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AHHoTanus. Pa3zpabaTeIBacTCs YNCICHHBIN aJTOPUTM ITOKMCKA MPUOIMKEHHOTO PEHICHNS 331a9i ONTUMAIBHOTO
YIpaBJICHNs] XHMUYECKHM HPOIECCOM C TepMHUHAJIBHBIMH orpanndeHusmMu. ChopMynupoBana B o0iieM BHjie MOCTa-
HOBKa 3a/1a4ul ONTUMAJIBHOTO YIPaBJIEHHs Al XUMUYECKOTO Ipoliecca ¢ OrpaHHYEHHUSIMU Ha [apaMeTp yIpaBJleHUs
n (a3oBbIe TIepeMeHHbIe. [ ee pemeHust ONHCaH MOMIATOBEIN alTOPHTM, B OCHOBY KOTOPOTO MOJIOXKEHBI METOT
mrpadoB U reHeTHYecKui anroput™. [IpoBeneHa ampobanus airoputMa Ha IpUMepe peakiuy aMHHOMETHINPOBa-
HUSA THONOB. OTpeeneHsl NPUOIKEHHbIE ONTHMAIbHBIE KOHIIEHTPAIINH BEIIECTB M MPHUOIMKEHHBIH ONTHMAaIbHBII
TEMIIepaTypHBIH PEXUM, 00ECIIeYMBAIONINI ONM3KUI K MaKCHMaJIBHOMY BBIXOJ LIEJICBOTO NMPOIYKTa PEAKIMH MPU
BBIMOTHEHUH TEPMHUHAIBHBIX OTPAaHUYCHUH.

KunroueBsbie ci10Ba: 3a7a4a ONTHMaJIBHOTO YIIPABJICHHs; TEPMUHAIBHbBIE OTPAHUYCHUST; METO] INTPadoB; reHeTH-
YeCKHe aJTOPUTMBI; PEaKIisi aMIHOMETHINPOBAHHS THOJIOB

Baaromapnoctu: lccienoBaHne BBINOJIHEHO B paMKaxX TOCYJapCTBEHHOro 3amaHus MHHHCTEPCTBAa HAayKH U
BhICcIIero obpaszoBanus Poccuiickoit @eneparuu (koa: FZWU-2020-0027).
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Abstract. The article is devoted to the development of a numerical algorithm for finding an approximate solution
to the problem of optimal control by a chemical process with terminal constraints. One of the most important tasks
of mathematical modeling of chemical processes is the task of determining the optimal conditions for their conduct,
as well as the creation of automated complexes for their calculation. The search for optimal methods for conducting
chemical processes leads to optimal control problems, including restrictions on phase variables and control parame-
ters, since their permissible values are limited by technological limits. The presence of restrictions on phase variables
significantly complicates the search for solutions to optimization problems, including in the course of computer
implementation of their numerical methods for finding optimal control. Therefore, the development of algorithms and
programs for solving optimal control problems with phase constraints is an urgent problem and is of practical interest.
To construct realizable algorithms for solving the optimal control problem with phase constraints, the penalty method
is often used. The main idea of this method is to replace a problem with constraints on a problem without constraints
by adding a "penalty" to the optimality criterion, the sequence of solutions of which gives a solution to the original
problem. It is possible to overcome the difficulties arising from the use of classical optimization methods, such as
the nonlinearity of mathematical models of processes, the requirements for the continuity of the objective function
and its derivatives, the large dimension of the problem, by using genetic algorithms. Genetic algorithms make it pos-
sible to find an approximate solution to the optimal control problem, which is acceptable from a practical point of
view. An important advantage of genetic algorithms is the independence of the solution found with their help from
the choice of the starting point of the search. Genetic algorithms can be easily modified for different processes and
tasks by changing the number of phase variables and control parameters. The article formulates a general formulation
of the optimal control problem for a chemical process with constraints on the control parameter and phase variables.
To solve it, a step-by-step algorithm is described, the operation of which is based on two methods: the method
of penalties and the genetic algorithm. Using the penalty method, the original problem with terminal constraints is
reduced to a problem without constraints on the phase variables. The resulting new optimal control problem with
a new optimality criterion is solved using a genetic algorithm. This algorithm is implemented as a software tool in the
Delphi visual programming environment, which allows the user to configure the parameters of the penalty method
and the genetic algorithm. The algorithm was tested on the example of the aminomethylation reaction of thiols. The
formulation of the problem of finding the optimal temperature regime for a given reaction with restrictions on the
control parameter (reaction temperature) and terminal restrictions (selectivity of formation of the target substance,
conversion of substances) is formulated to determine the maximum vyield of the reaction product. The suboptimal
temperature regime and the corresponding concentrations of substances at which the terminal restrictions are fulfilled
have been calculated. The values of the selectivity of the target reaction product, the conversion of substances, and
the values of the optimality criterion at some permissible temperature values are given. It is shown that the subopti-
mal concentration of the target substance calculated using the algorithm exceeds the values of its concentrations de-
termined under other temperature conditions.

Keywords: optimal control problem; terminal restrictions; penalty method; genetic algorithms; thiol aminomethy-
lation reaction
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OpHOlt 13 BaXKHEWINX 3a7ad MaTeMaTHYECKOTO MOJIEIMPOBAHUS XUMHUYECKHX IMPOIIECCOB SBISAETCS
3a/laya OIpeNeeHNs ONTUMAIbHBIX YCIIOBHI WX BEICHHA, a TaKKe€ CO3/aHWEe aBTOMATH3WPOBAHHBIX KOM-
IJIEKCOB JUTS X pacdyera. MareMaTHUecKyr0 MOJIENb XHMHYECKOTO MPOIIecca MOXKHO TIPEICTaBUTh CUCTEMOM
OOBIKHOBEHHBIX Au(depeHraIbHbIX ypaBHeHHH [ 1], BKitovatoniei B ce0s (a3oBbie epeMeHHbIe, onpe/e-
JIAIOLINE COCTOSIHHME IpoLecca, HO HE MOAJAIOIINECs HEMOCPEACTBEHHOMY BO3ACHCTBHIO, U YIPABISAIOLINE
napameTphbl, KOTOpPbIE MOKHO BapbUpPOBAaTh U BIUATH TEM CaMbIM Ha TeUeHHUE mpoiecca. B kadectse dazo-
BBIX MEPEMEHHBIX JJIsl XUMHUYECKHX IPOLIECCOB MOYKHO BHIOPAaTh KOHLEHTPALMU BEILECTB, KOJIUYECTBO BE-
LIECTB, a/JCOPOMPOBAHHBIX Ha KaTalu3aTope, JaBlieHWEe, Temreparypy u T.A. [lapameTpamu ynpaBieHUs
MOTYT OBITH TEMIIEpaTypa, CKOPOCTh OJAaYH WM COCTaB PEAKIMOHHONW CMECH.

[lonck onTHUMaNIBHBIX CIIOCOOOB BEACHUSI XMMUUECKUX MPOLECCOB NPUBOIUT K 337adyaM ONTHMAIbHO-
IO YOpaBJICHHUS, BKJIIOYAIOMIMM OTpaHWYeHUs Ha (pa3oBble NEpeMEHHbIE U YNPaBISIOMIME IMapaMeTphl,

5
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MIOCKOJIBKY X JIOYCTHMBIE 3HAUEHUS] OIpaHUYEHBbl TEXHOJIOTMYECKUMHU MpenaenaMu. Eciau orpannuenus Ha
MEpEMEHHBIE COCTOSIHUSI 3aJaHbl B KOHEUHBIH MOMEHT BpeMEHH ()YHKIMOHHUPOBAHHS CHCTEMBI, TO TaKue
OTpaHUYEHHS SIBIISIFOTCS. TEPMUHAIBHBIMU OTpaHideHusIMUA. Hanmiume orpannueHnii Ha (a3oBbIe epeMEHHbIE
CYLIECTBEHHO YCJIOKHAET MOUCK PEIIEHUs ONTHMHU3ALMOHHBIX 3a/1a4, B TOM YHCIIE U B X0J1€ KOMIIBIOTEPHOI
peanu3aluy YMCICHHBIX METOJOB IOMCKa ONTHMAaJbHOrO ympasieHus. [loaToMy pa3paboTka alropuTMOB
W TIPOTpaMM JJisl PelIeHus 3a/1a4 ONTHMAIBHOTO YIPaBICHUS ¢ (a30BHIMU OTPAaHUUYCHUSIMH SIBIISICTCS aKTy-
IbHOW TIPOOJIEMON M MIPEACTABIACT MPAKTHIECKUN HHTEPEC.

OOmias cxeMa BBIBOJA YCIOBUH ONTHMAIBHOCTH JUIS 3a7ad ONTHMAIBHOTO YIPABICHUS C OTpaHnuyve-
HUSIMH, HaKIaJbIBaeMbIMU Ha (a30BbIe MEpeMeHHbIe, Moidy4yeHa B padorax [2, 3]. OgHako mpu mpakTUye-
CKOI1 pean3aluy JaHHOTO MOIX0/1a BOZHUKAIOT TPYAHOCTH, CBA3aHHBIE C UCCIEAOBAHUEM CBOMCTB pEIICHUIH
U pa3pabOTKOH YHCICHHBIX AITOPUTMOB JJISl HX pacyera.

Ji1st mocTpoeHHs peaqu3yeMbIX aITOPUTMOB pEIeHHs 3a1a4H ONTHMAIBHOTO YIPaBJICHUS ¢ (a30BbI-
MU OTPaHUYEHHSMHU HEPEAKO MpUMEHSIOT Metol mrpadoB [4]. OcHOBHas uaes NAHHOTO METOJAa COCTOUT
B 3aMEHE 3a/1a4X C OTPAaHMYCHUSIMH Ha 3aady 0e3 OrpaHHuEHHI ITyTeM A00aBiIeHus «Tpada» K KpUTEPUIo
ONTUMABHOCTH, TIOCJIEIOBATEIHPHOCTh PEUICHU KOTOPOH JaeT pelieHne MCXOMHON 3amaun. B pabote [5]
[IOKa3aHO PELICHUE 337a4yl ONTHMAIBHOTO YIPABJICHUS HA OCHOBE MeToja IITpadoB, MPH 3TOM pEIICHHUE
3amaun 0e3 OTrpaHWYCHHWH HANIEHO C TMOMOIIBI0 TPagueHTHOro Mmerona. OmHAKO pelleHHs, HaiieHHBIS
IPaAMEHTHBIMU METOJAaMH, 3aBHCAT OT BbIOOpa HAUYaIBHOW TOYKM IOMCKA PELICHUS, YTO CO3/AAeT AOIOIHHU-
TEJIbHBIE TPYAHOCTH, MOCKOJBKY OT HccienoBarensi TpeOyeTcs 3HaHHE HEKOTOPOIo MPHUOJIMKEHHUS ITOH
HAYaJIbHOW TOYKU XOTS OBl U3 (PU3HYECKUX COOOpaKEHUH TTOCTABICHHON 33 Ia4H.

MaremaTHyeckoe OIMCAHME XHMHYECKOrO IIpolecca MpPEeACTaBIsIeT COOOH CHCTEMY HEIMHEWHBIX
muddepeHInanbHBIX ypaBHEHUH, IPUYEM BBICOKOHW Pa3MEPHOCTH, CBS3aHHOW CO CJIOKHOCTBIO IpoLecca.
3TO co31aeT psiA TPYAHOCTEH Ul MPUMEHEHHUS! HEKOTOPBIX METOIOB ONTHMHU3ALMH, HAIPUMEP JTUHEHHOTO U
TUHAMHYECKOTO TporpaMMupoBanus [6—8]. Hamuune orparnueHmii Ha (ha30BbIe IEPEMEHHBIE U YIIPABICHHE
3aTPyAHSET UCTIONBb30BAaHUE METOIOB BAPHALMOHHOTO HCUHUCIICHUSI.

[IpeononeTs nepeynciaeHHble TPYIHOCTH MOXKHO ITyTeM MIPUMEHEHHUS TEeHETHUECKHX alnropuTMoB. I eHe-
THYECKUE aJITOPUTMBI TIO3BOJISIIOT HAWTH MPUOIMKEHHOE PEIICHNE 3a/1a4d ONTUMAJIBHOTO YIIPABJIEHHs, HO KO-
TOpOE MPH 3TOM SIBJIAETCS MPUEMIIEMBIM C NTPAKTHUECKOM TOUKHM 3peHus. B mporecce noucka pemieHust onTu-
MH3ALMOHHON 3a7a4y C TOMOILBI0 I€HETHYECKUX AITOPUTMOB 00padaThIBae€TCS OJHOBPEMEHHO HECKOJBKO
TOYEK MPOCTPAHCTBA [IOUCKA, B OTJIMYME OT TPAAULMOHHBIX METO/IOB, B KOTOPBIX OCYIIECTBIISIETCS MOCIIEA0BA-
TEILHBIN TIepeXo]T OT TOYKH K Touke [9, 10]. JlaHHas 0COOEHHOCTh TEHETHYECKHUX aJITOPUTMOB TIO3BOJISET TIpe-
OJI0JIETh MONAJaHue PELICHHs B TOUKY JIOKAIBHOIO SKCTPeMyMa MOJIMMOJAIbHON 1ieieBoi ¢pyHKuuu. B mpo-
recce paboThl TEHETHYECKUX aJITOPUTMOB HE TpeOyeTCsl BBIYMCIICHUS TPOM3BOHON LieNIeBOH (DYHKINH, a TAKKe
OTCYTCTBYIOT TpeOOBaHUs €€ HEeTPEPHIBHOCTH M HEMPEPHIBHOCTH MPOU3BOAHBIX. BajkHBIM JOCTOMHCTBOM T€He-
THYECKUX AJITOPUTMOB SIBJSIETCS HE3aBUCUMOCTh HAMJICHHOTO pelleHHs OT HadallbHOro npuommkenus. [Tokaza-
TensiMu 3(Q(HEKTUBHOCTH PabOTHI TEHETUUECKOTO aliTOPUTMA SIBIISIFOTCSI CKOPOCTh M YyCTOWYMBOCTH Torcka. CKo-
POCTB PabOTHI TEHETHYECKOTO aJrTOPUTMa OIPEEIISIETCS] BpeMEHEM, 3aTPaurBacMbIM Ha JOCTH)KEHHE 33aHHOTO
KOJIMYECTBa WTEpaIMii WM KauecTBa MOMYJIAINU. Y CTONYMBOCTh MTOUCKA OIMPEIENAeTCs BO3MOKHOCTBIO TIpe-
OJIOJICHNS TIOTIA/IaHUS B TOYKH JIOKATBHBIX 3KCTPEMYMOB, a TAKXKE CIIOCOOHOCTBIO U3 TTOKOJICHHUS B TTOKOJICHUE
MOBBIINIATH KA4eCTBO MOMyIAui. KpoMe Toro, reHeTHYeCcKie alropuTMBI MOYKHO JIETKO MOTU(HUINPOBATD IS
Pa3HbBIX TPOIIECCOB H 33124, N3MEHSISI KOMNIECTBO (ha30BhIX IEPEMEHHBIX U MTapaMeTPhl yIIPABICHHUS.

1. ITocTanoBKAa 3aga4n

Chopmynupyem 3agady HOMCKa ONTHUMAJILHOTO TEMIIEPATYpPHOTO PEXHMMa XHMHYECKOTO Ipolecca
C TEPMUHAIBHBIMH OTPaHUYCHHUSIMU.
[lycTh nMHaMuKa XMMHYECKOro npouecca Ha HHTepBate [0, teng] OMMCHIBAETCS CIEAYyOMEN CUCTEMON
OOBIKHOBEHHBIX TU(depeHInanbHbx ypaBHenuit [11]:
dx

d_ti = fi(x(®),T®).1) )
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C HaYaJIbHBIMHU YCJIOBUSIMU
X(©0)=x', i=1n, @
rae X(t) = (% (t), X, (t),.... X, (t))" — Bexrop KommenTparmii ((pasoesix mepemennbix), T(t) — Temmeparypa

(mapametp ynpasnenus), t — Bpems, fi(X(t), T(t),t) — HenpepsiBHBIC BMECTE CO CBOMMH YaCTHBIMHU MTPOHU3BO/I-
HBIMH (QYHKITHTL.

Ynpasnenue T(t) mprHAVIEKHAT KIaccy KyCOUHO-TIOCTOSHHbIX Gynkmmit T(t) = Tj, t e[t tj,,], j=0,N,
rae N — 4nucio MOMEHTOB MepeKIIIoUYeHu pu pazouenun ty <t; <t, <..<ty.1, tni1 =leng-

ITycth Ha (ha3oBbIe IepeMeHHbIE (3HAYCHUS KOHIICHTPAIIUI B KOHIIE MPOTEKAHUS PEAKIIUH) HATOKCHBI
OTpaHUYCHHS BHIA PAaBSHCTB U (WIJIM) HEPABEHCTB

hj (X(tend )) = 01 J :ﬂ,
hj (X(t,g)) <0, j=r+1m,

rae hj(X(tend)) — HenpepbIBHO-IH D HepeHIupyemMble GYHKIMU 110 BCEM apryMEHTaM.
Ha 3HaueHus mapamerpa ynpaBieHHs (3HAYCHUS TEMIICPATyphl PEaKIMh) HAJIOKEHBI OrpaHUYCHUS

(3)

BHJA!
Tmin ST(t) STmax' (4)
rze Tmin, Tmax — MUHIMAJIbHOE U MAaKCUMaJIbHOE JIOMYyCTUMBIE 3HAUCHUS TEMIIEPATyphl COOTBETCTBEHHO.
[IycTh kpuTEpHEM ONTHMANBHOCTH SABISIETCS HEKOTOpas (PYHKLMS OT 3HAUYCHWH KOHLEHTpauud Be-
LIECTB B KOHEUYHBI MOMEHT BPEMEHHU NPOTEKAHUS PEAKLIUH
1(T) = ho (X(tena)). (5)
Heo6X0MMMO OIpENeInuTh TEMIIEPAaTypHBbIH pesxuM T (t) U3 Kiaacca KyCOYHO-NOCTOSHHBIX (DYHKIIUI
JUTST XUMHYECKOTO TIpOoIlecca, OMUCHIBAEMOro CUCTEMOH muddepeHInanbHbIX ypaBHeHni (1) ¢ HayanbHBIMH
ycnoBusaMU (2), TaKOH YTO BEHITIOIHEHBI TEPMUHAIBHBIE OTPaHUYeHUs (3) ¥ OrpaHHYeHUs Ha TeMIiepatypy (4),
MIPU 3TOM KPUTEPHUH ONTHUMAIBHOCTH (5) IOJDKEH TOCTUraTh SKCTPEMAJIbHOTO 3HAYCHUSI.
st onpeneneHHOCTH OyIeM paccMaTpyuBaTh 3a7ady Ha MOMCK MUHMUMYyMa Kputepus (5). st Toro 4ro-
ObI peruTh 3a7a4y Ha MaKCUMYyM, HY’>KHO 3aMEHHUTD 3HaK 1epel QyHKIuen (5) Ha MPOTUBOIONOXKHBIH, T.€.

1) = max  ho(X(teng) == min_ [~ho(X(tena))}

min=" =!max min=" =Imax
2. AIropuT™M NOMCKA NPUOJINKEHHOT0 PellleHHs 321241 ONTHMAJIBLHOI0 YIIPABJIeHUS
¢ TEPMUHAJIBHBIMH OTPAHNYCHHAMM JJISl XMMHYECKOI0 mpoiecca

Chopmynupyem anropuTM MOUCKa NPUOIMKEHHOTO ONTHUMAJIbHOTO TEMIIEPATypHOIO peXuMa ¢ Tep-
MUHAJIbHBIMH OTPaHUYEHHUSAMH, IPUMEHSISI METOA IITPA(OB U TEHETUIECKUI aJITOPUTM.
BeeneMm B paccmoTpeHre BCrioMoratenbHyto (GyHKIwo [12]:

W(T) = I(T) +G(T,g*) — min, (6)
rae G(T, ) — mrpacdnas pynkuus, 3aBucsmas or ynpasieHus T u napamerpa mrpada g (K — Homep ute-
pamuu). Yem Gonbiue 3Hauenne napameTpa mrpada o, Tem Gonpiie mrpad 3a HapyIIeHHe OrPaHHYEHHA.

[octpoenue mTpadHOil GYHKIMH OCYIIECTBIAETCS HCXoas 13 cneayromux ycosuit: G(T, g) = 0, ec-
nu orpanndenus (3) emonnstores; G(T, g¥) > 0, eciu orpannyenus (3) He BHITOMHAIOTC.

Ecnu orpanmuenus (3) HapyureHs! 1 (¢ — oo ipu kK — oo, 10 G(T, g¥) — o mpu k — oo,

B kagectBe mrpaduoil pyHkunu paccMoTpuM (QYHKLHUIO BUIA!

k r m
G(T,qk)=q7 J_gl[hj(x>]2+_z [hi (T |,

j=r+1
rue h}r(x) — cpeska (ynkimu, onpenensiemas o npasmwiy: hy (x) =0, ecim h;j(x)<0; hi (x) =h;(x), ecnu
h (x) >0,
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3amaya ontuManbHOTrO yrpaeieHUs (1)—(5) ¢ TepMUHATBLHBIMU OTPAaHUYCHUSMH CBOJMTCSA K 3a7aue
OITHMAJILHOTO YIIPaBIeHHs 0€3 OrpaHMYEHHUi yTeM TIOMCKa YIIPABIAIOIEro mapamerpa T (t), KoTopsIit 10-
CTaBJIICT MUHUMYM KPUTEpHUIO omnTuManbHOCTH (6). Ilpm 3TOM Ha Kaxaoi ureparuu Merona mrpada
HAICHHBIN BEKTOP T*(t) SIBISIETCA HAYAJIBHBIM JIJIS CIEAYIOLIEN UTEPALIUH.

Jlnisa perieHus 3a1auu 0€3 OrpaHHUYCHHUH BOCIIONIB3YEMCS TCHETUYECKUM aJIrOPUTMOM. PaboTa reHeru-
YECKOT0 ajJropuTMa 3aKIFYaeTCsl B MOCIEIOBATEILHON CMEHE MOKOJCHUH 0CO0CH, TpH KOTOPOM HACHIEIy-
FOTCS JTy4YIlIie CBOWCTBA POAMUTENICH U TPUOOPETAIOTCS HOBBIC TIOJIC3HBIC CBOMCTBA, TTO3BOJISIONINE BEKUBATh
Hau0OoJee MPUCTIOCOOICHHBIM 0CO0SIM. byieM MPUMEHATh TeHETHYSCKUH alrOPUTM C BEIIECTBCHHBIM KOJIH-
poBanuem (Real-Coded Genetic Algorithm, RGGA) [13], mOoCKOIBKY PUMEHEHHE BEIIECTBEHHOTO KOIHPO-
BaHUS TIOBBINIACT TOYHOCTh PEIICHUS U CKOPOCTh TOUCKA TII00AIBHOrO 3KCTPEMyMa 3a CYET OTCYTCTBHUS
omepanuii KOJUPOBAHUSI-ICKOIUPOBAHHUS.

[lycth MaTeMaTH4eCKHMM aHaJoroM oOcCOOM BBICTYHAaeT IapaMeTp YIpaBlcHHs (TeMIeparypa)

T =Ty, o Ty), e Ti Gymem HaswiBate remom, T =T(t), t e[0t,q] (=LN):t,>t Vi=0,N,
ty =0, ty, =t,q- Torma B xauecTBe momysiuuu u3 P KMBBIX OpraHu3MoB OyZeM paccMaTpHBaTh HAOOp
BekTopoB T; = (T, Tj,s Tjn), ] =1,P. ®OyHKuMeil IPHCIOCOGICHHOCTH Gy/IeT BHICTYIIATh KPUTEPHH OII-

TUMAIBHOCTH (6), JUIS BBIYMCICHMSI 3HAUCHUSI KOTOPOrO HEOOXOAMMO PEeIIUTh cucTeMy MU (hepeHIINATBHBIX
ypaBHeHuU# (1) ¢ HaYaNBHBIMU YCIIOBHAMHU (2).

CdhopmynupyeM MomaroByro padoTy alropuTMa pelleHHs 33Jaddl MOWCKa ONTHUMAaJIbHOTO TeMIlepa-
TYpHOTO peKHMa XUMHUYECKOTO MPoIiecca ¢ TEPMUHAIBHBIMU OTPaHHYCHUSMH.

[lar 1. 3amaTh HavalbHBIC MapameTpsl Uil MeToAa mTpadoB: HOMep Tekymied utepamuu K = 0,
HayanbHOe 3HadeHue mrpada °, mapamerp a1 yBenuuenus mrpada S (peKOMeHIyeTcsl BHIOPATh YMCIO OT
4 1o 10 [14]), monoXUTENbHYIO KOHCTAHTY € ISl OKOHYaHUsI paboThl alropuTMa. 3a/1aTh HadaJlbHBIE Mapa-
METpBI TeHETHUECKOTO anroputMa: P — konmudecTBo ocobelt B momyssinuu, N — konmuecTBo reHoB, G_Max —
MaKCHMaJIbHOE KOJIMYECTBO MOKOJICHHUI, HOMEp TeKylel utepaiun reseruueckoro aiaroputma G_k=0. Cre-

HEpUPOBATh CIy4yalHbIM 00pa3oM Ha UHTEpPBaJIE [Tmin, Tmax] HAUAIBHYIO MOMYJISLIHIO TJ-O =(T J—%,Tjol,...,TS ),

j= 1, P. BBI4HCIIHTD 15 KKI0H 0COOH 3HAYCHHE (GYHKIIMH TPUCTIOCOOTIEHHOCTH.
Hlar 2. Cenexuusi. Ha nanHOM 1mare otouparotcs Be ocodu — a=(8g,ay,...,ay), b=(0y,by,....by) -

U3 TEKYILIEH MOMyJSLHUH AT MOCIEeIYIoUero cKkpemuBanus. OnepaTop CeleKUul «TypHUPHBIN 0TOOP» BbI-
TIOJTHSET CIYYaiHBIN BRIOOP IBYX 0co0Oel M3 TeKyIIel MOIMyJSIUN U TOCIeNYIOIINNA CITydalfHbId 0TOOP OJ1-
HOM 0co0u M3 ABYX 0co0Oel, BHIOpaHHBIX Ha IEPBOM TypHHPE.

Iar 3. KpoccoBep. Ha manHOM m1are co3qaroTcs MOTOMKHU U3 JIBYX 0COOEH-pOAUTENeH, OTOOPaHHBIX
Ha TpeAblaymieM Imare. ApudMeTHYecKkuil KpoccoBep co3gaeT JjaBa HoToMka — C=(Cy,Cy,...,Cy),
d =(dy,d;,...,dy) —mo nmpaBuy [10]:

G =va +@A-yby, di=v+(@0-y)a, i=0N,
rae vy €(01) — cnyyaiiHoe duco.

[Har 4. Myranus. Ha nanHoM 1mare mpeoOpa3yroTcs reHbl MOTOMKOB C LENbI0 MPHOOPETEHHsI HOBBIX
TCHOB M TOBBIIICHUS NPHUCIIOCOOJICHHOCTH MOMyMsiuuu B 1eiaoMm. ChydaidHas MyTanusi OCYILECTBISET
CIIy4aiiHbIii BBIOOp TeHa Ka)I0ro M3 MOTOMKOB C, d M ero 3aMeHy CiydaiHbIM 3HAYCHHEM W3 HHTEpBaja
[Tmin, Tmax]. 7St Kaskmo#t ocoor HEOOXOAMMO BBIUHCIUTH 3HAUEHHE IPUCIIOCOOIECHHOCTH.

[ar 5. O6noenenue nomymsiuy. Ciayd4aliHpIM 00pa3oM BBIOpATh OJMH U3 TIOTOMKOB-MYTaHTOB U TO-
MECTUTH B TEKYIIYIO MOMYJISAIIAI0O BMECTO OCOOM ¢ HaMXyHIIeH MPUCTIOCOOICHHOCTRIO. I 3a1aun Ha MU-
HAMYM HauXyAIas MPUCIIOCO0ICHHOCTh €CTh HanOOJIbIIIee 3HAUCHHE KPUTEPHS ONITUMATIBLHOCTH (6).

[ar 6. [TpoBepka yciioBusi OKOHYaHHS paOOTHI TEHETHYECKOTO alropuT™Ma. Eciii 3HaYeHne TeKymero
HoMmepa wurepand G_K He mpeBbllaeT MakCHMAalIbHOrO KojudyecTBa MokosieHuid G_Max, TO yBeIHYHThH
cuetuynk utepaimii G_K = G_K + 1 u nepeiitu Ha miar 2. B npoTHBHOM ciiydae BHIOpaTh U3 MOCIIEIHEH TOITy-
aspr 0co6s T7(t) ¢ HamTydIMM 3Ha9eHneM QYHKIUH OPHCIIOCOOTEHHOCTH.
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lar 7. IlpoBepka YCIOBHS OKOHYAHMs Towcka pemerms. Ecim G(T  (t), qk) >g, TO TOJOKUTh
gkt =s.qg¥, TjO(t) =T*(t), i=1P, G_k=0, k=k+1, u mepeiiti Ha 1mar 2. MHaue OCTAaHOBHUTD ITOMCK.

B kauecTBe MPUOIMKEHHOTO PEIIEHHUS 3a1auk ONTUMaIbHOro ynpasiaenus (1)—(5) npunsars oco6s T (t) us
MOCIICAHEH TOMYJISALUY ¢ HAWTYYITUM 3HAYCHUEM (PYHKIIUU TPUCTIOCOOICHHOCTH.

JlaHHBIN AITOPUTM pealTi30BaH B BUJE MPOTPAMMHOTO CPEACTBA B CPeJ/ie BU3YALHOTO MPOTrPaMMHPO-
Barus Delphi, koTopoe mo3BosIseT MOJIb30BATEII0 OCYIIECTBISTh HACTPOIMKY MapamMeTpoB MeToja mTpados
Y TEHETUYECKOTO AITOpPHTMA.

3. BeIYHC/IUTEIbHBII IKCTIEPUMEHT

Hcnonp3ys chopMyIUpOBaHHBIM aJrOPUTM, PELIMM 3aady IIOMCKA ONTHUMAIBHOTO YIPABICHUS C TEp-
MUHAQJIBHBIMH OTPaHUYEHUSAMH JUI PEAKIIMA aMUHOMETWINPOBAHNUS THOJIOB.

A30T U cepocoeprkaliie OpraHMueCcKHe COCIUHEHUSI HaXOIT IUPOKOE MPUMEHEHHE B KauecTBe (-
(DEeKTHBHBIX CPEACTB 3aIUTHl PACTCHUH, AaHTUOKUCIUTENbHBIX, TPOTUBOKOPPO3HOHHBIX, IPOTUBOU3HOCHBIX
MIPUCAIOK K TOIJIMBAM M MaciaaM. DKCIEPUMEHTAIIbHBIC UCCIICOBAHNS PEAKIIMA aMUHOMETHIMPOBAHHS THO-
JIOB MPOBOJATCS C MTOMOLIBIO TeTpaMEeTUIMETaHANAMIAHA. MeXaHN3M JaHHOW PEakIUH OMHUCBIBAETCSI COBO-
KYITHOCTRIO cTanuii [14]:

X+ X, > X5, X5+ X, 2> X, + X, + X, (7)
rae X1 = Nz(CH3)4, Xz = Sm, X3 = Ng(CH3)4'[Sm], X4 = HSC5H11, X5 = (CHs)zNSCsHﬂ, Xe = (CH3)2NH.

Kunetnueckue ypaBHEHHsI CKOPOCTEH CTaAUN ONPEEISIIOTCS COrNIACHO 3aKOHY JEHCTBYIOIIMX Macc U
HAMEIOT BUJ:

O, = k1X1X2' W, = I(2)(3)(4’ (8)
rae X=(X,X,,.., Xﬁ)T — BEKTOP KOHIIEHTpAIUi BemecTB (MOb/i), K1, Ko — KHHETHYeCKHMe KOHCTAHThI peak-

1y (71/(MOJb-4)), pacCUUThIBa€MbIE UCXOIS U3 YpaBHEHUST AppeHnyca:
E; ) .
kj =kOj exp R/ j=12,

rie Koj — MpeIdKCIIOHEHIIMATIBHBIN MHOKUTEIND (J1/(MOJb 1)), Ej — sHeprus aktuBaiuu j-it craauu (Jx/Morb),
T — Temmnieparypa npotekanus peakuuu (K), R — yauBepcanpHast razoBas nocrostaHas (x/(mMoins-K)).
JluHaMuKa KOHIIEHTPAI[MH BEIISCTB OMKUCHIBACTCS CUCTEMON nudepeHInaIbHbIX YpaBHEHHH

dx, & .
—=Zyijcoj, =16, 9)
dt 4=
C Ha4aJIbHBIMH YCIOBUSIMH
x,(0)=x°,i =16, (10)
rae (Yij) — MaTpuIa CTeXHOMEeTpUIecKuX KoddduimeHtos Bemiect peakiu (7).
B cucreme nmuddepennmanbHeix ypaBHeHHH (9) ha30BbIMHE NMEPEMEHHBIMH SIBISIFOTCS KOHIICHTPAIIUU
BemiecTB Xi (i =1,6), ynpapistoium mapamMeTpom — Temreparypa B peakrope T(t).
LeneBpiM nponykToM peakuuu (7) sBsieTcs: BEmIECTBO Xs. B ¢BSA3M € 3TUM KpUTEpHU 3a1a4u ONTH-
MaJILHOTO YIIPABJICHUSI — MAKCUMAJIbHBIN BBIXOJ X5 B KOHEUHBIH MOMEHT BPEMEHH MPOTEKAHUS PEaKIIH:
I(T) = X5 (teng) —> max. (11)
[TockonbKy BBIXOX X5 3aBHCHT OT CEJIEKTHBHOCTU €ro 0O0pa30BaHMSI M KOHBEPCHU BeLIECTB X3, Xa,
HAJIOKUM Ha pellieHHe 33/1a41 CJICAYIOIINE OTPaHUYEHUSL:
1) cenexTuBHOCTH 0Opa3oBanus Xs HE MeHee 60%:
Sx, 20.6; (12)
2) xoHBepcHus X3, X4 B KOHILIE peakunu coctaiseT 90%:
1- X3 (tend ) + X4 (tend ) — 0 9 (13)
%3 (0) + %, (0)
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HOHyCTI/IMI)IC 3Ha4YCHUA TCMIICPATYPhI 3aJat0OTCSI HEPABCHCTBOM

293K <T(t)<333K. (14)
HavanbpHble KOHLIEHTpAIMK BEIIECTB 3aJaHbl 3HaUeHUsIMU [ 14]:
X (0)=0,445, X,(0)=0,223, X3(0)=0, X,(0)=0,367, x5(0)=x4(0)=0. (15)

Heo6XxoamuMo onpeieiuTh ONTHMATbHBINA TeMIepaTypHblili pexum T () peaxmuu (7), omuchIBaeMoi
cucteMol TudQepeHnnanbHbpIX ypaBHeHHH (9) ¢ HauanbHBIMU yclioBuAMH (15), ¢ ydyeTom orpaHnueHuid Ha
napametp ynpasienus (14) u TepMuHaIbHBIX orpanuueHuid (12), (13), nocraBistommii MakCUMaJIbHOE 3Ha-
YeHue KpuTepuro ontumansHocTa (11).

B xone moucka pemieHHsi MOCTaBlIeHHOW 3agaun cucteMa auddepeHunansHpx ypaBHeHuid (9) ¢ Ha-
qanbHbeIME yciaoBusiMa (15) pemanack MmetogoMm Pynre—KyTTer yerBepToro nopsiaka. UncneHHble 3HaYCHUS
KMHETHYECKHX ITapaMeTPOB PeaKkMi aMHHOMETHIIMPOBAHUS THOJIOB C MMOMOIIBIO TeTpaMeTHIMETaHInaMHHA
npuBeneHsl B pabote [14]. Bpems mpotekanus peakiuu tend = 1 4. ['eHeTHUecKkuii anropuT™ Ui IOMCKa
0€3yCIIOBHOTO DKCTpEMyMa MPUMEHEH CO CIICAYIOIIMMH TapaMeTpaMu: KOJIWYECTBO OCOOCH B MOIYJSIHN
P = 60, makcumanbHOe KonmuecTBo mokonennid G_Max = 2000, xonmnuectBo renoB N = 450. Jlns merona
mTpad)oB yCTAHOBJIEHBI CIIEAYIOMIME MApaMETPhl: HadalbHOe 3HaueHue mrpada q° = 0,1, napamerp yBenu-
yenus mwrpada S = 10, mapametp 1st okoH4YaHUs padoTs! anroputMa € = 0,01.

PesynpTathl pacueTa mokasany, 4To i 00ECIIeYeHUI MAaKCUMAaIbHOTO BBIX0/JIa IPOIYKTa peakuuu Xs
1 BeImoHeHus1 orpanndernit (12)—(14) neodxoammo Ha mpotspkeHun 0,75 9 yaepKuBaTh TeMIIEpaTypy Ha
nocTostHHOM ypoBHe 298 K, a 3arem BecTu mpoliecc ocTaBlieecs BpeMsl MIPU MAaKCUMAaIbHOW TOIMYCTUMOM
temmeparype 333 K (puc. 1).

