIM4YeCTBO OJIOKOB MPOrPaMMHUPYEMON JIOTHKH, TAOIUYHBIX Tpeobpa3oBaTesnei, MyJIbTHILIEKCOPOB,
U BpEMEHHEBIE XapaKTepUCTUKH, BKIIOUasl O0IIee BpeMsl BHIYMCICHUS U 3a[€PKKY PaclpOCTpaHEHUsI CUTHA-
JIOB IO COETMHEHHSIM MEXAY JIOTHYECKHUMHU JIEMEHTaMH.

Peanuzarust u ananu3 cxeMm Beruuciutened BoimonHeHbl Uit 1Byx [TJIMC — XC7A200 cemeticTBa
Artix7 or Xilinx m GW2AR cewmeiictsa Arora or Gowin Semiconductor. PecypcoeMKOCTh U BpeMsl BBIYHC-
JICHHsI OLICHUBAJTKCh C UCIIOJIb30BaHUEM BCTPOCHHBIX cpencts maketoB Vivado IDE u Gowin EDA.

1. Pecypcsl coBpeMeHHbIX IIJIMC 1 BhIYHC/IeHNe GYHKIMHA CHTMOMIA

Ocunognoii pecypc [TIJIUC — maccuB 0110K0B porpaMMHpyeMoi Jtoruku. Ha3zeanue Takux OJOKOB 3a-
BucuT ot npousBouress: y Xilinx/AMD sto kondurypupyemsie soruueckue Onoku (Configurable Logic
Block, CLB), y Gowin — kon¢wurypupyemsie O6ioku Beruucienus ¢yunkuuii (Configurable Function Unit,
CFU) u t.1. Ins peanu3auny KOMOMHAIIMOHHBIX CXEM 3TH OJIOKU COAEPIKaT CIEAYIOLINE PECYPChI:

1. LUT — neGonpure 0JI0KH ONepaTUBHON NaMATH, TO3BOJISIONINE Pealn30BaTh TAOIUIy HCTUHHOCTH
WM UMHTUPOBATh PabOTy KOMOMHALMOHHOH JIOTUKH NPH BBIYMCIICHUH OyneBbIX QyHKUUH. BxoaHnbie curna-
ae1 LUT sBisitoTcst agpecoM HyKHOM s4eiiku, rae xpanurca | Out nnpopmanun. B cospemennbix TIJIMC
KonnuecTBO BX0a0B y LUT 00bIYHO paBHO YeTHIPEM MM LIECTH.

2. 2-BXOJI0BBIE MYJIbTUILIEKCOPHI, KOTOPBIE COEUHEHBI ¢ Bbixogamu LUT.

3. Jloruka nepeHoca: 2-BX0JI0BbIe MYJIbTUIUIEKCOPHI M 2-BXOJOBBIE 3JIEeMEHTHI «uckiodaromee NIy .

[TockonbKy BBIYMCIIEHHSI BBIOJIHSIOTCS OTACIBHO JJISI KaXKAOTO paspsaa 3HAUeHUs QPYHKIUH CHUTMO-
una, 1-outHas pacrpeneneHHas naMsaTh, T.e. LUT, u npumbIkaronye K Heit MyJIbTHIUICKCOPBI MOTYT yJIOOHO
UCTIONIb30BATHCS ISl pEaTM3allii CXeM BBIYMCIHTEICH.

Tak Kak cUTMOMJ — CUMMETpHYHAs (QYHKIHS, 37IeCh PACCMAaTPHBACTCS TOJIBKO BBIYHCICHUE PA3PsIoB
€€ 3HAUCHMH NPH HEOTPHLATEIbHBIX 3HAUYCHUAX apryMeHTa, HaxoIsaIuxcs B quanasone [0; 8). Beruncienus
IIpY 3HAYCHUSX apryMeHTa B auanaszone (—8; 0] MoryT OBITh BHIIIOJHEHBI aHAIOTHYHO HIIM C UCIIOJIb30BaHHU-
€M CXeMbI BBIYHTAaHU, paboTaroIe coriaacHo Gopmyie

s(x) =1-s(x]). 3)
B HaCTOHH_ICI\/'I pa60Te 9TOT BOIIPOC HE pacCMAaTpPUBACTCA.

B pabote npeacTaBieHbl CXeMbl BBIYUCIUTENEH pa3pagHocThio oT 6 1o 11 6ut. Bo Beex cxemax apry-
MEHTBI U 3HA4YeHUs (YHKIHH UMEIOT PaBHYIO APYT APYTy paspsaHOCTb. B mpeacTaBieHHH apryMEHTOB W3
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BCEX HMEIONINXCS Pa3psapoB TPU CTapIIUX NPEICTABISIOT IENYH YacTh, OCTAIbHBIE — IAPOOHYIO YacTh.
B npencraBnennu 3HaueHni pyHKIIUU CUTMOMIA, HAXOSAIINXCS TP HEOTPUIATEIHHBIX apryMEHTaxX B JHa-
nazoHe [0,5; 1), Bce umeromumecs pa3psasl IPeACTaBISIOT IPOOHYIO YacThb.

TaOnumpl UCTHHHOCTH JUIS pEalI3alldid CXEeM BBIYHCIHUTENICH MEePBBIM CIIOCOOOM COCTaBISUIACH MO
TabIUIIaM apryMEHTOB CHUTMOHWJA M COOTBETCTBYIOIIMX MM 3HA4YEHHH, MPEICTABIEHHBIX B JBOMYHOM KOJE
C HYXHOU pa3psaHOCThio. 110 momy4eHHbIM TabiuiaM HCTHHHOCTH OTPEAEIISUINCH KOJOBEIE CIIOBA, 3aMUCHI-
BaeMbie B LUT. bByneBol dynkimu B MJIH® nns peanuszaiiyu cxeM BIYUCIUTENIEH BTOPHIM CIIOCOOOM OBbLITH
MIOJTy4eHBI TI0 COOTBETCTBYIOIIMM WM TaOJHWIIaM WMCTUHHOCTH C KCIOJNb30BaHWEM anroputma KyaitHa—
MaxKnacku. Onrcanue Bcex cxeM BBITOJIHEHO Ha si3bike VHDL.

2. Peanm3anusi BbIMMCIATENIEH M0 TA0IHIIAM HCTHHHOCTH (TIEPBBIii C1I0C00)

Bo muorux ITJIMC LUT u MyIsTHITIEKCOPEI MOTYT OBITH COCIMHEHBI, KaK IOKa3aHo Ha puc. 1, ¢ moiry-
YEeHUEM CTPYKTYp, YAOOHBIX [UIsl pealn3alliy BBIYUCIUTENCH 1Mo TabnuuamM UCTHHHOCTH. [1pu 3TOM aapecHsI-
mu Bxojgamu LUT OynyT 4 unm 6 mMimaammx paspsiioB apryMeHTa (DyHKIIUM CUTMOW/A, a YTPaBISIOIINMHU
BXOJIaMHU MYJIBTUIUIEKCOPOB — OCTABIIUECS CTAPIIUE Pa3psbl.

CFU TIJINC GW2AR conepxut Bocemb 4-Bxon0Bbix LUT (cm. puc. 1, @), 3naunt Ha ognom CFU
MOXeT OBITh pa3MelleHa He Oojiee ueM 7-pa3psmHas Tadnwma UCTHHHOCTH. 1 peanusanuu 8-pa3psaHoin
TaOIUIBl UICTUHHOCTU MoHagoouTcs nBa CFU (puc. 2), Ha KOTOPBIX pa3MeacTcsi IPUMUTUB 8-pa3psHOTO
TabmaHoro npeoodpaszoBarens LUTSE. 1o Bo3MoXkHO, Tak kKak kaxapiii CFU conepxuT 8 My IbTHILIEKCOPOB.

—LUT4 1MUX2
—LUT4| MUX2 -
- /( —LUTe| | MUX2
_ MUX2 m
—LUT4 B
MUX2 —LUT6 MUX2
—LuT4| M —
-] MUX2 — MUX2
—LuUT4 —LUT6
= It MUX2 —LUT6
| MUX2 B
—ILUT4
—|LUT4 a b

Puc. 1. LUT 1 MyJbTHILIEKCOPHI B OJI0KaX MpOrpaMMUpPYeMOii JToruku: 4-BxooBbie LUT 1 2-BX0IOBBIE MYJTBTHILIEKCOPHI
B CFU IVTMC GW2AR (a) u 6-BxonoBbie LUT u 2-BxonoBbie Mynbsrumiekcopst B CLB TIJIMC XC7A200 (b)
Fig. 1. LUTs and multiplexers in programmable logic blocks: 4-input LUTs and 2-input multiplexers in CFUs of GW2AR FPGAs (a)
and 6-input LUTSs and 2-input multiplexers in CLBs of XC7A200 FPGAs (b)

st Beruucnuresnel 0oMbIIei pa3psiIHOCTH HY>)KHO HECKOJIbKO TpuMHUTHBOB LUT8, BBIX0IBI KOTOPBIX
JOJDKHBI TTOCTYNATh Ha MyJbTUIUIEKcOop. B Tabn. 1 mpeacraBieHbl XapaKTEPUCTHKH CXEM BBIYHCIUTENCH
paspsaaHocTeio 6—11 6ut, peannzoBanabix Ha GW2AR mo TabnunaM HCTHHHOCTH. Brrancnurenu paspsaHo-
cTbto 6 u 7 6ut ymemarorcs B onud CFU, u 3aepkku pacpocTpaHeHHsI CUTHaJIa 110 BHYTPEHHUM COEIMHE-
HusiM CFU oka3pIBaroTcst paBHBIMHU HYJIIO. 8-pa3psIHbIi BEIYKCINTENb peann3oBad Ha AByxX CFU u, BeposTHO,
COCTMHEHHE MEXK/y HUMH UMEET HEHYJIEBYIO 3aePKKy, HO JJIsl IPUMHUTUBOB (B 1aHHOM city4ae s LUT8)
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BPEMEHHOH aHaIM3aTop COOOMIAaeT TOMBKO olmIee BpeMs 3a1epKKH (B JaHHOM ciy4dae 1,638 Hc). Berancnu-
TN ¢ pa3psmHocThio 9, 10 u 11 OuT comepkar cooTBeTcTBeHHO 2, 4 1 8 mpuMuTHBOB LUTS, BBIXOIBI KOTOPBIX
MOCTYIIAIOT COOTBETCTBEHHO Ha 2-, 4- 1 §-BXOZ0BOH MYJIBTHILIEKCOP, peaIn30BaHHBIN eue Ha ogHoM CFU.

LZ

3
L
|
|
|
|

|
n
|
|
|
L]

Puc. 2. Pesynbrat pasmenienus Ha 18yx CFU 8-pa3spsanoit Tabnuusl netuHHOCTH. @parMenT nzobpaxenus kpucramia GW2AR
B3sT U3 penakropa FloorPlanner cpexsr Gowin EDA. TTokasaust 4 CFU. 1 — LUT4, 2 - MUX2, 3 — peructpsl. 3austeie LUT
BBIZICJICHBI PEAAKTOPOM. 3aHATBIE MYJBTUIUIEKCOPBI PEIAKTOPOM HE BBIACIIAIOTCA
Fig. 2. Result of mapping an 8-bit truth table on two CFUs. The piece of GW2AR device image has been taken
from Gowin EDA FloorPlanner. Four CFUs are shown. 1 — LUT4, 2 - MUX2, 3 - registers. The occupied LUTs
are colored by FloorPlanner. The occupied multiplexers remain uncolored in FloorPlanner

Tabnuma 1

XapakTepuCTHKH BbIYHCINTEJIEH, peaJn30BaHHbIX 0 Tabauuam ucruanoctn na [JIMC GW2AR

PaspsmHOCTB, OUT Kon-so CFU OO6miee BpeMs BEIYUCIICHUS, HC 3azepkKa 1o COeTMHEHUSIM, HC
6 1 0,780 0
7 1 0,864 0
8 2 1,638 -
9 5 1,887 0,403
10 9 2,369 0,679
11 17 3,092 0,645

CLB TINIMC XC7A200 comep:xat detbipe 6-BxomoBbix LUT u Tpu Mmymsrumiekcopa (cm. puc. 1, b),
3rHauuT oauH CLB mo3Bonut peanusoBarh He Oosiee yeM 8-paspsaHyro Tabauiy uctuHHocTd. Ha puc. 3
MpeICTaBJIeH pe3ybTaT pasMerienus Ha pecypcax CLB ITJIMC XC7A200 8-pa3psigHoii TaOJIMIbl HCTHHHO-
CTH, KOTOpasi peanm3oBaHa Ha deTelpex mpumutuBax LUT6 m Tpex mympTHmiekcopax. s peammsanun
9-, 10- u 11-pa3psaHbIX TAOJUI] KICTUHHOCTH NOTPeOyeTcs COOTBETCTBEHHO 3, 5 u 9 CLB, u3 korophix Ha
onHoMm CLB peanuzoBan 2-, 4- u 8-pa3psaHbIil MyJIBTHILIEKCOD, & OCTAILHBIC PEATU3YIOT 8-pa3psaHble Ta0-
JIUIBI ICTUHHOCTH OT MJIAJIIIMX Pa3psiioB, Kak MOKa3aHo Ha puc. 3.

D
e
=)
‘T[ /
1]

b

CIE EAE
] i |
4
‘}‘;‘i‘[l F}
[0 030

3>

(0]
E=)
0]

Puc. 3. PesynbraT pasmenienus Ha ognom CLB 8-paspsianoit Tabnuupt uctuaHoctd. @parment nzodpaxenus kpucrauia XC7A200
B3sT U3 penakropa FloorPlanner Vivado IDE. TTokazano 2 CLB. 1 — LUT6, 2 — MUX2, 3 — noruka nepeHoca, 4 — perucTpbl.
3ansaTeie LUT 1 MyJbTUIUIEKCOPBI BBIIEIEHBI PEIAKTOPOM
Fig. 3. Result of mapping an 8-bit truth table on a single CLB. The piece of XC7A200 device image has been taken
from Vivado IDE FloorPlanner. Two CLBs are shown. 1 — LUT6, 2 - MUX2, 3 — carry logic, 4 — registers. The occupied
LUTSs and multiplexers are colored by FloorPlanner
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TaGnuna 2

XapaKTepUCTHKH BbIYMCINTeEIEi, peaJu30BaHHbIX M0 Ta0auuam uctunnoctu Ha IIJIMC XC7A200

PaspsimHOCTB, OUT Kon-so CLB Oo1iee BpeMsI BEIYUCIICHUS, HC 3azepKka 1o COeIMHEHUSIM, HC
6 1 0,199 0
7 1 0,257 0
8 1 0,324 0
9 3 1,134 0,55
10 5 1,294 0,710
11 9 1,231 0,5

XapakTepUCTUKH CXEM BBIUMCIHTENEH C paspsaHocThio 6—11 Out, peanmmusoBanHbix Ha I[IJIMC
XC7A200 mo TabyimiaM UCTUHHOCTH, MPEACTaBICHBI B Ta0a. 2. Beiuuciurenu pa3psaHocTbio 6—8 Out 3a-
uumatoT oauH CLB, npuyem Beixomsl LUT coenmnHSAIOTCS TOJBKO C BXOJIAMHU MYJILTHUILUICKCOPOB. 3aJIePiKKH,
BHOCHMBIC 3TUMHU COCIMHCHUSMHU B PA0OTY BBIYUCIUTENS, PABHBI HYJIO. 3aJICPKKH PACIPOCTPAHCHUS CHUT-
HAJIOB 110 COEJMHEHUSM, yKa3aHHbIC B TaON. 2 JUIs BHIYUCIUTENEH pa3psaHOCThIO Ooiiee 8 OWT, COOTBET-
CTBYIOT coequHeHusM Mexy CLB.

3. Peanu3anus BbIYHCINTE/Iel 10 MUHUMH3UPOBAHHBIM 0yJieBbIM GyHKIUAM (BTOPOIi criocod)

U3 tabn. 1 u 2 BUAHO, 4TO, KOTJa BHIYMCIUTENH IEPECTAIOT IOMEIIATLCS B OAHOM OJIOKE POrpaMMH-
pYyeMOH JIOTHUKH, yBeTHYEHHE TOYHOCTH Ha OJUH pa3psi MPHUBOAUT K YBEJIMYECHHUIO PECYPCOEMKOCTH Oonee
4yeM B J1Ba paza. Ha mpumepe 9-pa3psaHbIX BHIYUCIUTENCH IPOBEPUM, YAACTCS JIU CHU3UTh PECYPCOEMKOCTD
CXeM, €CIIM Pean30BbIBaTh X HA OCHOBE MUHHMHU3UPOBaHHBIX OyieBbiX (yHkimii B MIH®, npencraBieHHbIX
B Ta0m. 3. Crapmmii, 9-i pa3psn aprymMeHTa QyHKIUM cUrMouza B Tabi. 3 o0o3HaueH OykBoi &, 8-if paspsa —
OykBoii b u 1.1. TlepBHIii TTOCIIE 3aMATON pa3psa 3HAUEHHS PYHKIMH curMonaa 006o3HaueH S1, BTopoii — S2 u
T.1. IIpy HeoTpHLATENbHBIX 3HAUYEHHUSX aprymMeHTa Sl Bcerma paBeH enuHMue. Paspsa S2 mpenctaBisiioT
6 UMIUIMKaHT; pa3psia S3 — 12; nanee KOJIMYECTBO MMILIMKAHT MOCTEINIEHHO HApacTaeT U JOXOAUT A0 64 s
paspsina s9.