335 4

T.K

305 4

300
A

295 —
0.0 0,

¥ T L T ¥ T X T X T X T ¥ T ¥ T ¥ T ¥ 1

1 02 03 04 05 06 07 0.8 09 1.0 1.1
t.u

Puc. 1. CybonTumanbHblil TeMIEpaTypHbIH pexuM

Fig. 1. Suboptimal temperature regime

BrrurcneHsl KOHIIEHTpAIMK BEIIECTB, COOTBETCTBYIONIME CyOONTHMAaIbHOMY TEeMIIEpaTypHOMY pe-
xumy. [Ipu cobmoneHnn pacCYUTaHHOTO TEMIIEPATYPHOTO PeKMMa KOHIICHTPAIIHS IEJIEBOTO BEIECTBA CO-
craBut 0,34 MOIIB/1I, CEIEKTUBHOCTD st =61%, xouBepcus Xs, Xs B KOHIIe peakiuu 8§9,8%.

Pe3yabTaThl pacuera nmokasarteJieif peakiuu aMHHOMETHJIHPOBAHHUS THOJIOB

Ne T,K CenekTHBHOCTb 00pa3zoBanust Xs, % Kousepcust X3, X4, % Konrentpaitust Xs, MOJIb/TT
1 293 59,1 89,7 0,217
2 303 59,9 89,9 0,307
3 313 60,1 89,6 0,311
4 323 59,8 90,1 0,317
5 333 60,2 89,8 0,321
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Jnist peakiiu aMHHOMETWIIMPOBAHHUST THOJIOB pellieHa MpsiMasi KHHETHYECKasl 3a/lada TPU HEKOTOPHIX
3HAYCHMSIX TEMIEPaTyphl M3 JOMYCTUMOTro auana3oHa. Ha ocHOBe ee pelleHus pacCUMTaHbl 3HAYCHHUS Ce-
JIEKTUBHOCTH 00pa3oBaHus Xs M KOHBEPCHH BEIIECTB X3, X4 (Tabmuira). BuaHO, YTO KOHIEHTPALHS HIETEBOIO
BelIeCTBa X5 MEHbBIIIE COOTBETCTBYIOIICH KOHIICHTPALMY, TOJIYYCHHON NPU TEMIEPaTypHOM PEXKUME, pac-
CUMTAHHOM C TIOMOIILI0 CHOPMYTUPOBAHHOTO AJITOPUTMA.

3akiIouyenue

Takum 06pa3oM, CPOPMYITUPOBAHHBIA ANTOPUTM MO3BOJISECT HAXOIUTH MPHONMKEHHOE PEICHUE 3a-
Jlauyl ONTHMAJIBHOTO YIPaBJIEHUS XUMUYECKUM MIPOLIECCOM C TEPMHUHAIBHBIMU OIPaHUYEHUSIMHU U OIpaHnyde-
HUSIMM Ha yNPaBIAIOMKN napamerp. B ocHOBY paGoThl asiropuTMa MOJIOKEHB! ABa METOa: MeTox mrpados
U reHetuueckuii anroputM. C momomipio MeTosa mrpadoB UCXOAHAS 3a/ada ¢ TePMUHAIBHBIMU OTpaHuye-
HUSIMHM CBOJAMTCS K 3amadye 0e3 orpaHnueHuil Ha (aszoBble nepemenHsle. [lomyueHHas HOBas 3ajava ONTHU-
MaJbHOTO YIPABIEHHUS C HOBBIM KPUTEPHEM ONTHUMAIBLHOCTH PEIIAeTCs] C MOMOIIBIO TEHETHYECKOTo ajro-
purMa. Pa3paboTaHHbIIl adropuT™M MO3BOJISET MPEOLOJIETh TPYIHOCTH, BOSHUKAIOLINE B XOJ€ PEILICHUS OIl-
THMHU3ALUOHHBIX 3a/1a4 JJIs1 XUMUYECKUX IMPOLIECCOB, TaKWe KaK HEIMHEHHOCTh MaTeMaTUYeCKUX MOJesei
MPOIIECCOB, TPEOOBAHUS HEMPEPHIBHOCTH LIENEBOM (QYHKIIMH M €€ MPOU3BOAHBIX, OONbIIas pa3MEpHOCTh 3a-
nauu. IIpu 3ToM HaliieHHOE pelIeHne He 3aBUCUT OT BbIOOpa HA4aIbHOTO MPUOIIKEHHS.

C noMmoIpio pa3pabOTaHHOW Ha OCHOBE ajJrOpHUTMa MPOrPAMMBI MPOBEACH BBIYMCIUTENBHBINA JKCIIEe-
PUMEHT [UIsl peakLii aMHHOMETHIMPOBAHUS THONOB. PaccunTtansl cyOONTUMANbHBIN TEMIIEPATYPHBIN PEXXUM
Y COOTBETCTBYIOIIME €My KOHIIEHTpAIMH BEUIECTB, PHU KOTOPHIX BBITIOIHIIOTCS TEPMHUHAIbHBIE OrpaHuye-
Husl. [lpuBeneHsl 3HaUEHHSI CENEKTUBHOCTHU LIEJIEBOTO MPOAYKTA PEAKLMU, KOHBEPCHU BEILECTB M 3HAYCHUS
KpUTEPHS ONTUMAJIBHOCTH IPU HEKOTOPBIX AOIYCTHMBIX 3HAYEHHUSAX TemrepaTrypbl. [lokaszaHo, 4yTO BbIYMC-
JICHHAs! C TIOMOIIBIO ANrOpUTMa CyOONTUMAaNbHAs KOHIIEHTPAIMS [EJIEBOTO BEIIECTBA MIPEBOCXOJUT 3HAUC-
HUSl €r0 KOHLIEHTPALUH, ONPeIeJIEHHBIX IPU IPYTUX TEMIIEPATYPHBIX peXXUMaXx.
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B 3a/a4e ONTHMAJBHOTO YNPABJICHHUS IUISl CHCTEM Pa3HOCTHBIX ypaBHeHHWi Tna Bombreppa // BectHuk Tomckoro
rOCYAapCTBEHHOTO YHUBEPCHTETA. YTIPaBICHNE, BEIYUCINTENbHAS TeXHUKA U HHpopmaTuka. 2022. Ne 59. C. 13-22.
doi: 10.17223/19988605/59/2

Original article
doi: 10.17223/19988605/59/2

On necessary conditions for the existence of a saddle point in the problem
of optimal control for systems of difference equations of Volterra type
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Abstract. On solutions of a system of nonlinear difference equations of Volterra type
t
X(t) = z f (t,r,x(‘r),u(‘t),v(r)), teT,
=t
define the terminal functional
I(u,v)=o(x(t,)).
Here f(t,t,x,u,v) is a given n-dimensional vector function continuous in (x,u,v) for all (t,t) together with

partial derivatives in X, @(x) is a given twice continuously differentiable scalar function.

Consider a game problem. Suppose that control u(t)) is controlled by player A, striving to minimize functional, and
control v(t) is controlled by player B, striving to maximize functional.
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Consider the following game problem: among all admissible pairs (u(t),v(t)) , on which functional is defined,
find an admissible pair (uo(t),vo(t)) such that for any (u(t),v(t))
J (uo,v) <J (uo,vo) <J (u,vo).
A pair (uo(t),v0 (t)) , satisfying condition, following the accepted terminology, is called a saddle point of func-

tional. A necessary condition for optimality controls is established.
Keywords: Volterra difference equation; saddle point; terminal functional; analogue of the discrete maximum
principle

For citation: Mansimov, K.B., Chiragova, M.U. (2022) On necessary conditions for the existence of a saddle point in
the problem of optimal control for systems of difference equations of Volterra type. Vestnik Tomskogo gosudarstven-
nogo universiteta. Upravlenie, vychislitelnaja tehnika i informatika — Tomsk State University Journal of Control and
Computer Science. 59. pp. 13-22. doi: 10.17223/19988605/59/2

B pabotax [1-2] u apyrux HaiiieHBI YCIOBHS CYIIECTBOBAHMUS CEIJIOBOM TOUKH B MPOLECCAX, OMHCHI-
BaeMbIX CHCTEMaMHU HHTErpo-auddepeHnnanbHbIX ypaBHeHUH THia BonbsTeppa.

B npemnaraemoit pabote, npuMeHsis MOAM(UKAIMIO METOIOB, MPEAJIOKEHHBIX B paborax [3-6],
HalileHbl pa3uYHbIe HEOOXOIUMBIE YCIOBHS CYIIECTBOBAaHHS CEUIOBOH TOYKH B 3ajaue ONTUMAaIbHOTO
yIpaBIeHHS AJISI CHCTEM, MOJICTH KOTOPBIX OMHICHIBAIOTCS CUCTEMaMH HEJIMHEHHBIX PA3HOCTHBIX YPaBHEHHH.

1. ITocTanoBKa 3aga4un

IIyctes R', RY R" — nueeiiHble mpocTpaHcTBAa I-, Q- W N-MEPHBIX BEKTOPOB COOTBETCTBEHHO,
(u(t),v(t)) — r(Q)-MepHBIi AUCKPETHBIN BEKTOP YIPABISIONIMX BO3ACHCTBUIT CO 3HAYCHUSIMU M3 3aJaHHOTO
HEMyCTOTO U OIpaHHMYeHHOT0 MHOXecTBa U (V ), T.e.,

u(t)eU cR", teT ={t,,t;+1....t,}, 1)
V(t)chRq, teT, 2
rzae t,,1, —3aganHbIe YnCna, IpUYeM pa3sHoOCTh t —1, ecTh HaTypaabHOE YUCIO.

[Tapy (uo (t),v0 (t)) C BBILIENPHUBEIECHHBIMU CBOMCTBAMHU HA30BEM JOIYCTUMOM napoi. Ha pemenusx

CHCTEMbl HEJIMHEHHBIX Pa3HOCTHBIX YpaBHEHUH THIa BoiabTeppa

x(1)=3 f (tox(2),u(x).v(x)), teT, @)

=t
OTIPEIENINM TEPMUHAIIBLHBIN (QYyHKIIMOHAT
J(u,v)=0(x(t,))- (4)
3necw f(t,7,X,U,V) — 3ananHas N-MepHast BeKTOp-(QyHKIMA, HeNpepbIBHas 10 (X,U,V) mpu Beex (t,7) BMe-
CTe ¢ YaCTHBIMH IPOM3BOMHBIMA 110 X, ¢(X) — 3a7iaHHast Ba /bl HENPEPBIBHO A epeHnrpyemas cKasip-
Has QyHKITHSL.

Scno, To dynkumonan (4) onpeaeneH AT BCEX COBOKYITHOCTEH (T1ap) (u(t),v(t)) , TSI KOTOPBIX CO-
OTBETCTBYIOILIEE PELICHHE X(t) ypaBHeHus (3) onpeneneHo Ha T.
[lepeiinem k mocTaHOBKE cIeAyIOIIEH UTPoBOH 3anaun. [Ipeanonoxum, 4To ynpasieHueM U (t) pac-

MOPSKAETCA UTPOK A, CTPeMSIIIUIiCST MUHUMHU3NPOBATh (GyHKIMOHAI (4), a yIpaBieHHEM V(t) pacmnopspka-
eTcs UTPOK B, cTpeMsieecss MaKCUMU3UPOBATh QYHKIIMOHAT (4).

PaccMOTPHM CIIETyIONIy0 HTPOBYIO 3aauy: CPed BCEX JOMYCTUMBIX Tap (u(t),v(t)) , Ha KOTOPBIX

ompezeneH GyHKUNOHANT (4), HANTH TaKylO TOMyCTUMYIO TIapy (uo (t),vo (t)) 9YTOOBI MPHU JIFOOBIX (u (t) , V(t))
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I(u0,v)<I(u0V°)<I(uv®). (5)
[Tapy (uo(t),vo (t)) , YIOBJIETBOPSIONIYIO YCIOBHUIO (5), Clielysi TPUHATON TEPMHHOJIOTHM, HA30BEM

CeNIOBOM TOYKOMW (yHKIMOHANA (4).

2. AnaJior npuHuuna makcumyma IloHTpsiruHa 1015 cyliecTBOBAHMSI CeII10BOI TOUKH

ITycTs (uo (t),v° (t)) — ceayioBas Touka (GyHKMoHana (4). DTo 03Ha4aeT, 9To VIS THOOBIX (u (t),v(t))
I(uv®)= 3 (W0°), I(uv)<I(u ). (6)
Ipeanonoxnm, uto X° (t) — pemenue ypaBHeHus

()= 3 (L0 (2).4° (0¥ (2)), @)

=ty

f(t,r,xo (r),U)z{a:a: f (t,r,xo(t),uo (1:),V0 (‘C)),U(‘C)EU}, (8
f (t,r,xo(r),V)z{a:a =f (t,r, x° (r),uO (‘C),VO (r)),v(r)eV} €)]

BBIITYKJIBI IIPU BCEX (t, 1:) .
IIycTs €€ [0,1], ne [0,1], u(t) eU,teT, V(t) eV, teT, — npou3BOJIbHEIE YUCIIA M IPOU3BOJILHBIE

JIOMTYyCTUMBIE YIPaBISIONINE QYHKIH COOTBETCTBEHHO.
B cuny Bemykioctn MHOXecTB (8), (9) cimemyeT, YTO CYIIECTBYIOT JOMYCTHMBIE IPOIECCHI

(u(t;.s),vO (1), x(t;g)), (uo (1), V0 (t;p), x(t;u)) , TAKKE UYTO
=3 (tox(se)u (e V(<)

T=t,

zg[ ( T, X 'cs u(r),vo(r)>+(1—8)f(t,r,x('c;s),uo(r),vo(r))], (10)
Zf(rXtu °(7), (T;p))z

_tO

= Zt:[uf (t,r,X(r; u),uo(t),v(r))+(l—u) f (t,r,x(r;p),uo (t),v° (r))] (11)

t=t,

Baenem 0003HaYeHNUA

_ox(te) _9%x(t;e)
a(t)= o5 | b(t)= & | (12)
_ox(tw) _O°x(tn) 13
2(M)=—7 . yt)=—30 = (13)
Au( )f (t 7, X° r) uo(r),vO T )E

(v)

=f (t,r, x°(t),u(t),V0(x )— f (t,’C,XO (t),u’(7),v° (’C)) (14)
()
(v)

u° (1:),V0 (’t)) (15)

15
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Ucnonezys (12), (13) u yuuTeIBas yCIOBHS TIIAIAKOCTH, HAJOXEHHBIE HA MPAaBYI0 YacTh YpaBHEHWH

(10), (11), mokasbiBaercs, 9TO
t

a(t)= Z&[ f (t,r, x°(7),u°(1),v° (r))a(r) +A, o f (t,r, x°(1),u’(7),v° (r))] (16)

b(t)= 3| Fi (e (2),u® (£)V° (5))a(1) + 28, By (1,057 (), (1).° (1) )+

=t (17)

+2(1) fo (1,57 (),0° (2),V° (1) Ja (1) |
z(t)= Zt:[ f, (t,r, x°(t),u’(7),v° (’C))Z(‘E) +A ) f (t, 7, x%(1),u’(7),\° (T))i|, (18)

T=t,

y(t) = Zt:[ f, (t, 7,%X° (‘C),UO (1:),V0 (‘C)) y(t) + ZAU(T) f, (t,’t, x° (r),uO (7:),V0 (’E)) A (‘C) +
=ty (19)
+2(7) fi (650 (1), 1° ()0 (1)) 2(x) |
Ucnons3ys (12), (13), BEIMACINM CIIEIIUATBEHBIE TTPUPAIICHUS
J (u(t;.s),v0 (r))—J (uo(t),v0 (r)) (20)
I(u (1), v(tm)) =3 (W (1) V(1)) (21)
(dyHKIMoHaNa (4), COOTBETCTBYIONIUE TOMYCTUMBIM YIIPABICHUSIM (uo (t) ,u (t; 8)) , (uo (t),v(t; u)) COOTBET-

CTBEHHO.
[Mpumensist popmyny Teiinopa, 3Tu cneunansubie npupameHus (20), (21) 3anuceBarOTCS B BUIE!

A (U0 (1), (1)) =3 (u(tie) v° (1) = 3 (u (1) v° (1) = (X (t58)) — (X (1)) =
+O(82)— 8—6([)()( (tl)) a(t)+

OX

R T a(t)+o(e?), (22)

u=0 2 d H n=0

0 2 0
NS op(X° () y(t1)+“—22’(t1)a o(x°(t,))
2 Ox 2 ox?
Brenem ananor pyukmym ['amunsToHa—lloHTpsATHHA!

H (tx(1),u(t).v(t).y° (1)) = Zt:wo' (0) F (mtX° (£)u(£).v (1)) = 05 (X° (1)) F (1, t.x° (), u(t).v (1))

=ty

z(t1)+o(p2). (23)

rae W(t) — N-MepHast BeKTOP-PyHKIIHS, SBISIFOIIAACS PEIICHHEM JIMHEHHOT0 pa3HOCTHOTO YpaBHEHUS THUIIA

Bonsreppa
(1) =H, (6. (1), 1),V (1), w° (1)). (24)

U3 toxnaects (16)—(19) momyuaem, 4To

S (1alt)= 3] 3w ()1 (1 (1) (2).0 (1) (1)) +

t=t, t=t, | 1=t
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1

+Z\|JO’ (t)Au(T)f (t,r,XO (r),u0 (r),vo (’E)) , (25)

iw°’<t>z<t>=i{2(w°'(t>fx(t.r,x°<r>,u°(r>,v°<r>)z(r)+

t=t, t=t, | =t

A (8, (L0 (1)1 (1) (1)) ], (27)

Dyt Z{Ztt:( f (L (1), 0 (2). (1) y(x) +

t=t,

+2\|/0’(t)Au(T)f(t,'t,x ( ),uo(r),vo(t))z( )+Z( )\yo(t) fxx(t,‘t,XO(T),UO(‘E),VO(T))Z(‘C)]. (28)

Hcnonb3yst auckpeTHblid aHanor Gopmynsl @younu (cMm., Hanp.: [7, 8]), moka3biBaeTcs CripaBeIn-
BOCTb TOXJICCTB

4
Z{ZW (b’ (2).u°(2). v (1))a(c) =

:i{iwo (6 (1),0° (1),v° (1)) a(t), (29)

_ i{jtwo ()80 F (210 (1)1 (D)2 (1)), (30)

#2907 () Ay (670 (£),0° (1)V° (1)) +@ ()W (1) Fu (20X ()0 () (D)) | (3D)

Haiee u3 cootHomenutii (16), (19) cnexyet, uro

a(t)= j[ f (6,67 (£, (£),V° () a(t)+ Ay F (.06 (0).0° (0).° (1)) | (32)

t=t,

b(t)= X[ £, (6.6 (1).6° (). (6)b() +

t

=
2 Ay By (11X (1), 00 (6),V (1) Ja(t) + @' (1) f (1,1, (1), u°(t),v°(t))z(t)}, (33)

17
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t

2(t) = 2| Fi (1t ()6 (£).V° (1)) 2 (1) +

t=t,

e f (68X (0.0 (). (1)) ], (34)
y(1) =3 £ (10 (00 (0. () y(0)+
#2000 F (8,6 (1)1 (1), (1)) 2(1) | (35)

YunteiBas BeIpakeHne aHanora ¢yHknuu [ ammmsToHa—IlOHTpATHHA, COMpsDKEHHYIO cucTemy (24)
u ToxaecTBa (25)—(35), mocne HEKOTOPHIX MpeoOpa3oBaHuil clielHabHbIe Tpuparierus (22), (23) ¢ynkuu-

oHana (4) o ynpapisonmM QyHKIUIM (uo (t),u (t;s)) u (vO (t),v(t; u)) COOTBETCTBEHHO IMPEICTABIIAIOTCS

B BUJIE

A, (uo(t),v0 (t)) =J (u(t;g),v0 (t))—J (uo (t),v° (t)):
:-gtiAu(t)H (X (0),u° (£)V (1), y° (t))+%[a’(t1)¢xx (xX°(1))a(t,)-

=t,

b
(1) i (1X().0° (1), (1), w° (1) )a(t) -

t=t,

—2: Ay H (8 (£),u° (£) v (1), w° (t))a(t)}ro(az), (36)
A, (uo (t),v° (t)) =J (uo (t),v(t; M)) -J (u0 (t),v° (t)) =

=_HiAv(t)H (£ (£),u° (£). v (1), y° (t))+%[z(tl)(pxx (X°(1))z(1)-

t=t,

4
=23 A Hi (86X (1), (1) .V (1), y° (t))z(t)]+o(u2). (37)

t=t,
[Monyuennsie paznoxenus (36), (37) mo3BoNAIOT CHOPMYJIUPOBATH HEOOXOIUMBIC YCJIOBUS OIITH-
MaJIbHOCTH THUIIa IPUHIIUIIA MaKCUMYyMa HOHTpHFHHa, a TaKK€ UcCCjaeaoBaTb cnyqal‘/'l HX BBIPOKIACHUA.

3. Heo6xoanMple yCa10BHUSI ONTUMAJIBHOCTH JJISI CYLLIECTBOBAHUSI CEAJI0BOH TOYKH

[To npenmonoxeHuto (uo ('[),VO (t)) SIBJISIETCSI CEJIJIOBOM TOUKOU B paccMarpuBaeMoil 3amaue. [losto-
My u3 pasnoxenuii (36), (37) cnenyer, 4To

—siAu(t)H (8% (£),u® (1), v (1), ° () ) + 0 () 20, (38)

t=t,
< 0 0 0 0

Y Ay H (8 (1), 0% (1),v° (), w° (t) )+ o(w) <O. (39)
t=t,

W3 nepasencts (38), (39) B city mponU3BOIBHOCTH € M |l TOTYyYaeM CIIPABEAIUBOCTD YTBEPKACHHUS.
Teopema 1. B cnyuae Beimykioctd MHOXecTB (8), (9) mnms cymecTBOBaHHS CEIJIOBOW TOYKH

(uo (t),vO (t)) B paccMaTpHUBaeMOil 3a1aue HeoOX0MMO, YTOOBI HEPABEHCTRA
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_iAu(t)H(tvxo (£),u° (1), (1) w° (t))ﬁo’ (40)
iAv(t)H (t.x° (1), (1) .V (1), w° (1)) 2 0 (41)

t=t,
BBIITOJIHSUIACH JUISL BCEX U(t) eU,teT, V(t) eV, teT coorBeTcTBEHHO.

HepasenctBa (40), (41) mpenctaBisioT coOoif HEOOXOMUMBIE YCIOBUS ONTHMAIBHOCTH TEPBOTO
MopsiiKa, IPUYEM MEepPBOE M3 HUX — TUMA MPUHLMNA MakcuMmyma [IoHTpsAruHa, a BTOpoe — THINa MpUHIMIA
MuHuMyMa [ToHTpsTHHA.

U3zBectHO (cM., Hamp.: [3, 6]), 9TO YacTO pa3nUIHbIE HEOOXOIMMBIE YCIOBHS ONTHMAIFHOCTH TIEPBOTO
nopsiaka BeIpokAatoTcsi. 1logoOHbBIe cioy4yan Ha3bIBalOTCS OCOOBIMH, a COOTBETCTBYIOIIUE YIPABICHUS —
0COOBIMHU yTIpaBJICHUSIMUA. B 3TOM cllyyae JJisi HCCIIEIOBAHUST pacCMaTPUBACMOM 3a/1a4M HAJ0 UMETh HOBBIC
coJiep)KaTeNbHbIE YCIOBHS ONITUMAIbHOCTH.

Wzyunm ciydaii BEIpOKIeHHS] HEOOXOMUMBIX YCIIOBUH onTuMansHOCTH (40), (41).

Onpenenenne. J[0yCTUMOE yIIpaBieHHE (uo(t),v0 (t)) Ha30BeM 0COOBIM MEPBOTO MOPSIKA yIpPaB-

nenneM, ecm st Beex U(t)eU, teT uv(t)eV, teT

iAu(t)H (£ (£),u° (£).V (1), 4 (1)) =0, (42)

t=t,
)
D A H (6 (1),u° (1), (1), (t)) =0 (43)
t=t,
COOTBCTCTBCHHO.
U3 BBCJICHHOT' O OIIPCACIICHUA SICHO, UTO IJIA ocoboro yYHpaBJICHUS H606XOZ[I/IMLIG yCi1oBus ONITUMAJIb-
HOCTHU TEPAIOT CBOC COACPIKATCIIBHOC 3HAYCHUC.

W3 paznoxenwuii (36), (37) cpasy cienyet
Teopema 2. [Tycts MHOXKecTBa (8), (9) BeiyKIIBl. Torma asns Toro, YTo066 0c0O0E TOMYCTUMOE yIIpaB-

JICHHE (uo (t),vO (t)) OBLIIO CEIOBOM TOUKOM, HEOOXOAMMO, YTOOBI HEPABEHCTBA
&

2l (1) (X° (1))a(ts) — 2 (£ Hi (X (1), 0° (1) V" (1), w° (D (1) -

t=t,

y
-2 Ay Hx (£ (1),u° 1),V (1) v (1) a(t) = 0, (44)

=t0

ty
2(t) s (X7 (1)) 2(t) = 22 () e (£ (£).0° ()7 (1), w (1) 1) -

t=
4
=23 Ay Hi (62X (1)1 (1), (1), w0 (1) (1) <O (45)
t=t,
BBIITIOJIHSUIACH JUISL BCEX u(t) eU,teT, V(t) €V, teT coorBeTcTBEHHO.
Hepasenctia (44), (45) sBIsIOTCS JOBOJIBHO OOIIMMHU, HO BMECTE C TEM HESIBHBIMH HEOOXOIUMBIMU

YCIOBUAMHA ONITUMAJIBHOCTH JJIA 0COOBIX CCIJIOBBIX TOYCK (UO (t),VO (t)) .

O}_'[HaKO C UX NOMOLIBIO MMPU HECKOTOPBIX MPEAITOJJIOKCHUAX MOXKHO IMOJYYUTh HCO6XO,Z[I/IMI:I€ YCII0BUA
OINITUMAJIbBHOCTH, ABHO BBIPA’KCHHBIC YCPE3 MapaMCTPhL paCCManI/IBaeMOﬁ 3aJa4u.

IIycTs R(r,t)—(n X n) — MaTpu4Hasg (GYHKIWS, SBISIONIAsCS pEIIeHHeM Pa3HOCTHOTO MaTPHYHOTO

ypaBHeHus Tuna Bonbteppa
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. t)=§R(r,s)( £ (S (£).0(8) V(1)) ~ (5.0 (1),u (1).v° (1)) by <t <.

Matpuunas pyHKIUS R(r,t) Ha3bIBACTCS Pe30JIbBeHTOH ypaBuenus (18) (cm., Hamp.: [7, 8]).

Crenyst [7, 8], MoXxHO mOKa3aTh, 4TO pe3osbBeHTa R (r,t) SIBIIICTCS TAKOKE PEIICHHEM ypaBHEHUS

t):gR(r,s)( fi (250 (),U°(8)V°(5)) = e (16X (1) (1).V° (1))

VYpasuenus (46), (47) Ha3pIBAIOTCS yPaBHEHUSIMH PE30JIbBEHTHL.
Pemenus a(t) u Z(t) ypaBHeHnwutii (16), (18) aonycxa}oT COOTBETCTBEHHO MPEACTABICHUSA

t

ZA f(tex®(x),ul (1) V0 (7)) - ZR o (28X (s),u°(s).v°(5))

T=t, =ty | s=t

)= 3 A (L0 )u°(r),v°(r))-j SR f (250(5), uo(s),vo(s)).

=ty =ty |_s=t,

Janee, nmpuHuMas BO BHEMaHue ToxaecTBo 2 u3 [5. C. 45], npencrasienus (48), (49) 3amu

B clenyroei ¢popme:

a(t)= 2" Ay f (61X (1)1 (1) V° (r))—zt: D R(,8) Ay F (51X (1), 00 (1),V (1)) |

T=t, =ty Ls=1

Z(t) = ZAV(T) f (t,r, x° ('r),u0 (r),vo (‘C))— t ZR(t,S)AV(T)f (S,‘C, x° (r),uo (1:),VO (r)) .

=1, T

t, Ls=t
[Ipeanonoxxum, 4To
f(t,T.x,u,v)=A(tt)g(t,xu,v),

(46)

(47)

(48)

(49)

ChIBAIOTCA

(50)

(51)

(52)

rae A(t,r) — 3aJaHHas (n X n) JMICKpeTHas MaTpuaHas GyHKIuUs, a g (‘C, X,u,V) — 3a7laHHas N-MepHas BEK-

TOp-pyHKIMS, HeNpepbIBHAst 110 (X,U,V) IpH Beex T.

[TycTh Mo onpenenenuro
t

Q(t,t)=A(t,t)- D R(t,s)A(s,7).

S=1

Torma npencrasnenus (50), (5 1) MIPUMYT BH/I;

ZQ t 1: )g(r X ( ) UO(T),VO(’E)),

_tO

)=>0(te ) A9 (0 (1).0° (). (1)),

=ty

C nomo1pio npeacTaBiIeHUN (53) (46) (54) ybexnmaemcs B CTIpaBeNTUBOCTU TOXK/ICCTB

(H)QXX( ) ZZA ( ) uo (a)'vo(a))Q(tl'a)(Pxx(Xo(tl))x

a=t, B=t,

xQ(t,B) A9 (B X° (B):u° (B).°(B)),
3 Ay Hi (60 (0,08 (090 (1).9° (1) a(t) =

t=t

= i iAu(t)H;( (t,xo (1:),u0(t),v0 (t),\yo (t))Q(t,r)Au(I)g(r, x° (T),UO(’U),VO (T)) :

t=t, | 1=t
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4

4 4
228 (1) Hoe (6 (£):0° () V7 (1) (©))a(t) = 20 30 8000 (00" () ° (@).¥° (@) ¢
i

t a=ty B=t,

t,x°
t
x{ i(:)Q'(t,(x)Hxx(t,xo(t),uo(t),vo(t),WO(t))Q(t’B) AU(B)Q(B'XO(B).UO(ﬁ),VO([3)), 57)

(1) Py (x0 (t)) 2(t) = i iAV(Q)Q'(O" x°(a),u’(a),v° (oc))Q(tl, o) Py (x° (t))x

a=ty B=t,

xQ(1.B)A, (B X" (B).u° (B).V" (B)). (58)

b [
:E{EAV(I)H;(LXO (t),u°(t),v°(t),wo(t))Q(t,r)Av(T)g(r,xo(r),uo(r),vo(r)) , (59)
1 o Lo
gz'(t)HXX(t,x°(t),uo(t),vo(t),wo(t))z(t)=§0[§Av(a)g’(oc,x°(oc),uo(cx),vo(oc))x
[ i(ﬁ)@'(ta)Hxx(t,x°(t),u°(t),v°(t),w°(t))o(t,ﬁ) A3 (B (B).U° BV (B)).  (60)

Beenem marpuunyio pynkumo K (o, B) popmymoit

K (0B) =-Q(t, )y (X° (1)) Q(t,B) + > Q' () Hy (6 X° (), u° (), (1), w° (1)) Q(t. B).

max(oB)
Ceiiuac, mpuHUMas BO BHUMaHHE 3TO 0003Ha4YeHHE U ToxkecTBa (46)—(58) B HepaBeHCTBax (44), (45)

HOJIy4aeM, 4To
tl t1

> Au(a)g’(a, x°(a),u’(at),v° (oc)) K(cuB)Ay 59 (B, x°(B),u’(B),v° (B))+

a=t, B=ty

+ Zil:iAu(t)H;( (t, x° (t),uO (t),vo (t)’\lfo (t))Q(t, T)Au(r)g (r, X0 (T),UO(T),VO (T))} <0, (61)

t=t, | 1=t

L4
DD Ay 90X (), u® (@), v° () K (o, B) Ay, (B X (B) U0 (B).V° (B)) +

a=t, B=t,
- Zg{gAV(t)H; (£ (£),u° (). (1), w° (1)) Q(t. T)A 9 (1. X (7). U (2),V° (r))] >0. (62)

ChopmynupyeM NoaydSHHBIN pe3yJIbTaT B BUE CIEAYIONICH TEOPEMBI.
Teopema 3. Ecim MuOXecTtBa (8), (9) BBITYKIBL, TO Il TOTO, YTOOBI 0Oco0oe yIpaBicHUE

(uo (t),v0 (t)) OBLIO CeIIOBOM TOYKOW (pyHKIMOHANA (4), IPH CAETAHHBIX MPEIIOI0KEHHUIX HEO0X0IUMO,

4TOOBI HepaBeHCTBa (61), (62) BEIMOTHSUTHCH 71 Bcex U (t) eU,teT, V(t) eV,teT coorBeTcTBEHHO.

Taxum obpa3om, ucnomb3ys cneunduky (52) ypaBHenus (3), ynanoch MOJyYUTh KOHCTPYKTHUBHO IPO-
BepsieMOe HEOOXOJMMOE YCIIOBHUE ONTUMAIBHOCTH OCOOBIX YIIPaBICHUH.

3akiaoyenue

B craTbe HCCIICAYCTCA O/JHA UI'poBad 3aa4a ONITUMAJIBHOI'O YIIPABJICHUS, OIIMChIBACMast CHCTEMOM He-
JIMHEHHBIX Pa3HOCTHBIX ypaBHeHI/Iﬁ THIIA BonLTeppa. I[OKaBaHO H€06XO,Z[I/IMO€ YCIOBUEC CYUICCTBOBAHUA
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CeIJIOBOM TOYKHM B paccMaTpuBaeMoi 3afade ynpasieHus. OTAeTbHO U3yUYeH ciydail BEIPOXKACHUs (0COObIH
Clly4aif) yCTaHOBJICHHOTO HEOOXOAMMOTO YCIOBHSI ONTHUMAaIbHOCTH THIA NPUHIMIA MakcuMmyma [loHTpsiru-
Ha. [Ipy HEKOTOPBIX NOMOJHUTENBHBIX MPEANONOKEHUIX YCTAHOBIEHO HEOOX0AUMOE YCIIOBHE BTOPOTO MO-
pAAKa 71 CYIIECTBOBAHMSI CEAJIOBON TOUKH.
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Abstract. The Wiener degradation models with covariates are widely used for reliability analysis. In this paper,
an algorithm for constructing an optimal design, which includes determining optimal stress levels, number of tested
devices and time moments for measuring the degradation index, has been developed. The proposed algorithm
is based on the optimization of some functional of the Fisher information matrix under restrictions on stress levels,
experiment duration and minimum time interval between measurements of the degradation index. Moreover, the
example of LED degradation analysis has been considered.
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AnHOTanus. BUHEpOBCKHE AerpajalliOHHBIE MOJENH C KOBapHaTaMH HIMPOKO HCHOJB3YIOTCS JUIS OIECHKH
(GYHKIMU HaJKHOCTHU IO JAHHBIM 00 M3MEHEHHHU MOKa3aTellsl Ierpajalii Bo BpeMeHH. B naHHO# crathe paspaboTaH
aITOPUTM MOCTPOCHUS ONTUMAJIBHOTO TUIaHA HKCIIEPHMEHTa Ha HaIeKHOCTh, KOTOPBIH MPEAyCMaTPUBAET BBIYHCICHIE
ONTHUMAJBHBIX BEMUUH HATPY30K, KOJIMIECTBA UCCIETyEeMBIX H3JICITUi 1 MOMEHTOB BPEMEHH M3MEPEHUsI TIOKa3aTes
nerpagaiun. [IpetosKeHHBIN aJrOPUTM OCHOBAH Ha OMTUMH3AIUHK (YHKIHOHATA OT MH(POPMAIHOHHON MaTpHIIBI
®duiiepa npu 33JaHHBIX OIPAaHUYEHUSIX HAa BEIMYUHY HArpY3KH, JJIUTEIHHOCTH MPOBEACHUS IKCIIEPUMEHTAa U MUHU-
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MaJIbHbIH HHTEPBAJI MEX/y MOMEHTaMH BPEMEHH M3MEPEHHUS MoKa3aTens aerpafanuy. [IpuMeHnenune pa3paboTaHHOro
aIrOpUTMa PACCMOTPEHO Ha IpUMepe AaHHBIX 00 uccnenoBannu ceeroauooB (LED).

KiioueBble c10Ba: BUHEPOBCKas JErpajlalliOHHAasi MOJENb; KOBapuaThl, HHGOpMalMoHHas Marpuna Puiepa;
ONTHMAJIbHOE IUTAHUPOBAHHE SKCIEPHMEHTA; CBETOXHUOMIBI

Jna yumuposanusn: Ynmurosa E.B., Ocunnesa E.A. OnTumanisHO€ IJIaHUPOBAHKUE YKCIIEPUMEHTA Ha OCHOBE BUHE-
POBCKO# JierpalaliiOHHON Mojiesn ¢ KoBapuatamu // BectHuk TOMCKOro rocyapcTBEHHOTO YHHBEpPCHTETA. YIIpaB-
JICHHE, BBIYMCIMTENbHAS TeXHHKA U nHdopMmaruka. 2022. Ne 59. C. 23-33. doi: 10.17223/19988605/59/3

Among all degradation models proposed in literature (see, for example, [1]), the most popular de-
gradation models are the Wiener, gamma and inverse Gaussian models [2, 3]. Gamma [4—6] and inverse
Gaussian [7, 8] degradation models are widely used for describing the aging processes of equipment, if the
degradation index changes monotonously. On the contrary, the Wiener degradation model can be used in the
case of non-monotonic degradation, when there are both positive and negative increments of the degradation
index. The Wiener degradation models are widely used in various applications [9-14]. For example, in [12]
it is applied for the reliability analysis of hard disk head units, in [13, 14] it is used to describe the degrada-
tion of LED.

The modern world requires development of new high-tech devices during extremely restricted period
of time. At the same time, productivity, reliability and overall quality must be constantly improved. It has
encouraged the wider use of optimal design to improve the quality of devices and processes in general. High
reliability requirements have increased the need for testing materials, components and systems in early stages.