Tabnuma 3

MIH® GyneBbixX GpyHKIUI 1J151 BBIYUCICHHS Pa3psAI0B 3HAYEHHI CHTMOU/A ¢ TOYHOCTBIO 9 GuT

Paspsin DyHKIUS
s2 a+b+cd +ce+cf +cghi
s3 a+b+cdi +cdh + &dg + cdf + cde + cdefg + cdefh + cdefi + defgi + defgh
“ a + bc + bde + bedei + bedeh + beeg + beef + bdefghi + cefg + ceth + cefi +cde +
+bdfgh + cdf + cdg + bdefgh +cdhi + bcehi
abc + abd + abe + acde + abcfghi + abcefh + abdefgi + abdehi + bedeghi + abedefgi + bedefgi + acdefgh +
+acefghi + acdeghi + bcdefhi + bedethi + bceghi + bedegh + bedegh + bedfh + bedfg + abedefgi +

o +acdef + acdfg + acdefgi + acefgh + bedeh + abdghi + bcdefg + acfghi + abcdet + abedefhi + abdfghi +

+befghi + acdefq + beefgh + acdfgi + cdefghi + acdfi + cdefgi + befghi + beefgh + abdefgh + abdeghi +
+aCefgh + abefghi + abdefgi + abdefhi + acdeghi + bdefghi + bdefghi + abdefghi + bedethi +
+abcefghi + abdefghi + acdfh + cdefhi + adeghi + bdefgh + acefhi + abcefgi + acdfghi + bedefgh + adefghi’

Vivado IDE cuHTE3upyeT CXeMbI 0 OyIeBBIM (DYHKIIMAM, UCIIONB3YS MUHMMAJILHOE KOJIMYECTBO Pe-
cypcoB. Ha puc. 4, a—c nokazaHbl CHHTE3UPOBAaHHBIE CXEMbI BEIYMCIICHUS Pa3psiioB S2—S5, KOTOPhIE MOMe-
marotes B oqua CLB TJIMC XC7A200 u peammzoBans! Tobko Ha LUT. Tak, Beranciienue S2 MOKET OBITH BEI-
mostHeHo Beero Ha aByx LUT: LUT6, pacmososkeHHbIi Ha puc. 4, @ ciiesa, Berauciser ¢yukuuio d + e + f + ghi,
a LUT6, pacrmonoxeHHBIH crpaBa, YMHOXAaET 3Ty (GYHKIHIO Ha C U CKIaIBIBAET €€ ¢ a u b. Berancienue $3
TpebyeT Tpex LUT; Beruucienne S4 — yetsipex. Berdauciienne S5 BBITIONHSAETCS TaKOH e CXeMOH, 4To u S4.
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CxeMa, CHHTEe3UpOBaHHAs IS paspsiaa S7, mpeactaBieHa Ha puc. 4, d. Cxema ans paspsaa S6 oTiu4YaeTcs OT
npeacTaBieHHol Ha puc. 4, d Tem, uto nBa u3 mectd LUT 0O0pabaThIBatOT MSITh, & HE MIECTh BXOAHBIX CHI-
HaJIoB. Pa3psiel S8 1 S9 BeIYKMCINTE, HCTIONB3YsA MeHee Tpex CLB, He ynanocs.

d: a__| d: m
hEE Lute| B—LuTe |2 th LUT6 | [MUX2
i — i—
a d_|
= I
ZZ L = LUTS | |
h::’— R LUTe - i a—| LuTe (7
— = LUT6 | MUX2
b=jLuTe =
' d_|
¢ hz; LuTe| |
ggE LUT6 I —
h— d__
c -
gE LUT6 LuTe | h?—f LUTE
o ;
— LUT6
ght .

Puc. 4. CxeMbl BEIYHCIICHUS Pa3psaaoB S2—S7 3HaYeHHUH (QyHKIIMH CUTMOH/Ia IO MUHUMH3UPOBAHHBIM OYJIEBBIM (QYHKIHSIM,
cunresuposanusie 1t [IJIMC XC7A200
Fig. 4. Circuits for calculating the sigmoid s2—s7 bits using the minimized Boolean functions, synthesized for the XC7A200 FPGA

XapakTEepUCTUKK BBIYUCIHUTENEH pa3psiioB S2—S7, CHHTE3UPOBAHHBIX MO OyJieBbIM (YHKLUAM, Ipea-
cTaBiieHbl B Tabia. 4. OOUIyI0 pecypcoeMKOCTh BEIYUCIUTENEH pa3psanoB S2—S9 yaanock cHU3MTE ¢ 24 no 14
CLB, T.e. Ha 42% 10 cpaBHEHHIO CO CXEMaMH, BHIIIOJIHEHHBIMH 110 Ta0JIMLIaM HCTHHHOCTH.

Tabnuna 4

XapaKTepHCTHKH BBIYUCINTEIEl, peaTn3oBaHHbIX 0 GyJieBbiM pyHknusam B MJITH® na XC7A200

PecypcoeMkocTh Bpewms BeraucieHns
Pazpsn LUT6 MUX2 CLB Obee 3anepxKa pacupoCTpaHEHUS
10 COEAMHEHHSM, HC
s2 2 0 1 0,509 0,315
s3 3 0 1 0,509 0,315
s4 4 0 1 0,695 0,501
s5 4 0 1 0,695 0,501
s6 6 2 2 0,682 0,214
s7 6 2 2 0,779 0,285

Coemunenus mexxay LUT Baytpu CLB IIJIMC XC7A200 moryT OBITH peaJM30BaHbl TOJNBKO C HC-

MIOJIb30BaHUEM BHEITHUX TPACCHPOBOYHBIX pecypcoB. [loaTOMy 3aepKKH 10 COSAMHEHUSM IJIs1 BBIYUCIIH-
Tener paspsamoB S$2-S5, pasMemnarmomuxcs B ogHoM CLB, otnmunsel or Hyns. Tem He MeHee oOimee Bpems
BBIYHMCIICHUS B CXEMaX, IPEICTABICHHBIX Ha puc.4, oka3biBaeTcs Ha 31-55% MeHble, ueM B cxemax, peau-
30BaHHBIX 110 Ta0JIHUIIaM UCTUHHOCTH, 32 CUET CHUIKCHHS 33]IEPIKEK, BHOCUMBIX JIOTHYECKUMU DIIEMEHTAMH.
Jua TUIMC GW2AR peanuzanust BRIMHCIHTEICH MO OyJIeBbIM (DYHKIUSAM BO3MOXKHA MEHEe 4eM Ha
matu CFU s paspsinoB $2—S7. Cxembl Beruucnuteneit paspsaos S2 u S3 wva [NIMC GW2AR (puc. 5) otnu-
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4aroTcsl OT TeX, 4To Obuw nomydensl it XC7A200. Berancnurenu $4—S7 pealn3oBaHbl B COOTBETCTBHH CO
CXeMaMH, MpeJICTaBICHHBIMH Ha puc. 4, C, d.

PesynpraTel peamu3anuy U BpeMeHHOTO aHanu3a Beraucnutenerd s2—S7 na [IJIMC GW2AR mpusene-
HBI B Ta0I1. 5. [1o cpaBHEHHIO C MIEPBBIM CIIOCOOOM yIAlIOCh JOOUTHCS CHM)KEHMS KOJIMYECTBA HCIOJIB3yEeMBIX
CFU Ha 42%, uro coBmaaaer ¢ pesynbrarom, nocturayteiM Ha [IJIMC XC7A200. 3ametum, 94TO ISl BBIYHC-
nenus S6 tpedyercst Tpu CFU, a st S7 — geTsIpe, Tak Kak B cxeme i S6 asa u3 nsati LUT oOpabatsiBatoT
ISITh, @ HE ILECTh IEPEMEHHBIX, a 3HAUYUT, TPEOYIOT MEHBILIE PECYPCOB.

hi ]

i 51 LUT4| G LUT4
f'b_: LUT4 ecfE LUT4 2] ég 1
h': ] s3
(g LUT4 é* LUT4 LUT4%
b LUT3 (%2 | a
Z: LUT4 ig; LUT4

Puc. 5. CxeMbI BBIYHCIICHHS Pa3psIoB S2 U S3 3HAUCHUH (QYHKIIMHA CUTMOU/IA T0 MUHIMHU3HUPOBAHHBIM OYJIEBBIM (DYHKITHIM,
noayuennsie mis [IJTMC GW2AR
Fig. 5. Circuits for calculating the sigmoid s2 and s3 bits using the minimized Boolean functions, received for the GW2AR FPGA
Tabnuna 5

XapaKTepUCTHKH BbIYHCINTeEEi, peajn30BaHHbIX M0 OyiaeBbiM ¢pyHkuusam B MIH® na GW2AR