Evaluating the lifetime distribution and the reliability characteristics of components in high-tech
devices is an essentially challenging task. Most modern devices are designed for operation without failure
during long period of time. Thus, under normal conditions, most objects will maintain functionality. For
example, in the design and construction of a communication satellite, there are only 6 months to test compo-
nents which are expected to operate for 15 — 20 years. For this reason, accelerated testing is widely used for
industrial purposes, in particular for obtaining well-timed information on the reliability of components and
product materials. Usually, results obtained from testing under high levels of stresses (such as temperature,
voltage, pressure and others) are extrapolated using a physically based statistical model to provide estimates
of reliability characteristics under normal conditions of use.

The issue of constructing an optimal design has been raised by many scientists since the middle of the
20th century. Over time, scientists have noticed that traditional research methods are ineffective and costly.
Therefore, scientists began to look for new ways to speed up testing and ensure that made decisions are close
to optimal. The English statistician Sir Ronald Aylmer Fisher introduced fresh ideas into the planning expe-
riments [15]. He was the first to show the expediency of simultaneous variation by all factors as opposed to
the widespread ‘vary one factor at a time’ approach with other factors assigned fixed values. Since then,
a new era of optimal design has begun, which is still relevant in our time. At the beginning of the 21st century,
scientists discussed optimal design of degradation tests in the presence of cost constraint. In [16], the authors
proposed an approach to determine the number of units to test and stress levels by minimizing the variance
of estimated percentile of failure time distribution under determined cost of experiment and degradation test
duration. An example of the optimal design for the accelerated reliability experiment on the basis of the
Wiener degradation model was considered in [17]. However, there are no recommendations for the time
moments for measuring the degradation index.

In [18], we showed that the choice of time moments for measuring the degradation index significantly
influence on the accuracy of maximum likelihood estimates of the Wiener degradation model parameters.
The optimal distribution of measurement time points depends on the model describing the degradation pro-
cess as well as the experimental conditions, such as stress levels, experiment duration and minimum time
interval between measurements of the degradation index [18—20]. Thus, the main purpose of the paper is to
develop an algorithm for constructing A- and D-optimal designs based on the Wiener degradation model,
which includes determining of optimal stress levels, number of tested devices and time moments for measuring
the degradation index.
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1. The Wiener degradation model in reliability analysis

Let us assume that the observed stochastic process Z(t) is a stochastic process with independent

increments and Z (0)=0. For the Wiener degradation model, increments have the normal distribution with

(u—@l)zly

203

the probability density function
0,\2n

where 8, =p(p(t+At)—p(t)) is the shift parameter, 6, =c./p(t+At)—p(t) is the scale parameter, >0,

p(t) is a positive increasing function.
Let us denote the vector of stresses (which are also often referred to as covariates) as

T . -
x=(x1,x2,...,xm) . The range of values for each covariate x!, j=1,m is determined by the conditions

of experiment. In this paper, the degradation process Z(t) is supposed to be observed under a constant in

time stress.
Here, we assume that the covariate x influences the degradation paths as in the accelerated failure time

model [5]:
Z*(t)zz(r(xt:m}

where r(x;B) is a the positive covariate function, p = ([31,...,[3m)T is the vector of regression parameters.

Denote the mathematical expectation of degradation process Z, (t) by

t
E(ZX (t)) = up(m,y} .
The time to failure, which depends on covariate x is defined as:
t=supft:Z,(t)<z},
where z, is the critical value of the degradation index. Then, the reliability function can be represented as:

ol % —up(t/r(X;B);v)}.

S(t)=P{T>t}=P{Zx(t)<Zo}= [ G\/W

Suppose the experiment is running over time T . The degradation index values are measured at time
points O=t, <t...<t =T.
Let us denote the sample of independent degradation index increments with covariates as following:
X ={(A21j,xl),(AZZj,xz),...,(AZm—,xﬂ),j=1,_k},
where k is the number of measurements of the degradation index for each object, x; is the value of the covariate
vector for the i-th object, AZ; =Z; (tj )—Zi (tH) is the increment of the degradation index during the time

fromt;; tot;.

Unknown parameters of the model can be estimated using the maximum likelihood method. The loga-
rithmic likelihood function for the parameters of the Wiener degradation model is defined as:

=

InL(Xn)z—nk(In«/EJrlnc)—%iln(p(tm)_p(tj)) 1 ii[AZij—H(P(tju)_P(ti)ﬂ. 1)

_2(52 i=1j=1 (p(tj+1)_p(tj+1)
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The maximum likelihood estimate (MLE) of an unknown parameter corresponds to maximum
of the likelihood function (1). For solving the optimization problem, we have calculated the derivatives
of the log-likelihood function with respect to the model parameters:

2
mz_n_k_kisii(AZij _H(Ap(tj))) _0;
oo o ooidja (Ap(tj))
olnL 1 k k
%:?LunjzlAp(tj)—izljzlAz” - 0;
6Ap(tj) Az? 6Ap(tj)
olnL _ nk o 1 20X 2 aAp(ti) L —0
7__512::1 (Ap(tj)) 262 EljZ::l 3 oy B (Ap(tj))z =0 @
6Ap(tj) AZ-JZ 6Ap(tj)
olnL _ nk B 1 0kl aAp(ti) | B
8—[3__512::1 (Ap(tj)) _202 EljZ::l " B (Ap(tj))z =0

In the general case, system of equations (2) is solved using numerical methods. In the case of a model
without covariates with the linear trend function, i.e. y=1, B=0, the MLE of parameters have the following

form:

o=

n k
AZ;; -
ELE]. 1 ~ n k (AZIJ _“(tj+1_tj ))2
———.,0= |2 X :
nT i:lj:l (tj+1_tj)

2. Optimal design of experiments

As shown in [18], the accuracy of the estimates of unknown parameters significantly depends on
the conditions of reliability experiment - stress levels, the number of tested devices and the time moments
for measuring the degradation index. Therefore, the stage of experiment design is very important in practice.

2.1. The problem of optimal design for reliability experiments

We denote the experiment design as a set of values:

\
o

where x(l),...,x(q) are the reference points of the plan, which are necessarily different; o, :%, ;

q —
> o; =1, where n; is the number of objects (individuals) examined under the stress level Xi)» i=1q,
i=1

g . . L )
g<n, >n=n,and t;..t, are the time moments for measuring the degradation index. All objects of the
i=1
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sample are divided into g groups corresponding to different values of the covariate vector (reference points
of the design).
Thus, the problem of an optimal design can be written as follows:

M (1(&))—> min,

Xmin < X(i) < Xmax
to =0t =T.t; —t; 4 > Aty j =1k,

where M (-) is some functional of the Fisher information matrix, x Xmax are the minimum and maxi-

min

mum values of stress levels determined by the conditions of experiment, At., is the minimum interval

between adjacent time points of measuring the degradation index.

There are various optimal designs: A, D, G, Q, etc. In this paper, we consider the problem of experi-
ment design from the standpoint of increasing the accuracy of the model parameters estimates. The proce-
dures for constructing A- and D- optimal designs make it possible to obtain a redistribution of suitable
candidate points taking into account the extraction of the maximum information about the model parameters
from the experimental data.

The construction of the A-optimal design consists in minimizing the sum of the diagonal elements of
the inverse Fisher matrix:

min

M (1(&))=Trace(17(2)).

The A-optimal design corresponds to the scattering ellipsoid of the parameter estimates with the least sum of
squares of the axes lengths.
The construction of the D-optimal design is based on maximizing the determinant of the Fisher infor-

mation matrix:
M (1(&))=—det(1 (2)).

The scattering ellipsoid of the parameter estimates corresponding to the D-optimal design has the minimum
volume.

2.2. Fisher information matrix for the Winner degradation model

To obtain the Fisher information matrix for the Wiener degradation model, it is necessary to calculate
the mathematical expectation of the second derivatives with respect to the parameters of the likelihood func-
tion. The first-order derivatives of the likelihood function are represented by formula (2).

Elements of the Fisher information matrix are given by the following formulas:

2 Mz q k 6Apij
l,, =—nk; ls=lp =522 ;
11 (52 23 32 02 S 8‘{
2 k Oap;;
& Pij .
_ Ly=l,p==3> ;
I, =15, =0; e g2 i-1j-1 Op
2
19 k 1 Oap q k [ Oap;; 2
WIS O |33=zz£A—"”] [ 1),
Gi=lj=14p0j oy i=1j=1{ Oy 2APij O Apjj
19 k 1 Oaps a k (Oap; ) ( Oap; 2
ly=lyg==22%—: p.J; I3y =lis=2 % =N -y 12+H_2_ . ;
Cidjaap; P i=1j=1( Oy B 25pjj O apjj
2
1 49 k q k (Oapy 2
lyp =53 3 apy ; ly=> 4P | szL“_Zi :
o ilj=1 i=1j=1\ Op 2apjj o apj
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where

Apj =p(%'y}p(r(g;ﬁ)’y}

2.3. Algorithm of the direct search procedure for optimal design

The direct approach assumes solving the optimization problem:
& =argminM (1(¢)).

Step 1. Set the initial non-degenerate design:

0
X X
0 0
oY G

Set iter =0.
Step 2. Calculate the Fisher information matrix | (éo) for the initial design.

Step 3. Fix the values of o)f(og tlotf<J , and solve the optimization problem

M) 08

Calculate I(&"er) according to the received design:

iter+1 iter+1
éiter _ (@) o Na) titer jiter
o . op o
Step 4. Fix the values of x5, (5 ™, 4 ,....{", and solve the optimization problem
M (1(g))— min
[GHG

Calculate | (&iter) according to the received design:

iter+1 Xiter+l
iter _ ) (1) = Na) iter  Liter
giter = gier |t
O)ilter+l wgerﬂ’ 1 k
Step 5. Fix the values of x5, x5 ™, o, 0p"*", and solve the optimization problem:
M(I(&))— min,
t, ooty

Calculate I(g“er) according to the received design.
Step 6. Check the termination condition for the obtained design

iter+1 iter+1

e X
E}iter+1_ (1) (a) piter+1 yiter+1
= i A y Y e e
(DllteHl (DgerJrl

If for a small positive number ¢ the inequality:
‘M (éiterﬁ-l) _ M (E“iter)

holds, then the optimal design is obtained; else set iter =iter +1 and repeat steps 3-6.

<eg
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3. Optimal design for the light-emitting diodes reliability test

Light-emitting diodes have higher brightness and lower power consumption than traditional light
sources. In [21], the degradation of light-emitting diodes was studied under two electric current levels:
35 mA and 40 mA, while the normal stress level is 25 mA. Light intensity data for 24 light-emitting diodes
are shown in Table 1. As can be seen from the table, the output light intensity decreases with time. The data
were recorded every 50 hours up to 250 hours. When the light intensity decreases by 50 percent the failure of
unit is recorded.

Table 1
Degradation data of LED
Ne | to=0 t1 =50 t2 = 100 tz = 150 t4 =200 ts = 250
1 100 86,6 78,7 76,0 71,6 68,0
2 100 82,1 71,4 65,4 61,7 58,0
3 100 82,7 70,3 64,0 61,3 59,3
4 100 79,8 68,3 62,3 60,0 59,0
5 100 75,1 66,7 62,8 59,0 54,0
6 40 100 83,7 74,0 67,4 63,0 61,3
7 100 73,0 65,0 60,7 58,3 58,0
8 100 86,2 67,6 62,7 60,0 59,7
9 100 81,2 65,0 60,6 59,3 57,3
10 100 66,1 64,2 59,4 58,0 55,3
11 100 76,5 61,7 61,3 59,7 56,0
12 100 66,8 63,3 59,3 57,3 56,5
13 100 95,1 86,0 77,6 70,0 66,7
14 100 93,33 87,1 79,7 74,3 73,0
15 100 98,3 92,4 89,0 84,3 83,0
16 100 96,6 88,2 85,1 81,4 78,6
17 100 95,8 89,0 84,0 81,0 80,0
18 100 94,0 82,4 77,4 71,7 70,6
19 % 100 88,2 78,7 75,0 70,0 69,3
20 100 86,7 78,0 73,3 68,7 67,3
21 100 89,0 80,0 76,3 72,3 71,3
22 100 96,2 86,5 81,4 74,5 74,2
23 100 97,5 84,5 81,0 75,0 74,1
24 100 92,4 85,4 80,0 73,3 715

The degradation model describing the reliability function can be constructed by the given preliminary
data. Then, on the basis of the obtained model it is proposed to determine the optimal design, which enables
to increase the precision of model parameters estimates.

Let us consider the Wiener degradation model with the power-law trend function p(t)=t" for different
covariate functions:
1. Log-linear model: r,(x,p)=exp(B-x);

2. Power model: 1, (x,B)=x" =exp(B-In(x)), x>0;
3. Arrhenius model: r3(x,p)=exp(B/x).

As the Wiener degradation model described above requires Z(0)=0 and the increasing trend func-

tion, the data were processed as follows: the values of degradation index are equal to 100 minus values of
light intensity, given in Table 1.

Maximum likelihood estimates of unknown parameters for the considered Wiener degradation models
as well as obtained values of information criteria AIC and BIC are given in Table 2.
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Table 2

Estimation Results of Unknown Parameters (0', u,y,B) for the Wiener degradation model with the power-law trend

Covariate function Log-linear Power Arrhenius
Parameters estimates [0,52; 0,13; 0,48; —6,46] [0,84; 0,33; 0,48; -1,72] [18,00; 156,45; 0,48; 24,16]
AIC 646 648 644
BIC 658 660 656

30

As can be seen from Table 2, the more preferable model is the Wiener degradation model with power-
law trend function, where the influence of the current strength is described by log-linear covariate function.
Figures 1 and 2 illustrate the graphs of trend functions and the values of degradation index under stress levels
35 and 40 mA.
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Fig. 1. Degradation processes at a current of 35
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Fig. 2. Degradation processes at a current of 40
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On the basis of the obtained Wiener degradation model we build the optimal design for the further ex-
periment. Let us find the optimal experiment design using the proposed algorithm presented in Section 2.3 as
a result of solving the optimization problem

M (1(&))=—det(1(&))—> min,

30<x;, <50,i=10,

to =0, t, <400, t;,; —t; >10, j=0,k,
where q=2 and k=5.

In Table 3, there are the initial design and obtained D-optimal design as well as the corresponding

values of determinant of the Fisher information matrix.
Table 3

D-Optimal Experiment Design

Initial design Optimal design
35 40 . (30 50
g0 = , 0 50 100 150 200 250 £ = , 0 10 44 150 360 500
05 05 0,5 0,5
det(l(éo)):6,7e+09 det(l(a*))=1e+12

The purpose of developing the proposed algorithm is to select the optimal experimental conditions in
order to improve the accuracy of model parameters estimates. Let us analyze statistical properties of model
parameters estimates using the Monte Carlo method. We generated N =100000 samples of degradation

paths following the initial and optimal designs. In Table 4, there are the values of determinant of the estimated

covariance matrix
N /.. . A o
z(e'—e')(el—el)
(a0

where (61,62,93,64)=(cs, w7, B), 6} is the maximum likelihood estimate of parameter 0' obtained from

ax4

~: N A
the I-th sample and 6' :%\l >0 .
1=1
Table 4

Determinant of the estimated covariance matrix

Initial design Optimal design
3,35e-08 1,75e-12

As can be seen from Table 4, the determinant of the estimated covariance matrix has decreased tenfold
for the optimal design, which confirms that the parameters estimates for the optimal design are indeed more
accurate.

Conclusion

In this paper, we have proposed the algorithm for direct search of optimal design basing on the Wiener
degradation model. The algorithm enables to determine the optimal stress levels, number of tested devices
and time moments for measuring the degradation index. As an example, we have considered the problem
of reliability analysis for light-emitting diodes. Following the proposed algorithm, the D-optimal design
for testing reliability of light-emitting diodes has been obtained. It has been shown that the determinant
of the estimated covariance matrix has decreased tenfold for the optimal design in comparison with the initial
design, which confirms accuracy of parameter estimates has become higher.
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However, in this paper we have not taken into account the fact that the object observation should

be terminated when the degradation path reaches the threshold. Our further research is associated with the
improvement of the algorithm on the basis of the conditional Fisher information matrix, which can result in
the change of the optimal design.
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AHHOTanms. M3ydaercs omHoNMHEIHAS cucTeMa MaccoBoro oocmyxkuanus (CMO) ¢ BXOAAMIKUM KOPpETHpo-
BaHHBIM CHHXPOHHBIM JBaK/IbI CTOXaCTHYECKUM MOTOKOM COOBITHIT (3aIIpOCOB, COOOLICHHUH U T.II.) C ABYMS COCTOS-
HUsMU. [IpUBOISITCS SIBHBIE aHATUTHYECKUE (POPMYITBI I CTAIIHOHAPHOTO pacIpe/ieNIeH s BEpOSTHOCTEH COCTOSHUI
CHCTEMBI, a TAKKE SIBHBIC AHATMTHYECKUE BHIPAXKEHNUS IS YUCIIOBBIX XapaKTEPUCTUK CHCTEMBI: CPEAHEH JJIMHBI 04e-
peIy, CPeHero 4ucia 3alpocoB B CHCTEME, BEPOSTHOCTH HPOCTOS CHCTEMBI. [IpHBOIATCS YUCICHHBIE PE3yNIbTaThl
pacuera XapakTepHUCTHK CHCTEMBI, IPECTaBICHHbIC B BHE Tabuuil. PaccMaTpuBaeTcsi 4YacTHBIN Cllydail BXOJSIIETO
MIOTOKA 3aIPOCOB — PEKYPPEHTHBI CHHXPOHHBIN ITOTOK C IBYMSI COCTOSTHHSIMH.

Ki1iouyeBble cj10Ba: CHHXPOHHBIH MOTOK COOBITHI (3aIpOCOB, COOOIIEHMIA); OMHOMMHEHHAS CHCTEMa MacCOBOTO
obcmyxuBanust (CMO); cTalioHapHOE pacripeeiICHIE BEPOSITHOCTEH COCTOSIHUI CHCTEMBI; YUCIIOBBIC XapaKTEPUCTUKH

Jna yumuposanusa: Iopues A.M., Bouaposa M.A. AHaIMTHYECKOE HCCIIEA0BaHUE OTHOIMHEHHOMN CHCTEMBI MacCOBOTO
00CITy)KMBaHMS C BXOJUIIIIMM CHHXPOHHBIM IIOTOKOM COOBITHI // BecTHHK TOMCKOro rocy1apCTBEHHOIO YHHBEPCHUTETA.
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Abstract. In this article, we study a single-server queuing system with an incoming correlated synchronous dou-
bly stochastic two-state event stream, which is a special case of the MAP events stream.
The mathematical expectation of the duration of the intervals between the events of the stream has the form:

M ()= MPp+2y0 .
Mz (P+0)
The formula for the intensity of the considered synchronous flow is obtained:

1
A=——"=NMm +A,m,.
M(T) 11 242
An analytical stationary probability distribution of process states (i, j) is derived, where i is the queue length

in the system, i=0,1,..., J, is the state of the synchronous events flow, j=1,2, for three different cases: 1) p+q=1,
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2) 0<p+Q<1,3) 1< p+g<2, where p is the probability of transition of the synchronous flow from the first state

(flow intensity in the first state A1) to the second (flow intensity in the second state X2, 21> X2); q is the probability of
a synchronous flow transition from the second state (flow intensity in the second state A2) to the first (flow intensity
in the first state A2).

Numerical characteristics of the system are found explicitly: the probability of the system downtime P(—l) , the

average queue length in the system M (1) and the average number of requests in the system M (I +1) . Numerical

calculations of characteristics with different initial data are given. The tables present the results of the dependence of
the found numerical characteristics on the parameters of the investigated queuing system.

Keywords: synchronous flow of events (requests, messages); single line queuing system (QS); stationary proba-
bility distribution of system states; numerical characteristics

For citation: Gortsev, A.M., Bocharova, M.A. (2022) Analytical study of a single-line system queuing with
incoming synchronous events flow. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie, vychislitelnaja
tehnika i informatika — Tomsk State University Journal of Control and Computer Science. 59. pp. 34-46. doi:
10.17223/19988605/59/4

Cuctemsl u cetn MaccoBoro oociyxuBanust (CMO u CeMO) mUpoKo NPUMEHSUTUCH M IPUMEHSIOTCSI
B KaueCTBE MAaTEMAaTU4ECKUX MOZEJEeH Pa3iIMyHbIX TEXHUYECKUX, (PU3MUECKHX, IKOHOMUYECKUX U APYTHX
cuctem. CiydaifHbIe TIOTOKH COOBITHH, SBISFOIIECS OCHOBHBIMU 3neMeHTaMu CMO u CeMO, B cBoto ode-
penb, IPUMEHSIOTCS B KaUeCTBE MAaTEMAaTHUECKUX MOJENEH Pa3JIMuHBIX PEalbHBIX MPOLECCOB, MPOTEKA0-
IIMX B TAKUX CHCTeMax. B wacTHOCTH, ciydaiHble TOTOKH COOBITHH CIYXXHJIM U CIIy>KaT MaTeMaTHYeCKUMHU
MOJIEJIIMU MH(OPMALIMOHHBIX TOTOKOB 3aIIPOCOB B TEICKOMMYHUKAIIHOHHBIX CETSX.

[Tomapmnstromee yncno cTareld mponuIoro croyeTus nocpsmeHo n3ydennro CMO u CeMO ¢ BxogsimumMu
MPOCTEHIIMMHU TTOTOKaMu coObITHiA. OHAKO B CBSA3WM C WHTEHCHUBHBIM pa3BuTHeM (¢ koHma XIX B.) Tene-
KOMMYHHKALIMOHHBIX CeTel, OECIPOBOIHBIX U MOOMJIBHBIX CETEH CBSI3M MaTeMaTH4yecKas MOJeNb MPOCTeH-
LIEro IOTOKa IepecTana ObITh a/IleKBaTHOH peaabHbIM HHPOPMALIMOHHBIM ITIOTOKaM 3aIllPOCOB.

CoBpeMEHHBIMH MAaTEMaTHYECKUMU MOAEIAMHI HH(POPMAIIMOHHBIX TOTOKOB B TEJIEKOMMYHHKAI[HOHHBIX
CeTAX SIBJSIIOTCS KOPPEIMPOBAHHBIE ABAXKIBI CTOXACTHMYECKHE IOTOKM 3ampocoB. CHCTEMAaTH3MPOBAHHOE
ornucanne CMO u CeMO ¢ koppeaupoBaHHBIMH ITOTOKaMH NpHBEIeHO B MoHorpaduu [1], B cBoeM pone
€/IMHCTBEHHON B MUPOBOI1 TuTEparype. 34eCh OTMETUM, YTO OJHUMHU U3 MEPBHIX paboT, MOJOKMUBIIMX Haya-
JI0O CHUCTEMaTHYECKOMY HCCIEJOBAaHUIO KOPPEIMPOBAHHBIX IOTOKOB (ABAXKAbl CTOXACTHYECKUX IMOTOKOB,
MC-norokoB, MVP-noroko, MAP-motokoB), 66t pabotsr [2—8].

Ananutuueckoe uccienopanue CMO u CeMO ¢ KoppenupoBaHHBIMA MOTOKaMHU — JOCTATOYHO 3a-
TpyIHUTENBHBINA npouece [1], Tem Oonee HaxoxaeHue, ckaxeM, xapakrepucTuk CMO u CeMO B siBHOM Buzie
MPEeACTaBIsieT COOOH CIIOXKHYIO 3a/ady, IOpOH Hepa3pemnMyto. B HacTose craTbe MpOBOIUTCS aHAINTH-
gyeckoe uccienoBanue ogHonuHeHOH CMO ¢ BXOASIIMM CHHXPOHHBIM JBaXKIbl CTOXaCTUUYECKUM IOTOKOM
COOBITUH C TBYMS COCTOSTHUAMU [9—12], ¢ OECKOHEUHBIM YHCIIOM MECT ISl OXKHIAHUS ¥ SKCIIOHEHIINATBHBIM
obciryxuBanueM. [louepkHeM, YTO CHHXPOHHBIN JABaX/Ibl CTOXaCTHUYECKHI TOTOK SIBJISETCS] YaCTHBIM CITy-
yaeM MAP-niotoka coObituid [13—15]. [Insa cranmonapHoro pexuma ¢pyHkiuuonupoanusi CMO BeIBojsTCS
SBHbIE BBIPAXKEHUS I CpelHEH ATMHBI O4epein, CPEIHETO YMCIIa 3aPOCOB B CHCTEME M BEPOSITHOCTH TIPO-
CTOS CUCTEMBI.

1. MaTtemaTuuyeckas MoaeJanh cucreMbl. [locTaHoBKa 3agaun

PaccmatpuBaercs omnonuneliHas CMO ¢ oXHJaHHEM U JUIUTEIBHOCTHIO OOCITY)KMBaHUS, pacipejie-
JICHHOM T10 KCIOHEHIIMAIEHOMY 3aKoHy. Ha Bxoj o0ciykuBaromiero npudopa mocTynaeT CHHXPOHHBIN I10-
TOK COOBITHIA (3aITPOCOB, COOOIICHUN U T.I1.), COMPOBOXKIAIOIINNA MPoIecC (MHTEHCHUBHOCTH) A(1) KoTOporo
€CTh KyCOYHO-TIOCTOSIHHBIN CITydalHBIN Mporiecc ¢ AByMst cocTtostHusaMuU: A(t) = A1 (mepBoe cocTosHUE) JTMO0
Mt) = X2 (BTopoe cocrostame) (A1 > A2 > 0). ByaeM roBOpuTh, YTO UMEET MECTO j-€ cocTostHue mporecca A(t),
ecmu Mt) = Aj, j = 1, 2. Eciin umeet MecTo j-€ cocrosiame mporiecca A(t), To B TeueHne BpeMEHHOTO WHTEpPBAa,
koraa Mt) = Aj, IMEeT MECTO MyaCCOHOBCKHIA IOTOK COOBITHII ¢ mapaMeTpoM (MHTEHCHBHOCTBIO) A, J = 1, 2.
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[Tycts mponecc A(t) HaxomuTCs B IEPBOM COCTOSIHUH. Tora B MOMEHT HACTYTIICHHS] COOBITHSI ITyacCOHOB-
CKOT0 TIOTOKAa C mapaMeTpoM A; mpomecc A(t) 1ubo IepexoauT U3 MEPBOTO COCTOSHUS B IEPBOE (OCTAETCS
B IIEPBOM COCTOSIHUH) C BEPOATHOCTHIO 1 — P, INOO MEPEXOJUT U3 MEPBOTO COCTOSHUS BO BTOPOE C BEPOST-
Hocteio P (0 < p < 1). Ecnu mporiecc A(t) HAXOIUTCA BO BTOPOM COCTOSIHHH, TO B MOMEHT HACTYITJICHHUS
COOBITHUS TTyaCCOHOBCKOTO TIOTOKA C MapamMeTpoM Az mporuiecc A(t) ocTaeTcsi BO BTOPOM COCTOSIHMH C BEPOST-
HOCTBIO 1 — (] MIIH TIepeXOaUT B mepBoe cocTosiHue ¢ BeposTHocThio ( (0 < g < 1). Takum obpa3om, mepexo
U3 COCTOSTHUS B COCTOsTHHUE Tporiecca A(t) oCcyIIecTBIsIeTCs TOIbKO B MOMEHT HACTYIUICHUS COOBITHSI ITyac-
COHOBCKOT'O MTOTOKA C MapamMeTpoM Aj, j = 1, 2 (CBOMCTBO CHHXPOHHOCTH JABAXIbI CTOXaCTHUYECKOTO MOTOKA
coObIThil). PaccmarpuBaeTcs cTanroHapHbIA pexuM ¢yHKIonupoBanuss CMO. B caenaHHBIX MPeArnochuI-
kax A(f) — cOmpoBOKMAOIINI CTAMOHAPHBINA KYCOYHO-TIOCTOSHHBIA CKPBITHIN (IPUHIMITHAIEHO HEHAOIIO0-
JaeMBIi) TPAH3UTHBHBIN MapKOBCKHUH IPOIIECC C IBYMsSI COCTOSHUSIMH — A1 H A2.

O06o3HauuMm 1, =t t, k=1, 2,... — 3HaUeHHUE IIUTEIBHOCTU K-TO MHTEpBaIa MEXIY ABYMS COCE/I-

kel

HUMH COOBITHSIMA TTOTOKA (T, > 0). Tak Kak paccMaTphUBaeTCsl CTAIMOHAPHBIA PEXHM, TO INIOTHOCTH BEPO-

STHOCTH 3HAYEHUH UTUTEILHOCTH K-ro MHTEepBaia p(rk)z p(r) , ©>0, ast aoboro K > 1. B cuny atoro

MOMEHT BpEMEHH 1y 0e3 moTepu OOIIHOCTH MOXXHO TOJOXKHUTh PABHBIMH HYJIO WIIH, YTO TO YK€ CaMoe, MO-
MEHT HacTyIieHus coobITHs ecTh T = (. Torma cipaBeaiueo [9]

q
p+q’ (1)

p(r)zykle_}‘lr+(1—y)k2e_}‘21, 120, y=

O0<p<l 0<q<l A >N,
Mycts (. t.1), (teatesz) — /IBa CMEKHBIX MHTEpBaNa, 3HAYCHHS JUTHTEIBHOCTEH KOTOPBIX €CTh
T =t~ T =t — T, COOTBETCTBEHHO; UX PACHOIOKEHUE HA BPEMEHHOM OCH B CHILy CTallHOHap-
HOCTH IOTOKa npou3sBonbHo. Toraa, momaras k = 1, Gyziem paccMaTpusars Ba coceHux unTepsana (ty,t,),
(t2,t3) C COOTBETCTBYIOIIMMH 3HAYCHUSIMU JIMTENbHOCTEH T =1, —t, 1, =t;—t,; 1,20, 1, >0. Ilpu
3ToM T; =0 COOTBETCTBYeT MOMEHTY l; HacTyIuleHHs COOBITHS NOTOKA; T, =0 cooTBeTCTBYyeT MOMEHTY t,

HACTYIUICHHS CJIEIYIOIIEro COOBITUS TTOTOKa. COOTBETCTBYIONIAS COBMECTHAS IJIOTHOCTh BEPOSTHOCTH TIPU
3TOM ecTh [16]

(5) = P(5) L5 1 D=y 1) )

X(}\,leiklrz - X287k212 ),‘Cl > O'TZ > 0,

(2)

rae v, p(rk) onpenenens B (1) w1 t=1, k=1, 2.

[loguepkHeM, uto u3 (2) cieayer, 4TO B OOIIEM CIIydae CHHXPOHHBIH ITOTOK SIBJISIETCSI KOPPEINPOBaH-
HBIM ITOTOKOM. TOJIbKO B YaCTHBIX CITy4asX OH CTAHOBHUTCS PEKYPPEHTHBIM JIMOO BBIPOMKIAETCS B TIPOCTEHIIIHA.
YactHsiii cnyyait 1: p + = 1 — peKyppeHTHBI CHHXPOHHBIM MMOTOK C IBYMS COCTOSIHUAMHU. Torma

p(t) onpenensiercs popmymnoii (1), rae y=1—p, 1—-y=p (mbo y=q, 1-y=1-q).

U3 (2) momyuaem p(t;,7,) = P(11) P(1;). Toraa, Tak Kak MOMEHTBI HACTYIUIEHHs COOBITHIA B IOTOKE
t,...,fy TOpPOXIAIOT BIOXKEHHYIO Lenb MapkoBa {X(tk )} , HETPyAHO TmoKas3atb, 4to P(ty,... T )=
=p(t)--P(1), k=2. Takum 00pa3oM, CHHXPOHHBIH MOTOK C ABYyMsl COCTOSIHMSIMH B IIEPBOM 4aCTHOM
cllydyae BCerja SBJsieTcsl peKyppEeHTHBIM.

YactHblil cnydait 2: v = 0 — npocTedmuid OTOK ¢ mapaMeTpoM Az. U3 (1) Haxonum p(r)zkze_kzr,
12>0.

YactHslii coyyait 3: y = 1 — npocredmuii moTok ¢ mapamerpoM A1 M3 (1) Haxommm p(r) =)\1e_m,

t2>0.
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3agaua ananuza paccmatpuBaeMoit CMO 3akiroyaeTcss B HaXO0XIACHUH SBHOTO aHATUTHYECKOTO BUJA
YHUCIIOBBIX XapPaKTEPUCTUK CHUCTEMBI: CPEIHEr0 YUCia COOOIICHUI B OYEPENId; CPEIHET0 YUCIa COOOIICHUIMA

B CHCTEME; BEPOSTHOCTH MPOCTOS 00CTyKHBaromero npudopa. O603HavuM i(t) — YUCJIO COOOICHUI B 0Ue-
peau B MPOU3BOIBHBI MOMEHT BpeMeHH t (i(t) = O,l,...). Ciryqaiiusiii npouece i(t) He sBIseTCs MapKOB-

CKHM, TaK KaK BXOMISIINNA CHHXPOHHBIN TMOTOK 00iamaeT mociaeaeicTpiuemM. [ Toro 9To0bl TOCTPOUTH Map-
KOBCKHIA ITPOIIECC, HEOOXOIUMO YIECTh COCTOSIHAE BXOIAIIETO MTOTOKA. BBeIeM MOMOIHNTENBHYIO TIepeMeH-

Hylo j(t) — coCTOsHME BXOSLIEr0O CHHXPOHHOIO MOTOKA (COCTOSIHHE COIPOBOKAAMOLIEro mporecca A(t)
B [IPOU3BOJIBbHBIT MOMeHT Bpemenn t), j(t)=12. Ecmu j(t)=1, 10 A(t)=%y; ecmn j(t)=2, 710 A(t)=12,.
Toraa AByMepHBIH TIporece (i(t), j(t)) CTaHOBUTCS MapKOBCKMM. Tak Kak pacCMaTpMBAETCS CTAl[MOHAp-
HbIi pexnM (t — ), To cocTosHme cuctemsl Oyaem obosnadats (i, j), i=01.., j=12. Ormernm, uto

BO3MOJKHEI eIt ABa COCTOSHHSA: (—1, 1), (—1, 2), MPH KOTOPBIX B CHUCTEME HAXOIUTCS HOJIb COOOIICHHI

(mmmHA oYepenn paBHA HYJIO M MPUOOP HE OOCITYKUBAET — MPUOOP MPOCTAUBAET).
CrenaHHble NMPEANOCHUIKM MO3BOJIIOT MPEICTABUTh MATEMATHUYECKYI0 MOJenb uccienyemorn CMO
B BH/IC CBS3HOTO cTOXactuueckoro rpada (puc. 1) [17].

(-1.1) (0.1) (1.1) (-1,1] (1] (i+1,1)
(1-plky (1-p1%,

(i-1.2]) (.2 (i+1.2)

Puc. 1. Croxactuyeckuii rpad nepexomo mnporecca A(t) U3 COCTOSHUS B COCTOSTHHE
Fig. 1. Stochastic graph of process A(t) from state to state

Bepmunam rpaga (cm. puc. 1) coorBetcTBYIOT coctosiaus CMO; kaxkaoil ayre rpada mocTaBieHbBI
B COOTBECTBHE MHTCHCHUBHOCTH INEPEXOAOB U3 COCTOSIHHMSA B COCTOSHME (MH(UHHUTE3UMAaJbHbIE XapaKTepu-
CTHKH), NIPUYEM IETIM B KaXIOM COCTOSHMM ONYIIEHBI; KaKIas BepliMHAa rpada (KakIoe COCTOSHUE)
JOCTHKMMa U BO3BpATHA.

2. BbIBOJ YHCJIOBBIX XaPAKTEPUCTUK CHCTEMbI PH BXOASAIIEM
KOpPPeJTHPOBAHHOM CHUHXPOHHOM MOTOKE COO0LIeHU

Oo6o3nauum P(i, 1), P(i,2) — cranuonapusic ((pUHATIBHBIC) BEPOSITHOCTH COCTOSIHUH CHCTEMBI

(i = —1,0,1,...) . Tornma st ceuennit croxacruueckoro rpada Ry ={(i—1,1;i,1), (1,1;i—-1,1), (i, 1;i+ 1, 1),

(i+1,1;i,1),(,1;i+2,2), (-1,2;i, 1)} F,={(i—-1,2;1,2), (i,2;1-1,2), (1,2;i+1,2), (i+1,2;i,2),

(1,2;i+1,1),(i—-1,1;i,2)} i=0,1,..., umeer MecTo OECKOHEUHAs CHCTEMA Pa3HOCTHBHIX YPABHEHHH C I10-
CTOSTHHBIMH K03()(DHUITHEHTAMHU:

M (1= p)P(i ~L1) = (A + 1) P(i,1)+ pP (i + 1,1) + A,0P (i ~1.2) =0,

2o (1=0)P(i=1,2) = (Ay + 1) P(i,2) + pP (i +1,2) + 24 pP (i~ 1,1) =0, i =0,1,.... ®
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Pemenue cuctemsl (3) Gynem uckats B Buze [18]: P(i,l):é.’;i , P(i,2):Cé_§i (i=0,1...). Torna xa-

PAKTCPUCTUYCCKOC YPAaBHCHUC 1JIs1 CUCTCMbI (3) IMPUMET BUA:
(&= —u (g + 2y + )& + Mgy + 0y (1= P+ 2y (1-q)p & -
Ay (1-p—0)f =0.