PecypcoemkocTb Bpewmst BeraucieHus
Pazpsn LUT4 MUX2 CFU Obmee 3anepxkKa pacupoCTpaHeHUS
10 COCAMHEHHSM, HC
s2 3 0 1 1,378 0,005
s3 7 0 1 1,623 0,148
s4 16 12 2 1,690 0,270
s5 16 12 2 1,690 0,270
S6 22 14 3 2,312 0,598
s7 26 18 4 2,288 0,617

Yro xacaeTcsi BpeMEHHBIX XapaKTepUCTHK, JOCTHTHYTh CYIIECTBEHHOTO BBIMTPHIIIA NIPU MEPEXoe KO
BTOPOMY CIOCO0Y peasln3allii BEIYUCIUTENEH He yaanock. J{ist pa3psaoB S6 u S7 BpeMsl BBIYMCICHHS OKa3a-
JOCh Jaxke Ooplie, YeM MpPU peann3alyy BBIYHUCIUTENCH MEepBBIM clIOcOOOM. JTO YaCTHYHO OOBICHSAETCS
TEM, YTO MPH peau3aluy 1Mo TabJIuaM UCTUHHOCTH MYTH, TI0 KOTOPBIM NPOXOJST JaHHbIE, IPOJIETaloT Ye-
pe3 tpu CFU, Ho Ha AByX M3 HuX pa3MmeleH npuMuTuB LUTS, n BHOCHMas UM 3aliepKKa MUHUMH3HPOBaHa
pou3BoAHUTENEM. TO €CTh MPOU3BOJIBHO OTHOCUTENBFHO APYT Apyra MOryT ObITh pa3meuniensl LUTS (Ha nByx
CFU) u mynsTumnexcop (Ha oqaom CFU), Mexmy koTopbiMu — 0IHO coeanHeHue. [lpu nepexo/e Ko BTOpo-
My croco0y 4acTh myTeil mpoxonut uepe3 Tpu CFU, KoTopble MOTYT pacnosiaratbesi Mpou3BOILHO OTHOCH-
TEJILHO JAPYT ApYra, U 3aJepiKKa pacHpoCTpaHEHHs MO COSAWHEHMSM OKa3blBaeTCs BblmIe. Takke 3aaepikka
pacrpocTpaHeHus yepe3 Henouky u3 Tpex npumMutuBoB LUT6—mynsTuimekcop—LUT6 npu BTopom criocobe
(cm. puc. 4, d) okaseiBaercs 6onblie, yeM yepe3 LUT8-mynpTHIUIEKCOp TTIPH IEPBOM.

Peanusanust BTOpeIM CIOCOOOM BBIYUCIHTENEH € pa3psAHOCTBIO 10 OUT MO3BOJISIET JOOUTHCS MEHbBLIEH
SKOHOMHH PECYpPCOB M BpeMeHH. V3-3a ycioxHeHus OyieBbIX QyHKIHUIT 00lIee CHIKEHHE PeCypCOEeMKOCTH
IIPU [IEPEX0/ie KO BTOPOMY CIOCOOY BBIUMCIICHUS pa3panoB S2—S6 cocrasisieT okoso 30%. Bpems Boruunciie-
HHSI OKa3bIBAETCsl MEHBIIIE IPU UCIIOJIB30BAaHHU BTOPOTO CIIOCO0A TOJIBKO IS pa3psiioB S2 U S3; BHIYMCIICHUE
OCTAJBHBIX Pa3ps0B 000MMH criocodamMu TpeOyeT NPUMEPHO PAaBHOTO BPEMEHH.

3akjaouenune

Brraucnurenu OTASNBHBIX pa3psaaoB 3HaYeHUH (PYHKIMHM CUTMOWIA MPH 7- B 8-pa3psaIHOM IIPEICTaB-
JICHAHW apryMeHTa MOTYT Pa3MemaThCsl BCETO Ha OJHOM OJIOKE MPOrpaMMHUPYEMOM JIOTHKH W BBITTOJIHSIOT
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BBIYUCIICHHS 32 HAaMEHbILEe BpeMsl. DTO CO3/1aeT XOPOIIYIO IEPCIEKTUBY IJIsl X HUCIIOJIB30BAHUS B COCTABE
00y4YEHHBIX HEHPOHHBIX CETeH, peaan3yeMbIX allapaTHo.

Boruncnennst ¢ To4HOCThIO 9—10 OUT, HyXHBIE TIPU 00yUYEHUHM HEWPOHHBIX CETEH, TPeOYIOT OOoJbIIe
pecypcoB 1 BpeMeHH. [Ipu 3TOM BBIUMCIICHHE CTApIIUX Pa3psiioB 3HAYCHWH (YHKLUUH CUTMOMIA IO Mpel-
CTaBJSIIOIIUM HMX MHUHUMM3MPOBAaHHBIM OyJeBbIM (PyHKIMAM, a HE MO TaOMUIaM HCTUHHOCTH, TpeOyer
MEHBIIIE JOTHUECKUX PECYPCOB U MOXKET COKPATUTh BPEMS BBIUYUCICHUI.
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AnHoTanus. [Ipy OCTpoeHNN TECTOBBIX MOCIENOBATENEHOCTEH TSI MHOTOBBIXOMHBIX JJOTHUECKUX CXEM OOBIU-
HO HCTIOJNIb3YIOTCSl TECTOBBIE HAOOPH! HA MHOXKECTBE BXOJHBIX NEPEMEHHBIX CXEMBI, TAKHE YTO PEAKIIMU Ha KaXKIbIi
13 HaOOPOB OTIMYAIOTCS B HCTIPABHOM U HEHCIPABHOM COCTOSTHHH CXEMBI XOTs ObI Ha OZJHOM M3 €€ BBIXOJI0B. 3HAaHHE
peakiuii Ha KaKIbIii U3 HAOOPOB MOJKET OKa3aThCsl MOJIE3HBIM IPH MOCTPOCHUH TECTOBBIX IOCIEIOBATEIHHOCTEN
C LeJIBIO BKIIFOYEHHS TOXOSIIMX HaOOPOB, OPUEHTHPOBAHHBIX KaK Ha CHIDKCHHE MOTPeOIIieMO IIPH TECTUPOBAHUHI
MOIIHOCTH, TaK UM Ha OOHapyKeHHe HewmchpaBHOCTeH. [Ipeamaraercss TOUHBIM anrOpPUTM MOHMCKA BCEX TECTOBBIX
HaOOPOB C COOTBETCTBYIOIIMMHU UM PEAKIMSIMU HCIPAaBHONW M HEHCIPaBHON CXeM. AJITOPHTM OCHOBAH Ha BBITIOJTHE-
Hun onepanuit Hax ROBDD-rpadamu, 3aBUCAIINMH TOJBKO OT BXOJHBIX IIEPEMEHHBIX, TOJIBKO OT BBIXOJIHBIX Hepe-
MEHHBIX M OT T€X M APYTUX HepeMeHHbIX BMecTe. OOCyKAaroTCsl BO3MOXHOCTH NPHUMEHEHHUS] TECTOBBIX HAOOPOB
COBMECTHO C X PEAKIMAMH C IeJIbI0 e0arruura.
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Abstract. Deriving test sequences for multi-output combinational circuits is usually connected with applying test
patterns on input circuit variables, so that the reaction on each test pattern differs at least by one output from correct
one. Finding the suitable reactions on test input patterns may be used when deriving test sequences is oriented to cut
power dissipation or to facilitate finding the circuit faults. The precise algorithm of deriving all input test patterns to-
gether with their reactions that differs fault and fault free circuits is suggested. It is based on applying operations on
ROBDDs depending on only input circuit variables, only output circuit variables and both input and output circuit
variables. Some possibilities of using input test patterns together with their reactions for debugging are discussed.