CHayasna pacCMOTPUM YCIOBHsI CyiecTBoBaHus BepositHoctedt P(i, 1), P(i, 2), i=-10,1,.... MaTtema-

(4)

TUYCCKOC OXUAAHUC T — JJIUTCIIbHOCTU MHTCEpPBAJIa MCKAY ABYMA COCCIHUMH COOBITHSIMH B CUHXPOHHOM
0

MOTOKE — OIpenenuTcs B Bujae M (r) = rp(r)dt, I7ie TUIOTHOCTh BEPOSTHOCTH p(r) 3amana B (1). Ilox-
0

MP+A
CTaBJIsAAd B BBIpa)KeHI/Ie JJIA M (‘E ) IIJIOTHOCTH p(‘c) , HAXOAUM M (T) = 1 p 2q . Toma MATEMATHUUYCCKOC

_Xlxz(p"'Q)

OKHIaHWE YUCIIa COOOIIEHUI BO BXOMSIIEM KOPPEIHPOBAHHOM CHHXPOHHOM IIOTOKE B €IMHHUILY BPEMEHHU
1
M (1)

Aq 1, = Mp
MP+Aq MP+Aq

ONPENCTUTCS B BUIE: A = =MT +A,T, , TOE T j — CTalMOHApHAas BEPOSTHOCT J-TO COCTOSIHHS TTOTO-

ka, j=12; npu atom m; = [9]. Paccmotpum cutyanuro, koraa A= . [loacras-

s L= M7y +A,m, B (4), HAXOAMM XapaKTEPUCTUYECKOE YPAaBHEHUE ISl PACCMATPUBAEMON CUTYaLUH:

(g-1) [(Xlnl 0, )2 87 = (0 42 ) (A + Aoy )&+ Aghy (1— p - q)} -0, )

XapakTepucTHUeCKoe ypaBHeHHE (5) uMeeT KpaTHble KOpHHU. Torma oOimee pemeHue CUCTEMBI pas-
HOCTHBIX ypaBHEHUiI (3), B KOTOPOM W = AT + AT, , BEIPAXKACTCS B BHIIE

P(i,1) = D& + D,i&) + Dyt + D,
P(i,2) = BD&} + B,D,iE} + ByDyth + ByD,EY, 1=0,1,...
B (6) R, (i,l) = Dséis; P, (i, 2) =B, Dsﬁis , $=134, R, (i,l) = Dziﬁi2 , P (i,2) = BzDziﬁi2 — YaCTHBIC PEIICHUS

(6)

cucremsl (3); By, Dy — HEKOTOpbIE KOHCTAHTBI, ONPEAEIIAEMbIE 3 FPAHUYHBIX yclaoBud, S=1,4; § =&, =1,

(g +22) F Ol = )2+ 40hy (P +0)

34 = . 31ech Bo3MOXkHO TpH ciydasi: 1) p+q=1;2) O<p+0g<1;

2(%1751 + kznz)
3)1<p+q<2.
. . MAA,
Paccmotpum nepssiii ciayuail. Torna umeem & =&, =1, §3=0, §, =——=—, &, >1. [Tockous-
MM+ ATy
ky P(i,1), P(i,2) — BeposTHOCTH, TO JUIi HHX JOJDKHO BBINOJHATHCS YCIOBHE HOPMHUPOBKH

o0 o0
> P(|,1)+ > P(|,2)=1. Torma HEOOXOAMMBIM YCIIOBUEM €TO BBIMIOIHEHUS SIBISICTCS BBHITIONHEHUE TIpe-
i=—1 i=—1

JICJIBHBIX COOTHOIICHUH lim P(i,l) =0, lim P(i,Z):O npu i —o0. B IpOTUBHOM ciydae psijibl OZO: P(i,l) ,
i—1

i P(i, 2) OyayT pacxoautbea. C ydeToM cKa3aHHOTO B oOmieM peueHud (6) konctantel D1, D2, D4 HEOO-
i=—1
XOMMO TI0JIOKUTh PaBHBIMM HYJI0. Torna P(i,l) =0, P (i , 2) =0, i=0,1,... Tak Kak A1 CEYEHUI CTOXACTU-
yeckoro rpada F_11 = {(-1,1;0,1), (0,1;-1,1), (-1, 1,0,2)}, F1.={(-1, 2,0, 2), (0, 2; -1, 2), (-1, 2; 0, 1)}
MMEIOT MECTO I'PaHUYHbIC YPABHEHUS
MP(~L1)=pP(0.1); A,P(~1,2)=pP(0.2), )
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to u P(-1,1) = 0, P(-1, 2) = 0. Takum obpa3om, craumonaphusie Bepostaoctu P(i, 1), P(i, 2), 1=0,1,..., mis

caydass A= U P+(Q=21 Bce paBHBI HYJIIO, @ 3TO O3HAYACT, YTO CTAIIMOHAPHOTO PACTIPESICIICHHUS HE CYIIECCTBYET

(v TeM OoJee He CYILIECTBYET MPU A > |1 ), U o4epenb B ogHomHeHO CMO cTpeMHUTCs K 0ECKOHEYHOCTH.
Paccmotpum Bropoii ciyuait. Torma umeem &, =1, &, =1, 0<&; <1, £, >1. AHanOTUUHO TIEPBOMY

ciryyaro koHcTaHThl D1, D2, D4 B 00miem pemennn (6) Hy>KHO MOJIOKUTH paBHBIME Hy:mto. Toraa obuiee pe-
nieHue (6) 3anumIeTcs B BUe:

P(i,1)=Dy&,, P(i,2)=ByDs&}, i=01.. (8)
Omnpenenum koHcTaHTy Ba. Iloacrasnss (8) B mepBoe ypaBHEHHE cUCTEMBI (3), B KOTOPOM L= AT + A,TT,,

MOJTy4yaeM

1
20k, (P+0)
Takum o6pazom, Bz < 0. Torma u3 (8) cnenyer, uto D3 < 0. Ilocnennee, B CBOO odepenb, MPUBOIUT

B, = [(xl i) 4 200 (P +0) + (g =2 ) (A~ ) +4x1x2(p+q)}<o. )
x mpotusopeunto: P(i,1)<0, i=01...; P(i,2)>0, i=0,1,... [IpotuBopeune ycTpaHAeTCsl, €CIH HONOKUTH
Ds=0: P(i,1)=P(i,2)=0, i=0,1,... Orciona ¢ mpucOeAMHEHNEM IPAHNUHBIX ypaBHeHuit (7) ceyer, 9To
mpu A=p u 0<p+0<1 craumonaproe pacnpegeneuue P(i,1),P(i,2), i=-101..., He cymectsyer,
1 TeM OoJiee He CYIIECTBYET MPU A > [L.
Paccmotpum tpetuit cimyudail. Torga umeem &, =1, &, =1, -1<&§;<0, &, >1. Toraa no ananoruu
C IepBBIM caydaeM obmiee pemnreHue (6) 3anumetcs B Buge (8). Koncranra Bz onpenenurces B Bune (9). To-
raa umeem: 1) D3> 0, Bs < 0, orcroga cnenyer, uro P(i,1)>0 st wernsix i u P(i,1)<0 ans HeweTHbIX i;
ananornuso wis P(i, 2); 2) D3< 0, B3 < 0, orcroza cnexyer, uro P(i,1)>0 mus nevernsix i u P(i,1) <0 mn
4yeTHbIX I; aHamoruuHo st P(i, 2). TlomydeHHble MPOTHBOPEUUs] CHUMAKOTCS, eciu mojioxuth Dz = 0:
P(i,1)=P(i,2)=0, i=0,1... Torna npu A=p u 1< p+(<2 (c NPHUCOEANHEHHEM TPAHHYHBIX ypaBHe-
Huii (7)) cTalmoHapHOE pacrpeeiieHue P(i,l) , P(i,Z) , 1==10,1,..., He cymiecTByeT, U TeM OoJjiee He Cylile-
CTBYET IIpU A > L.
[epeiiném k cmyqaro A < (X =My +A,7, ) . OGuiee peruenne cucteMsl (3) ¢ yderom (4) Bblnumer-
Csl B BHJIC
P(i.1)= Adi+ Ay + Ay + Ay,
P(i,2) = CiAE +CoAnlh + CoAEs +C4 ALy, 1=0.1,...,

rie Ps(i,l)z ASK;'S, F’S(i,2)=CsA5§iS — vactHbie perneHus cuctembl (3); Cs, As — HEKOTOpbIe KOHCTAaHTHI,

(10)

olpezenseMble U3 rpaHUYHbIX yenoui, S=14; &, =1; &;,&,,83 — KOpHU KyOUIECKOTO YpaBHEHUS

W2 —p (g +2g +1)EF +[ My + 0 (1= P+, (1-9)u JE=A4, (1- p—q) =0. (11)

Paccmorpum cirywaii: 0< p+0<1 (0<p<1, 0<g<1 mubo 0< p<1l, 0<q<1). [loguepkuem , Bo-
MIEPBBIX, YTO BEPOSATHOCTH P,  HE MOTYT OBITh PAaBHBIMU HYJIO OJTHOBPEMEHHO, TaK KaK IOCIJIEHEE IPUBOIUT
K BBIPOXKJICHUIO KOPPEITMPOBAHHOTO CHHXPOHHOTO TTOTOKA B HEKHH MPOCTEHINNIN MOTOK COOBITHH, BO-BTOPHIX,
curyanusi, korna p=0, q=0, npuBoaut (popmyna (1)) K BRIPOKICHUIO KOPPETUPOBAHHOTO CHHXPOHHOTO
MOTOKA B MPOCTEHIITHIA MOTOK C MapaMeTpOM A1, B-TPEThUX, cutyanus, korna p#0, q=0, npuBoaur (pop-
Myna (1)) K BEIPOKACHUIO KOPPEIUPOBAHHOTO CHHXPOHHOT'O ITOTOKA B MMPOCTEUIINH IMTOTOK C MTAPaMETPOM Ao.
JU1 paccMaTprBaeMoro Citydas IMeeM TpH KOpHs KyOmdeckoro ypasHenus (11): 0<&; <&, <1< &5, npu aTom

A
& E(O,ﬁ], &) e(ﬁ,ﬁj, ~L <1. Torna o6mee pemenne (10) (tak kak &3 >1, &, =1, 10 A;=A, =0)
5 pop) Hu

BBIITUIICTCA B BUC:
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P(i.1)=Ag + AL, P(i,2)=CAg +C,AL,, 1=01... (12)
Toxcrapmsist gactabie pemenns P (i,1)= AEL, P, 2)= CAEL, i=01..., s=12, B ucxomnyio cucremy (3)
(cHauana ansa S = 1, 3aTeM A S = 2), HAXOIUM
(1= p)+ (A + )& —mES
- A,q
Jns ompenenenus kouctaut A, 1=1,2, u BepostHocteit P(—1, 1), P(-1, 2) HyHO mpuBIeYb IpaHHUYHbIC

C L s=12. (13)

S

ycnosust (7) M IpaHMYHOE YpaBHEHHE Ozoj A PpP(i,1) = OZOj A,QP(i,2), ompenensiemoe ceuenuem rpaca
i—1 i=—1

F={G1i+1,2),(i,2i+1,1),i=-10,1,..}; npucoeaunsis cioaa ycnosue Hopmuposku: P(—11)+

+P(<1,2)+ [ P(i,2)+P(i,2)] =1, ¢ yuerom (12), nomyuacm
i=0

P(-10)==(A+A); P(-12)=-=(CiA +Cohy) (14)
1 2
A= b, —C,a,m; A= Cib,m; —aym, ; a1:ﬂ+ 1 ; a2=i+ 1 ; bl=ﬂ+ 1 ;
Cibb, —Craya, Cibyb, —C,aa, Mo1=G Ay 1-& Mo 18
b, =%+ﬁ, Ty, T,ompeseneHsl npu BeiBoae ypasHeHus (5); C;, C, ompenenenst B (13); &;, &, —
2 179

KopHM KyOuueckoro ypaBHenus (11), 0<§; <&, <1.

Dopmyel (12), (14) MO3BOJISIOT ONMPEACIUTh YHUCIOBBIC XapaKTEPUCTHKK cucTeMbl: P(—1) — Beposit-
HOCTb MPOCTOst 0bcmyskuBatorero npudopa; M(l) — cpennroro anuny odepeau B cucreme; M(I + 1) — cpen-
HEe YHCIIO COOOIIEHUH B CHCTEME:

o foft 85

M(l):élAl(l-"cz:l)_i_ézAz(l_"S’Z), |\/|(| +1)= Ai(l"'cg)_‘_ A2(1+C§),
(1-&) (1-&) (1-&)  (1-&)
rne C;, C, ompenenensl B (13); A, A, — B (14); &, &, — xopHum Kybudeckoro ypasHeHus (11),
0<§ <&, <.

B Ta6n. 1-3 B kayecTBe WUTIOCTpaluu TpuBeaeHs! 3apucumoctu P(—1), M(I), M(l + 1) ot mapamer-
pahM(M=2,3,..., 1) map+q=0,3(p=0,05,qg=0,25); 0,4 (p = 0,05, g =0,35); 0,5 (p = 0,05, g = 0,45);
0,6 (p =0,05,g=0,55); 0,7 (p =0,5, g=0,65) mpu GUKCHPOBAHHBIX 3HAYECHUAX MMapaMeTpoB Az =1, u =12,
BhIUUCIIEHHBIE TI0 Gopmynam (15). [loBeneHne yka3aHHBIX XapaKTEPUCTHK B 3aBHCUMOCTH OT Mapamerpa Ay

(15)

COOTBETCTBYET (PM3MUECKUM TPEACTABICHUSAM O TPOIecce 0OCTYKUBAHUS B PACCMATPHUBAEMOM OTHOJIMHEMH-
HOM CMO ¢ BXOASIINM KOPPETUPOBAHHBIM CHHXPOHHBIM TTOTOKOM COOOIIIEHHI.

Taonuna 1
3aBucuMocTh BeposiTHocTH nipocTost P(—1) or mapamerpa At (A1 =2, 3, ..., 11) ms p + 4 =0,3; 0,4; ...; 0,7
M
p+q 2 3 4 5 6 7 8 9 10 11

0,3 0,8571 | 0,8125 | 0,7778 0,7500 0,7273 0,7083 0,6923 0,6786 0,6667 | 0,6563
0,4 0,8519 | 0,8000 | 0,7576 0,7222 0,6923 0,6667 0,6444 0,6250 0,6078 | 0,5926
0,5 0,8485 | 0,7917 | 0,7436 0,7024 0,6667 0,6354 0,6078 0,5833 0,5614 | 0,5417
0,6 0,8462 | 0,7857 | 0,7333 0,6875 0,6471 0,6111 0,5789 0,5500 0,5238 | 0,5000
0,7 0,8444 | 0,7812 | 0,7255 0,6759 0,6316 0,5917 0,5556 0,5227 0,4928 | 0,4653
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Tabnuma 2

3aBucumocts cpenneii junb ouepenn M(1) or mapamerpa b (M =2, 3, ..., 11) qasi p + 9= 0,3; 0,45 ...; 0,7

M 2 3 4 5 6 7 8 9 10 11
p+q
0,3 0,0258 | 0,0539 | 0,0925 0,1432 0,2089 0,2936 0,4027 0,5427 0,7200 | 0,9390
0,4 0,0275 | 0,0595 | 0,1049 0,1660 0,2466 0,3521 0,4899 0,6693 | 0,9000 | 1,1905
0,5 0,0285 | 0,0633 | 0,1136 0,1825 0,2746 0,3967 0,5580 0,7706 1,0482 | 1,4037
0,6 0,0292 | 0,0659 | 0,1199 0,1949 0,2962 0,4318 0,6129 0,8541 1,1733 | 1,5890
0,7 0,0297 | 0,0679 | 0,1248 0,2046 0,3135 0,4604 0,6583 0,9246 1,2814 | 1,7532
Tab6nauma 3
3aBuCHMMOCTD cpeHero yncia coobmwenuii B cucreme M(I + 1) or mapamerpa A (M =2, 3, ..., 11) aost p + 4 = 0,3; 0,45 ...; 0,7
M 2 3 4 5 6 7 8 9 10 11
p+q
0,3 0,1687 | 0,2414 | 0,3147 0,3932 0,4816 0,5852 0,7104 0,8641 1,0533 | 1,2828
04 0,1756 | 0,2595 | 0,3473 0,4438 0,5543 0,6855 0,8455 1,0443 1,2922 | 1,5979
0,5 0,1800 | 0,2716 | 0,3700 0,4801 0,6079 0,7613 0,9502 1,1872 1,4868 | 1,8620
0,6 0,1831 | 0,2802 | 0,3866 0,5074 0,6491 0,8207 1,0340 1,3041 1,6495 | 2,0890
0,7 0,1853 | 0,2867 | 0,3994 0,5287 0,6819 0,8687 1,1028 | 1,4019 1,7886 | 2,2880

Pacemotpum ciydaii: 1< p+q<2 (0<p<1, 0<q<1). Jlns 9T0ro ciyuas uMeeM TPH KOPHs KyOu-

geckoro ypaBHeHus (11): —1<§; <&, <1<&;; npu stom & € (—1,0), &y e(h,ﬁj, ﬁ <1. Torma obrmee
pou [

pemenue (10) (tak kak & <0, &5 >1, §, =1, 10 A = A; = A, =0) BBIMUIIETCA B BUJIE:
P(i,1)= A, P(i,2)=C,Ak), i20. (16)
Koncranra C; B (16) onpenenurcs B Buae (13) mis S = 2. [lns onpeneneHuss KOHCTaHTB A2 U BEpOsITHOCTEH

P(-1, 1), P(-1, 2) npuBiekaroTcs rpaHnuuHbie ypaBHeHus (7) U ycioBre HOpMUpOBKHU. Torna, ¢ yuerom (16),
HAaXOIUM

Ay +MC, 1+C
P(-11)=£ A, P(-12)=C,A, A2=1/(u 27072 4 2], (17)
M Ay M, 1-&,
Ay M
B (17) Benmmuuna C; onpenenena BoipaxkenueM (13) i s = 2; &, — kopens ypaBHenus (11), —=<&, <—.
v
®opmysl (16), (17) TO3BOISIOT ONMPEIEIUTH YACIOBbIE XapaKTEPUCTUKN CUCTEMBI:
1 C 1+C 1+C
P(—l):u(k—er—szQ, M(l):Lg)AQ, M(l+1)=—"2_A,, (18)
T (1-8) (1-¢2)
Ay M
rne C, ompenenena B (13) msas =2; A, —B(17); &, — xopeHb ypaBHeHus (11), —=<§&, <—.
n n
Tabnuua 4
3aBucuMoCTh BeposiTHOCTH npocTost P(—1) or mapamerpahi M =2, 3, ..., 1) mmp+q=13;14; ...; ,L7(p=q)
M 3 4 5 6 7 8 9 10 11
P+q
1,3 0,8914 | 0,8812 | 0,8760 | 0,8729 0,8709 | 0,8695 | 0,8685 0,8677 0,8671 | 0,8666
1,4 0,8920 | 0,8826 | 0,8781 | 0,8756 0,8740 | 0,8730 | 0,8722 0,8717 0,8713 | 0,8709
15 0,8925 | 0,8838 | 0,8799 | 0,8779 0,8767 | 0,8759 | 0,8754 0,8750 0,8747 | 0,8745
1,6 0,8929 | 0,8849 | 0,8815 | 0,8798 0,8789 | 0,8783 | 0,8780 0,8778 0,8776 | 0,8775
1,7 0,8933 | 0,8858 | 0,8828 | 0,8814 0,8807 | 0,8804 | 0,8802 0,8801 0,8801 | 0,8801

41



Obpabomxka ungpopmayuu | Data processing

Tabnuma 5

3aBucuMocTb cpenHeii qanHbI ouepenu M(I) ot mapamerpa M M1 =2,3, ..., 1) psp +q=1,3; 1,4; ...; 1,7 (p = Q)

M 2 3 4 5 6 7 8 9 10 11
pP+q
1,3 0,0149 0,0212 0,0268 0,0320 | 0,0368 | 0,0412 0,0454 | 0,0492 | 0,0527 | 0,0560
1,4 0,0147 0,0206 0,0257 0,0303 | 0,0345 | 0,0383 0,0418 | 0,0450 | 0,0480 | 0,0507
1,5 0,0145 0,0201 0,0248 0,0289 | 0,0326 | 0,0359 0,0389 | 0,0417 | 0,0442 | 0,0465
1,6 0,0144 0,0197 0,0240 0,0277 | 0,0310 | 0,0339 0,0365 | 0,0389 | 0,0411 | 0,0431
1,7 0,0143 0,0193 0,0233 0,0267 | 0,0297 | 0,0322 0,0346 | 0,0366 | 0,0385 | 0,0402
Tabnuma 6
3aBuCHMMOCTD cpeHero yncia coodmenuii B cucreme M(I + 1) or mapamerpa M (M =2, 3, ..., 11)
pisp+0=13;14;...;1,7 (p=0)
M 3 4 5 6 7 8 9 10 11
p+q
1,3 0,1235 | 0,1400 0,1508 0,1591 0,1659 | 0,1717 | 0,1768 | 0,1815 0,1856 | 0,1894
1,4 0,1227 | 0,1380 0,1476 0,1547 0,1604 | 0,1653 | 0,1696 | 0,1733 0,1767 | 0,1798
1,5 0,1220 | 0,1363 0,1449 0,1510 0,1559 | 0,1600 | 0,1635 | 0,1667 0,1695 | 0,1720
1,6 0,1215 | 0,1348 0,1425 0,1479 0,1521 | 0,1556 | 0,1585 | 0,1611 0,1634 | 0,1655
1,7 0,1210 | 0,1335 0,1405 0,1453 0,1489 | 0,1519 | 0,1543 | 0,1565 0,1584 | 0,1601

B tabn. 4-6 B kauecTBe WiLTIOCTpaluy npuseacHsi 3asucumoctu P(—1), M(l), M(I + 1) ot mapameTpa
MMm=2,3 .., 1)map+q=13(p=9q=0,65);14(p=9g=0,7);15(p=9=0,75); 1,6 (p =q=0,8);
1,7 (p = g = 0,85) npu HUKCHPOBAHHBIX 3HAYECHHSX MApaMeTpoB A2 = 1, u = 12, BeIYKCIIEHHBIE TT0 HOPMY-
nam (18). IloBeneHne yka3zaHHBIX XapaKTEPUCTUK B 3aBHCHMOCTU OT MapaMeTpa A1 COOTBETCTBYeT (pu3mue-
CKUM TIpEACTaBICHHUSIM O TIpoliecce OOCITy)KUBaHUS B paccMarpuBaeMoil ogHonmHeitHOH CMO ¢ BXoasmmm
KOPPEIHPOBAHHBIM CHHXPOHHBIM ITOTOKOM COOOIICHHUH.

3. YacTHblii cayyaii. Bxoasmumii pekyppeHTHbI CHHXPOHHBII NOTOK COO0LIEeHUIt

[l paccMaTpuBaeMoro ciydas umeeM P+ =1 (0 <p<l 0<g< 1) . Torga cucrema (3) mpumet BU;
A (1= p)P(i=11)= (g +1)P(i.1) +uP (i +1,1)+ 2, (1— p)P(i=1,2) =0,
Aoy pP(i —1,2)—(7»2 + u) P(i,2) + pP(i +1,2)+X1pP(i —1,1) =0, i=0,1,....
Cutyatmu p =0, =1u p =1, g = 0 IpHUBOAT K BEIPOKACHUIO PEKYPPEHTHOTO CHHXPOHHOTO MTOTOKA
coObITHl B mipocTeiiuii motok (popmyna (1)) ¢ mapameTpom A1 100 ¢ MapaMeTpoOM A2 COOTBETCTBEHHO.

(19)

Pemenne cucremsr (19) OyneM mo-mpexHEMy HCKAaTh B BHJIC P(i,l)z?;i, P(i,l)zG?ii (i =0,1,...).

Torma xapaktepucTrdeckoe ypaBHeHHE 1 cucTeMsl (19) mpumeT Bu:

(E=1)[ K€" —(Ay+ g +1)E+(Adp + 2y (1= P)u+2zpr) |=0. (20)
PaccmatpuBaeTcs ciydaii A < i, rae A= L M +Aom, , M(T)= MPtioq ; My, T, ONpe/esIeHbI IpH
M (1) MA,

BbIBOZIE (hopmyiel (5). Cirydait A = | IPpUBOIUT (aHAIOTUYHO PACCMOTPEHHOMY B pa3zenie 2 ciay4aro A < U U
p + q = 1) K cuTyauuu, KOrja CTalMOHAPHOTO pacHpeaeIeHus P(i,l), P(i,2), i=0,1,..., He cywecTByeT.
O6o3HaunMm no-npexsemy &;, &,, &3 — KOpHHU XapakTepuctuueckoro ypasHenus (20), roe &; =1,

€12 Z%{(M +2y +M):F\/(7V1 +2y +H)2 —4[7‘170 +2(1=p)+2, pM]}: (21)

npu atoM 0<&; <1<&,. Torma obmee pemenne cucrems (19), ¢ yaerom (20), BeInumieTcs B BUIE:
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P(i,2) = R + Ro& + Ry, P(i,2) =GR +GoRyE, +G3Re&s, 1=0.L.. (22)
B o6mem pemennu (22), Tak kak &, >1, &3 =1, He06X0AMMO KOHCTAHTHI Rz, R3 MONOXKUTH paBHBIMU HYJIIO.
Torna (22) mpumeT BUA:
P(i,1)=Ré&, P(i,2)=GR&, i=01,. (23)
[Moncrapnss pemenune (23) B mepBoe ypaBHeHue cucteMsl (19), Haxomum koHcTaHTy Gi!
_ (1= p)+ (M +1)& —ngf
ko (1-p) '
Jlnst HaxoxIeHusT KOHCTAaHThl R1 1 BepositHocteit P(—1, 1), P(-1, 2) npuBieuem rpaHndHbe ypaBHe-
uus (7) ¥ yciaoBre HOpMHUPOBKH. Toraa monydaem

G (24)

P(-11) :%Rl, P(-12) :%GlRl, R = {u (25)

A +1G 146y }l
1 2 ,

My 1-&
rae &, ompenenena B (21), G1 — B (24).
®opmyasl (23), (25) TO3BOISIOT OMPEEITUTE YACIOBBIE XapaKTEPUCTUKNA CUCTEMBI, BBE/IEHHBIE BBIIIIE:
P(—l):u(%+%le; M (1)=2C) g wm(141)=C g, (26)
1 2 (1_ & ) (1 & )
rzae Ri onpenenena B (25), G1 —B (24), & —B (21).
Tabnuna 7

3aBucumMocTh BeposiTHOCTH npocTost P(—1) or mapamerpa M (M1 =2, 3, ..., 11) mnp =0,3; 0,45 ...;0,7; g=1-p

. M 2 3 4 5 6 7 8 9 10 1
0,3 0,8718 0,8438 0,8246 0,8106 0,8000 0,7917 0,7849 0,7794 0,7748 | 0,7708
0,4 0,8810 0,8611 0,8485 0,8397 0,8333 0,8284 0,8246 0,8214 0,8188 | 0,8167
0,5 0,8889 0,8750 0,8667 0,8611 0,8571 0,8542 0,8519 0,8500 0,8485 | 0,8472
0,6 0,8958 0,8864 0,8810 0,8775 0,8750 0,8732 0,8718 0,8707 0,8698 | 0,8690
0,7 0,9020 0,8958 0,8925 0,8904 0,8889 0,8878 0,8870 0,8864 0,8858 | 0,8854

Tabnuia 8
3aBucumocTth cpeaHeii unbl ouepeau M(1) or mapamerpa b (M =2, 3, ..., 11) g p=0,3; 0,45 ...; 0,7; g=1-p

" M 2 3 4 5 6 7 8 9 10 11
0,3 0,0209 0,0376 0,0566 0,0776 0,1000 0,1236 0,1480 0,1729 0,1980 | 0,2229
0,4 0,0180 0,0298 0,0422 0,0550 0,0681 0,0811 0,0940 0,1067 0,1190 | 0,1310
0,5 0,0156 0,0238 0,0319 0,0399 0,0476 0,0551 0,0623 0,0692 0,0758 | 0,0820
0,6 0,0135 0,0191 0,0243 0,0292 0,0338 0,0381 0,0422 0,0461 0,0496 | 0,0530
0,7 0,0117 0,0153 0,0185 0,0214 0,0240 0,0265 0,0288 0,0308 0,0328 | 0,0346

Tabnuma 9
3aBHCHMMOCTD cpeHero yncia coodmenuii B cucreme M(I + 1) or mapamerpa M (M =2, 3, ..., 11)
nap=0.3;04;...;0,7;,9=1-p
M

b 2 3 4 5 6 7 8 9 10 11
0,3 0,1491 | 0,1938 0,2321 0,2670 0,3000 0,3319 0,3631 0,3935 0,4232 | 0,4521
0,4 0,1371 | 0,1687 0,1937 0,2153 0,2347 0,2527 0,2695 0,2853 0,3002 | 0,3143
0,5 0,1267 | 0,1488 0,1652 0,1787 0,1905 0,2010 0,2105 0,2192 0,2273 | 0,2347
0,6 0,1177 | 0,1327 0,1433 0,1517 0,1588 0,1650 0,1704 0,1754 0,1798 | 0,1839
0,7 0,1098 | 0,1194 0,1260 0,1310 0,1352 0,1387 0,1418 0,1445 0,1469 | 0,1491
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B Tabn. 7-9 B kavecTBe WUTIOCTpaIK npuBeaeHb 3asucuMoctd P(—1), M(I), M(l + 1) ot mapamerpa
MMm=2,3, .., 1) map=0,3;04; ..;0,7;,g=1— p npu GpuKCUPOBaHHBIX 3HAYCHUAX MTAPAMETPOB A = 1,
u = 12, Beranciennsie o Gopmynam (26). TloBeneHre yKa3aHHBIX XapaKTEPUCTHK B 3aBUCUMOCTH OT Tapa-
MeTpa A1 COOTBETCTBYET (hHU3UUECKUM TPEACTABICHHUIM O MPOIecce OOCTYKUBAHUSA B PaCCMaTPUBAEMOM OJ1-
nHosuHeHOH CMO ¢ BXOISIIIUM PEKYPPEHTHBIM CHHXPOHHBIM MIOTOKOM COOOIIICHHIA.

3akiIouyenue

B nacTosmeit crarbe u3yueHa oxHonuHeiiHass CMO ¢ BXOJSIIMM KOPPETUPOBAHHBIM CHHXPOHHBIM
JBaKIBI CTOXaCTUYECKUM IIOTOKOM COOBITHI C ABYMSI COCTOSIHUSIMHU, SIBJISIFOIIUMCS YacTHBIM ciydaeM MAP-
notoka coobITuil. HemapkoBckuit mpouece i(t) — 4nciio 3ampocoB B o4epeard B MOMEHT BpeMeHH t — myTeM
BBEJICHHS JIOTIOJHUTEIBHON mMepeMeHHo# j(f) — cOCTOsiHMEe BXOISIEro CHMHXPOHHOTO MOTOKa B MOMEHT

BpeMeHH t — CBOAMTCA K JBYMEPHOMY MpOLECCY (i(t), j(t)), SABJIAIOIIEMYCS. MApPKOBCKUM IIPOIIECCOM.
C HCIIOJIB30BAHUEM MECTOJa AuarpamMm HHTEHCUBHOCTEHN MEPEXOA0B HAXOAUTCA ABHOC aHAIMUTUYCCKOC CTa-
IIMOHAPHOE PACIIPE/IENIEHUE BEPOATHOCTEN COCTOSIHMIA Mpomecca (i(t), j(t)) (t > o). IlpuBogstcs sBHbBIC

aHanmMTU4YecKue (OPMYJIBI TS YUCIOBBIX XapaKTEPHCTHUK CHCTEMBI M TOCTPOCHHBIE Ha OCHOBAHHUH ATHX
($opMyNT 3aBHCUMOCTH YHCJIOBBIX XapaKTEepUCTHK OT mnapamerpoB CMO, mpencTaBieHHbIE B TaOIUIax.
PaccMmoTpeH Taxke 4acTHBIM ciydall BXOJISIIErO IIOTOKA 3alPOCOB — PEKYPPEHTHBIM CHHXPOHHBIN IOTOK
C ABYMsI COCTOSIHUSIMU.
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Robust extrapolation in discrete systems with interval parameters
using algorithms for estimating unknown input
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Abstract. A model with interval parameters and unknown input is described by the equation:
x(k +1) = Ax(k) + Bu(k) + f (k) + q(k), x(0)=x,, @)
where x(k) e R" is the state vector, u(k) e R" is a known input, f(k) is an unknown input; xo is a random vector
(the variance N, = M{(x, —X,)(X, — %)} and the expectation X, = M{x,} are assumed to be known); A isan interval
matrix, B is a known matrix; q(k) is a Gaussian random sequence with the following characteristics: M{q(k)}=0,
M{a(k)q" (1)} =Q(Kk)3, -
The observation channel is described by the formula:
y(K) = Sx(k) +v(k), @
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where v(k) is a Gaussian random sequence with the following characteristics: M{v(k)}=0, M{v(k)vT(j)}=V(k)6kj.

It is assumed that the sequences q(k), v(k) are independent of each other, the systems (1), (2) are observed with para-
metric perturbations of the dynamics matrix of the system (1). It is also assumed that the matrices Q(k) and V(k) are
unknown.

The solution of the problem is proposed to be performed on the basis of the separation principle using the optimal
recurrent extrapolation, the least squares method with additional smoothing and a probabilistic approach to accounting
for interval uncertainty. The probabilistic method is based on the replacement of interval parameters by independent
random variables distributed over their uncertainty intervals according to a uniform distribution.

It is shown that the use of probabilistic approach, smoothing algorithms for estimating an unknown input for
a discrete model with interval parameters allows to increase the prediction accuracy.

Keywords: Robust extrapolation estimates; discrete system; unknown input; interval parameters; least-squares

For citation: Kim, K.S., Smagin, V.1. (2022) Robust extrapolation in discrete systems with interval parameters using
algorithms for estimating unknown input. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie, vychislitelnaja
tehnika i informatika — Tomsk State University Journal of Control and Computer Science. 59. pp. 47-54. doi:
10.17223/19988605/59/5

3amaun cuHTE3a (PUIBTPOB, IKCTPAIIOJIATOPOB M HAOIIOAATEINCH IS JMHAMHUYECKUX CHCTEM C HEOIpee-
JICHHBIMHU TTapaMeTpaMH, B YaCTHOCTH C HHTEPBAJIBHBIMU MapaMeTPaMH, PacCMaTPUBAIKCh B paboTax [1-7],
MIPY 3TOM HCIIOJIB30BAIMCH METOJIBI pOOACcTHOH 00pabOTKK HH(POPMAIMN, METOJIbl HHTEPBAIILHOM MaTEMAaTHKH,
METOABI 00paboTKH WHPOPMAIMK C MIPUMEHEHHEM OLIEHOK Heu3BecTHOro BXxoaa [8—13]. B paborax [8-11]
JUTS. BEIYMCIICHUS OLICHOK HEM3BECTHOTO BXOoja ucnojb3oBaics MHK, B paborax [12, 13] mis BeUUCICHUH
OIICHOK HEHM3BECTHOI'O BXOJa IPEUIOKECHO HCIIOJIB30BaTh KOMIICHCAIIMOHHBIA TOAX0MA, B padore [14] mns
TIOBBIIIICHUST TOYHOCTH OIEHMBAHHUS HEU3BECTHOTO BXOJa MPUMEHSUTUCH alTOPUTMBI HETapaMeTPHUIECKOTO
CTTIQ)KMBAHUS.

B macrosmeii crathe paccMarpuBaeTcs 3amada poOacTHON AKCTPAIONANNN B JUCKPETHBIX CHUCTEMax
C a/UINTUBHBIMH BO3MYIICHUSAMH C HEM3BECTHHIMU BXOJIOM W MHTEPBAJIBHBIMU ITapaMeTpaMiu. 3ajada pela-
€TCSl Ha OCHOBE BEPOATHOCTHOTO TIOAXOa, IPUHIIMIIA Pa3/IeNieHNs C HCTIOIF30BaHIEM aITOPUTMOB OICHUBAHUS
HEen3BeCcTHOTo Bxoja ¢ momotibio MHK u crnaxkuBaromux mporeayp HernapaMeTpuIecKoro CriiakKHUBaHUs.

1. ITocTanoBKa 3agaun

[Tycth MOieNb 00BEKTa C HHTEPBAILHBIMU MapaMeTPAMU OMMCHIBACTCS] PA3HOCTHBIM YPaBHEHHUEM
x(k +1) = Ax(k) + Bu(k) + f (k) +q(k), x(0) = X,, Q)
rae X(k) e R" — Bekrop cocrostaust, U(k) € R — u3Becthbiit Bxox; f(K) — Hem3BecTHBII BXO, Xo — CITyJaiHbIH
BEKTOp (IIPENONaraloTcsi M3BECTHBIMH aucniepcuonnas matpuna N, = M{(X, — X, )(X, —X,)'} u Maremaru-

yeckoe oxunganue X, =M{X,}); A — uHTepBaibHas MarTpuua (C HIDKHEHW M BepxHei rpanumamu A u A

COOTBETCTBEHHO), B — 3amannas matpuna; (K) — BeKTOpHas rayCCOBCKasi ClydaiHasi IIOCIIeJOBAaTEIbHOCTD
CO CJIEIYIOIUMHU XapaKTePUCTUKAMHU:

M{a(k)}=0, M{a(k)a" (j)}=Q(K)3,.
3neck J,; — cumBon Kponekepa.

Kanan mabnroeHnuit umMeet BUI:
y(k) = Sx(k) +v(k), )
rme  V(K) — rayccoBckas ciydaiiHas —mocienoBaresbHOCTE ¢ xapaktepuctukamu:  M{v(k)}=0,
M{V(k)VT(j)}=V(k)8kj. Ipennonaraercs, uro nocuenoBarensHoct ((K), V(K) 1 X, He3aBUCHMBI MeXIy

coboii, cucrema (1), (2) Habmogaema npu napamMeTpUUECKUX BO3MYIICHUSIX MATPHUILIBI AMHAMUKH chcTeMsl (1).
ITo unpopmanuu, nocrynusmieir B MomeHT K €[0;T], Tpebyercs Haiitu ouenky mporuoza X(K +1)

Ha OCHOBC MUHHUMMU3AIIUHN CICAYIOIICTO KPUTCPUA:
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J(O:T) =MD e (R(k)e(k)}, ©)
k=0

rae R(K) >0 — Becosast marpuiia, e(k) = Xx(k) —X(k) — Bekrop omruboK.

2. CHHTe3 ONTHMAJIBbHOI0 IKCTPANoJsiTopa

Jliia perenus 3axauu OyJieM UCTIOIB30BaTh PEKyppPeHTHBIN sKcTpanonsaTop Kamvana (OK), nmpu atom
JUTSL HAXOXKJICHHS er0 KO PHUIUESHTOB Mepeaadr BOCIIOIL3yeMCS BEPOSITHOCTHBIM MOIX0/I0M. BeposTHOCTHBINT
MTOJIXOJT UCTIONB3YETCs TIPU aHAINU3E POOACTHON YCTOMYMBOCTH CUCTEM C MHTEPBAILHBIMU NapaMeTpamu [15]
Y MOXKET TaK)Ke HCIOIB30BAThCS ISl CHHTe3a po0acTHRIX cucTeM ympasienus [16]. CyTe MeTona 3akimroda-
€TCS B TOM, YTO MHTEPBAJIbHBIC MapaMETPhbl 3aMEHSIOTCS HE3aBUCUMBIMH CIy4ailHBIMU BEIUYMHAMH, pac-
MpeelICHHBIMY Ha CBOUX MHTEPBAJIaX HEOMPEICIICHHOCTH TI0 PABHOMEPHOMY 3aKOHY.

Bocnonp3oBaBIMch BEpOSITHOCTHBIM TOAXO0/0M, MHTEPBAIbHYIO MaTpully A 3aMEHHM Ha MaTpHILy,
3JIEMEHTBI KOTOPOH 3aBHUCAT OT CIIyYalHBIX BETNYHH:

A(6) =(A+an:ASOS), 4)

rae 0, — He3aBUCHMBIE CITydaiiHbIe BEIMYMHBI, paclpe/ie/ICHHbIe IO PABHOMEPHOMY 3aKOHY paclpeeIeH s

Ha uHTepBane [—1, +1] (-1<0, <1(s= 1, m)). 3aech Mbl Gy/1eM MPENOIAraTh, YTO CIIy4YaiHble BETMIMHbL 0,
He 3aBUCAT OT X, ((K) u V(K). B (4) martpuma A= %(A-‘r A) sBISETCS MEIMAHOI MHTEPBAIBHON MATPHUIIBI

(HOMMHAJIbHAS MAaTpHIIA). 3HaueHne M <N’ ompe/eNseT KOMMUECTBO HHTEPBANBHBIX YIEMEHTOB B MaTpHue A

(Matpuna A, COOTBETCTBYIOIIAS ij-My MHTEPBAJIBHOMY JIEMEHTY MAaTpPHIBI A, ONpEIeIHUTCs IO CIeaylo-

. 1,
LieMy MpaBWiLy: €€ ij-i syieMeHT Bbuucisercs mo ¢gopmyie (A%)ij ZE(A_ A) , TIPH 3TOM BCE€ OCTaJIbHbIE
i
3JIEMEHTHI OYIyT paBHBI HYJIIO).
B sToM cirydae ucxoaHas Moaeab 00BEKTa ONUCHIBAETCS! PA3HOCTHBIM YPaBHEHHEM

X(k +1) = A(B)x(k) + Bu(k) + f (k) +q(k), x(0)=x,. (5)
st mocTpoeHus oLeHKU OyJieM MCII0JIb30BaTh PEKYPPEHTHBIN alropuT™ 3kcTpanoisropa Kanvana
X(k +1) = AX(k) + Bu(k) + f (k) + K(k)(y(k) —Sk(k)), X(0)=X,, (6)

rae K(K) — matpuiia ko3 HUIHEHTOB Hiepeaadn IKCTParosTopa.

Haiinem matpuiy K(K), obecnieunBaromiyro MUHUMYM KpuTepus (3), ¢ HCIOJIb30BaHHEM IMPUHIIUIIA
pasznenenus. Jjist aToro cHavaia nmoctpoum oreHku Bekropa X(K) B mpemnonoxenuu, uro Bekrop f(K) u3-
BECTEH TOYHO, 3aT€M — OIIEHKH BEKTOpa HEW3BECTHOTO BXOJAa B IPEINOJIOKEHHH, YTO OLEHKAa BEKTOpa
cocrostaust X(K) m3BecTHa.

JIi1st 3TOTO 3anmMieM ypaBHeHUe 11 BekTopa ommook e(K) , BerauTas u3 ypaBHenus (5) ypaBaenue (6):
e(k+)=x(k+1)—X(k+1)=

= (A- KS)e(k)+iAgx(k)Os(k)+q(k)— Kv(K). 0

Vuureisas (7), ypauenue ais marpuisl N(K) = M{e(k)e(k)'} ¢ yderom Toro, uto O, pacmpeseneHsl

10 paBHOMEPHOMY 3aKOHY pacHpeesieHus, TOIy4YruM CIIEAYIOIIee MaTPHIHOE PAa3HOCTHOE YpaBHEHHE:

N(k+1) = (A= K(K)S)N (K)(A— K (K)S)" %i/&N(k)/{ .\
n ©®)
+%2 AX(K)Z(K)T AT +Q(K) + K (K)V (K)K k)T, N(0) = N,.
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[Ipencrasum kputepnii (3) B BHIE:

JO;T)=tr NOR(0)+thrN(k)R(k), (9)

k=1
rae tr — cieq matpunsl. Torma, moactasus B (9) popmymny (8) co caBuUrom Ha OJWH TaKT, B PE3yNbTaTe
AMEeM:

J(0;T) =tr N,R(0) +itr((A— K(k-D)S)N(k -1)(A-K(k-1)S)" +%i/—\sN(k ~1)AT +
k=1 s=1

) (10)
%Z/v(k ~DRK-D"A" +Q(k —1) + K(k =)V (k —)K (k =) ")R(K).
s=1
Hcnonw3ys npasuna quddepenimpoanus Gyakuuu ciex (tr) ot mpousseneHus Mmatpuir [17]:
T T
6trAXB:ATBT, otr A" XB _BA (1)
oX oX
W3 ypaBHEHUS
aJ(0;T) _o0, (12)
oK
yuuThiBas, 9ro Marpuiia R(K) He BeIposkaeHa, moay4nm Beipaxkenue st Mmatpuib K(K):
K (k)= AN(K)ST(SN(K)S™ +V (k))™. (13)

3. OuneHka HeM3BEeCTHOI'0 BX0/1a

B Moznemu (6) B cuity TOro, 4to B KayecTBE MaTpHIlbl AUHAMUKHU HUCIOJIB3yeTCcsd MeIuaHa UHTEPBaTbHON
MaTpuiibl (4), IBMEHHUTCS BEKTOP HEM3BECTHOTO BXO/a (3TOT BeKTOp 0003Ha4mM r(K)):

(k)= f()+ > ABxX(K) ~1<6,<1(s=1m), (14)

rIe BTOPOE CIaraeMoe SIBJSIETCS JOMOJHUTENbHBIM HEU3BECTHBIM BXOJOM, BOBHHKAIOLIUM H3-3a HEOIpee-
JIEHHOCTH 3aJaHMs MaTPUIIbl TUHAMHUKU 00HEKTA.

B kauecTBe anropuTMa OlleHUBaHHs Hen3BecTHOro Bxosa r(K), Oyaem wcronb3oBath aaroputmbl MHK,
B OTOM CJTy4ae OIEHKY MOYKHO MTOCTPOUTH Ha OCHOBE MHHHUMH3AIINH JOTOIHUTEIBHOTO KpuTepus [8, 9]:

| = Zk1:{||y(t) -SKO. +[rt - | (15)
=
rae C, D — nonoxurensHO onpejierneHnbie BecoBsie Marpuiibl, X(t) = AX(t—1) + Bu(t—1) +r(t —1) . ITocTpo-
eHHbIe Ha ocHOBe MuHMMm3anuu (15) MHK-orieHkn HeM3BECTHOTO BXOa MIPUMYT BH/I:
P (k) =[STCS + DI *S"Cly(k) — S(AR(k —1) + Bu(k —1))]. (16)
J1Jis TIOBBILICHHUSI TOYHOCTH OICHMBAHHUS HEU3BECTHOTO BXOja OyJeM JOINOJHUTEILHO HCIOJIb30BaTh
AITOPUTMBI HEMAPAMETPUUYECKOTO CriiakuBaHus [14]:

P (k) =[STCS + D] *S"CQ, (17)

/¢ j-s1 KOMIIOHEHTA BEKTOpa f)(k) HMeEeT BU:

Zk:[y(i) ~S(A(i 1)+ Bu(i _1))]jG(k_i+lj
ﬁj(k)z - k .
ZG(k —i +1]

(18)

i
i=1 L

B cootnomennn (18) G(-) sBnsercs sanepHoit GyHkumed u [ — ko3GGUIMEHTOM CTIaKUBAHUL.
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OLEHKU SKCTPAIONSIIUK B JUCKPETHBIX CHCTEMax C MHTEPBAIBHBIMH MapaMeTpaMH OINpPEACISUIICH

U3 PEKYPPEHTHOTO YPaBHEHUS
R(k +1) = AX(K) + Bu(k) + F(k) + K(k)(y(k) — SX(k)), X(0)=X,, (19)
rae Marpuia kodddunuenror nepenaun K(K) Beraucisack mo gpopmynam (8) u (13), a ouenka (k) ompe-

nensach 1o Gopmymnam (16) nm (17).

4. Pe3ynbTaThbl MOAETUPOBAHUS

MOI[CJIHpOBaHI/Ie BBITIOJIHEHO dJIsA CJ'IeI[y}OHII/IX NCXOOHBIX JAHHBIX:
5 0 0 (02 0 (0 0
_oo’Al_oo’AZ_oo,z’
03 0 10 0,06 0
Q: 1 S: lV: L
0 04 01 0 0,02
10 01 0 01 O
C: ) D: ’ R: ’
01 0 01 0 015

(0,3 -0,2)" if k e[1;30],

(0,6 01) if ke[3L75],
f(k)=4 (0.1 -0,3)" if k e[76;126],
(0,8 -0,6)" if k e[L27;184],

(0,2 01)" if k €[185;200].

BapI/IaHTLI 3HAYCHUH MCIHAHBbI HHTCpBaJ’IBHOﬁ MaTpulbl A, AJI1 KOTOPBIX BBIIIOJHEHO MOJACINPOBaA-
HUEC, IPUBCACHEBI B Ta6m/1ue.

CpenHekBagpaTHYeCKHe OIMOKH OIIEHOK BEKTOPA COCTOSTHUS (Ox,i)

e Marpisi MM eﬂHaHf i peainnaria Ox Anroputm 1 Anroputm 2 Auroputm 3
n/m JIBYMEpHOH cIydaifHOTO BeKkTopa 0
0,15 Ox,1 1,626 0,811 0,737
A= ,0,=0,75,0,=0,6 ' ' ' '
! [ -0,25 o,es} ! 2 ox2 1,303 0,672 0,575
0,94 015) - = Ox,1 2,248 0,930 0,759
2 A= ,0,=-0,2,0,=0,65 ' ' ' '
( -0,25 0, 62} ' 2 Ox.2 1,492 0,624 0,538
0,15) - —
3 Ae ,8,=0,75,8,=0,5 Ox1 1,938 0,929 0,852
O 25 08 Ox,2 1,892 0,797 0,671
0,81 0,15) -
4 A ,8,-0,85,8, =10 Ox.1 1,632 0,888 0,771
-0,25 0,52 Ox,2 1,038 0,610 0,568
0,15) ~ = Ox.1 1,246 0,640 0,601
A= ,6,=09,6,=10 , 7 : ;
> ( -0,25 0,6] ' z ox2 0,932 0,617 0,575
0,71 015) ~ = Ox1 1,948 0,633 0,585
A= ,6,=-0,5,0,=-05 ' ' ' '
® (—O, 25 0,92] ! 2 Ox,2 2,267 0,618 0,553

B (18) ucronp3oBanace sijepHasi QyHKINS TayCCOBCKOTO BUA:

exp(_zz)
6=,

J2n
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B Tabnuiie npuBeneHB! pe3yabTaThl CPABHEHUS CPEIHEKBAIPATHYCCKUX ONMIMOOK OTKJIOHCHHA OLIEHOK
BEKTOPA COCTOSIHUS IS TPEX aIrOPUTMOB (IIPY PA3IUUHBIX MATPULAX A M PA3IUUHBIX PeaTU3aIUIX KOMIIO-
HEHT ClTydaifHoro BekTopa 0):

—anroputMm 1 — OK ¢ marpuneit nunamMuku 4 u ¢ ucnonb3zoBanueM oreHok MHK HeusBecTHOrO BXO-
na (16) (B aToM ciaydae B ypaBHEHHH (§) B IpaBOH YAaCTH UCKIIIOYEHBI BTOPOE U TPETHE CllaracMble);

—anroput™ 2 — DK ¢ MaTpuiieil TMHAMUKHN A U C UCIIOJIb30BAaHUEM OIIEHOK Hern3BecTHOro Bxoga MHK
Y JIOTIOJTHUTENILHOTO criaxkuBanus (17) (B 3TOM cityyae B ypaBHeHHH (8) B IMPaBOH YaCTH TaKKE HCKIIOUYCHBI
BTOPOE U TPETHE CIIaraeMbIe);

—anroput™ 3 — DK ¢ ucnonk3oBanuem oneHok MHK, criaxuBanus u poOacTHOTO MOAX0Ja JAJIs Olle-
HUBaHUs BeKkTopa cocTosHus (8), (13).

Ycpenuenue npousBoauiiochk mo 100 peanmsanusM. Pacder cpeqHeKBagpaTHYSCKUX ONIMOOK OIICHU-
BaHUS BBIMOJIHSJICS 110 (hopMyIam

2 -%ky*
o, =2 (i=12).
' N -1

W3 Tabnuibl BUAHO, YTO MPUMEHEHHE JIJI OIICHOK MPOTHO3a BEKTOpa COCTOSIHUS Ha 1 TakT MeToja

MHK AJid OLCHHUBAHWA HEHU3BECTHOI'O BXOJa C AOIIOJIHUTCIBHBIM CITIAKMBAHUCM C IIOMOIIBIO aJI'OpHUTMa
HEeTapaMeTpUIecKoro CriaaKUBaHus U poOacTHOTro airoputMa skcrpanoisiuuu (8), (13), mo3BosnseT yMeHb-
IIUTh CPETHEKBAPATUICCKHE OIIMOKHU OICHUBAHMSL.

3akiIouyenue

C ucnonb30BaHUEM BEPOSTHOCTHOIO MOAXO/A, B OCHOBE KOTOPOI'O JISKUT 3aMEHA HEOIPEAEICHHBIX
napaMeTpOB UHTCPBAJILHOI'O TUIIA HA HE3aBUCHUMBIC Cﬂy‘laﬁHbIe BCJIMYUHBI C PaBHOMEPHBIM 3aKOHOM pacIipe-
JeTICHHS, TIPEITIOKEH AJITOPUTM CHHTE3a POOACTHOTO 3KCTPAIOINATOPA ISl JIMHEWHOW AMCKPETHOW MOJENN
C HEM3BECTHBIM BXOJIOM. 3ajJlaya pelleHa ¢ MCIOJIb30BAHUEM IPHHIIMIIA Pa3/AeTeHNs, PEKYPPEHTHBIX aJro-
PUTMOB, METOZIa HAUMEHBIIUX KBaJAPAaTOB U CTIIaXUBAKOLIUX poueayp. Ha duciieHHOM npumepe 1nokasaHo,
YTO MPUMEHEHHUE AJITOPUTMOB CIIIXHBAHUS U POOACTHOTO IMOAX0AA MO3BOJIAET TOBBICUTH TOYHOCTD MIPOTHO-
3UpPOBAHMSI.
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AHHoOTanms. PaccMoTpeHa SKCIepTHasi CHCTeMa, COBETYIOIIAsi CTPATErHi0 YIPAaBICHUs MPOMBIIUICHHOH 6e3-
OTACHOCTBIO Ha OCHOBE 00pPabOTKH B CHCTEME MOJACPKKU MPHUHATHS PEUICHUH 3KCIICPTHBIX NTAHHBIX ayIuTa H dKC-
MePTU3bI TIPOMBIIUICHHOTO 00BEKTa C CIOIB30BaHHEM TEOPHH HEUETKUX MHOXecTB. KpureprueM BbIOOpa 3TaTOHHON
CUTYalluH SBISICTCS MaKCHMAaJbHOC 3HAUCHHE CTCIICHH HEYETKOTO PaBEHCTBA TEKYIICH M ATAJOHHOM CHUTyaluii, KO-
Topas 1oKHA OBITh He MeHee 0,5.

KnrwoueBble cioBa: CoBEeTYyOMIas SKCIEPTHAS CHCTEMa; CTPATETUs YIIPABIICHHUS; MPOMBIILICHHAsT O€301aCHOCTb;
crcTeMa MOCPIKKU IPUHSTHS PeLIeHHUN

Jna yumuposanus: Kpusos M.B., Acnamoa E.A., AciamoBa B.C. Cucrema BBIpaOOTKY CTpaTerdil yrnpaBIeHHS
MPOMBIIIIEHHOM Ge3omacHocThio // BecTHUK TOMCKOTO TOCYJApCTBEHHOTO YHHBEPCHTETA. YTIPaBJICHUE, BBHIYHCIIH-
TenbHasi TeXHUKa U nHopMaruka. 2022. Ne 59. C. 55-65. doi: 10.17223/19988605/59/6
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System for developing industrial safety management strategies
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Abstract. Expert system AREOI.Expert was developed using fuzzy set theory. It gives a recommendation on
the choice of an industrial safety management strategy based on the processing of expert audit data and a survey of
the state of industrial safety at the facility in the AREOI Decision Support System. AREOI is part of AREOI.Expert.
The expert system AREOI.Expert is implemented according to the principle of situational management of industrial safety,
which is based on the formalization with the help of specialists of a number of reference (typical) industrial safety
situations that are possible at the production facility, and comparison with each situation of any control action leading
to an improvement in state indicators industrial safety. The criterion for choosing a strategy for a reference situation
is the maximum value of the degree of fuzzy equality of the current and reference situations, which must be at least 0,5.

To form a fuzzy inference system, the linguistic variables "DEGREE OF FULFILLMENT OF REQUIRE-
MENTS (aggregated estimates of the degree of fulfillment of classes of factors affecting industrial safety)" and
"V ALUE of a class of factors for the level of industrial safety" are used. The sets of terms and the main set of linguis-
tic variables are specified in the form:

<DEGREE OF FULFILLMENT OF REQUIREMENTS, <bad, abnormal, normal, good) ,[O...100]>,
~ |(VALUE, (low, medium, high),[0...100])

To determine the boundaries of term sets of the variable "DEGREE OF FULFILLMENT OF REQUIREMENTS",
a triangular membership function is used, and for the variable "VALUE" is a trapezoidal membership function.
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In the operating mode, AREOI.Expert works according to the following algorithm: reception of assessments of
the current situation of the state of industrial safety, which are formed by the decision support system AREOI; trans-
formation of the assessment into the current fuzzy situation; comparison of the current fuzzy situation of the industrial
safety state with reference situations and the search for the closest reference situation; comparison of the current
fuzzy situation with reference situations and search for the nearest reference situation; if the degree of equality of
the reference situation exceeds the confidence threshold > 0,6, then the expert system generates a control decision
characteristic of a similar reference situation. Otherwise, the network (knowledge base) of fuzzy situations should
be expanded with an expert assessment of the current situation. Otherwise, the network (knowledge base) of fuzzy
situations should be expanded by an expert assessment of the current situation.

If the current situation is indistinctly equal to two or more reference situations, then the coefficient of the degree
of preference a is additionally introduced to resolve this conflict. The value a = 1, if the strategy is always used, often —
a = 0,9, sometimes — o = 0,7. The degree of preference makes it possible to increase the influence on the choice of
a particular situation when comparing the current industrial safety situation with the reference ones.

Interfaces of AREOI.Expert and AREOI systems are created using WPF (Windows presentation foundation)
technology based on frames. To separate the application logic from the user interface, the MVVM design pattern was
applied, which ensures the separation of the application business logic and is implemented in the format of the entity
class relationship system. The data storage was the free software of the SQLite DBMS. Using the Database-First
approach in Entinity Framevork 6.0, an ORM is generated Object Relational Mapping of the Data Model.

Keywords: advising expert system; management strategy; industrial safety; decision support system

For citation: Krivov, M.V., Aslamova, E.A., Aslamova, V.S. (2022) System for developing industrial safety manage-
ment strategies. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie, vychislitelnaja tehnika i informatika —
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Ha sddextuBHOCTs ympaenenuss npombinuieHHON Oe3omacHoctu (I1B) okas3wiBaloT cymiecTBeHHOE
BIUSTHHIE Ka4eCTBO MHPOPMAIIMOHHOTO 00ecniedeHus, CITy>KaIero it coopa n aHanmm3a nHQOpMaInum, Heoo-
XOJUMOU JJIs IPUHATHUS penienuii o odecneuenuto 16 [1, 2], kynbTypa 0€30MacHOCTH, MO KOTOPOU IO-
HHMAETCS MICHXOJIOTHYECKas U KBaTH(UKAIMOHHAS TOArOTOBICHHOCTD repconana [3], cobmoaenue Tpe6o-
BaHUM HOPMATUBHBIX JOKYMEHTOB M PErJIaMEHTa TEXHOJIOTMYECKOTO PEXHMMA, TEXHHYECKOE COCTOSHHE U
CBOEBPEMEHHOCTh TEXHHUYECKOTO OOCTY)KMBaHHUSI W PEMOHTOB, OIEHKA W pa3paboTKa criocoOOB KOHTPOJI
pucka aBapun u 1p. B Ykasze [Ipesunenra PO Ne 198 «O0 ocHoBax rocynapctBeHHOH nonutuku PO B obnactu
MIPOMMBIIIICHHOM Oe30macHocTH Ha niepuon 1o 2025 roaa U JaibHEHINYI0 mepcrekTUBy» oT 6 mas 2018 r.
TaKXKe OTMEYaeTcs, YTO HeOOXOANMBI pa3BUTHE, BHEAPEHHE HHPOPMAIIMOHHBIX TEXHOJIOTHI, KOTOpBIE OCY-
LIECTBIIAIOT B3aUMOACHCTBHE C OPraHU3alUsIMH, ONITUMU3UPYIOT MIPOLIECC HOIYyUYeHHs, XpaHEHUsI, 00paboTKU
W aHanu3a WHPOPMAIMK O MPOU3BOJACTBEHHOM KOHTpOJiEe 3a coOmoaeHneM tpeboBanuii [16. Dto monTeep-
KIAeT aKTyaJbHOCTb pa3pabOTKH SKCHEPTHOM cucTeMbl BBIpaOOTKM cTpaTeruii ymnpasnenus [1b Ha ocHoBe
MpoBeIcHUs ayauTa U SkcrepTusbl [16 Ha 00bekTax xene3nompopoxuoro Tpancnopra (OXK/IT).

Omnacuele npou3BojcTBeHHBIE 00BeKThl (OIIO) Ha MPOTSHKEHUH BCEro >KU3HEHHOro IMKJIA MOTHAl-
30pHBI PocTexHaa30py U MmoajIekaT MOCTOSHHOMY MOHUTOPUHTY U KOHTPOJIIO, YTO OOOCHOBBIBAET aKTyallb-
HOCThH 3aJla4d CO3/aHUsSl COBETYIOIEH CHCTeMbl BBIpAOOTKH cTpateruii ympaenenus [16. K.B. Byiiko u
10.B. ITanTroxoBa npoBeny CpaBHUTENBHBIH aHanu3 crocoboB ouenku I1b OO, koTopslil IpoaeMOHCTpH-
poBaia clieyIomie MpeuMyIIecTBa NCTIOIB30BaHMS SKCIIEPTHBIX OIIEHOK A7 pacuera yposHs [1b: mpocroTa
WCTIOJNB30BaHMS M BBIYUCIICHUN; 0OBEKTUBHOCTH, IPUMEHUMOCTD KaK ISl Pa3HbIX OTpacield MPOMBIIIIICHHO-
CTH, TaK ¥ JUIsl OJTHOTO MPEIIPHUATHS; TOJTHOTA OXBaTa BIUSIOMNX (PAKTOPOB M HATMYHE HEOOXOIUMBIX JIaH-
HbIX [4].

AxktyanbHOCTH pobsiemMsl obecnieuenus 116 OIIO nukTyeTcs Takke CTapeHHEM HCIOJIb3yeMoro 000-
pPYyIOBaHMS, MAIlIMH, YCTAHOBOK, KOTOPOE CYIIECTBEHHO OOTOHSET TEMITBI MX 3aMEHBbI U MOJIEpHHU3aNUH [5].
[TosTOMYy HEOOXOIMMO MPOBOAMTH MX JUATHOCTHKY M TEXHUYECKOE OCBHJIETEIHCTBOBAHUE JJIsl OOHapyxe-
HUS TIOTCHIIUAIFHO OIACHBIX JJIEMEHTOB M MPHHATHS YNPESKAAONINX PEHICHUH, NPEA0TBPAIIAIONINX KaTa-
cTpodryeckre oTKa3bl TEXHUKH. J[J1s1 MoBbILIeHHUs KauecTBa U 3¢ pekTuBHOCTH 00pabOTKM HH(POPMALIUH TIPH
MPOBE/ICHIUH OCBHJICTEIBCTBOBAHUS U JIMATHOCTUKH HEOOXOAMMBI (hopMalu3aIs U CTPYKTYpH3aLus Mpeji-
MetHou obsactu (IIpO06), a Takke pa3padoTKa Ha OCHOBE MPEIEACHTHOIO MOAX0/a CUCTEMbI MOIICPIKKU
npunstus pewenuii (CIIIIP), uto u BeimonHeHo B padore [5].
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B pa6ore [6] ocymiecTBiiena Mmoaudukanus peaakropa CLIPS 6a3 3Hanuii nmpoaykuui, mpenHa3Ha-
yeHHoro it ananu3za [IpOO, mpoekTupoBaHHS HHOOPMAIMOHHBIX MOJENEH, OMUCHIBAIOIIMX MPUIMHHO-
CIIEZICTBEHHBIC B3aMMOCBS3M B 3aJadaxX NMPOTHO3HOM OLIEHKH HCXOJHON Ae()EeKTHOCTH, MOBPEKIECHHOCTH,
paspyLeHus U 0TKa3a 00beKTOB He(TEXMMHHU TpH MpoBeAeHuH dKcnepTussl 116.

B [7] otmeueHo, uto 3kcmepTHble cucTeMbl (DC) crmocoOHBI BBIpabaTHIBATh JIOTUYECKUE BBIBOIH,
WCTIONB3YS 3HAHHS CIIEUATIMCTOB MPEAMETHOM 00JIaCTH, YTO MO3BOJISIET HCIIOIB30BATh ATOT OMBIT AJis (hop-
MupoBaHus pekoMeHaanuid. IC, padpadoranHas B [8], aBTOMAaTUYECKH aHATU3UPYET IMapaMeTpsl mpolecca
MPOM3BOJICTBA MOJMAKPUIIOBEIX BOJMIOKOH. B ogHOM 3 GnokoB DC ¢opmupyroTcs u HakamnuBarotcs B BJ
3HaHWs U MpaBWIIa 3KCIEpTa M0 ONTHMAIBHOMY MPOBEACHHUIO MPOLEcca C YIeTOM HU3MEHSIOLIETOCS ChIPBS,
coctaBa 0o0opynoBaHus U aAp. B npyrom 610ke 3T mpaBuiia HCIONB3YIOTCS ONlepaTopaMu-TeXHoIoramu. Bee
MpaBUiIa COCTOST W3 Habopa JIOTHYECKUX BBIBOJOB: YCIOBHBIM omeparop mepexoza if, mapaMeTpsl WU
¢ynkunu mponecca then, pesynprar padotsr OC. [Ipenmomaraercs, 4To MpaBUIO HE MOXKET 3aBHCETh OT
HAaUMEHOBAHWM Y 3HAaYECHUI MapaMeTPOB Mpoliecca MPOU3BOICTBA.

VYuuThIBas CI0KHOCTH cucTeMBbl ynpasieHus [1b, cymecTBenHoe uncio BIusiomux GakTopoB, HEOO-
XOJUMOCTh TiepepaboTKu Ooybmioro odbeMa KadecTBeHHOW mH(popMannu, mpeodramaroniel Hajg Koinde-
CTBEHHOH, aKTyaJIbHOW 3a/1aueil SBISETCS UCTIOIh30BAHNE METOI0B 00paObOTKM KaueCTBEHHON MH(OpMAITUU
Ha OCHOBE TEOPUH HEYETKHX MHOXKECTB M HEUETKOM Jioruku [9-11].

B npornecce moucka cTparteruii ynpasieHus Tuno, npuanMaromee pemenue (JIIIP), oocyxmaet, dop-
MyJHpYET ¥ YHOPOLIAET 3aJady MMOMCKAa C NPUMEHEHHEM TaKUX HEUETKUX MOHATHH, KaK «MHOTO0», «MaJloy,
«XOPOILIOY», «IJI0X0» U T.I. Ilo mpryKMHEe NpUMEHEeHUs TUHIBUCTUYECKUX U HEYETKUX IEPEMEHHBIX LIeIeco-
00pa3HO peanu30BaTh MPUBEACHHBIC HEUETKHE MOHATHS B MOZEIHM NPHUHATHUS CTPATErHU yNpPaBlICHUS MPO-
MBIIIJICHHON 0€30MacHOCThIO Ha OCHOBE coBeTymomIei DC ¢ IMOMOIIBIO CUTYallHOHHOTO Troaxoma [9, 10].

B pazpaborannoii 9C crparernn BeIgatoTcs Ha 0aze mHbopmarum, momydaemoir B CIIIIP AREOI,
Bxogsmei B 9C u omrcanHoii B [12-14].

1. CuryauuoHHoe ynpasJjieHre NPOMbILLIEHHOI 0€301acHOCTHI0

[Ipenyaraemslii B HacTosAmeld paboTe NpUHIMI cUTyallMOHHOro yrpasienus I1b ocHoBan Ha dopma-
JIU3alMU C TOMOIIBIO 3KCIIEPTOB Psifia STATIOHHBIX (TUMOBBIX) cutyanuid [1b, KoTopble BO3MOXKHBI Ha IPOU3-
BOJICTBEHHOM OOBEKTE, M CONOCTABICHUU C KKJOH CHTyalled HEKOTOPOTO YNPAaBISIOIIEro BO3IEHCTBUS,
BEIYLIETOo K ynydleHuto nokaszarenei [1b.

Bynem noHuMarth 1o TepMuHOM «cutyanus [1b» Habop (MHOkecTBO) mpu3HakoB Pj (j = 1..N), xapaxk-

tepusytommx I1B, u ux snavennit v} (K = 1..K), M03BONSOMMX pa3inyaTh U XapakTepu30BaTh ypOBEHb (Ka-

gyecTBO) [1b:
si:<Pj/v|j,Ri>, S €8, @

rae Ri — ynpasisitonee penenne win crparerust yiy4iienust [16. B Boipaxxennn (1) 3Ha4eHUs IPU3HAKOB V]

JUCKPETU3UPOBAHEI Ha K MHTEPBAJIOB C 1IN0 MTOKA3aTh BO3MOXXHOCTh HCIIOJIB30BAHUS TUCKPETHBIX, WU
WHTEPBaJbHBIX, OLIEHOK JUIs MPpU3HAKOB. [Ipr 3TOM MHOXECTBO S ATallOHHBIX cuTyanuid B (1) mpepcrasiser
co0oitf Habop ompeeNeHHbIX dKcnepTamu cutyanuit [1b nmpou3BoacTBeHHOTO0 00BbEKTa (HA30BEM UX ITAJIOH-
HBIMH), KOTOPBIMH MOYHO YIPaBIIATh, yirydmas ypoBeHb [1b. MHOXeECTBO S MOXHO NpEJCTaBUTH TaKXkKe
B (hopme cuTyaroHHOTo Trpada, BEpIIMHAMUA KOTOPOTO SBJISIOTCS OIPEEICHHBIC AKCIEPTAMU CHTYaIlHd
S, €S, a 1yru ecTh ymnpasisronme pemeHus Ri, obecrneunBaroniue n3menenue cocrosaust I16. Ha puc. 1

npenacrasieHa cTpykrypa OC mis ynpasnenus [1b.

B pexume skcmmyaranun OC paboTaeT 1o clieAyIoIeMy alrOpuTMy:

1) mpuem oueHok Tekymei curyaruu 16, kotopeie popmupyer CIIIIP;

2) npeoOpa3oBaHUE OLEHKU B TEKYIIYIO HEYETKYIO CHTYAIHIO;

3) comocraBiieHHe TeKylleH HeueTkol cutyauuu 16 ¢ 3TaloHHBIME CHTYallMsIMH M TIOMCK HanbOolee
ONU3KOM ATaJOHHON CUTYalHNH;
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4) ecnu CTENICHb PaBEHCTBA 3TAJIOHHOM CUTYallMH MPEBBIIAET Mopor gosepus (> 0,6), To skcnepTHas
cucreMa (OPMHUPYET YIpaBisIIOLIee PEHIeHUE, XapaKTepHoe Ul CXOXKel STaloHHOH cuTyauuu. MHave ceTb
(b3) HeweTkux cuTyanui ciuemyeT pacCIIUpUTh SKCIIEPTHOM OLIEHKOW TeKyIIeH CUTYyaIeH.

-------------------------------------- SKCMEPTHAA CUCTEMA
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Puc. 1. Crpykrypa 9C AREOI.Expert nus ymnpasnenus 16
Fig. 1. Structure of ES AREOI.Expert for fire safety management

9C mpemraraet JI[IP cTpareruio R, COOTBETCTBYIONIYIO YIPABISIONIEMY PEIICHHUIO Ri sTaIOHHON cH-
Tyaluu Si, Haubosee GIM3KON K TEKYILEH CUTYalyu S .

R=R :s cs,s €8S, ()
e S* — HEKOTOpask TEKyIask CUTyal|sl Ha MPOM3BOJICTBEHHOM O0BEKTE, KOTOPask XapaKTEPU3YeTCs yPOBHEM
«UCTIONHEHUs» Kiacca (akTopoB M «ueHHocThio» it IIb kmacca daxrtopos, Beraucisemsimu B CIIIIP,
omucanHo# B [12—14]. Bei6op Mepbl 6mu30cTH / paBeHCTBa / BKIIOUEHHS S C S; NPEACTaBIAECT OTHCIIBHBIN
BOIIPOC MCCIIEOBaHUS U OyJIET OCBEIICH HHXKE.

Oco0eHHOCTh (hopMau3aluy yIpaBisoMX pelieHnd Ri mo obecneuenuto 3amanHoro ypoeHs 16
COCTOHT B TOM, YTO OHU SIBIFIOTCA AUPEKTUBHBIMU («YBEIHUUTHY, «YMEHBIIUTH» U T.I.) U TJIOX0 BBIpaKka-
IOTCS yepe3 Kakue-1u00 4ncioBble oleHKH. Ho, BbIpakeHHbIE HA €CTECTBEHHOM SI3BIKE, YIPAaBIISAIOLINE pe-
LICHUS HaJIEJIAIOTCS] OJHO3HAYHO TpakTyeMbIM cMmbicioM it JITIP. Hanpumep: «Mupopmaunonnoe obdecre-
YEHUE CYIIECTBEHHO YIYULINThY; «OpraHu3alluOHHbBIE MEPBI OCTaBUThH O0€3 U3MEHEHUS» U T.1I.

Takxe OTMETHM, 4TO M NMpHU3HAKH, Xapaktepusyrouue [1b, mnoxo Tpaktyrorcs JIIIP B xonnyecTBeH-
HOM (hopMe, HO BIIOJIHE €CTECTBEHHO MOTYT OBITh OXapaKTepU30BaHbI C TOMOIIBIO KAUECTBEHHBIX 3HAYCHUH.
Hanpumep, «11eHHOCTb — HU3Kasn», «ypPOBEHb BBIITOJHEHUS — BEICOKUI.

[Ipu mepexone B 00J1aCTh KAUECTBEHHBIX 3HAYEHUH M HEYETKOTO JIOTHUECKOro BeIBoja i (1) ompe-
JIeJIUM IIOHSATHE HeUeTKON cutyanuu §;:

§i:{<us(pi)/pi>}’piep' (3)

rae QpyHKums npuHaIekHocTH L ( Py ) = {< I, (Tji ) / TJ_i >} .