Keywords: combinational circuits; test sequences; ROBDDs.
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BBenenne

TpagunuoHHBIE MOAXOABl K TECTHPOBAHHWIO HEHMCIIPABHOCTEH MHOTOBBIXOAHBIX KOMOWHAITMOHHBIX
CXEM CBfA3aHBI C HAXOXKICHHEM TECTOBBIX HAOOPOB Ui 33aJaHHOW HEHCIPABHOCTH B BHJE MOAXOIAIIETO
MHOJKECTBA €€ BXOIHBIX HabopoB. Pa3znuuus peakunii MCTIPaBHOM M HEMCIPABHOM CXeM Ha KaKJOM 3 Habo-
POB MOTYT OBITh YCTaHOBJICHBI JBOMYHBIM MOJEIHMpOBaHHEM. B ciydae, xorna HaxonsTcsi BCE TECTOBBIE
HaOOpPBI U YHCIIO UX BEJIMKO, BHIIOJHUTH ABOMYHOE MOJICIIMPOBAHNE AJISI KAXKIOI0 U3 HAOOPOB MPaKTHYECKH
HEBO3MOXKHO. B 3TOH CHTyaIuy mpejpraraeTcsl BOCIIONb30BaThCs onepanusaMu Hax ROBDD-rpadavu, 3aBu-
CSIIUMH OT PAa3IUYHBIX TOAMHOKECTB IIEPEMEHHBIX CXEMBI, C T€M YTOOBI MOJyYUTh KOMIIAKTHOE IPEACTaB-
JICHUE TECTOBBIX HAOOPOB B Buae coBoKynHocTH ROBD-rpadoB ot BxoaubIx nepeMeHHbIX. Kaxnomy rpady
COIOCTABIISICTCA Mapa PeakUuil HCIPaBHOW W HeHCHpaBHOU cxeM (mapa HabopoB 3HAYEHUH BBIXOAHBIX Hepe-
MEHHBIX 3TUX cXeM). 13 mosryuyeHHbIX Ha0OPOB 1 UX PEeakLHil Janee MOKHO BBIOMpaTh HaOOPHI C MOJIE3HBIMU
JUI HaC CBOMCTBaMH. HAIpUMep C IIENbI0 MOCTPOSHHUS TECTOBBIX MOCIIE0BATEIbHOCTEN, OPUEHTHPOBAHHBIX
Ha CHIDKCHHE MOTPeOJIsIeMON MPH TECTHPOBAaHMH MOIIHOCTH WIIM IS YCKOPEHUs Mpoliecca TOUCcKa Hewuc-
MIPaBHOCTH B IPEIbSIBICHHONW HeMcHpaBHOH cxeme. [Ipeanonaraercs, 9YTo BO3MOKHBI HEMCIPABHOCTH 3JIe-
MEHTOB CXEMBI ITPH YCIOBHH, YTO CBSA3H MEXY FIIEMEHTAMH COXPAaHSIOTCS.

B manHoif paboTe mpeiaraeTcs TOYHBIM allTOPUTM ITOMCKa TECTOBBIX HAOOPOB C COOTBETCTBYIOIUMHU
MM peaKIsIMH Ha OCHOBE IPEACTaBICHHUA HMCIPABHOW W HEUCIPABHOW cxeM ogHoKopeHHbIMH ROBDD-
rpadaMu, TOCTPOSHHBIMH Ha MHOKECTBE BXOAHBIX M BBIXOAHBIX mepemMeHHbIX [1], ROBDD-rpadamu, mo-
CTPOCHHBIMHM Ha MHO>KECTBE BBIXOJHBIX MEPEMEHHBIX cxeMbl [2], u TpagurmoHHsiIMiu ROBDD-rpadamu [3]
Ha MHO>KECTBE BXOJHBIX IIEPEMEHHBIX cxeMbl. OOCYy>K1al0TCsl BO3MOKHOCTH IPUMEHEHHsSI TECTOBBIX HAaO0OpOB
COBMECTHO C MX PEaKLMIMH C LeJIbI0 0OHAPYKEHHsI HEHCIIPAaBHOCTEH B IIPEABSIBICHHON CXEME.

1. IIpeacTaBiienne MHOTOBBIXOAHOI cxeMbl ofHOKOpeHHbIM ROBDD-rpadgom

Jlornyeckass pyHKIMS MHOTOBBIXOJHOH CXEMBI MOXKET OBITH NpEJCTaBICHA B BHIE OJHOKOPHEBOIO,
HarpaBJIeHHOT0, allUKINUECKOTO Tpada [2], KOTOpBI COCTOMT M3 BHYTPEHHHUX BEPIIMH U KOHIIEBBIX BEPIIHH,
HazbIBaeMbIX 0-TepMUHAIBHBIMU U 1-TepMUHANBHBIMY BepiIMHaMU. Kakaas BHyTpeHHSsI BEpIIMHA TTOMeyde-
Ha JIOTMYECKOW NMepeMEeHHOM, BXOIHOW WM BBIXOJAHOHN, M MMEET JBE JI0UepHHUE BepIIMHBEL. PeOpo oT BHYT-
pEHHEH BEpIIMHBI 10 JJOUEPHEW BEPIIMHBI 3a/1a€T IPUCBOEHUE TIEPEMEHHOM, KOTOPOU IToMeUYeHa paccMaTpHu-
BaeMas BHYTPEHHsS BepInuHa, 3HadeHns 0 i 1 171 GyHKIIAN, COTTOCTaBIsIEMON ToUYepHEH BEpIIUHE.

[TycTh 3amana MHOTOBBIXOHAS KOMOWHaNMOHHas cxeMa C, peannsyromas CHCTeMy OyJIeBBIX (hyHK-
wit Y= f (XX, 0% ), Yo = (XX Xy)s o Y = f (X, Xo,..., X, ). Ha ee ocHoBe crpomtes

(I)YHKL[I/I}I f, KOTOpasd 3aBUCUT OT BXOJHBIX U BBIXOJHBIX IEPECMEHHBIX 3TOM CXEMBI:
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f (X Xoyeeer Xy Y1 Y210 Vi ) = /\[yI i (X0 Xz, %) ] (1)

I/ie ~ — JIOTHYeCKas OTNepanus «IKBUBAIIEHTHOCTHY.

B mampuefimem OyaeM Ha3bIBaTh 3Ty QYHKITHIO BXOI0-BEIXOAHON (DYHKIMEH cXeMbl. JlaHHas QyHKITHS
o0JamaeT cueayonMA CBOMCTBAMHU:

1. Eciii BMECTO BXOIHBIX ITepeMeHHBIX cxeMbl C moacTaBuTh B (1) koHCcTaHTH U3 {0, 1}, TO OITyYnM
(hyHKIMIO, KOTOpas MPUHUMAEeT €ANHWYHOE 3HAaYeHHe Ha E€JMHCTBEHHOM BBIXOJIHOM Habope cxembl. DTOT
Ha0op sBIsAeTCs peakiiueit cxempl C Ha TaHHBIA BXOAHON HAa0Op.

2. Eciin BMeCTO BBIXOMHBIX TepeMeHHbIX cxembl C moactaButh B (1) koncrants u3 {0, 1}, To momyunm
(GYHKIHMIO, KOTOpas NpUHUMAaeT eAMHUYHOE 3HauYeHHe Ha BCEX BXOAHBIX Habopax cxembl C, obecneunBaro-
IIMX MPOSBIIEHNE 33JaHHOM pPeaKIny Ha ee BBIXOJaX. B 4acTHOM cirydae, eClii 3a/laHHas PeaKiysi HeTOCTH-
KHUMa, TO MoJy4eHHast QyHKIMS TOXKIECTBEHHO paBHa 0.

Jns monmydeHHsT BCeX MOCTIDKMMBIX peakiuii cxemMbl MokHO moctponth ROBDD-rpad BXOm0-
BbIX0HOU QyHKIMH cxembl C. Ecnu u3BectHa ctpykTypa cxemsl C, To ROBDD-rpad st BX010-BBIXOTHON
(hyHKIIHT MOKET OBITH ITOJTyYeH HETIOCPEICTBEHHO I10 €€ CTPYKTYpeE.

PaccmoTpum MHOecTBO By OyneBbix BekTopoB anuHbl N =N+ m . Kaxxaas u3 nepBeiX N KOMIIOHEHT
COOTBETCTBYET 3HAUCHHSM BXOJHBIX IMEepeMEHHbIX cxeMbl C, M MOCIEeIHUX KOMIIOHEHT BEKTOpa COOTBET-
CTBYIOT 3HaYCHHUSIM BBIXOJIHBIX IEPEMEHHBIX 3TOH CXEMBI.

Ecnn moctpouts ROBDD-rpad asist BX010-BbIX0qHOH QyHKIMH cxeMbl C, BEIOpaB MOPSIIOK pa3iioxke-
HHSI OT BBIXOJHBIX MEPEMEHHBIX K BXOJHBIM [1], TO Kaxkmasi mpocTast 1eTb, HAaYUHAIOIIASICS B KOPHE 3TOTO
rpada u 3aKaHYMBaIONIAsACS B |-TepMUHATBHON BEpIIMHE, COOTBETCTBYET JOCTHKUMOMY BBIXOJHOMY Ha0O-
Py CXEMBI B BXOAHOMY Habopy J1M00 MHOKECTBY BXOJIHBIX HAOOPOB, 00ECIICUNBAIOIINX €TI0 JOCTIKEHUE.

Habop 3HaueHMii BEIXOHBIX TIEPEMEHHBIX CXEMBI Ha3bIBACTCSl HEJJOCTIKUMBIM, €CITH €0 HEBO3MOXKHO
MOJYYHTh HA BBIXOJAX CXEMbl HUKaKOW KOMOWHAIWel 3HaYeHWH BXOIHBIX MepeMeHHbIX. HemocTmxumomy
HaOOpy MM MHOKECTBY HEJIOCTHIKUMBIX HA0OOPOB COOTBETCTBYET mpoctas ienb ROBDD-rpada mist Bxomno-
BBIXOZHOHM QyHKIMHK cxeMbl C, 3akaHunBaroniasicsi B 0-TepMHUHAIBHONM BEPIIUHE U HE COZIepIKaIlasi BHYTPEH-
HUX BEPUINH, TIOMEYEHHBIX BXOAHBIMU TIEPEMEHHBIMH CXEMBI.

Ilyctp peaknust B = Blﬁz...ﬁm cxeMbl C sBisercst mocTmkumoi. Torma oHa oOecrieyuBaeTCsi HEKO-
TOpBIM MHOXecTBOM A ={04,0.,...,0 } BXOIHBIX HAOOPOB JUIMHBI N, TO €CTh BXOJO-BBIXOAHAS (ByHKIIUS
cxeMbl C MPUHUMAET AMHUYHBIC 3HAYCHMSI HA MHOXECTBE OYJICBBIX BEKTOPOB JuinHBI N BH1a

agof ..oy p'pe. BT

0‘2“2 azBB BT

agag..ogBp. B
[Mocnenuue M KOMIOHEHT KaIoro Habopa HE MEHSIOT CBOM 3HAUCHHMS, TIOCKOJBKY OHHU COOTBET-
CTBYIOT peakiyu 3 = BlBZ...Bm (BBIXOIHOMY HaOOpPY) cxeMbl C Ha COOTBETCTBYIOIINE BXOHBIC HAOOPHI.
IMycts T'={y;,75,....7)} — MHOXECTBO BXOAHBIX HAOOPOB cxeMbl C, KOTOpbIE HE 0OECIIEUNBAIOT PEaK-

uuto B. [IpoctpancTBo By pasmepHocTr N pasbuBaeTcs Ha ABa moAMHOXecTBa A u [', mpudeM Ha Habopax
MHOXkecTBa I’

SR s
VaVa-YoBBo "

RO
BXOZ0-BbIXOAHAs (QyHKUUS cxeMbl C MpUHUMAaET HyJI€BOE 3HaUYEHHE, TOCKOJIBKY peakuus  He MOXeET OBITh
obecrieueHa HU OTHUM HaOOpOM 3TOTr0o MHOKecTBa. ClieZoBaTeIbHO, My TH, COOTBETCTBYIOLINE BEKTOPaM U3
MHOXxecTBa [, BeayT B 0-Tepmunanbhyio Bepmnay ROBDD-rpada cxemsr C.
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Urak, Bxomo-BeixoaHast ¢yHKIMs cxemMbl C nmpuHHMaeT 3HaueHne (0 Ha HEIOCTMIKUMBIX BBIXOIHBIX
Habopax cxembl. B aToM ciydae BxoxHble mepemMeHHbIe N-MEpHOro BEeKTOpa Ha COOTBETCTBYIOIIUX TPOWY-
HBIX BEKTOpaxX MMEIOT HEOIPEAeICHHbIC 3HAYCHUSL.

Kpome Toro, Bxon0-BbixoaHas GyHkuus npuauMaet 3HaueHre 0 Ha N-MepHBIX BEKTOpax, MpeacTaB-
JSIIOIIUX BXOJIHBIE HA0OPBI, KOTOpble HE 00ECIEeYMBAIOT NMPHUIMCAaHHBIE UM BBIXOJHBIE HaOopwl cxembl C.
CrenoBatensHO, BXOJO-BhIXoAHAS (pyHKIMA cxembl C MpUHHMAaeT HyJIeBble 3HAUEHUS Ha HEIOCTHIKUMBIX
BXOJI0-BBIXOJTHBIX COCTOSTHMAX cxeMbl C. O003Ha4MM 3T0 MHOXKECTBO cocTostHuit kKak | (impossible). dynk-
uusi cxembl C MpUHUMAeT €JUHUYHBIE 3HAUYEHHs HA OCTHXKUMBIX BXOZO-BBIXOIHBIX COCTOSHUSIX CXEMBI.
Hazosem ato mHOkecTBO E (expected). O0venuuenne MHOXeCTB E, | 0Opasyer OyineBo mpocTpaHCTBO pas-
meprocTH 2.

IIpommmocTpupyeM ckazaHHoe mpuMepoM. Ilycth moBeneHne cxeMbl C OMUCHIBaCTCS CHCTEMOH W3
Tpex OyneBbIX (GyHKIMHA. JJoCTHRHUMBIE BBHIXOAHBIE HAOOPHI BMECTE C YCIOBHSAMH UX JOCTIKHMOCTH TpeJ-

CTaBJIeHbI Ta0uuIeii HCTHHHOCTH (Tabu. 1) Bxono-BbixoaHoit Gysxunn f (X, Xy, X3, X4, Y1, Y2, Y3) -

Ta6numa 1
Ta6auua 0CTHKUMBIX COCTOSTHUI cxembl C
X1 X2 X3 X4 |Yy1 Y2 Vy3
0 0 0 0 0 1 1
0 0 0 1 1 1 0
0 0 1 0 1 0 1
0 0 1 1 0 1 1
0 1 0 0 1 1 0
0 1 0 1 1 0 1
0 1 1 0 0 1 1
0 1 1 1 1 1 0
1 0 0 0 1 0 1
1 0 0 1 0 1 1
1 0 1 0 1 1 0
1 0 1 1 1 0 1
1 1 0 0 0 1 1
1 1 0 1 1 1 0
1 1 1 0 1 0 1
1 1 1 1 0 1 1

Puc. 1. ROBDD-rpad dyrxumu f (X, Xy, X, X4, Y1, Y2, Y3)
Fig. 1. ROBDD of function f (X, X, X3, X4, Y1, Y2, Y3)
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JIOCTHXKHUMBIM COCTOSTHUSIM COOTBETCTBYIOT €AMHUYHBIC 3HAYCHHS BXOI0-BBIXOHON (yHKIMHU cXeMsbl C.
Hynesole 3HaueHus stoi QpyHKumu B Tabmuue He mpeacrasieHsl. Ha puc. 1 3aman ROBDD-rpad Bxomo-
BBIXOJHON (yHKIMU cxembl C, 3aBHCAIIMK OT BXOIHBIX M BBIXOAHBIX NEPEMEHHBIX CHCTEMBI OYIJIEBBIX
¢$yHKUMH, onuckIBatOIni noBeaeHue cxemsl C.

IIpocTas nenb yly_2y3x_1x2 X_3X4 B ROBDD-rpade, Bemymas B 1-KOHIIEBYIO BEPIIUHY, TIPEICTABIAET

BxoaHoi Habop 0101, obecneunBaronuii peakiuio 101 BEIXOMHBIX MIEPEMEHHBIX CXEMBI.

[Ipoctast nens Y, Y, Y3 % X,Xs , Bemymias B 0-KOHIEBYIO BEpIIMHY, IPEICTaBIsieT BXoHbIe Habops! 0111,
0110, He obecrieunBatomme peaknuo 101 BEIXOJHBIX IepeMeHHBIX cXxeMbl C.
IIpoctas uens Y,Y,Y;, Beaymas B 0-KOHLEBYIO BEPIUHHY, IPEICTABISAET HEJOCTHKHUMYIO PEAKIHIO

BBIXOJHBIX IEPEMEHHBIX cXeMbl C Ha BBIXOJHOM HaOope, oOpallaroIieM MOPOXKIAEMYIO LEMbI0 KOHBIOHK-
U0 B SAMHUILY.

Wrak, npocteie nienu ogaokopeHHoro ROBDD-rpada cxemsr C, Bemymie n3 KOpHSI B 1-KOHIICBYIO
BEpIIHHY, 3aJal0T JOCTHKUMBIC BXOJIO-BBIXOJHBIC COCTOSHHUSI 3TOH CXEMBbI, a MPOCThIC IICMH, BEAyIIUE
B 0-KOHIIEBYIO BEPIIIHHY, 33/IAI0T €€ HEJOCTHKUMBIE BXOJI0-BBIXOHBIE COCTOSHUS.

2. ITosryueHHe MHOKeCTB BCeX TECTOBBIX HA00POB COBMECTHO C peaKIMAMH
HCIPABHON W HEMCIPABHOM cXeM

PaccmoTpum cxemy C B HCIIPaBHOM M HEHCIPABHOM COCTOSIHUSIX. Pedb MAET O CyIeCTBEHHBIX HEHC-
MPaBHOCTSX, MOPOXKAAIOMIMX APYIYI0 CHUCTeMy OylieBBIX (YHKUMH W, CII€ZOBATEIbHO, APYIYIO BXOIO-
BBIXOJHYIO (PYHKIIHIO CXEMBI.