B Beipaxkennu (3) P ecTs MHOKECTBO MPU3HAKOB, M K&K MPU3HAK OMHCHIBAETCS KOPTEKEM:

P=<pi’Ti’Di>’ (4)
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rae Ti — TepM-MHOKECTBO JIMHTBUCTHYECKOH mepemenHoi (JIIT) pi, onuceiBatoliee KaueCTBEHHOE 3HAYCHUE
i-ro mpu3Haka, Dj — 6a30Boe MHOXECTBO I-TO MpU3HAKA.

Hns bopMHpPOBaHHS HEYETKOW CHUCTEMBbl BBIBOJA 33aJUMCSl JIMHTBHCTHUECKHMMHU TEPEMEHHBIMHU
NCTIOJIHEHME (arperupoBanHas olleHKa CTETICHU BhINoHEeHUs kiacca pakropos) u IEHHOCTD (knacca
¢axropos ais [16). Onpenenum ans kaxaoi JIIT Tepm-MHOKecTBa M 6a30BOE MHOKECTBO:

<I/ICHOJ'[HEHI/IE, <HJIOXO, HEHOPMAaJILHO, HOPMAJTEHO, xopomo> ,[O... 100]> , ©)
P= . 5
<HEHHOCTI), (rmsKas, cpemsisi, Bbicokas ), [0... 100]>
s onpenenenus rpanun TepM-MHoxecTB niepemenHoil MICIIOJIHEHUE ucnone3yroTes TpeyroipHas
¢ynkms npuHamiexnocty, a 4 nepemennoii IEHHOCTD — tpaneuennansaas QyHKIMS TPUHAATICHKHOCTH.
3amaBIIMCh MEXaHU3MOM KadecTBeHHOTo omnucanus I1b B cootBercTBHu ¢ (3), cozganum 0a3zy 3HaHUI
o HeueTkux cutyauusix I1b u crpareruu ymnpaBieHHs, KOTOpbIE AOJKHBI (JOPMHPOBATBHCS IKCIIEPTaMH Ha
aTane cuHTe3a U HacTpoiiku DC (cM. TabmuILy).

Heuerxue cutyauuu I1Bb u ITP u crpaternu ynpasJienusi (Gparmenr)

Ne cutyauuun 3navenue JII1 UCITOJIHEHUE 3unagenue JIII HEHHOCTDb VYupasinstomas crparerus R
1 X0pouIo BBICOKAs OCTaBUThH 0€3 M3MEHEHHUS
2 XOPOILIO CpenHsst OCTaBHUTH O3 U3MCHEHUS
3 XOPOIIO HH3Kast 0CIabuTh KOHTPOIIb
4 HOPMAJILHO BBICOKAs B3STh Ha KOHTPOJIb
5 HOPMAJIbHO cpenHsst B3STh Ha KOHTPOJIb
N HEHOPMAJILHO ‘ BBICOKAs YCHIIMTD KOHTPOJIb

Urto0bl 06J1€T4UTh KCIIepTaM mpoliecc GOpMUPOBaHUST HEUETKON CHTYallMOHHON CETH, MPEAIoKeHO
OIMCHIBATh CUTYAIIHIO B OpPME IPOYKINH BHJIA:
ECJIN UCITOJIHEHUE = <HEYUETKOE 3HAUYEHUE>
U HEHHOCTD = <HEUETKOE 3HAUEHUE>, TO YIIPABJIEHHUE = R.

CrerneHb paBEeHCTBA TEKYILEH cUTyalmn A W HEYETKOW ATaJIOHHOM CUTyallun B OIIEHHBAeTCs 110 BbI-
paXEHHIO

u(/&, é): Meox (a > 11s). (6)
B cooTBeTcTBUM C OIIpeaCJICHUCM HEYETKOU DKBUBAJIEHTHOCTHU PaCKpOEM BBIPAKCHUEC (6)
(1 ©> pg ) = min(max(L—pn, pg ) max(l—pg 1)) (7)

B psine uCTOYHMKOB IpeuiaraeTcsi CYUTaTh, YTO €CIIU u(A, B)> 0,5, To cuTyanuu HEYETKO paBHBI [9—

11]. Eciu p,(A, I§)= 0,5, To curyaruu OyayT HeueTko HHAN(D(EPEHTHBIMU.

B HedeTkol CHTyallMOHHOHN CETH BIIOJIHE BO3MOXHA CUTYAIlUs, KOT/a JIBe WK 0oJiee STAIOHHBIX CH-
Tyanuu OyIyT UMETh cTereHb paBeHcTBa > 0,5. B aTom citydae anroputMom noipkHa OBITH BEIOpaHa CUTYya-
1S ¢ HanOOJbINIeH CTENeHBI0 paBeHCTBA. Ho BeposATeH U citydaid, KOT/la TeKyIlas CUTyanus OyIeT HEYeTKO
paBHa JABYM WM 0OJiee 3TaJOHHBIM CUTyanusM. UTOOBI pa3pemnTh 3TOT KOH(IUKT, JOMOJHUM KaXkI0€e mpa-
BUJIO, OTHCHIBAIOIIEE CUTYAIUIO, CIEIUATBLHBIM KOA((GUIIMESHTOM o — CTEICHBIO TPEANOYTCHUs. JHAYCHHE
o = 1, ecnu crpaTerus ucnonb3dyercs Beeraa, yacto — o = 0,9, unorna — o = 0,7, kak 310 npennaraercs B [9].
CreneHb MPenmoOYTEHUS MO3BOJISET YCHIUTh BIUSHUE HA BHIOOP TOW WIIM MHOW CHUTYaIlUU MPHU COTIOCTaBIIC-
HuM Texkyuen cutyanuu [1b ¢ sTanoHHbIMU.

Toraa ¢ yueToMm CTereHn NpeAnoYTeHUs BhIpakeHue (6) MpUHUMAET BUJL:

M(A,B)ZHXEX(HA(—)QHB), )
rae B — HeweTkas STanoHHas CUTYyaIus, A — tekyias. Torma Beipakenue (7) mpuUMeT BHI:
(“AHHB):min(max(l_uA’a‘l"lB)’max(l_aHB’HA))' ©)
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2. Onucanue 9C AREOILExpert

PaszpaGorannas OC AREOI.Expert B xauectBe cocraBHoii yactu Briatrouaer CIIIIP AREOI, uro06s
umeThb B cBoeM pacrniopsbkennu b3, B, pesynbraret pabotsl CIIIIP: oleHKH 3KCTIEpTOB U ayAUTOPOB, arpe-
THPOBaHHBIE CTENCHH MCIIOJHEHHS U LEHHOCTh KaXIO0ro Kiacca (akTopoB U 0a30BbIX (PaKTOPOB KayKAOro
knacca. Ytoosr OC 3apaboTaina, Hy>)KHO MpeaBapUTeNbHO ee HacTpouTh (puc. 2). [lockonsky DC ocoBana Ha

CHUCTEME HCUYCTKOI'O BbhIBOAA, TO Tpe6yeTcsI OMMPCACIUTh JJUHTBUCTUUCCKUC MEPEMCHHBIC U TCPM-MHOXKCCTBA
HCUYCTKHMX 3HAUCHUM.

8| JxcnepTHan cHCTEM ar) A QUEHKN pUCKD A GesonackocTi - o X

HACTPOWKA NNHMBUCTUYECKIAX MEPEMEHHbIX [j

McnonHexwe [ TR R——
Macxo

Muesormexa Complete
HeHOPM

HOPM
— Mroxo — HeHOPM — HOPM — XOPOIWIO

{ XOPOLLIO
\ Oobaswre Tepm

Yaanats repm

\ Haseaswe | XOPOLIO

5 \ — = Tpanewn
G ”
m \\ | Mapaul 80 Mapau3 00
\ \ Mapau2 a0 Mapawd. 100

] 50 100 =
Arperiponarian cusiea Coxpamsms

LUEHHOCTb it N ARARAERHOCTH

Mmessomexa Worth

HH3K CPEAH BBICOK BRICOK
200,08 |
Hobasure Tepu
BO,0%
Yaanuts repu
_ 60,00 Hazeaswe  BHICOK

§
F 40,0% Tpaneuns

Mapau 50 Mapau3 100

Mapaul 80 Mapawmd 100

] 50 100 =
ArprpoRaman cussa Copanams

Puc. 2. Hactpoiika THHTBUCTHYECKUX TIEPEMEHHBIX
Fig. 2. Setting linguistic variables

JIMHTBHCTHYECKHE TIEPEMEHHbIE UCTIONB3YIOTCA B DC B KaueCcTBE OIEHOYHBIX IEPEMEHHBIX: 3TO YPOBEHb
HCIIOJIHEHMsI TOTO Win MHOro ¢akropa [1b, a Takke 1eHHOCTH 3Toro (hakropa. B cooTBeTcTBUU C Teopuei
HEYETKHX MHOXXECTB KaXKAas JMHTBUCTHYECKAas MepeMeHHas HafelieHa KopTexeM (4), Tae MPUCYTCTBYIOT
TAaKXE€ U TEPM-MHOXKECTBA B KAaUECTBEHHBIX 3HaueHUsX. Hanpumep, Ui JIMHIBUCTUYECKON NEPEMEHHOM
HCIIOJIHEHUE ompeneneHsl TEPM-MHOKECTBA: «ILTIOX0», «HEHOPMAIIBHO», «HOPMAIBHO» M «XOPOIIOY.
OYHKINN TPUHAISKHOCTH HEYETKUX TEPM-MHOXKECTB B PEIJAKTOpPE JTMHTBHCTUYECKON TEPEMEHHON MOTYT
OBITh 3aJIaHbl TPEYTOJBHOW, TpanenenaatbHoi QyHKImend oo QyHKIHMeH cHHrITOHOM. B penaktope He-
YEeTKHUX TIEPEMEHHBIX MOXKHO BBIOMPATH MapaMeTpbl QYHKIUHN PUHAUIC)KHOCTH TEPM-MHOXKECTB, HAIIpUMep
MOJKHO CJIEJIaTh TOT WJIH UHON TepM MOJOTHM. MOXXHO U3MEHSTh THIT (YHKIIUH MPHHAIICKHOCTH. 3HAYCHUS
napameTpoB GYHKIUH MPUHAIICKHOCTH HA3HAYAOTCS IKCIIEPTaMHU.

Kaxomy HabOpy 3HAa4YEeHUI KaueCTBEHHBIX MPU3HAKOB, OMPECISIONNX HEYETKYIO CHTYAIHIO, JIOJIK-
Ha OBITH comocTaBieHa crpaterus ynpasieHus. B DC crpaterust hopmupyercs BepOabHON TUPEKTHBON
o ynpasjienuto [1b mns xaxmoro kiacca daktopos. CiioBaps crpateruit hopmMupyeTcs skcrnepramu (puc. 3).
[pencraBieHHbI HAOOP CTpPAaTETUH YIpaBICHUS HE SBISETCS PUKCHPOBAHHBIM, PEJAKTOP CTPATETHIA TO3BO-
JSIET pacIupATh HaOOp CTpaTeruii yrnpaBieHHs.

60



Kpusoe M.B., Acnamosa E.A., Acnamosa B.C. Cucmema vipabomku cmpamezutl ynpaeieHus.

B | 3KCNEepTHAR CHCTEMA arPErMPOEAHHON OLEHKN PUCKE NPeMBILLNEHHOA BE30NaCHOCTH - [m] x
CJIOBAPb CTPATETIA YTTPABNEHWA MB
Pewetive
Ocnabutb KOHTpONb
Moscherve
Cacrostine MB Ha AOCTATONHO XOPOLIEM YPOEHE, CAHAKD IKCMEPTHAER CUCTEME CHMTAET YNPABNEHE 3255 LEHHEIM B CiNy HAKDH LEHHOCTH
paxopa
Pewetine
OcTaButs KOHTPO/Ib Ha TeKyLEM YPOBHE
MorcHerne
CocrosHue B Ha A0CTATONHO XCPOLWEM YPOBHE, NPEAMPHHATLIE MEpbI VP ADCTATOUHE! ANA YAEPHEHWA YposHs 15
Pewenne
Ycunute KOHTPO/b
MonAcHerue
HeyaoBnersopurenshiii yposese 116, TpeBywrea aon wepki na R yposua B
Pewenne
B3AaTb Ha KOHTPOb
Morcherre
EcTs npusnaku yxyawenma b, TpebyeTch abpatite wa e MeponpuATHii, anp Garope M6
Puc. 3. CnoBapb cTpaTeruii yrmpaBieHus
Fig. 3. Vocabulary of control strategies
1 3KCNEpTHaR CHCTEMa arpervpoBaHHOI DLLEHKN PYCKa NPOMBILLNEHHOH Be3onacHocT - u] X
FTEHEPATOP HEYETKMX CUTYALIMA
STanoHHan cutyauusa - HOPMA Coxpanute
Mpvanakm Pewenne
Mpuariax Sitayenne OcnabuTe KOHTPONE
WMcnonxenue XOPOWO ~
OCTaBnTE KOHTPONL HA TEKYLLEM YPOBHE
LIEHHOCTh CPEAH YeuauTe KOHTPOML

B2ATe Ha KOHTPOAB

Caoficrsa cumyauan

Mpeanowtenne | Beerna " KomuerTapuii
Yeunutb KOHTPONb Coxparuts
MpysHaku Pewenne
Mpussa Inaucnve OcnabuTe KOHTPONE
Wcnonxenmne HeHOPM  +
OCTaBMTE KOHTDONL HA TEKYLLEM YPOBHE
LEHHOCTL BHICOK ~ YcuanTe KOHTpOAE

BaATe Ha KOHTROAL

Caoiicrea cumyaum

Mpeanourenve | Beerga B Kowmerrapuii

Ocnabuts KOHTpObL

Flrreomsrn P

Puc. 4. I'eneparop HedeTKUX CUTyalHH
Fig. 4. Fuzzy generator
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Hanee cnenyer copMUpOBaTh CETh HEUETKUX CUTYalWil ¢ UCTONIb30BaHHeM Moayis «['eHepaTop He-
4eTKHUX cuTyanuid» (puc. 4). OH O3BOJISET MOJIB30BATENIO COMIOCTABUTh KaYeCTBEHHBIC 3HAUCHHSI TPU3HAKOB
U TpeOyeMoii CTpaTeruu yIpaBJcHuUSI.

[Tocne nactpoiiku IC rorosa K dKcIuryatanud. [ naBHBIN 5KpaH nporpaMmbl IC cOAEPKUT pabodyio
00J1acTh, HABUTAIIMOHHOE MEHIO, KOTOPOE TI03BOJISAET YIPABISATh PEKUMaMH pabOThI MPOrpaMMEl (CM. puc. 2).
Ecnu skcneptusa He Obuia MpoBEEHA, TO SKCIEPTHl U ayAUTOPHI, BEIOPAaB B MEHIO KHOMKY «DKCIEPTHI
ayJIUTOPBI», MOTYT 3apETUCTPUPOBATECS, a 3aTeM, BEIOMpAs U3 CIIPaBOYHHUKA KIaccOB (aKTOpoB TpeOyeMbie
KJIaCcChl, BBICTABUTH TpeOyeMble oleHKH (puc. 5). s kaxaoro (akropa BEICTaBISIOT: SKCHEPT — HEHHOCTh
(akTopa u Kiacca, ayaAuTop — creneHb ucnonHeHus ¢akropa. CIIIIP BbUMCINT arperupoBaHHBIE OLECHKH
LEeHHOCTeH KiaccoB (pakTopoB M arperupoBanHHblid ypoBeHb I1b. Ee pesynbraTsl pacuera OyayT 3amvcaHbl
B B/l 1 noctynuel 3C. Pesynprarsl padotsl CIIIIP npenctaBieHsl B HarMISAHOM BHIE: IS HEHHOCTH Kiac-
coB (haKTOPOB HCIIONB30BaH KPAacCHBIA LIBET, JUIS arperHpOBaHHON OIICHKU CTENEHH HCIIONHEHHS KIIacCOB

(hakTOpPOB — CUHHUH.

B 3KCnepTHan CUCTEM arpErHpOBaHHOIl OLEHKM PUCKa NPOMBILINEHHDH BesonacHocT

[JlaHHble 3KkCNepTUsbl"IKkcnepTnza 06BEKTOB X/4 TpaHcnopTa"

B B 11 opmaumoHHbiii knacg Arperwp. auenca

-
== HaNuMe 3HaKoB DezonacHocTy
Mcnonnenie: 343%  Lissssocne: 59.75%
- Hananuuwe orpaxaeHue onacHbIX 30H U T.4.

- - S T10% 48,8%
Mcnonwene: 068%  Lissssocre: 7105
: HaAn4ne pasMeTok
Menommesie 843%  Lsswoome: 467%
= Hanuuwe npenynpejuTenbHbiX NAakaTos

Menonnene: 008%  Lissssocre: 5535

Kaaposblid kKnacc

Knacc BpeAHbIX NPOM3BOACTEEHHBIX GaKTOPOB
KorHuTuBHbIA Knacc

OpraHu3auMoHHbIA Knacc

MNcuxonornueckuin Knacc

[
k
I
I
[
L TexHuuecknid Knacc

Tpaguky pacnpenenenya oleHoK

100,0%

: e O Ve
& 50,0%
§ 5o, ——
D'// [7] Lenmocrs

Sakropu

[lantbie 3kcneptiss! yenHocti knacca "MHOOPMALIMOHHBIA KNACC"
ns

Jxenepr Bec Ouenka

BaBkun H.C. (urokenep) 1 02
CoBonencknii KA (1. mexarax BUA-8 cr. Cesepobaiikansck) 1 0 87.1%
Crapuesa EE. (Beayumii noxesep) 1 03

Uesnocrs

36,7%

Puc. 5. 3anmck pe3ynpTaToB SKCIEPTH3EI HHPOPMAMOHHOTO Kilacca (hakTOpoB
Fig. 5. Recording the results of the examination of the information class of factors

BaxxubiM kauecTBOM 11100081 DC sBISIETCS BO3MOXKHOCTh OOBSCHEHUS CUTYallUd U MPUYHHBI BHIOOpA
petienus. [lepBblii mar Kk 00ECIEUSHUIO 3TOr0 CBOMCTBAa — CO3J[aHUE CUCTEMbl KOMMEHTAPHUER, Pa3bsICHSIIO-
IUX U TOSCHAIOUIUX YCIOBHS (POPMUPOBAHMS CTPATETHH U MOPAIOK JICHCTBHI COTJIACHO JaHHOM CTPAaTeryH.
Ha puc. 6 noka3zan pparMeHT pe3ysibTaTOB SKCIIEPTHOTO BBHIBOJIA.

Texymas curyarus I1b 6pu1a onenena sxcnepramu 16, n ux onenku pasmemensr B CIITIP. 1o maH-
HBbIM OIICHKaM I Kaxjoro kiacca (akropoB DC mbIiTacTcs 1moao0paTh CXO0XKYIO 3TaJOHHYHO CHUTYaIIUIO,
KOTOPYIO TIPEABHUACIH 3KCIEPTH W MPEIIOKWIN CTpaTeTuio ynpasienus. Kputepuem BbIOOpa 3TaJOHHON
CUTYaIlMH SIBIIICTCS MaKCUMAJIbHOE 3HAYCHUE CTETICHW HEYETKOTO PABEHCTBA CUTYAIlMH, KOTOpAas MOJKHA
ob1Th He MeHee 0,5 (mpeanouruTensHee BEIOUpaTh ee 6osee 0,7). PaccMOTpHM B KauecTBe MPUMeEpa CIIyyaii,
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npuBeAeHHBIH Ha puc. 6. Jlnsa Tekymeid curyauumu I1b B wuHpopmaumonHoMm kiacce ¢akropos I1b
3C onpexnenuna Hanboee HEUETKO OMM3KoH cutyanuto «O0paTuth BHUManue». [Ipu stom IC pexomeHay-
€T BBIOpaTh Ul 3TOTO KJIacca CTPATEruio ynpaBieHus «B3sTh Ha KOHTPOJb». Bhicokas cTemneHb paBeHCTBa
curyauuii (0,67) no3somser JIIIP noBeputbess DC B KOppeKTHOCTH BBIOpaHHOW cTparerun. Kpome Toro, ar-
perupoBaHHas OIIEHKa YPOBHS MCHONHEHMs Kiacca (63%) Taxke MOATBEP)KIAET BBIBOA O HEOOXOAUMOCTU
MIpeANPUHUMATH OIpEJIeIeHHbIE JeHCTBHUS.

B 3ucnepTHIR CHCTEME ATPerHp OLEHKN PHEKE NP Be3CNacHOCTH - (m] *

3KCnepTHan cucTeMa “JkcrnepTiia 06LeKToB X/4 TpaHcnopTa”

Mndpopmaumonmmei knace CcrasuTs xonTpans wa Tegpuen yposne || 062 |

KoHconwamupoBanmel BuBoL
. Kanpomuii knacc CetasuTs koaTpens na texyuen yposse | 084 |

Knace BpEAHLI NPOMIBOACTBEHHLIX dakTopos | B:=7s ma wontpoas | | 070

Koruummemii knace Baam v xomrpons | (090

OprannsayuoHHbii Knace OcrasnTs xowTpans wa Texywen yposme || 061 |
Mewxonorwsecewd kaace Baam ua xowrpone | (090

Texmmuuecumit knacc Basms na xonrpans | (065

'
WHpopmauWoHHEIW Knacc
Ouenin 3xcnepToe:
Vicnonnenve: 87.11% I 6.67%
. o . o
Tones: PEWeHHA IKCNEPTHOR ENETEME!:
[— an @n2 CHP. Npegnowr Crparerus

SranoHnan ciTyaumA - HOPMA  XOPOWIC (0.71)  CPEOH (0.62) 062 BCETA OCTABUTE KOHTRONS Ha TEXYWEN YDOESE

Yewnwrs konTpOss HeHOPM | EbICOK (000} 000 BCEFAA Yewnwrs konTpans

Ocnabums koHTpOR: XOPOUWO (0,71)  HK 4) 044 BCETOA CTaBNTE KOHTPONE Ha TERyWEN YpoBHE

Yepespuundinas chmyauma Mo (3,00} BLICOK [000) 000  BCEFAA Yewners konTpans

Hewssoro younuTe KoHTpOAs HOPM 0.4 BCETA BaaTe 43 KOHTPOE

Oparie oHsMaHIE HOPM (053) 047 HACTO Bass wa KOHTPOMB

" ) Crenens =
Brizo 3kcnepTHOi cucTeme OcrTaniTh KGHTPOAE 13 TERyIIEM ypoBNE ‘ i 062
pasencTea:
KEIAPOEII:I W Knacc
Ogemim axcneproe:
Wcnannenve: 89 379} I
. o
Mowcx peweHns IxcnepTHOR cucTems:;
Curyagna ani CHP. Mpeanowr Crpaterns

Srancuman curyaumn - HOPMA  XOPOWO ( 084  BCETZA CTAEUTY KOHTRONS Ha TEXYIIEM YPOTHE

¥eunutn KOHTROAE HeHOPM i 0.00 BCEFZA Yeunnre KoHTpOA

Dcnalbums KOHTROAS XOPOWO (0,94) 0.00 BCErA DCTABATE KOHTPONS HA TEXYIEN YPOBHE

Yepespuuainas cuTyaLma Moo (0,00) 000 BCEFAA Yewnwrs KoHTPOAS

Hemmoro younums kowrpons  HOPM (038) 000 BCETA 2 KOHTPOAL

Obiparims arsmanue HOPM (0,38) 034  UACTO Basms wa xowTpOAS

v

Puc. 6. Jlornueckue BbiBosI DC 1o Ki1accaM (GakTopos
Fig. 6. The logical conclusions of the ES by classes of factors

Nnurepdeiicet DC u CIIIIP cozaans o texHonorun WPF (Windows Presentation Foundation) na oc-
HoBe (ppeiimMoB. [l paszneneHus JTOTHMKH NPUIOKEHUST 0T WHTepdelica monb3oBaTess Obll IPUMEHEH Mat-
TepH mpoekTupoBanust MVVM, obecrnieunBaronuii pasienenue OM3HEC-JIOTMKH MPUIIOKEHUS U PEAIN30BaH-
HBI B (hopMmare CHCTEeMbl OTHOLICHUH KIIACCOB CyIIHOCTEH. B KkadecTBe XpaHWIIMINA JaHHBIX BBICTYIIANO
cBobOoanoe nporpammuoe obecnieuenue CYBJ] SQLite. C nomompto mnoaxoma Database-First B Entinity
Framevork 6.0 crenepuposaro ORM — 00beKTHO-PEAIHOHHOE 0TOOpaKEHIE MOIEIH JaHHBIX.

3akiaoyenue

OC OTHOCHTCS K KIIACCY «CUTYaITUsl — CTpaTerus yIpaBieHus — AeicTBre». IC HCIONB3YeTCs B CIy-
yae, KOT/la arperupoBaHHas OlleHKa kjacca Mana (T.e., ¢ Touku 3penus JIIIP, cuctema ynpasienns [1b e
B TIOJIHOM Mepe COOTBETCTBYET IeJIeBOMY HaszHaueHUIo), win nepen JIIIP ctout 3amada moBBICUTH LIETIEBYIO
3 GEKTHBHOCTh CHCTEMBI yrpamieHus. B kadectBe coBeryiromero pemeHus JC BbIOMpaeT CTpaTeruio,
XapaKTEepPHYIO ISl STAJIOHHOW CHUTYyallid ¢ MaKCHMAJbHOM CTENEHBI0 €€ HEYETKOrO PaBEHCTBA C TEKYIIEH,
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T.€. KpUTEpUI BbIOOpa ATATOHHOMN CUTyallud — MaKCUMalbHOE 3HAUYEHHE CTENICHW HEYETKOM IKBUBAJICHTHO-
CTH TEKyILIeH W 3TaJOHHOH CHTyaluid, KoTopas AobKHa ObiTh He MeHee 0,5. [IpennodruTensHO BHIOMpAThH
STaJIOHHYIO CUTYAIMIO CO CTENEHbIO dKBHBaJeHTHOCTH Oonee 0,7. [lomydeHbl pekoMeHAaiH 10 HCIOIb30-
BaHuto DC: i HaCTPOMKHU npu3HakoB DC CMEXHBIE TEPM-MHOKECTBA HEUETKUX 3HAUEHUH TOJIKHBI B3aUM-
HO TepeceKaThbesl ¢ opauHarou > 0,6; ecnu Uil KakOM-TMOO BXOAHOW CHUTyallMd HET STAJOHHOW CUTyaluu
CO CTEIEeHbI0 paBeHCTBa > (0,5, 3HAUUT CETh HEUETKUX CHTYal[Mi HETIOIHAS U TPpeOyeT paclIupeHusl.
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Rouban A.1. The sensitivity coefficients for dynamic systems

The sensitivity coefficients (SC) are components of vector gradient from quality functional according
to parameters. The problem of calculation of SC for dynamic systems is principal in the analysis and synthe-
ses of control laws, identification, optimization, stability [1-16]. The first-order sensitivity characteristics are
mostly used. Later on we shall examine only SC of the first-order.

Consider two vectorial outputs x(t) and y(t) of dynamic object model: interconnected ordinary dif-

ference equations and difference equations with distributed memory on phase coordinates under discrete time
t€[0,1,..., N +1] implicitly depending on vector o= parameters and I(a) is functional constructed on x(t),

y(t), o under t<[0,1,...,N +1]:

N+1

(o) =D fo(X(t), y(t), aut) -
t=0
SC with respect to constant o parameters are called a gradient from I(a) on o vector:

(dI (o) /da)" =V 1 (). SC are a coefficients of single-line relationship between the first variation &, 1( o)
of functional (o) and the variations da of constant o parameters:

m
5,1 ()= M g -y M),
da = oo
The direct method of SC calculation (by means of the differentiation of quality functional with respect
to constant parameters) inevitably requires a solution of cumbersome sensitivity equations to sensitivity

functions: W, (t) =dx(t)/da, W, (t) =dy(t)/da.. For instance, for functional I(a) we have following SC

di(o) _ “Z*Tafo(xa), V(0,00 gy, SXOYO 0.0,y OO, y(t),a,t)} |
doo ox(t) oy(t) oo

For variable parameters such method essentially becomes complicated and practically is not appli-
cable.

At a choice of good initial approach of parameters at identification of objects and also at consecutive
calculation of control actions on object often apply a gradient algorithm. It appears that for calculation of
components of a gradient from an optimized functional to required variables and constant parameters, it is
convenient to apply the conjugate equations (in relation to the dynamic equations of object).

Variational method [6] makes possible to simplify the process of determination of conjugate equations
and formulas of account of SC. On the basis of this method it is an extension of quality functional by means
of inclusion into it dynamic equations of object by means of Lagrange’s multipliers and obtaining the first
variation of extended functional on phase coordinates of object and on interesting parameters. Dynamic
equations for Lagrange’s multipliers are obtained due to set equal to a zero (in the first variation of extended
functional) the functions before the variations of phase coordinates. Given simplification first variation of
extended functional brings at presence in the right part only parameter variations, i.e. it is got the sensitivity
functional on concerning parameters.

In difference from other papers devoted to calculation of SC in given paper the generalized difference
models are used: interconnected ordinary difference equations and difference equations with distributed
memory on phase coordinates and variable parameters. Besides variables and constant parameters enter into
the right parts of difference equations of dynamic object, in an indicator of quality of system work and initial
values of phase coordinates depend on constant parameters. At the right part of the equations of object model
there are also phase coordinates and variable parameters during the previous moments of time. Such discrete
equations are similar numerical decisions of integro-differential Volterra’s equations.

It is proved that both methods to calculation of SC (with use of Lagrange's functions or with use of
sensitivity functions) yield the same result, but the first method it is essential more simple in the computing
relation.
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1. Problem statement

We suppose that the dynamic system is described by non-linear interconnected difference equations
X(t+1) = f(x(t), yt),a(t),ot), t=0,12, ..., N, x(0)=x,(x) . Q)

y(t+1) = K(t,x(s), y(s),a(s),a,5), t=0,1,2, ..., N, y(0)=y,(cr)-

s=0
Here: x,y are a vector-columns of phase coordinates; a(t), o are a vector-columns of interesting variable
and constant parameters; f (), K(-) are known continuously differentiated limited vector-functions.
The quality of functioning of system it is characterised of functional
N
I (o, o) =Z fo (X(t), y(t), a(t), o, t) + f (X(N +12), y(N +2), (N +1),, N +1) , (2)
t=0
depending on a(t) and o . The conditions for function f,(-) are the same as for f(-), K(-). With use of

a functional (2) the optimization problem (in the theory of optimal control) are named as the Bolts’s problem.
With the purpose of simplification of appropriate deductions with preservation of a generality in all
transformations (1), (2) there are two vectors of parameters a(t),a . If in the equations (1), (2) parameters

are different then it is possible formally to unit them in two vectors a(t),o, to use obtained outcomes and
then to make appropriate simplifications, taking into account a structure of a vectors a.(t),co. .

It is shown also that the variation method allows to receive SC in relation to variable and constant
parameters:

5| (a,a)zNzﬂag(“(t‘)‘)a 0+ 2 (0‘ %) 5o 3)
t=0

L (a@e  d@a)
Va(t)'(%a)—{ 2600 i, ()

Vu.(d,a){m M}

ooy ooy,

J , 1=0,12,...,N,N +1,

By obtaining of results the obvious designations:
f(t) = f(x(t),y(t),a),a,t), t=0,12 ..., N, 4)
K(t,s) = K(t, x(s), y(s),a(s),a,s), t=0,1, ..., N, s=0,1, ..., t
fo(t) = f,(x(t), y(t),a(t),o,t), t=0,12, ..., N+1.
are used.
The index t in functions f,(x(t),y(t),a(t),o,t), indexes t,s in functions K(t,x(s), y(s),a(s),a,s)

and t in functions f,(x(t), y(t),a(t),a,t) also reflects not only obvious dependence on step number, but also

that the kind of functions from a step to a step can change.
Let's receive the conjugate equations for calculation of Lagrange’s multipliers and on the basis of them
formulas for SC calculation.

2. Conjugate equations

The dynamic equations (1) (written down in the form of restrictions of equalities type) by means
of Lagrange’s multipliers A,(t),,(t) are added to an initial indicator of optimality I(a,a). The size of

the extended indicator of optimality always coincides with size initial functional on which judge an optimality
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of work of system. SC for both functionals coincide also — section 4 of given paper see. Then for the received
extended indicator we write down the first variation and the dynamic equations for A (t), A, (t) turn out

from an additional conditions of equality to zero of the functions which are before variations of phase coor-
dinates Sx(N +1), ...,8x(1),5x(0), d&y(N +1), ...,8y(1),dy(0). Coefficients before variations of parameters
Sa.(t), da in the first variation of the extended indicator | represent required SC (3).

Complement a quality functional (2) by restrictions-equalities (1) by means of Lagrange’s multipliers
Ay(®), Ay (1), t=0,1 2, ..., N +1 (column vectors) and get the extended functional:

| =1(6,0)+ ixl E+D[-x(t+2) + f ©)]+ A5 (O)[-X(0) + Xo ()] + (5)
t=0

+ix§(t+1){—y(t+1)+Zt“K(t,s)}+>J(0)[ y(0) + Yo ()] ifo(t)+fo(N +1) -
t=0 s=0 t=0

~hx (N +1)x(N +1)+§:[—x1 (OX(W) + A% (E+D) (1) |+ 2 (00 () -
t=0

Ay (N +D)y(N +1) +§:[-x;(t)y(t)]+§:ik§(t +DK (t,5) + 2] (0)yo(ar).-
t=0 t=0s=0
Functional (5) is equal to 1(a,a) when (1) is fulfilled.

We consider equality [16]

t=Ns=N

ZZx (t+)K(t,s) = 22x (s+DK(s,t) .

t=0s=0

The proof of correctness of equality is realized by an mathematlcal induction method.
Extended functional now becomes:

I =f,(N+1) +§ fo(t) — (6)
0

—p (N +Dx(N +1)+t=Z'\|:[—kI(t)x(t)+xI(t+l) F(t) |+ 25 (0)%(c) -
0
t=N

“Ly (N +D)y(N +1)+ Z{—k;(t)y(t) +S:;Nx§(s +1)K(s,t)}+x§(0)yo(a) .

0

We calculate the first variation of extended functional, caused by a variation of phase coordinates, and
also a variation of variables and constant parameters:

N+1 al N+1 I N+1 al

0
5l = SX(t) + Sy(t) + sa(t)+-2 )
250 0 2 ¥0 Lm0 ()+ P

The factors standing in the formula (7) before variations of phase coordinates look like:

a—lz_)&(N_Fl)_FM, (8)
OX(N +1) OX(N +1)
AT+ xT(t+1)af(t)+ZxT pKED  H® N N_1 10,
oxX(t) ox(t)  ox(t)
ATy L Ao(N+1)
dy(N+1) 1) dy(N +1)
o ——xT(t)+xT(t+1)af()+2xT pKED MO N1 o0
oy(t) ay(t) oy(t)
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We equate values (8) to zero and receive the conjugate equations for Lagrange’s multipliers

. A (N+D) g _ofg(N +1)
AN+ =0 NTD 2y (N +1)_—(N D 9)

T T 8f(t) T aK(S t) 8fo('[) _ _ .
Ay (D) =2 (t+1) +Zx ax(t) ax(t) t=N,N-1,...,10;
AT () =] (t+1 ‘%() AT(s KGO | H® |\ N_1 0.

=1 D50 " Z a0 o

These equations are decided in the opp05|te direction changes of an independent integer variable t

3. Sensitivity coefficients

SC in the equation (7) for variables and constant parameters look like:

ol zafo(N +1) (10)
da(N +1) oa(N+1)’
oA _M® a7 1)‘3f(t)+2xT pKEY NNZ1 10
aat) aoc(t) " aaft) 4 6 (t) ’ R
o _fg(N+D)
oo, oo,

t=N
+Z{afo( ) +xT(Hl)af ®, ZXT(SH) aK(s D]} 27 (0) P02, 57 () Bol) dyo(a)
oa da da
This result is more common in relatlon to appropriate results of monograph [13] and paper [16]

0

4. Equivalence of sensitivity coefficient for initial (2) and extended (5) functionals
We take extended functional (5):

| =1(6,0) +ix1 t+D[-x(t+2) + f (X)]+ A5 (O)[-X(0) + Xo ()] +

t=0

N t
+Zx§ (t +1){—y(t +1)+ Z K(t, s)} +1J (0)[-Y(0) + yo ()]

In brackets (before x ), AT y () there are the dynamic equations of the object which have been written down
in the form of the equality equations. Hence, values of functions in brackets are always equal to zero

Let's calculate derivatives from both parts of the previous equations in the beginning on constant o
parameters:

a _ad(a,0) LT X of (t) o () y of (t)
e +§xx(t+1){ WX (t+12) + ()W )+ ay()W )+ o } (11)

+1x (0) [—wax 0)+ M} +
do

ox(s) oy(s) do.
+hy (0){—w0ty (0) +M}.

Here W' (t) = dx(t)/da, W (t) =dy(t)/da there are the sensitivity functions.

+Z>J(t+1){_Wy(t+1)+2[6K(t ,S) Q(S)+6K(t's) WY () + oK (t, S)j:|
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Before kl(-),ﬂ(-) now there are sensitivity equations for a matrix of sensitivity functions. These

equations are written down as in the form of the equality equations. Values of functions in brackets also are
always equal to zero.

Hence, SC rather on o parameters both for initial functional and for its extended variant have identical
values. That the sensitivity equations have the specified appearance, it is necessary for equations (1)
to impose a condition of differentiability of f(t) and K(t,s) on phase coordinates and on considered
parameters on the right member of equations of movement of dynamic object (1). On o parameters should
be differentiated initial functions x,(a) and y,(a) .