HcnpaBHOil cxeMe COOTBETCTBYIOT MHOXecTBa E, |, a HencnpaBHOU COMOCTaBISIOTCS MHOKECTBa
E' I

MmuosxkectBa E, E' (I, I') 06s13aTenbHO pa3nnyaroTcs, MOCKOJIBKY B UCIIPABHOM M HEUCIIPABHOM cXxemax
peann3yloTCs pa3IniHble CUCTEMBI OyJIeBBIX (YHKIIUH.

Ecmu B E' mpucyTcTByeT BX00-BBIXOIHOE COCTOSIHHE, KOTOpOe He coaepkutcs B E, To oHO mpuHan-
JIE)KUT MHOXKECTBY |.

Ecmu B E mpucyTcTBYeT BX0/J0-BBIXOJHOE COCTOSIHHE, KOTOPOE HE coAep)uTcs B E', To oHO mpuHan-
JIeKUT MHOXKeECTBY |,

W3 BBIIIECKAa3aHHOTO CIIEIyeT, YTO B MPHUCYTCTBUM HEHCIIPaBHOCTH B cxeMe C MOryT MOsIBUTHCS 110-
[IOJTHUTEJIBHBIE JTOCTUKMMBIE BXOAO-BBIXOJHBIE COCTOSIHMA U3 |, mpuHaanexamue MHOXeCTBY E'. B 10 xe
BpeMs U3 MHOKeCTBa E MOT'yT nC4e3HyTh HEKOTOPbIE BXOAO-BBIXOIHBIE COCTOSIHUS, MIPUHAAJIEKALIIE MHO-
xectBy I'.

YroObl HalTH 0OaBIIEHHBIE BXOJ0-BBIXOAHBIE COCTOSHUS cXeMbl C B MPUCYTCTBUU HEHUCHPABHOCTH,
HaJI0 BHIOJIHUTH NlepecedeHne MHoxkectBa E' ¢ .

YroObl HaliTH HcUe3HYBIIUE U3 cxeMbl C BXOZ0-BBIXOIHHBIE COCTOSHHUS B IPUCYTCTBUU HEHCIIPABHO-
CTH, HaJIO BBITIOJIHUTH IepecedcHre MHOXKeCTBa E ¢ I'.

AJNTOPHUTM TOJTyYEHHS TECTOBBIX HA0OPOB C OJIHOW M3 peaKiyii UCIIPABHOW U HEUCTIPABHOM CXeM:

1. IlpencraBuM BXOJ0-BBIXOJHBIC (YHKIHMH JJISI UCIPABHOH W HEUCIIPABHON CXEM B BUJIE COOTBET-
CTBYIOIINX 0JHOKOpeHHBIX ROBDD-rpados.

2. JIns monyveHus: TECTOBBIX HA0OPOB M PEakilvil CXeMbl B UCIIPABHOM COCTOSIHUW Ha 3THUX Habopax
HE00XOMMO MHBEPTHUPOBATH OAHOKOPEHHOMH Tpad Al HEHCIIPAaBHON CXEMBI 1 BBIIIOJIHUTH €70 KOHBIOHKITHIO
C OZIHOKOPEHHBIM Ipa)oM ISl HCIIPABHOM CXEMBI.

3. 17151 mosry4yeHus: TeCTOBBIX HAaOOpPOB M peakLuil cXeMbl B HEUCIIPABHOM COCTOSIHUM Ha 3THX Habopax
HEOO0XOIUMO MHBEPTUPOBATh OJHOKOPEHHOH rpad IUIs UCIIPaBHOM CXEMBI M BBIIOJIHUTH €0 KOHBIOHKIHIO
C OIHOKOPEHHBIM Irpad)oM IJIs1 HEUCTIPABHOM CXEMBI.

Bynem umers B Buay, YTO MHBEPTHPOBAHHE OJHOKOPEHHOTO rpada 3akirouaTcs B MEPEMMEHOBAHUU
€ro KOHILIEBBIX BEPIIHH.
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s kaxmoro snementa mMuoxkectBa E()1'(E' 1) m3BecTHa TOMBKO peakiivs WCIpPaBHON (HEHC-
MIpaBHOIT) CXEMBI, HO HE U3BECTHA PEaKITNI HEUCTIPABHON (MCIIPaBHON) CXEMEI.

AJNTOPUTM TIOTyYEHUS TECTOBBIX HAOOPOB CO BTOPOH peaKIThei:

1. CooTBeTCTBYIOIINE Maphl PEAKIMiA MOKHO HAWTH, BBIIEIMB CHAa4Yalla Uil KaKIOW PEeaKkIuH U3 Te-
CTOBBIX HaOOpOB HCHpPaBHOU M HeucmpaBHoU cxem o0braHBIe ROBDD-rpadbl, mpencraBistomme yCaoBHUsI
o0ecrnieueHus] COOTBETCTBYIOIINX PEaKIUil

2. 3aTeM HeoOXOAMMO BEHITIOJHUTE MepecedeHus kaxaoro oosraaoro ROBDD-rpada ncnpasHoit (He-
HCIIPaBHOM) CXeMBI ¢ KaKIbIM 00sI9HEIM ROBDD-rpadom mis HeucnpaBHON (MCIIPaBHON) CXEMEI.

ITomy4ueHHBIE HEMYCTHIC MEPECeUCHHS IPEACTaBIAIOT B BUae oObyHEIX ROBDD-rpadgos momMuosxe-
CTBa BXOJHBIX TECTOBBIX HA0OPOB, KAXKIOMY M3 KOTOPBIX COITOCTaBISETCA OJIHA M Ta K€ Iapa peaxifil nc-
MpaBHOW M HercrpaBHOM cxeM C.

[IpousuttocTpupyeM CKa3aHHOE TPUMEPOM.

IlycTh naHa jgoruyeckas cxema, mpeacTaBicHHas Ha puc. 2.

Puc. 2. Jloruueckas cxema ¢ JABYMs BbIXOJIaMH U TPEMs BXOJaMH
Fig. 2. Logic circuit with two outputs and three inputs

BHeceM KOHCTaHTHYIO HEHCHPABHOCTH «1» Ha BBIXOJE BTOPOTO 3JIEMEHTa CXEMBI, IPH OTCYTCTBUHU
HEHMCIIPAaBHOCTH PEaN3yIOUIeT0 CyMMY IO MOAYJIO ABa IJIs1 BXOJIHBIX NepeMeHHBIX X u Y. Iloctpoum
ROBDD-rpads! 111 BX010-BBIXOTHBIX (PYHKLIWH HCIPAaBHON M HEMCIIpaBHOU cxeM (puc. 3).

c0

ci

Puc. 3. ROBDD-rpads! BX010-BEIXOIHOH (DYHKINH UCIIPABHOW M HEUCIIPABHOH CXEM COOTBETCTBEHHO
Fig. 3. ROBDD:s of the input-output functions of fault free and fault circuits, respectively
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O003HauNM BBIXOJHbIEC TIEPEMEHHBIE B HEUCIIPABHOM cxeme Kak C'o ¥ S'. Toraa nocTwxumble cOCTOS-
HUS HCIIPABHON M HEHCIIPAaBHOW CXEM MOKHO IPUBECTH B TAOJHLIE HCTUHHOCTH (Tadi. 2).

Tabnuma 2

Tab/una 70CTHKUMBIX COCTOSIHMI HCIIPABHON U HeHMCIIPABHOI cxeM

o
[w)
S
o
v,

RP(R|RP([R|IO|[O|O|O| X
RlR|O|O|rR|R|O|lOI<
R|o|r| ok oo
N RIE=RE=1k=1=]
Rlo|o|r|o|lr|r|lo|lwv
RPlR|R|O|R|O|R|O|O
o|lr|o|lr|o|lr|o|r

UuBeptipyem ROBDD-rpad BX010-BBIXOJHON (YHKIMH HEUCIPABHOW CXEMbI U BBIOIHUM €ro
koHbIOHKIIMIO ¢ ROBDD-rpadoM BX010-BEIXOMHON (YHKIIUH JJIsi HCIIPaBHOW cXeMbl. B pe3ynbraTe moiy-
yaeM rpad, comepkamunii TECTOBbIE HAOOPHI BMECTE C PEeakIMsIMH HCIIpaBHOHN cxeMsl (puc. 4). HaBepTupyem
ROBDD-rpad BX0/10-BBIXOAHOW (QYHKIIMH HCHPABHOH CXEMbl U BBITOJHHM €ro KOHBIOHKINIO ¢ ROBDD-
rpadoM BXOJIO-BBIXOAHOHM (DyHKUIWU Ui HEUCHpaBHOW cxeMbl. B pesynbrare momydyaem ROBDD-rpad, co-
JepKallui TeCTOBbIE HAOOPHI M PeakLU CXeMBI B HEUCTIPAaBHOM COCTOSIHWHM Ha 3TUX Habopax (cM. puc. 4).

c0 c0

ci ci

Puc. 4. ROBDD-rpadsl, coneprkamiye TecToBble HA0OPhl COBMECTHO C PEaKIMsIMU UCIIPAaBHOH M HEHCIIPABHOM CXEM COOTBETCTBEHHO
Fig. 4. ROBDDs, representing test patterns with the corresponding reactions of fault free and fault circuits, respectively

BrinuiieM 3HaueHUs epeMEeHHBIX B Tpadax pa3iuyuid Uil UCIIPABHOM M HEHCIPAaBHOW CXeM, KOTO-
pBIE COOTBETCTBYIOT IYTSIM, BEAYIIMM B 1-TepMUHAIbHYIO BEpIIMHY, IPHYEM OOECHEUMBAIOT PAa3IUYHBIC
peaKknuy 3TUX CXEM Ha OAHOM M TOM e BXOAHOM HaOope. IloiydeHHble BXOQHBIE TECTOBBIC HAOOPHI U HX
peakuuu npencTaBieHsl B Ta0I. 3.

Crnenyer uMeTh B BUAY, YTO CJIOXXHOCTh OJHOKOPEHHBIX Tpa)oB MHOTOBBIXOJHBIX CXEM, B YACTHOCTH
YHCJIO UX BHYTPEHHHMX BEPLIMH, IOMEYEHHBIX CUMBOJAMH BBIXOAHBIX MEPEMEHHBIX, 3KCIIOHEHIIMAIBHO pac-
TET C POCTOM YHCIIa BBIXOAOB cXeMbl. [IpemioskeHHbIH OAX0 ] MO3BOMISAET MOMYYUTh BCE TECTOBBIE HAOOPEI
BXOJHBIX IIEPEMEHHBIX C COOTBETCTBYIOIIMMH PEAKUUSIMHU UCHPABHONH M HEHCIPABHOH CXEM M MOXKET OBITH
MIPUMEHEH TSl CXEM C YHCIIOM BBIXOZOB mopsiaka 10 u meHee.
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Tabnuma 3

Tabauua TecToBbIX HAG0POB

X oy Ci |[Co S co ¢
0 0 0|0 0 |O 1
0o 0 1 1]0 1 |1 0
1 1 0|1 o0 |1 1
1 1 1 ]1 1 |1 0

Yacto B pealbHBIX CXEMax MPUCYTCTBHUE HEHUCIPABHOCTH HMCKAXKAET 3HAUEHHUS Ha HEKOTOPOM IOJ-
MHOJKECTBE BBIXOJIOB, CBA3aHHBIX MEXIy cO0O0I MOAMHOXECTBOM BXOJHBIX NEPEMEHHBIX HCIIPaBHON M He-
UCTIpaBHOM cxeM. B 3THX cuTyanusix paccMaTpUBaeMblid IOJXO0Jl TAKXKE MOKET OBITh MPUMEHEH NPH HaJH-
YUH MOAXOAIINX BEIYMCIUTEIBHBIX PECYPCOB.

Byznem uMeTh B BUAy, YTO OOBIYHO HET HEOOXOAMMOCTH B MOJYYEHUH BCEX TECTOBBIX HAOOPOB M HX
peakuuii. B TO ke Bpems 3HaHHE BO3MOKHBIX PEaKIMH CXEMbI MO3BOJISET BBHIOMPATh BXOJHBIE TECTOBBIE
HaOOPBI € IOJE3HBIMHU ISl HAC PEaKIUAMHU. Y YHTBIBAsi 3TO OOCTOSITENBCTBO, MOYKHO HOCTYIHTH CIEAYIOMINM
o0Opazom.

Bocnonb3yemcst alropuTMOM TOMCKA JTOCTHIKUMBIX peakUui cXembl 0€3 MOJIydeHMs YCIOBHM MX
obecnieuenus [2]. [lpeacraBum peaknuu rpagoM OT BHIXOJHBIX IepeMeHHBIX cxeMbl C. OTu rpadsl cyie-
CTBEHHO IIPOIIE OJHOKOPEHHBIX I'pa)0B MHOTOBBIXOJHBIX CXEM, paccMaTpUBaeMbIX HamH paHee. Tak,
IUIE OOHOKOpeHHOro rpada rpad, MpencTaBISIONMA TONBKO JOCTHKMMBIC PEAKLUH CXEMBI, MOKa3aH
Ha puc. 5.

Puc. 5. ROBDD-rpad 10CTHRHUMBIX PEAKIHiA CXEMBI
Fig. 5. ROBDD of achievable reactions of the scheme

B ycnoBusix ncnonps3oBanus rpad)oB peaknii MpeasiaraeTcs BBITOIHUTD CIeIyIOINe IIari:

1. Beibupaem u3 rpadoB AOCTIKMMBIX PEaKIWi MOAMHOMXKECTBO TMap PEakIfil MCIPaBHOH U HEWC-
MIPaBHON CXEM, TaK YTOOBI 3TH PEaKIUH MO BO3MOXKHOCTH XapaKTEPHU30BAIHCH OOJBIINM PACCTOSHHEM II0
XeMMUHTY.

2. JInsg xaxxaod mapbl BHIOPAHHBIX PEAKIUil CTPOUM COOTBETCTBYIOIIME Naphl 00bHBIX ROBDD-
rpagoB OT BXOJHBIX IEPEMEHHBIX, 00ECIIEYHBAIOLINX 3TH PEAKIINH.

3. Bemonnsiem nepeceuenue 3tux rpados. Hemycteie ROBDD-rpadbl, mpencTaBisonme pe3yibTaThl
NepecedeHni, 3a1a10T MHOKECTBO TECTOBBIX HAOOPOB C OHOM M TOM ke Mapoil peakiuii Ha HUX.

4. 3 monMHOXecTBa TpadoB, MONYyYEHHBIX B 1. 3 BbIOMpaeM, HampuMmep, MO OJHOMY TECTOBOMY
HabOpy M MyTeM JBOMYHOTO MOJEIUPOBAaHUS Ha Habopax ATOr0 MHOXKECTBa HAXOJUM IMOJMHOXKECTBA dJie-
MEHTOB, U3MEHMBILIUX CBOM 3HAYEHHS B MCIIPABHON CXEeMe€, MBITasiCh ONMPEAETUTh AJIEMEHTHI, Ha KOTOPBIX
MIOCTIEICTBUS HEUCIIPABHOCTEHN BIIEPBBIE MPOSBUIMCH MPH JABIKEHUH OT BXOJO0B K BbIXO/IaM HCIIPAaBHOM cxe-
MEI, T.€. I JeOarrunra.

[IpoBeneHHBIE HAMH TIPEABApPUTEIbHBIE SKCIIEPUMEHTHI [4—8] Haa MOAETSIMH pealbHBIX HCIIPaBHBIX U
HEHCIIPaBHBIX CXEM MOKa3aJIH:

1) paznu4HbIe TECTOBbIC HAOOPHI ISl OMHOM M TOM K€ Maphbl peakiMii MOTYT MOPOXKIATh Pa3InuHbIC
MHO’KECTBA 3JIEMEHTOB, U3MEHSAIOINX 3HAYEHHs CBOMX BBIXOJIOB B IPUCYTCTBUHU HEHCIIPABHOCTH;
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2) yeM OOJIbIIIe pacCTosAHuC 110 XGMMI/IHFy MCKAY pCaKIHUAMU ITUX CXEM IJII OAHOTO U TOI'O KC TC-
CTOBOI'O Ha6opa, TeM OOJIBIIE DIEMEHTOB HCHpaBHOﬁ CXCMbI U3MCHACT CBOM 3HAUCHHA HA COOTBCTCTBYIO-
meM TECTOBOM Ha60pe.

3akiouenue

HpCI[HO)KCH TOYHBIN AJITOPUTM MMOUCKA BCEX TCCTOBBIX Ha60pOB C COOTBETCTBYIOIIIMMHU UM PEAKIIUAMU
HCIIPaBHOM M HEHCIIPaBHOM cXeM, OCHOBAaHHBIM Ha BEITIOJMHEHWH omeparuii Hax ROBDD-rpadamu, 3aBucs-
IMUMHU TOJBKO OT BXOAHBIX NEPEMCHHBIX, TOJBKO OT BBIXOJHBIX MNEPEMEHHLIX U OT I‘pa(l)OB, 3aBHUCAIINX OT
000MX MHOXKECTB TEepeMEeHHBIX. [T Kakmol maphl peakIuii MCIpPaBHOW W HEHUCIIPABHOW CXEM CTPOHTCS
ROBDD-rpad oT BXOIHBIX HEpEMEHHBIX, KOMIAKTHO MPECTABIAIONINNA COOTBETCTBYIOIIEE MHOKECTBO Te-
CTOBBIX Ha00poB. OOCYXIAI0TCS HEKOTOPHIE BOZMOKHOCTH TPUMEHEHHS TECTOBBIX HA0OPOB COBMECTHO C MIX
peakuusaMU € IEJIbIO [[C63FFI/IHF&.
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