We receive the same result and for SC in relation to variable parameters. The sensitivity equations for
each fixed value of argument of variable a(j), j=01,...,N +1 parameters have more difficult form. They
demand special consideration. Important that these sensitivity equations objectively exist.

5. Example

We assume that the discrete model of object (1) is set in the form of two vector difference models are
not connected with each other on phase coordinates:
X(t+1) = f(x(t),a(t),ot), t=0,12,..., N, x(0)=X,(a) , (12)

y(t+1)=ZI:K(t,y(S),&(S),cx,S), t=0,12,..., N, y(0)=y,(a).

However, both models are connected with each other of functional (2) and they can contain the general
variables and constant parameters. The first model is similar to the numerical decision of the vector ordinary
differential equation, and the second model has memory on phase coordinates and on variable parameters.
This model is similar to the decision of the vector integrated equation of Volterra’s type.

The conjugate equations (9) for Lagrange’s multipliers become more simple:

AN+ = JoMNFD rey T T, 0O 4y NCt 1o
OX(N +1) ox(t) ox(t)
T o (IN+D) L DT K(s,t) () 3
Ay (N +1)_—6y(N ny Ay (1) = Zt:ky(s+1)—ay(t) +—8y(t) ,t=N,N-1,...,10.
The equations (10) for SC do not change.
Conclusion

Variational method allowed to receive effective algorithms of SC calculation for multivariate non-
linear dynamic systems described by interconnected difference ordinary equations and difference equations
with distributed memory on phase coordinates and variable parameters. Variables and constant parameters
are present at object model and at a quality functional for systems.

In a basis of calculation of SC is the decision of the difference equations of object model in a forward
direction of time and obtained difference equations for Lagrange's multipliers in the opposite direction
of time. It is proved that both methods to calculation of SC (with use of Lagrange's functions or with use
of sensitivity functions) yield the same result, but the first method it is essential more simple in the compu-
ting relation.

Variation method of calculation of SC allows to generalize it on dynamic systems described by more
general nonlinear difference equations and characterized more general nonlinear functionals.

Results of present paper are applicable at design of high-precision systems and devices.

This paper continues research in [13, 16].
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CpaBHeHMe AJITOPUTMA KPATHOMACIITAOHOT0 AHAJIN3a U300paKeHuil
B YaCTOTHOM o0JsacTu ¢ aaropurmom Majia
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AHHOTanms1. BrionHeHo cpaBHEHHE anropuTMa KpatHoMaciuTadbHoro aHamm3a (KMA) n3o0pakeHui B 4aCTOTHO#
obnactu ¢ anropurMoM Maina. B anroputme Maita Hcnonb3ylOTCsl MacITaOHbIe KO(QHUINEHTHI, KpaTHBIE ABYM,
U BBIUMCIICHHE IPOU3BOIUTCS UTEPATUBHO C IBYKPATHBIM IPOPEKHUBAHUEM BEWBIIET-KOI(P(OHUIIMEHTOB NPH KaXKIOM
MOCTIEAYIOIIEM PA3NIOKEHUH. DTOT alITOPUTM TaKXKe HA3BIBACTCS OBICTPHIM IHCKPETHBIM BeiiBieT-peobpasoBanuemM (BII).
B anroputve KMA B 4acTOTHO# 007aCTH JUTsl YBEIMUCHHUSI CKOPOCTH BBIYKCIICHHS PUMEHSIETCS OBICTPOE Tpeodpaso-
Banue Oypre (BI1D). BeiiBirer-ko3(hGUIMEHTH BEMUCIAIOTCS HE NTEPATHBHO: U K&KI0TO YPOBHS OHU HOJYYarOTCs
13 CHUTHaJa HE3aBUCHUMO OT IMPEABIAYIINX YPOBHEH, M KPaTHOCTh aHAIM3a MOXKET OBITh MEHBIIE IBYX. Y MEHbIICHHE
KPaTHOCTH MTO3BOJISIET YBEIMYUTH INIyOUHY IEKOMIIO3HIMHU. B oTianune ot anropurMa Maiia IpHMEHSIOTCST CHMMET-
pHUHBIE WM aHTHCHMMETPHUYHBIE OPTOTOHATIBHBIE BEHBIIETHI, YTO MOBHIIIAET TOYHOCTh PEKOHCTPYKIHHU. H300pakenue
oOpabaTbIBaeTCst He IO CTPOKaM M CTOJIOIaM, a MPOrpecCcUBHON pa3BepTkol B 1enoM. [Ipumenenne BI1® ymensmaer
BpeMsI IipeoOpazoBaHus N300pakeHUH HA YETHIpe MOPSAKA 110 CPABHEHHIO MPSIMBIM YHCIICHHBIM HHTETPHPOBAHUEM,
U 3a CYET 3TOr0 BpeMs JEKOMIIO3HLIUU U PEKOHCTPYKLUM He OOJjblie IO CPaBHEHHIO C BpeMeHeM AucKkpeTrHoro BII
1 MOXET OBITH MEHBIIIE.

KimioueBble c10Ba: BelBIeT-TIpeoOpa3oBaHKe; IEKOMIIO3UNNS; PEeKOHCTPYKIUS;, KPAaTHOMACIITAOHBIN aHAIH3;
anroputM Majuia; aMIUTUTYIHO-4aCTOTHAsI XapaKTepUCTHKA; GUIIbTp

Jna yumuposanusn: CemenoB B.J. CpaBHeHHE anropuTMa KpaTHOMACIITaOHOTO aHAIIM3a M300pakeHHi B YaCTOTHON
obmactu ¢ anropurMoM Maitna // Bectiik TOMCKOTO rocy1apCTBEHHOTO YHHBEPCHTETA. YTIPaBICHHE, BBIYUCIUTEIbHAS
TexHuka u uapopmaruka. 2022. Ne 59. C. 73-82. doi: 10.17223/19988605/59/8

Original article
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Comparison of the algorithm of multiscale image analysis
in the frequency domain with the Mall algorithm

Vladimir I. Semenov
Chuvash State University, Cheboksary, Russian Federation, syundyukovo@yandex.ru

Abstract. This paper compares the algorithm for multiplescale analysis of images in the frequency domain with
the Mall algorithm. The Mall algorithm uses scaling factors multiple of 2 and computation is performed iteratively
with twofold thinning of the wavelet coefficients at each subsequent decomposition. This algorithm is also called fast
discrete wavelet transform. The frequency domain multiplexing algorithm uses the fast Fourier transform (FFT)
to increase computational speed. The wavelet coefficients are not calculated iteratively, but for each level they are
obtained from the signal independently of the previous levels and the multiplicity of analysis can be less than 2.
Reducing the multiplicity allows increasing the decomposition depth. In contrast to Mall's algorithm, symmetric or
antisymmetric orthogonal wavelets are used, which increases the accuracy of reconstruction. The image is processed
not by rows and columns, but by progressive sweep as a whole. Application of FFT reduces the image transformation
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time by four orders of magnitude compared to the direct numerical integration, and due to this the decomposition and
reconstruction time is not longer compared to the discrete wavelet transform time and can be less.

Keywords: wavelet transform; decomposition; reconstruction; multiscale analysis; Mall's algorithm; amplitude-
frequency response; filter

For citation: Semenov, V.l. (2022) Comparison of the algorithm of multiscale image analysis in the frequency
domain with the Mall algorithm. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie, vychislitelnaja
tehnika i informatika — Tomsk State University Journal of Control and Computer Science. 59. pp. 73-82. doi:
10.17223/19988605/59/8

Beiipner-ananmms siBisiercst 3(EeKTUBHBIM WHCTPYMEHTOM HCCIIEIOBAHMS JIOKAFHBIX CBOWCTB HECTa-
[IMOHAPHBIX CUTHANOB. basucHple (QyHKIMHM, Ha3pBaeMble BeHBJIeTaMH, 00Jalal0T CBOWCTBOM YaCTOTHO-
BPEMEHHOHN IIOKAIM3allid, W CaM aHaj i3 Ha3bIBaeTCS YaCTOTHO-BPEMEHHBIM. AHAJIOTOM YacTOTHI ISt
BEUBIIET-TIpeOOpa30BaHus SABIIICTCS OOpaTHAs BEMYMHA MacmTaOHOro K03 duinenTa. B HacTosIee Bpems
ansi kparHoMaciitabHoro aHaimmsa (KMA) curaanoB ucmoiib3yercs aaroputM Masa — ObICTphIi crioco0
BBIYMCIICHHS JMCKPETHOro BeiiBner-npeodpazosanus (BIT) [1]. KMA — sto m-maroBoe auckperHoe BIIL.
MakcuManbHOE 3HA4YCHHWE M Ha3bIBACTCS TIYOMHOW JCKOMITO3UIUMHU (pasioxeHus). Y aiaroputma Maa
€CTh HEJIOCTaTKH:

1. Heo0X0oauMO MMETh MacIITaOMPYONIYHO (PYHKIIUIO.

2. AMIUIMTYIHO-4aCTOTHAas XapaKTepUCTUKA BEUBIETOB HEPaBHOMEPHaA.

3. BeliBneTsl HECUMMETPUYHBI WIIK aHTUCHMMETPUYHBI.

4. KoadpuimeHT n3MeHeHus MaciTada MEHSETCS TOIBKO C KPaTHOCTBIO 2.

5. ToUHOCTH BBIYHCIICHUSI YMEHBIIACTCS C YBEIMYCHUEM YPOBHSI Pa3IOKEHUs], TaK KaK MPH KaKIOM
YPOBHE JIEKOMITO3UIINY JJIMHA BHIOOPKH YMEHbBIAETCS B 2 pasa.

6. He ucnonp3yercst mporpeccuBHas pa3BepTka H300pakeHUsI TPYU KPaTHOMIICIITA0OHOM aHaIU3e.

7. HeobxoauMo pemarh MHOTO YpaBHEHUH TSI KOHCTPYHPOBAHHSI BEHBIETOB OONBIINX MOPSIKOB.

g ycTpaHeHHs 3THX HEIOCTAaTKOB akTyajbHO ucnonb3oBanne KMA B udactoTHOW oOnactu. Ilpe-
WMYIIECTBOM allTOpPUTMAa B YaCTOTHOW OOJIACTH SIBIISIETCA ellle U crocod BerumcieHus. Ecimu s onpenerne-
HUS BeHBIET-KOI()(UIMEHTOB IMOCIEAYIONIETO YPOBHS B anroputMe Maiia HeoOXOJMMO BBIYHCIHTH
MpeapIAyIIne BeWBIeT-KOA(QUIMEHTH, TO B YacTOTHOW OONACTH MOXKHO MapaJlIeNIbHO BBIYHCIATH BCE
BelBIeT-KOdQPunMeHTH. Ha anmapaTHOM ypoBHE 3TO MOXKHO CJieNlaTh, HCIOJIb3Ysl MHOTO YCTPOUCTB OBICT-
poro mpeodpaszoBanusi Pypre (BIID), coeqrHEHHBIX NapalieibHO, TEM CaMbIM YMEHBIINB BO MHOTO pa3
Bpems KMA. Vcxons u3 Takux MpeanosoKeHH, cpaBHUBAIOTCS ainroputM Mamna u anroputm KMA B 4ga-
CTOTHOM 00JacTH.

Jliia viccnenoBaHUs HECTAIMOHAPHBIX CUTHANOB kpome BII mpumeHsroTcs u npyrue npeodpa3oBaHus.
CaMoe M3BECTHOE WX HUX — OKOHHOE InpeoOpazoBanne Oypre (OIID), koraa curHan pasmaraercs B CIIEKTP
¢ ucnonp3oBanueM bII® Ha yuyacTkax (OKHaX), HAMHOTO MEHBIIUX JTUTEIFHOCTH CaMOro curHama [2].
TakuMm 006pa3oM TOOHMBAIOTCS YIMYUIICHUS BPEMEHHOTO pa3pelieHus, T.€. TOr0 MOMEHTa, KOTa IPOU30IILIIO0
HW3MEHEeHue 4acToThl curHana. [Ipu ucnonszoBannn OII® y3koe oKHO 00siagaeT Jy4IIMM BPEMEHHBIM pa3-
peleHreM, IMUPOKOe OKHO — JYYIIMM YacTOTHBIM pa3pelieHreM. [Ipo0nema cocTouT B TOM, YTO PUXOIUT-
csl BEIOMpATh (PUKCHPOBAaHHOE OKHO JJIsl BCETO CHUTHAJIA, TOT/Ia KaK pa3Hble YYaCTKH CHUTHANa MOTYT Tpebo-
BaTh MPUMEHEHHS pa3HbIX OKOH. OII®D mokphIBaeT MIOCKOCTh BpEeMsI—4acTOTa MPSIMOYTOJbHUKAMH C HEU3-
MEHHBIM pa3pelIeHneM 0 BPEMEHH M 4acTOTe Ha BCEX Y4acCTKaX, a JJIsl UCCIEI0BaHUS PeabHBIX CUTHAJIOB
HEO0X0IMMO pa3OUTh TIOCKOCTh BPEMSA—4acTOTa MPSIMOYTOJIbHUKAMH C PAa3HBIM pa3pelIeHueM MO BPEMEHU
W 4acTOTe Ha pa3HbIX yyacTkaxX. OKOJIO pe3KuX W3MEHEHHH CHTHala OKHA JOJDKHBI OBITh Y3KHMH, 8 B OCTaJIb-
HOW 00NacT MOXHO HCIONb30BaTh Oonee mmpokue okHa. Kak pa3 BII mmeer xopomiee paspeienue
[0 BPEMEHHU U IUIOXOE Pa3pelIeHHE M0 YacTOTE Ha BBICOKHMX YaCTOTaX, a Ha HU3KMX YacTOTaxX — XOpOIIee
paspeleHue Mo 4acToTe U IUI0X0€ pa3pelleHue Mo BpeMeHH. Koraa curaan uMeeT BbICOKOYacTOTHBIE KOM-
[TOHEHTHl KOPOTKOM JUINTEIBHOCTH M HU3KOYACTOTHBIE KOMIIOHEHTHI MPOTSKEHHON JUIMTEIBHOCTH, UCTIONb-
3oBanue BII nanbonee sappextuBno. BIl ananu3upyer curHan Ha pa3inuyHbIX YacTOTaxX U C Pa3lIWYHbIM pas-
pelIeHreM OJJTHOBPEMEHHO.
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Paznosugnoctsimu OIID takke sBnstoTcs npeodOpaszoBanue (Metox) IIponu [3], korma mpuMeHsieTcs
pa3no)keHUe CUrHajla Ha 3KCIIOHEHIIMAIBHO 3aTyXarollue CUHYChl WM KOCUHYCHI, U IpyTUe METOABI, UCIIOJb-
3yromue noauHoMbl Yeobimesa, Kpasuyka, [lapase u rubpuasl KpaBuyka—YeoOrsimiesa [4, 5]. 3aryxatomue
9KCIIOHEHLIMAIBHO CUHYCHl UMEIOT NMEPEKPHIBAIOIINE IIIMPOKHE YAaCTOTHBIE XapaKTEPUCTHKH, U pa3loKeHHe
SIBIISIETCS. HEOPTOTOHANBHBIM. J[pyrue MeTolpl Takke OCHOBAaHBI HA BBIYHMCICHUSIX BO BPEMEHHOW 00NacTH,
UCTIONB3YIOT PEKyPPEHTHBIE COOTHOMICHHS i TPEOYIOT MHOTO BPEMEHH ISl TOJTUHOMOB OOJBILIOrO HOPSIIKA.
N3-3a Toro, uTo CBOMCTBO JOKanmu3auu xyxke, yem it BIIL, paBao kak ams OIl® u napyrux npeobOpa3osa-
HUH, 3T IpeoOpa3oBaHus B JAHHOW pabOTe He cpaBHUBAIOTCS ¢ anropuTMoM KMA B yacToTHOM 00JIacTH.

Lenbto paboOTHI ABISIETCS] CPaBHEHUE aITOPUTMa KPaTHOMACIITAOHOTO aHAIN3a CUTHAJIOB B YACTOTHOU
o0nacTu ¢ anropuTMoM Mauia ¢ TOYKH 3peHHs MPUMEHSIeMbIX BEHBIETOB, TTyOHHBI IEKOMITO3UIINHU, CKOPO-
CTH ¥ TOYHOCTH BBIYHMCIIEHUs. B X0/e uccnenoBanns CKOHCTPYHPOBAHbI CAMMETPUYHBIE U aHTUCUMMETPHUY-
HBIE BEHBJIETHI, KOTOPBIC MO3BOJIMIIM YBEIHYUTh TOYHOCTh PEKOHCTPYKIMU M300paKEHUH, YMEHBIINUTH Bpe-
Ms1 IpeoOpa3oBaHusl.

1. Aaroputvm Masna

C. Manna B CBOEM aJIrOPUTME HCIOJNB30BAI HIEH CYONOJIOCHOTO (MMPaMUAaIbHOTO) KOJUPOBAHUS
peueBoro curHana. [Ipy TakoM KOOUPOBaHUM CUI'HAJ MPOITyCKAETCs Yepe3 APEBOBUIHOE COCIUHEHUE BBICO-
KOYaCTOTHBIX W HU3KOYAacTOTHBIX (GuiabTpoB (BU- m HY-GunbTper; kBagpaTypHO-3epKalbHBIE (DHIBTPHI
(K3®)). Cawmsrit mpoctoii ciocod BII — 310 mcnonp3oBanne mpocTeriieil MacmTabupyromen (CKemuHT)
¢dbyaxun u BeiiBnera Xaapa, korna K3® momydarorcst 3a cueT CyMMHUPOBaHUS U Pa3HOCTH COCEIHUX OTCYe-
ToB curHaia. CyMMHUpOBaHHE SKBHBAJIECHTHO Mpomyckannto depe3 HU-pummsTp, a pasHocTs — uepes BU-
¢unbTp. Mcnonp3ys Oonee cioxHBIE BEHBJIETHI, Takue Kak BewBieTsl [loOemm N-ro mopsaka, BEIYUCISIOT
B3BELICHHBIE CYMMBI U B3BELICHHBIC PA3HOCTH, T.€. CBEPTKY CHUTHaJa C UMITYJIbCHON xapakTepuctukon (1X)
BY- u HY-gunbTpoB, 1 nomyvarorcs Aetanuzupyromue Ko3ppuuuenTsr 1 KoapQUINEHTHI anpoKCUMAaLUH
nocje JeuMali Kakaoro 2-ro orcuera. Ha puc. 1 mpencraBneHa cxema pasiioxeHHs curHaia. JlaHHoe
pas3noxeHHe MOXKHO IMOBTOPUTH HECKOJBKO pa3 AJsl AajbHEHINEro YBEIWYCHHUS YaCTOTHOI'O pPas3pelleHus
C MajgpbHEeUIMM npopexxuBanueM kodddunuentor nmocne HU- u BU-punbrpannu. Takoe pa3noxxeHue MOXHO
MPENCTaBUTh B BUJE JBOMYHOTO JIEPEBA, II€ JHUCThSI U y3JIbl COOTBETCTBYIOT IMPOCTPAHCTBAM C PA3IMYHON
4acTOTHO-BpPEMEHHOM Jokanu3auueil. Ha puc. 2 npencrasneno 3to aepeso. [locie nepBoro pasnosxkeHus Bce
BBIYUCIICHUS MIPOU3BOIATCA C ACTANM3UPYIOMIUMHI KO3 GHUINEHTaMU U KO3 GUIUEHTaMH alpoOKCUMAaLuN
utepatuBHo. OOpatHoe BII BbuucseTcs B 00paTHOM NOPsIIKE C MHTEpHOISIIKEeil KOAQPHUINEHTOB.

2[n] —F@—P AT OKCHMHP VIOIHE Eoa( dimmeHTE
h[n] —b@—b HeTamempyronge koo ddHipeHT

Puc. 1. Cxema pa3nioxeHHs CHTHaJIA TIPH AUCKPETHOM BeHBIIET-IpeoOpa3oBaHIN
Fig. 1. Signal decomposition scheme for discrete wavelet transform
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Puc. 2. TpexypoBHeBbIi OaHK QHIBTPOB
Fig. 2. Three-level filter bank
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Paznoxenue ¢pyHKIMil Ha BeHBIEeTHBIE PSAbl HA 33aHHOM yYpOBHE pas3pelieHus ajist auckperHoro BIT
BBITIOJIHSIETCS TIO hopMyJie

X(t) = ZCm,k(pm,k (t) + z Dm,ka,k (t) ’

rae Wmk(t) — BetiBaetr, Omi(t) — ckelnuur-pyHKIHUs, Dk, Cmk — JA€TATH3UPYIOIIKNE U ANMPOKCUMHUPYIOIINAE
KO3 (D PUITHCHTEL.

B pesynbrare nmpeoOpa3oBaHUs CUTHAI JEKOMITO3HPYETCS Ha pa3Hble YACTOTHBIC 00JACTH, KOTOPBIC
npencTaBieHsl Ha puc. 3. Kaxas o6macTh B 1Ba pa3a mupe NpeablayIiel 4acCTOTHON 00IacTi ¢ yBeTHYeHH-
eM MacmTabaoro ko3ddummenta. Tak Kak aMIDIMTYAHO-4acTOTHBIE xapakrtepuctuku (AUX) ¢umabTpoB
HEeHJIcalTbHbIC, TPOUCXONT HATOKEHUE CIICKTPOB.

F(v)

10

1 11 21 31 41 51 A

Puc. 3. Cnextpsl pa3HOTO MacIITabHOTO KO3 pHIeHTa
Fig. 3. Spectra of different scale coefficients

Hnst Toro utoObl MpeoOpa3oBaTh H300paKeHUE, KaKJas ero CTpoKa Mo CXeMe, IMpeCcTaBICHHOU
Ha puc. 1, IEKOMIO3UPYETCs, MOTOM IOJIy4YCHHBbIC KO3(D(HUIIMEHTHI MO TaKOH KE CXEME BBIYUCIISIOTCS 10
cronbiam (cenmapabenpHOe Mpeodpa3oBaHme), U MPOIECC MOBTOPSIETCS A0 MAKCUMATBHOU TITyOHHBI pasiio-
xenust [1, 6-8].

2. Aaroputm npsimoro u oopataoro BII B yacToTHoii 061acTn

JU1st BEIYMCIICHNSI BEUBJIET-CIIEKTPa CUTHAIa Ha OCHOBE NPOM3BOAHBIX (yHKUIMH ['aycca u BeHBIETOB,
CKOHCTPYHMPOBAHHBIX B YaCTOTHOW 00JIaCTH, HCIONb3yeTcs (hopmyna HenpepsiBHOro BIT:

17 t—b
w(a,b)=$j S(t) “’(Tj dt, (1)
Z
rae a — MacimTabHelii koddduimeHt BeiipieTa, b — mapamerp cnsura. C pa3HpiMu MactaOHbIME KO3 du-
[UCHTAMH CKEWIMHT-QYHKIUS HE HCHONb3yeTcsa. Takoe mpeoOpa3oBaHWE SKBHUBAICHTHO MPOXOXKICHHIO
CUTHAJIa 4Yepe3 IMOJIOCOBbIe (DUILTPHI B pa3HOM Juana3oHe 4actoT. s Beruncienus BII npsMbiM guciieH-
HbIM MHTETPUPOBAHUEM HEOOXOJUMO MHOI'O BPEMEHH, MIOATOMY BEHBIIET-CIIEKTP BBIYMCIIACTCS B YACTOTHOM
obmactu ¢ nmpumeHeHueM bII®. UtoOwr Berumcauts BII curaama B 9acToTHOM 007aCTH, HEOOXOAMMO TIOJTY-
yuTh Oyphe-CreKTPhl CUTHAJIA W BEHBJIETA IS Pa3HbIX MAcIITa0HBIX KOA()(OUIIMEHTOB ¢, HAUTH KOMILJIEKCHO
COTIPSDKCHHBIA CIIEKTP M 00paTHBIM IpeoOpa3oBanreM Dypbe KOMILIEKCHO CONPSHKEHHBIX CHEKTPOB MOJY-
YUTh BEHBJIET-CIIEKTP CUTHAJIA. AJIFOPUTM YUCIICHHOTO BBIYMCIIECHHUS IPSIMOI0 HENpepbIBHOTO ObicTporo BIT
curHana S(t) mo popmyite (1) B yacToTHOM 00IaCTH TIpeicTaBlIeH B paborte [9].
[Togo6Ho ob6patHOMy [1D cymecTByeT oOpaTHOE HenpepbiBHOE BIT:

A (t=Db dadb
s=cf | “’(Tj w(ab) 2P, @
rine C, — HopManu3yonuii K03QQuIMeHT:

C, = [IF, (0)P -w'do<wo,
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Fy(®) — ®ypbe-cnektp 6a3ucHOil (yHKImMH, napamerp K — mokazatenb CTENEHW MAcCIITAOHOTO MHOMHTEIIS
(mapameTp K MOXeT OBITh OTPHUIIATEIBHBIM).

AJITOPUTM YUCIICHHOTO BBIYMCIICHHS 00paTHOTrO HempepbiBHOTO ObicTporo BII curnana S(t) mo ¢op-
MyJie (2) B 4aCTOTHOM obnacTu npeacrtasieH B padote [10]. s nexoMno3unmu n300pakeHus: IporpeccHB-
HOW pPa3BEepPTKOH B LIEJIOM MO TOPHU30HTAIHM BEPTUKAIM CUUTHIBAIOTCS MHUKCEIH W BBIYHCISAIOTCS BEUBJIET-
K03(DPUITMEHTHI B 9acTOTHON 007acTH. Takke BEIYHUCIAIOTCS BEHBICT-KO3(PPHUITMEHTEI B 9aCTOTHOM 00J1acTH
IUTSE BEPTUKAIBFHOW TPOTPECCHBHOI pa3BepTKH. PEKOHCTPYKIHMS NPOUCXOAWUT B OOpaTHOM HaIpaBlICHHUH.
KMA u3006pakeHus OTy9aeTcss CYMMHPOBAaHHEM Pa3HBIX yPOBHEW. B 3aBHCHMOCTH OT KOTMYECTBA yUUTHI-
BaeMbIX YPOBHEH OJHOMEPHBIM WM ABYMEPHBIH CHTHAN MOXHO TPEACTABUTH B BHJE ITOCIIEIOBATENBHBIX
MpHOIIDKEHUI OT TpyOOTo M0 HAMIYUIIEero MpHOMmKeHHs. MOXXHO CHTHAII UCCIIEOBAaTh U B OOpPaTHOM IIO-
pAIKe: CyMMHPOBATh OT CAMBIX MENKHX JIeTalel O CaMbIX OOJBIINX, a TAK)KE MOKHO CYMMHPOBATh pPa3HbIE
YPOBHU B pa3HOW KOMOMHAIINH.

3. KoncTpynpoBaHnue BelBJI€TOB B YACTOTHOIi 00J1acTH

B pabore [11] otmeueHo: «Jls MpaKkTUKH JKeJIaTeTbHO OBLTO OBl HMETh OPTOTOHAIBHBIE CHMMETPHY-
HBIC ¥ aCHMMETPHYHBIC BEHBIICTHI, HO TAKUX WICAJIbHBIX BEHBIETOB HE CYIIECTBYET». [leCTBUTENBHO, AT
nuckpeTHoro BII HET opTOroHanbHBIX CUMMETPUYHBIX U aHTHCUMMETPUYHBIX BelBieToB. I[Ipo HempepsiB-
Hoe BII mumyt: «I'pyOble BeWBIETH 00NATAIOT MUHUMYMOM CBOKMCTB, KOTOPBIMH IIOJKHBI 00IIaaaTh
BEHBIIETHI, 00ECTIEYNBAIOLINE ITOJIHOLIEHHbIE BO3MOXKHOCTH B TEXHHKE NMPEoOpa3OBaHMs CUTHAJIOB: aHAIU3
HE SIBJISIETCS] OPTOrOHAJIBLHBIM, BO3MOKHOCTh PEKOHCTPYKIIMU HE FapaHTUPOBaHa, OBICTPBIE ANTOPUTMBI IIpe-
00pa3oBaHUi ¥ TOYHAS PEKOHCTPYKLHS HEBO3MOXKHBD».

C ucnonp30BaHHEM aNTOPUTMOB HemnpepbiBHOrO BII B yacToTHOH 00MacTH OpTOrOHABHBIE CUMMET-
pUYHBIE W AHTUCUMMETPUYHBIC BEUBJIETHI CKOHCTPYHUPOBATH MOKHO, OBICTpBIE AITOPUTMBI BO3MOXKHBL,
MO>KHO TOYHO PEKOHCTPYHMPOBATh CUTHAJL.

Beiipnetsl 1 UX (GUIBTPOB TECHO B3aUMOCBsI3aHbl. BeiiBiieThl ¢ caMbiM OOJIBIIMM MACIITAOHBIM
KO3 QUITUCHTOM SBJISIOTCS (QUIBTPAMH HIDKHUX YacCTOT, CO CPEAHMM 3HAYCHHUEM MacCIITaOHOTO KO3 HIIH-
€HTa — MOJIOCOBBIMH (WIIBTPaMH, & C CaMbIM MEHBIINM 3HauYeHHEM MaclTabHoro koadduiuenra — puib-
TpamMH BEpXHHUX 4acTOT. MOXXHO 3aMETUTh, YTO KOHCTPYHPOBAHUE OPTOrOHAIBHBIX CUMMETPUYHBIX U aHTH-
CUMMETPUYHBIX BEHBIETOB — 3TO CHHTE3 IU(PPOBBIX QHIBTPOB C MPSIMOYTOJBHON aMILTUTYIHO-4aCTOTHON
XapaKTePUCTUKON M JIMHEWHOU (pa3ouacToTHO# Xapakrepuctukoi (OUX). B HayuHoit murepaType 1o 1udpo-
BBIM (uibTpaM Ha ocHoBe kpurtepus [Ianun—Bunepa (Ilenu—BunHepa) nokaseiBaeTcst, 4To QUIBTPHI ¢ Tps-
MoyronsHOH AUX ¢usnveckn Hepeanm3yembl. Takke oTMedaeTcs, 4TO MpsMoyroibHble AUX mpuBOIsT
K TyJbCalMsM cJieBa M CIpaBa OT YacTOTHI Cpe3a W MOSBICHHIO MEPEXOJHOM monockl (sBieHue ['ndoca).
OO0BscHseTcs 3T0 yceueHueM psiga Dypre. O0bsICHSIOT siBjeHHe [ M00ca, UCTIONB3Ysl CBOMCTBO CBEPTKHU.

B Teopun 06061meHHoro npeodpazobanus Oypre (I1D) nokassiBaeTcs, 4TO BEUBJICTH OPTOTOHAJIBHEI,
€ClIM MX CKaJsIpHOE MPOM3BEACHHE paBHO Hymo. lccrnemoBaHus MOKa3bIBalOT: YeM MEHbIIE HAJI0KEHUE
CIIEKTPOB BEHBJIETOB JIJIs1 pa3HbIX MacIITaOHbIX KO3 QUIIMEHTOB, TeM MEHbIIIE HX CKaJISIPHOE TIPOU3BE/ICHHE.
B ugacToTHOIT 0651aCTH 3TO YTBEPKAECHNUE COOTBETCTBYET TOMY, YTO MPOU3BEACHNE CIIEKTPOB ATHX BEHBIETOB
paBHO HYIIIO, T.€. CHEKTPHI HE MOJKHBI HAKIAIbIBAThCA APYT Ha Jpyra, Kak Moka3aHo Ha puc. 3. CHeKkTpsl
JOJDKHBI OBITh PACIIONIOXKEHBI TaK, Kak Ha puc. 4. [Ipu 1eKOMIO3UIMH U TTOCIEAYIONIEH PEKOHCTPYKIIUN CUT-
HaJI MOYXHO TOYHO BOCCTAHOBHUTD JIMIIL TOrAa, Koraa AUX BeliBieToB OyayT NpsIMOYTOJIbHBIMU, HMEIOIINMH
OJMHAKOBBIA KO3()(UIIMEHT YCHICHHS, HO Pa3HbIM JUala30H 4acTOT B MOJIOCE MPOIMYCKaHUs, YTOObI Oblia
nocrosHHas 1o0poTHOCTh. Bee npyrue AUX, npyroii ¢opmbl, 00pa3yroT B Habope HepaBHOMepHYI0O AUX
6noka ¢unbTpoB. BelineTsl Ha ocHOBe MPOoU3BOAHBIX (yHKUMH ["aycca (rpyOble BeHBIIETH) UMEIOT MEHb-
niee 3HaYeHHE CKaISIPHOTO MPOM3BENEHHS, €CIIH MOPSAOK MPOU3BOAHON Oombiie. CHEKTPhI 3TUX BEHUBJIETOB
YK€, HAJI0)KEHNSI MEHBIIIE, U PEKOHCTPYKIUS CUTHANA ToO4Hee. XOTS PO AUCKPETHBIE BEHBJIETHI MUIIYT, YTO
OHM OPTOTOHAJIBHBI, HA CAMOM JIEJIE 3TO HE COBCEM TaK, [IOTOMY YTO CIIEKTPBI BCEX TAKMX BEMBIIETOB Iepe-
KpBIBAalOTCS, KaKk MPEJCTaBIeHO Ha puc. 3. O1o u HenuHelHble @YX NpuBOIAT K HCKAKEHUIO PEKOHCTPYH-
POBaHHOTO CHTHajia. AJTOPUTM MO3BOJISIIOT Npom3BoauTs KMA w300paskeHHid B 4acTOTHOW 00NacTH He
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TOJIBKO ¢ KO3 (DUIMESHTOM U3MEHEHHS MaciTaba, paBHBIM 2, HO U ¢ KpaTHOCThIO MeHbIe 2. [lepexon B ya-
CTOTHYI 00J1aCTh TO3BOJISICT KOHCTPYUPOBATh BEHBIIETHI C 3a/IaHHBIMUA CBOWCTBAMH, KOTOPHIC HEBO3MOXKHO
MOJTyYUTh BO BPEMEHHOM 00JIaCTH.

F(v)

10

(3

1 1 21 N a1 51 v

Puc. 4. CnextpripasHOroMacmTaOHOrokodpduitreHTa
Fig. 4. Spectra of different scale coefficients

B xone mccnenoBanuii OBITH CKOHCTPYHPOBAHBI OPTOTOHAIBHBIE CHMMETPUYHBIE M aHTUCUMMETPHY-
Hble BeiiBnersl. Ha puc. 5 mpezacraBieH onuH W3 MOJA00HBIX BeliBieToB. CKalsIpHOE MPOU3BEICHUE TaKUX
BEHBIIETOB paBHO HYJIO. TOIBKO ISl BEMBIIETOB C OJJMHAKOBHIMH MaclITAOHBIMU Ko duiimentamu ckamsp-
HOE Tpou3BelcHHE He paBHO Hymwo. Ha puc. 6 mpencraBiena AYX BeiiBiera B nenubenax. BumHo,
4TO B MOJIOCE 3alepxuBanHusl ocnabnenune okono 300 ab, 4To cpaBHUMO C MOTPEHIHOCTHIO BBIYMCIICHUSI.
Ha AYX Het HUKaKuX MyJIbCalluil B TI0JIOCE MPOITYyCKaHUS.
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Puc. 5. OpToronanbHelif CUMMETPHYHBIH BeiiBiIeT
Fig. 5. Orthogonalsymmetricwavelet
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Puc. 6. AUX cHMMETpUYHOTO OPTOTOHATBHOTO BeWBIIETa B ACHOETax
Fig. 6. Frequency response of symmetric orthogonal wavelet in decibels
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Ha puc. 7 npeacraBnena AUX seiiBnera. Bunno, uro HeT mepexoaHoil mosocsl. KoBapuanuonHas
MaTpHlla AJsl TAKOTO BEHBIET-IIpeoOpa3oBaHysl AuaroHaibHas. KoBapuannoHHas MaTpula IUisl BEHBIETOB
Ha OCHOBE MPOM3BOIHBIX (yHKUWH ['aycca HemmaronambHasi, Tak kak AUX HempsmoyronsHas. Ecnu koBa-
pHAIOHHAs MaTpHlla UMEET JWaroHaNbHbBIN BHJ, TO BEHBJIETHI Pa3HbIX YPOBHEH NEKOMIIO3MIIMU OPTOro-
HaJIbHBL. DTO MOJ00HO OpPTOroHaIbHOMY NpeoOpaszoBanuto Kapynena—JloaBa, npuBoasieMy KOBapHaIlMOH-
HYI0O MaTpUlly K JuaroHaisHOMY BHAy. Vcmomnb3oBaHue mpeoOpasoBanus Kapynena—Jlossa anst Gombiimx
MOCJIEI0BATEIbHOCTEH HELleIeco00pa3HO, TaK KaK HET ObICTPBIX aJITOPUTMOB €T0 BBIYUCICHUSI.
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Puc. 7. AUX cuMMETpHUYHOIO OPTOTOHAJILHOT'O BEHBIIETa
Fig. 7. Frequency response of a symmetric orthogonal wavelet

111 v

Ha puc. 8 npeacrasnena AUX ¢punbTpoB BepxHux vactot (cm. npumep 4.17 u3 [12. C. 142].), cunre-
3WPOBAHHBIX BO BPEMEHHOW W YaCTOTHOHN oOmacTsx B nmerubenax (orapudmraeckuii macmrad). Koadhdu-
nuentsl UX GunbTpa, CHHTE3MpOBaHHOTO BO BPEMEHHOM 00J1aCTH, BEIYUCIICHBI 10 (hopMyIie

b,., =
TON+L A N +1

2

= 1 i COS(M).
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Puc. 8. AUX (uibTpa BepXHUX YaCTOT, CHHTE3HPOBAHHOTO BO BPEMEHHOM M YaCTOTHOM 00JacTsAX B Aerubenax
Fig. 8. Frequency response of the high-pass filter synthesized in the time and frequency domains in decibels

Ho yactoTsl 128 eanHuUI npeacTaBieHa YacTOTHAS XapaKTEPUCTHKA (QUIIBTPa, CHHTE3UPOBAHHOTO BO
BpeMEHHOH obmnacty, a oT 129 1o 256 enuHun — GUIbTpa, CHHTE3UPOBAHHOTO B YACTOTHOW 00JIaCTH METO-
JIOM KOHCTPYHMpOBaHMs OpTOTOHANBHBIX BelBieToB. Ha puc. 8 oTueTnmnBO BUIHO, KaK CHIBHO OTIMYAIOTCS
YaCTOTHBIC XapPaKTEPUCTUKH 3THX (PUIBTPOB MPH COMOCTABICHUH UX B OAMHAKOBOM MaciuTtade. s ¢punbpa,
CHHTE3UPOBAHHOTO BO BpPEMEHHOW 00jacTH, Takke HaOmronmaercs siBneHue [ubOOca. MokHO cKazaTh,
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YTO BEHWBNETHI, WM LU(PPOBBIE (UIBTPHL, NOIYYCHHBIE B YaCTOTHON 00JacTd, MMEIOT uueanbHyro AUX
B Mpejienax MorpemHocTy Berancienus. Ecnu B kpurepun [1anu—Bunepa Moayns 4acTOTHOM mepenaTouHon
(YHKIMY He paBeH HYNIO, HO MEHBIIE MOTPELUIHOCTH BBIUMCICHHS, TO HHTETpaj He pacxomuTca. B cBs3u
C BBIITOJIHEHUEM YCIIOBUS

T |Ln|K(i2(o)||dw<oo
> lto

MOXHO CKa3aTh, YTO CKOHCTPYMPOBAHHBIC BEUBJIETHI HE MPOTUBOpeYaT Kputepuio [Ianu—Bunepa, a siBieHne
I'ub0ca ne HabmrogaeTcs.

4. Pe3yabTaThl CPABHEHHS] KPATHOMACIITA0HOI0 aHAIM3Aa H300pasKeHM it
€ MCTOJIb30BaHMeM AJropuTMa MaJjia v alropuTMa B 4aCTOTHOM 001acTH

CKOHCTPYHpPOBaHHBIC BEHBIETHI MPUMEHSUIUCH U JCKOMIIO3UIIMHA U PEKOHCTPYKIMH W300paKeHUH.
PekoHcTpyrpoBaHHbIE N300paKEHUSI HUYEM HE OTJIUYAIOTCS OT OPUTHHANBHBIX N300paKCHUHN U JIy4Ille, YeM
i anroputMa Mana. BefiBietsl ¢ npsmoyronbHo AUX mo3BOSWIM YMEHBIINTh BpeMsl BBIUMCIIECHUS
npsmoro BIT B wacToTHO# 06nacTu B 2 pasza Mo CPaBHEHUIO C MCIIOIB30BAHUEM BEHBIIETOB HA OCHOBE TIPOM3-
BOIHBIX GyHKIUM [aycca. Takue BEHBIETHI Jajl BO3MOKHOCTh YMEHBIIUTH BPEMsI BBIYHCICHUSI 00paTHOTO
BII curnana ¢ pasmepoM Beioopku 32 768 u 262 144 orcyeror B 260 u 5 000 pa3 coOTBETCTBEHHO 10 CPaB-
HEHUIO C alroputMoM ¢ ucrnoabszoBanueM bBIID. KoHcTpynpoBaHue CHMMETPUYHBIX U aHTUCUMMETPUYHBIX
BeHBIETOB ¢ mpsiMoyronbHoi AUX mo3ponuino oopataoe BII Beraucnste He Menee yeM B 10 MiH pa3 ObICT-
pee 1Mo CPaBHEHHUIO C MPSMBbIM YHCICHHBIM HHTErpupoBanueM. [IpodunnpoBka npoBoauIack s MpoIecco-
pa Celeron® c¢ yacrotoii 2,54 I'T'u, O3Y 1 I'0.

st cpaBHEHHS C TPaIUIIMOHHBIM Mpeodpa3zoBanueM Maima asst 00paboTKH M300pakeHU MacTad-
HBIA KOOQPUIUEHT a Takxke ObUT BEIOpaH paBHBIM 2. Ha puc. 9, @ mpeacTaBieHO LBETHOE M300pakeHHE
pa3mepom 512 x 512 nukceneit (opurunan). Ha puc. 9, b npencrasineno nzobpakenne, peKOHCTPYHPOBAH-
HOe ¢ nmpuMeHeHueM anroputMa KMA B wactoTHol obOnactu. Ha puc. 9, ¢ nmpeacraBieHo 3To e nu300paxe-
HHUE, PEKOHCTPYHPOBAaHHOE C NMpHUMEHEeHHeM airoputma Majta. [l gaHHOTO HM300paskeHHs BBIYHMCIICHUE
MPOBEJICHO MPU MIOMOLIX MaKeTa NPUKIaHbIX nmporpaMm MatlLab. YpoBHeli 1eKOMIIO3UIMY JUTsl AIrOPHTMA
Mana — 9. Bugno, 4To npu peKOHCTPYKIMH W300pa)KeHUs ¢ UCTIONIb30BaHUEM ITOPUTMA B YaCTOTHON 00-
JIACTU BCE IIBETA COXPAHSIOTCS, 1 PEKOHCTPYHPOBAaHHOE M300pakeHUe He oTanyaeTcs Ha ria3. [Ipu ncnosns-
30BaHMU AJITOpUTMa, Beuucisitomero BIl B yactoTHoON 00sacTH, MO3aW4HOCTH IPH ANMPOKCHUMALIUKN H300-
paKEHHsI HE MPOSIBIIAETCS.

Synthesized Image

5

Puc. 9. PekoHCTpyKLUs H300paXKeH s
Fig. 9. Image reconstruction (Synthesized Image)

Ha puc. 10, @ npeacraBieHo TO ke M300pakeHHE, PEKOHCTPYMPOBAHHOE C alNPOKCUMHPYIOLIMMHU
K03 puLIMEeHTaMH YE€TBEPTOrO YPOBHS ISl AJITOPUTMA B YacTOTHOW obnactu. Mcnonb3oBaH BeiBieT Ha oc-
HoBe npon3BoAHOM (ynkuuu ["aycca 2-ro nopsaka (MHAT-BeiiBiet). ' mybuna pasnosxeHus paBHa 18.
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Recons. Approximation coef. of level 4

Puc. 10. PexoHCTpyKINst H300paXKeHHs C alpOKCHMUPYIOINMHI K03 HUIINEHTaMH YeTBEPTOr0 YPOBHS
Fig. 10. Reconstructionoftheimagewithapproximating coefficients of the fourth level

Ha puc. 10, b npencrasiero pekoHCTpyHpoBaHHOE H300paKEHHE ¢ AMMPOKCUMHUPYIOIUMHU KO3(du-
[HEHTaMH YETBEPTOr0 ypOBHs Juis aiaroputva Maimma. Mcnons3oBan BeiBiaer lob6emu db2. Tlpu stom
XOPOILIO BHJIHA MO3aUYHOCTb. PEKOHCTPYKLUS M300paKEHUs C ACTATU3UPYIOLIMMU KO3(QPHUIUEHTaMU TPH
HCIOJIb30BaHUM AJITOPUTMA B YACTOTHOM OOJNIACTH TaKke AaeT 0ojee 4eTKOoe M300pa)keHUe, YeM B CUCTEME
KOMITbIOTepHOU MaTeMaTuku MatLab.

3akiaouenne

KadecTBO peKOHCTPYHMpOBaHHOTO M300paKeHHsI B Clydae pealu3aluy ajiropurMa Masia HaMHOTO
xyxke. [Ipu yBennuennu nopsaka BeiiBiaera (AbN) Mo3andHOCTH yMEHBIITAETCS, OTHAKO KA4eCTBO M300pae-
HUS IIPH OTOM OCTAETCsl CYIIECTBEHHO XYIIMM IO CPAaBHEHMIO C PE3yJIbTaTaMM IIPY IPUMEHEHNHN BEHBIIETOB
Ha OCHOBE NMPOU3BOAHBIX (pyHKIMHU ['aycca n BeHBIETOB, CKOHCTPYHPOBAHHBIX B 4acTOTHON oOnactu. [Ipu
PEKOHCTPYKIMH W300paKeHHsI C MCIOIb30BaHHEM BcexX ypoBHell B MatlLab muorue 1Bera tepsitorcs, npu
MPUMEHEHUH K€ alropuTMa B YaCTOTHOM OOJIAaCTH LIBETOBAs raMMa COXPAHSIETCS, PEKOHCTPYHPOBaHHOE
n300paKeHne He OTIINYAETCs OT OpUTHUHAJIA.

KonctpynpoBaHnue BeHBIETOB B YaCTOTHOW OOJIACTH MO3BOJISIET MOJIy4aTb MaKCUMAaIbHO BO3MOXHOE
YHCJI0 HAYaJIbHBIX HYJEBBIX MOMEHTOB ISl JaHHOW BBIOOpKH. ISl MX MOIydeHHs] BO BPEMEHHOH obiactu
HEOOXOIMMO pELICHHE CHCTEMBl C TaKUM K€ YHMCIOM YpaBHEHHH, 0ojee HECKOJbKMX COTEH. BeiBneTs
c OOJIBIIMM YHCJIOM HayallbHBIX HYJEBBIX MOMEHTOB SIBIISIIOTCS OCHOBOW KOHIIGHTpAIMd WH(POPMAIUH
0 CUTHaJle B HEMHOTHX 3HAYMMBIX BEHUBJIET-KOI((UIMEHTaX U CIyXkKaT, TAKUM 00pa3oM, OCHOBOH IMOBBIIIIE-
HUS KOO PUIMEHTA CKATHSI CUTHAJIOB.

KMA B vacToTHOH 00nacTH siBIsIETCs OOJiee MPEAIOYTUTEIHHBIM 10 CPAaBHEHHUIO ¢ TUCKpeTHBIM BII,
TaK Kak BEHBIETH HAa OCHOBE MPOU3BOIHBIX (YHKIMH ["aycca v BEHBIIETHI, CKOHCTPYUPOBAHHBIE B YaCTOT-
HoW oOnactH, nmeroT nuHelHyo OUX. Kpome Toro, BelBIIeTh, CKOHCTPYHPOBaHHBIE B YACTOTHOH 00nacT,
UMEIoT nmpsAMoyTronbHyi0o AUX. B CBSI3M € 3TUM TOYHOCTH PEKOHCTPYKIIMH CHUTHAIOB IOBBIMIAETCS, T.€. Tpe-
o0pa3oBaHUe TPH ITOM SIBIISIETCS] CTPOTO OPTOTOHAIBLHBIM. MeTo1 KOHCTPYHPOBAHHUS BEUBIIETOB B YaCTOTHOM
00JIaCTH MOKHO HCIOJIB30BaTh JJIsl CHHTE3a IU(POBLIX (UIBTPOB, B TOM YHCIIE U MHOTOIOJIOCHBIX. OnTH-
MasbHbIe (110 YeObimeBy) QUIBTPHI ¢ KOHEYHOI MMITYJIbCHOW XapaKTepUCTHKOW B HACTOSIIIEE BPEMsI CHHTE-
3UPYIOTCS METOJIaMH, TPEOYIOINMHU OOJIBIITNX BEIYUCIUTENBHBIX 3aTpPaT.

PaspaboranHbie airopuT™BbI IpsiMOro U o0patHoro BIT B yacToTHO#M 001acTH ¢ ucnonb3oBanuem bI1d
MO3BOJIMIIM YMEHBIIUThL BpeMsl peoOpa3oBaHus N300pakeHH Ha 4 TIOps/IKa M0 CPABHEHHIO MPSIMBIM YHCIICH-
HBIM MHTETPHPOBAaHHEM C TIPUMEHEHHEM BEHBIIETOB HA OCHOBE MPOU3BOJIHBIX (yHKIMH ['aycca. A MCHonb-
30BaHHE BEWBIIETOB, CKOHCTPYHPOBAHHBIX B YACTOTHOW OOJIACTH, MO3BOJIMIO YMEHBIIUTh BpeMsl 00paTHOTO
BIT Ha 6 moOpsaKOB MO CpPaBHEHWIO MPSMBIM YHCICHHBIM WHTETpUpOBaHUEM. Pa3zpaboTaHHBIE alTOpUTMBI
npsmMoro u obparHoro BIT mozBosnsitor npousBoauts KMA n300paskeHHid ¢ KpaTHOCTBIO, MEHbIIEH 2, TeM
CaMBIM pa3pelIaomias ClIoCOOHOCTh BEHBIICTOB YBEIWIHUBACTCS, TAK KaK YBEITMUUBACTCS JOOPOTHOCTb.
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AnHotanus. PaccMaTpuBaeTcs 3aj1aua HOCTpOEHUs TOBEPUTENHLHOIO HHTEPBaJIa HEU3BECTHOTO MapaMerpa mpo-
1[ecca aBTOPErpecCHy MePBOro MopsiiKa, 3allyMIEHHOTO aJIMTUBHBIM IyMoM. [Ipenmnonaraercs, 4to ynpasistoLHii
IIyM TpoIlecca U IIyM B KaHajie HaOIOACHUI — TayCCOBCKUE C HEM3BECTHRIMH auctiepcusivMu. [loctpoeHHas mpoiie-
Jypa SIBISIETCS HEaCUMITOTHYECKOW M OMMPAEeTCsl Ha CIELHMAIbHOE MPABHIIO OCTAaHOBKH HabmoeHuil. B cratbe mpu-
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In many applications related to signal processing the linear models specified by stochastic difference
equations are widely used. To identify unknown parameters in such models the methods of least squares
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(LSE), maximum likelihood and other have been developed. The properties of the estimators are studied
usually in asymptotic when the number of observations tends to infinity. For an autoregressive process the
asymptotic properties of the LSE have been studied in [1]. To overcome the problems of investigation
the properties of the estimators obtained by a fixed number of observations the sequential methods were de-
veloped. Sequential procedures use the sampling schemes with random stopping times. It allows one to study
the properties of the estimators. The sequential sampling scheme was proposed in works [2] and [3] to esti-
mate the parameter of a first order autoregressive process
X =0X 4 +&, k=12,....

The estimator in [2] has the guaranteed mean square deviation.

The problem of estimation of parameters in ARMA processes and in AR processes with noise was
studied in [4-7]. A sequential procedure of identification parameters of autoregressive processes by noisy
observations was proposed in [8]. This procedure uses the Yule-Walker estimators with guaranteed mean
square deviation.

A problem of confidence estimation of the mean in a sequence of independent identically distributed
Gaussian variables with unknown variance was studied in [9]. A sequential procedure was proposed because
no procedure with fixed sample size can guarantee the prescribed coverage probability.

Recently a procedure for constructing a fixed-size confidence interval with any prescribed coverage
probability for parameter in AR(1) process was proposed in [10]. The interval estimation for a first-order
autoregressive process was constructed in [11].

The paper is organized as follows. In Section 1 we construct a sequential point estimator of unknown
parameter in AR(1) process with noises. In section 2 we construct a confidence interval with any prescribed
coverage probability for the parameter in AR(1) model with unknown noise variances. In section 3 the results
of numerical simulation are presented.

1. Sequential point estimator

Consider an unobservable AR(1) process described by equations
X =0X 4 +&, k=12,..., (1)
which is observed with noises
Y =X+, K=12,.... ()
Here 6 is unknown parameter, |6|<1, {¢,} and {n,} are the sequences of Gaussian independent random

variables with zero means Eg, = En, =0 and variances Eef =c°; Eng = A® respectively, initial value x,

2

and processes {e,}, {n.} are independent. It's assumed that ¢ and A? are unknown. The problem is to

construct the non-asymptotic confidence interval for the parameter 6 using observations {yk} .
Note that from (1) and (2), we obtain the equation for the observed process
Y =6y1 + & 3)
where &, =g, +m, —0n, 4, E&, =0 and E&; = A*(1+6?) +5°.

First we obtain a point estimator of an unknown parameter of AR(1) process. The estimator is used
later to construct the confidence interval. The scheme of estimating the parameter 6 follows the approach
proposed in [10] and includes three stages.

First we obtain the pilot Yule-Walker estimator of 6 by a fixed number of observations. On the second
stage we construct an estimator of the variance of the random variable &, . On the third stage we construct

a sequential modification of the Yule-Walker estimator of the parameter 0.
For an integer n; >3 define the Yule-Walker estimator of the parameter 6 as

. n, Ty
0(m) ZE 2 yk—zyk—lj > Yi—2Yk- (4)
k=3 k=3
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To compensate an unstable behavior of estimator (4) for small sample size we use the projection of the esti-
mator into the interval [-1,1]:
O(ny), if [8(ny) <1
6=6(n)=11, if O(n,) >1,

-1, iff(n)<-1.
Using the estimator é(nl) define the estimator of the variance &, as
rnl,n2 :C(nz)snl,nza )
where
-1
v +n, ~ n, e, +
Sun = > (i —Oy % C(y) =E[z ﬁj L=l ©)
k=n+1 k=1 JA? 4 52
n
Note that v, are standard Gaussian random variables. Hence 22 vE is Chi-square random variable with n,
k=1
degrees of freedom and C(n,) =(n, — 2)"1. Denote
| n+l 2
an: Z (8k+nk) y |>0 (7)
k=n+1

The properties of the variables Vr{l establishes the following theorem

Theorem 1. Let the random processes {Sm,l} and {Vr{l} are defined by (5) and (7) respectively. Then

the following inequality holds true
Py (Sn1 <2) <Py (Vi <2). (8)

The proof of Theorem actually proceeds along the lines of the proof of Theorem 1 in [10].
Using Theorem 3 in [10] one has
Theorem 2. The following inequality holds true

et < ¢t

Fm,nz A? +6°

This inequality allows one to obtain the upper bound of the variance &, .
Now we construct a sequential point estimator of the parameter 0. The estimator is based on the esti-

mator proposed in [12] when the variances o2 and A? in (1) and (2) are known.
To construct sequential point estimator of the parameter ©, we divide the set of indexes
T(n)={L2,...,n} into two subsets

T(n)={2j-1:j=12,..;2j-1<n}, T,(n)={2j:j=12,...;2j<n}.
Note that T(n)=T;(n)+T,(n). Next we introduce stopping times

n 2
gy=infinzn+n+1: 3 Hezy ooosnli-12 )
k:nlJranrlrnl'nz '
and yypy is indicator of event A. The value h is a parameter of the identification procedure and defines

the quality of the estimator.
Define sequential estimators of the parameter 0 from odd and even observations by formulas

-1
éi(h){ Y B —YKFZy“J DN o= TS ) (10)

i,k '
k=n,+n,+1 " N, k=my+ny+1 s’r‘nl,nz
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where the coefficients B; ,i=12, are defined as
1, if k eT;(7;(h)) and k < 7; (h);
Bik =qai(h), ifk=r;(h); (11)
0, if k ¢T; (7; (h)).
Correction factors 0 < a;(h) <1,i=1,2 are determined by the equalities

s Yz, YT h
e X{keT(n)}"'a (h) D2 _h.
k= nl+n2+1rn1 n, n1 n,
Consider the deviation of the estimators (10). Substituting y, from (3) into (10) we have
R 1 Y2 (BY)a + &) Gi(h)
6;(h)-0= Y (B LTS g2t Y =12,
I( ) s, (h) ke Tyl ﬁl k \/ . Si(h)
where
T (h) Y& i (h) Vi Vi
h) = z , JTk=2%k s.(h) = > ] k=2 Jk 1 12
C( ) ken 41 m |( ) kentn, 1 Bl,k M ( )
Denote

~ 7 (h) £ -
g@:miﬂﬁ;%%%,q=@m,deﬁawﬂm? (13)

Hence, the deviation éi (h) — 0 takes the form
B.()-0=1, 2™ i_12
s;(h)
According to Lemma 2 in [12] the following result holds.
Lemma 1. Let {g, } and {n,} in (3) be the sequences of Gaussian random variables with zero means

and variances Es? = 6%, EnZ = A?, and random variables &;(h), i=1, 2 are described by the equations (13).

Then for each h>0 the random variables h™2¢,(h) and h™/2Z,(h) are standard Gaussian.
In the next section we construct a non-asymptotic confidence interval for parameter 0.

2. Non-asymptotic confidence interval
The main result of the paper gives the following Theorem.

Theorem 3. Let {¢, } and {n,} in (3) be the sequences of Gaussian random variables with zero means

and variances EcZ = o2, En? = A?, and the sequential point estimators 6; (h),i=1,2 are defined by formulas
(9), (10), (11). Then for all h>0 and z>0

[h' jr(:)J |91(h);92(h) 0 |< szl—a(h,z), (14)
where Iy, ., is defined by (5) and s«(h) =min(sl(h),sz(h)) and

n,/2-1

a(h,z) = 40(1:[1— ®(z,/yhC(n,) )} 132”2 0N,

Here C(n,) is defined by (6), I'(n, / 2) is the Gamma-function and

« 2
B (x) = é;j&%}y (15)
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Proof: Using estimators (5) and (10) we obtain the inequality

[s(h)] [By(h)+B,(h) K9|s*(h)| &) |, )|
hTon | 2 2nJT, |0 sz(h)| )
_RolsMIEM)| oM. w1z .
< mnjsﬂhﬂ w57 h[|c1<)|+|a2()|].
Introduce the filtration
‘7:0—0{5/0} f G{yo €111y €niMys-- o 1Aln}-
To construct the confidence interval, we obtain the upper bound for probability
[s-(n)| | 61(h) +6,(h) Ko [
Pe( | —e|22}3Pe[—[|§1(h)|+|gz(h)ﬂ2ZJZ
hJT, . 2 2h [T, .
\/ Ny.Np 1M (17)
1 r -~ . 2z [hl—‘nbn2
= Epe{ﬁ[l Zu(h) | +1Z,(h) |]2K—e |f}
Then
1 p2 P 21 hrnlvnz |g(h)| z Ny
Pe{ﬁ[ml(hnﬂcz(hn]z—ﬁ{e|ﬁ1+n2Jspe[ 1% > “Ke”l | Foyan, |+
(18)
Z,(h) | 2yl n, Z.(h)|_ Z ny
As a result from (17) and (18) we obtain
1, - - 22 /hl“ n Z.(h z} n
Ep{ﬁ(|§1(h)|+|§2(h)|)<]{—em| W}l—zEPe['Cjﬁ)'z K: |WJ—
(19)
F h F h
ol g [1G0, Wan ||y oep (160 ATan
Jn Ko Jn Ko h

Let G(y) be the distribution function of random variable T, . / k5. Taking into account that |0 |<1
we come to inequality k§ =A®(1+0%) + % <2(A? + %) . Using expression (5) for I', , and inequality (8)

we obtain the upper bound for the distribution function G(y)

1—‘n n My N 2 ZK2
Rl —%-<z|=R| X (K- Oy,1)” < Z (e +Mi)° < <

Ke k=n,+1 ( 2) k=n,+1 C(nz) (20)
M, 22(c% + A?) M 2z

<P, | (c® + A2 vicefE T2 M 1op vi<e=Z )
e(( )k-%u 7 cny) ] e(k_%u ‘T Cny)

-1/2

where v, 2(62 +A2) (& + M )-
Analogously to [10] using integration by parts and (20) we have
Z,(h Z«/ , © (& (h
EPG |Cl( )|< il | n+n, ,[Pe[lCl( )|<Z\/W|fnl+n2JdG(y):

v o o "\ 21)

_1- O(j:G( )dPe[ N2 fhy | WJ
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0 nl+n2
ol ot i SR o)

k=n+1
2 (1860 M 5, 2y
- (j) P [ <zhy | i, jdpe(k%ﬂvk < C(nz)j.

N . . o . . .
Taking into account that 22 vZ has Chi-square distribution with n, degrees of freedom, inequalities (17),
k=n+1

(19), (21) and Lemma 1 we can construct a non-asymptotic confidence interval for the parameter 0 in the form

hy| 6, (h)+0,(h
figen

= (16 N o2y ) L
zzgp{ NG <zﬁ|ﬁl+nz]dPe( > Vk<C(n2)j 1=

k=n+1

= @22 ( 2y V¥ oy | 2dy
_2({[2®(Z\/W)_1Jr(n2/2)(C(n2)J Pl cny iy~
n,/2-1

= 2?[2@(21 /th(nz) ) —1]mexp(—y)dy -1,

where ®(x) is determined by the formula (15).

From (22) one has the equality to defining the value h of the form
n,/2-1

a(h,2) = 405[1— CD(z« /th(nz) )} F)Enz ) exp(—y)dy.

We come to the result of Theorem 3.
Remark 1. Note that the random coefficient s.(h)/h in the confidence interval converges to constant

almost surely due to Proposition 1 in [12].

(22)

3. Simulation results

In this section, we report and discuss the results of Monte Carlo experiments. Table 1 presents selected
data obtained by the simulations.
Represent the interval for parameter 0

[se(h)] (Bu(M)+6,(0) (23)
hyTn n, 2
in the form
0(h)-8<0<06(h)+3, o(h) ZW’ (24)

where §= th/ | s<(h)| is the confidence semi-interval.

The results of Monte Carlo simulation are reported in Table. All the results were obtained by 1000
replications by making use of the programming language R. The values n, and n, were chosen equal to 30.
The averaged values of sequential estimators 8(h) as well as mean length of semi-interval & have been cal-
culated for every value of the parameter 6. The confidence probability 1—-a(h,z) was equal to 0,9 for

different values of h and z. The quantity T denotes the observed averages of the stopping time
(ty(h) +t,(h))/ 2. The quantity p denotes the frequency count of the number of times when the confidence

interval contains the true values 0.
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Averaged confidence estimates of parameter AR(1)

h=779,z2=0,1 h=3115,z=0,05
0 c? A? - = N - — -
0(h) 8 T p o(h) 8 T P
-0,99 1 0,25 -0,990 0,098 156,5 1 -0,991 0,05 359,6 1
-0,8 1 0,25 -0,802 0,133 954,3 1 -0,800 0,067 3504,4 0,999
-0,6 1 0,25 -0,598 0,187 1545,9 1 -0,600 0,095 6079,5 1
-0,4 1 0,25 -0,401 0,290 21712 0,999 -0,402 0,147 8315,1 1
-0,3 1 0,25 -0,300 0,387 24470 0,999 -0,300 0,198 9445,0 1
0,3 1 0,25 0,302 0,448 2420,0 1 0,303 0,212 9627,7 1
0,4 1 0,25 0,400 0,323 2202,5 1 0,402 0,156 8446,0 1
0,6 1 0,25 0,599 0,202 1611,1 1 0,600 0,098 6113,8 1
0,8 1 0,25 0,799 0,140 913,3 1 0,800 0,069 3572,4 1
0,99 1 0,25 0,991 0,103 158,4 1 0,990 0,051 340,0 1
0,99 4 0,25 0,990 0,102 144,9 1 0,990 0,051 293,0 1
0,99 4 1 0,990 0,103 159,4 1 0,990 0,051 347,0 1
0,99 1 4 0,991 0,114 426,0 1 0,990 0,056 1286,3 1

Note that as the variance o2 of the process increases, the sample size T decreases. Increasing the variance
A? of additive noise leads to increasing the sample size T . This fact follows from Proposition 1 in [12].

Conclusions

The proposed sequential procedure allows one to construct the confidence non-asymptotic interval for
autoregressive parameter 0 in the presence of additive noise in observations. The procedure is independent
of variances of noises in unobservable and observable processes. It is based on a special rule of determining
the needed sample size. The results can be used in identification and control problems.
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AHHoTanus. [IpeacTaBieH BapHaHT yCTpaHEHUs] OCHOBHOTO HEJOCTaTKa HanOOJIee COBEPIICHHBIX MO (DUKAIIIIA
METO/1a, HCIIOJIb3YIOIIIX MHOTONIepeMeHHYI0 HHBepcuto. OH Ipe/roaraeT pacCMOTPeHNE He 00beTUHEHNS COOBITHI
CBSI3HOCTH (HECBSI3HOCTH), BBIPOJKAAIONIETOCS B CYMMY HECOBMECTHBIX NIPOM3BE/ICHNUH, a MepecedeHns MPOTHBOIIO-
n0xHBIX coObITHi. [TogoOHas cymMa He TpeOyeT HCIOIb30BaHNS MHOTOIIEPEeMEHHON MHBEPCHH ISl KXKI0TO M3 Clla-
raeMbIX. B urore naHHbIe mpeoOpa3oBaHusl MO3BOJIIOT aHAIM3UPOBATh BEPOSITHOCTH CBSI3HOCTH MPOU3BOJIBHOTO rpada
C HECKOJIbKO MEHBIIEH BBIMHCIUTENHHON CIOKHOCTBIO 0 CPABHEHHIO ¢ KJIACCHIECKUMI METOJaMH MHOTOIIEpEMEHHON
HWHBEPCHU.

KunroueBbie c10Ba: ceThb CBSI3H; Tpad); BEPOATHOCTH CBSI3HOCTH; MHOTOIIEPEMEHHAs! HHBEPCHUS

na yumupoeanusn:. barenkoB A.A., barenkoB K. A., ®okun A.b. AHanu3 BEpPOSTHOCTH CBSI3HOCTH TEJIEKOMMYHHU-
KaIlMOHHOH ceTH Ha OCHOBe HMHBepcuil ee coctosHui // BecTHmk ToMCKOTO rocyaapCTBEHHOTO YHHBEPCHTETA.
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Network connectivity probability analysis based on its states inversion
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Abstract. The paper shows that since for large and complex telecommunications networks the calculation of
the connectivity probability turns out to be a very cumbersome and time-consuming process due to the huge number
of elements in the resulting expression, the most appropriate way out of this situation is an approach based on the
representation of the network connectivity event in the form of sums of products of incompatible events, which represent
a form of transition to substitution, allowing a direct transition to a probability function by replacing logical variables
(sets) with probabilities, and logical operations (operations on sets) by corresponding arithmetic operations. This rep-
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resentation leads to a fairly compact form of writing the resulting connectivity equation and, as a result, to a decrease
in computational complexity and a decrease in the resulting rounding error. It is indicated that this approach is
recommended by the domestic GOST for calculating the stability of the functioning of networks and in the scientific
literature has been called the method of combining taking into account the absorption effect.

It is explained that there are several interpretations of the concept of connectivity, a generalization of which is
multi-pole connectivity, including both two-pole and all-pole. In this case, it is advisable to consider the connectivity
event as the existence of a certain subgraph in a specific implementation of the graph containing the given vertices,
the original random graph and uniquely being a tree whose leaves can only be these specified vertices. For the general
case of a multi-pole network, these subgraphs are trees that have a given set of vertices, for a two-pole network —
trees containing a given pair of vertices, in fact, they are paths, for an all-pole network-spanning trees that include all
the vertices of a random graph.

The paper presents a variant of eliminating the main drawback of the most advanced modifications of the method
using multi-variable inversion — the need for a comparative analysis of each term with all previously considered
for the uniqueness of the contained edges, as well as in some cases additional operations on sets. According to this
variant, it is advisable to consider not the union of connectivity events (incoherence), which degenerates into the sum
of incompatible events, but the intersection of opposite events, which also leads to a similar sum, but to obtain which
there is no need to perform a multi-variable inversion for each of the terms over all previously analyzed ones.

The procedures for bringing two incoherent events to the union of independent events, as well as three incoherent
events to the union of independent events, which will allow us to obtain a recurrent method for calculating the proba-
bility of connectivity in the future, are described.

Keywords: communication network; graph; connectivity probability; multi-variable inversion

For citation: Batenkov, A.A., Batenkov, K.A., Fokin, A.B. (2022) Network connectivity probability analysis based on
its states inversion. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie, vychislitelnaja tehnika i informatika —
Tomsk State University Journal of Control and Computer Science. 59. pp. 91-98. doi: 10.17223/19988605/59/10

W3BecTHO, 4TO U1 OONMBIIMX U CIOXKHBIX IO CTPYKTYpPE TEIEKOMMYHUKALMOHHBIX CETEll pacyeT BeposiT-
HOCTH CBSI3HOCTH OKa3bIBA€TCSI BECbMa I'POMO3/IKUM U TPYIOEMKHM IPOLIECCOM BCIIEICTBHE OTPOMHOI0 4HCIa
3JIEMEHTOB B Pe3yJbTHPYIOLIEM BblpakeHNH. Haunbosee 1enecooOpa3HbIM BEIXOIOM U3 MOJOOHON CUTyaluu
SIBIIIETCS] TIOJIXOJ], OCHOBAHHBIM Ha MPEACTaBICHUN COOBITHSA CBSI3HOCTH CETH B BHAE CYMM IpPOM3BEACHHUN
HecoBMecTHBIX coObITHii (SDP — Sum of Disjoint Product) [11], mpeacrasnstonux coboit GopMy mepexoaa
K 3aMelIeHHUIO [2—06], IOITyCKaloNIyI0 HEMOCPEACTBEHHBIN Mepexo;] K BEPOSTHOCTHON (DyHKIIMU 3aMEHOM JIOTH-
YECKUX MEPEMEHHBIX (MHOXKECTB) BEPOSTHOCTSAMH, a JIOTHYECKUX OMepaluil (onepamuii HaJ MHOXECTBAMH)
COOTBETCTBYIOIIMMHU apUPMETHIECKUMH ornepaiusamu [7-9]. [lanHoe npeacTaBieHne IPUBOIUT K IOCTATOYHO
KOMITAaKTHOH (hOpMe 3aIHCH Pe3yJIbTHPYIOIIETr0 YPaBHEHHS CBSI3HOCTH H, KaK CIIEICTBUE, K CHIYKCHHUIO BBIYUC-
JIUTEIbHOM CJI0KHOCTH M YMEHBIICHUIO Pe3yNbTUpyromier omuoky okpyriaenus [10, 11]. Otmerum, To gaHHBINA
HoJX0/ peKkoMeHjoBaH otedecTBeHHbIM ['OCToM 11t pacyeTa yCToiurBOCTH (DYHKIMOHUpOBaHus ceteid [12]
Y B HAYYHOI JIUTepaType MOIy4YrI Ha3BaHUE METOIa 00bEIMHEHNUS ¢ Y4eToM dddekra mornomieHus [13].

Camo mpejcTaBieHne COOBITHSI CBSI3HOCTH CETH B BUJIE CyMM MPOHM3BE/ICHUI HECOBMECTHBIX COOBITHIA [11]
0azupyeTcs Ha METOoJle MHOTOIIEPEMEHHBIX MHBEPCUH, SBIISIONIEMCS] PACHIMPEHUEM JTOPHTMa OJHOIepe-
mennoi uaBepcun (SVI — Single Variable Inversion). Ha octoBe Ha6opoB THMoBbIX moarpador (mpocrast
LIeTTb, OCTOBOE JIEPEBO) JTAHHBIN ATOPUTM PEKYPCHUBHO T€HEPUPYET HETIEPECEeKArOIINecs MOIMHOKECTBA IS
Ka)KI0TO 13 HA0OpOB. ANITOPUTM MIOCTPOEH 10 MPUHIIMITY IIWKJI B IMKJIE. Bo BHyTpeHHEM LUKIIE IPOU3BEICHHS
MHBEPTHUPYIOTCA LENHKOM, a HE MTOCIIEN0BATENBHO 110 KaXK/I0M U3 IEPEMEHHBIX B OTJAEIBHOCTH. B pe3ynbrate
(dhopMUPYETCS 3HAUUTEIHPHO MEHbBIIIE COCTABIIAIONUMX OTHOCUTENIbHO SV BeiieacTBre paccMOTpeHHs 00Jib-
LIEr0 KOJMYECTBa IEPEMEHHBIX 32 OJIUH TakT. BHEIIHMI UK iepebupaeT mocae10BaTeNIbHO BCE OT/IENIbHBIE
TUTIOBBIE IOATPadbl U PEKYPCHBHO IepedrpaeT MHBEPCUH C PaHEee BBITIOJIHEHHBIMU IPEOOpa30BaAHUSIMH.

B nogo6HoM anroputMe TpeOyeTcsl Ha KaXOM Iare BHELIHETO IUKJIA POBOAUTH CPABHEHHE TEKY-
LIETO BBIPAKEHHS CBA3HOCTH THUIOBOrO mojrpada ¢ paHee MOIYYEHHBIMH COOTHOLICHUSIMH, IIPUYEM HEOO-
XOJUMO TPOaHAIM3UPOBATh 0043aTeNbHO MX Bce. B HacTosmeil paboTe mpezasaraeTcsi CHU3UTh CIOXKHOCTh
JaHHOW PYTHHHOM MPOLENYPHI 38 CYET PACCMOTPEHUS HE COOBITHS CBSI3HOCTH UCXOJIHOTO rpada, a coObITHS
HECBSA3HOCTH. B pe3yibrare Kakaplil Iar BHEITHETO IMKIIA B Psi/ie caydaeB OyAeT aHaJN3upOBaTh MEHbBIIEE
KOJIMUYECTBO CJIAracéMbIX B paHEE MOITYYEHHOM BBIPAKEHUH, YTO COKPATUT BBIYUCIUTENBHYIO CII0KHOCTD pac-
YeTa BEPOATHOCTHU CBA3HOCTH.
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1. O0muii MoAX0 K pacyeTy BepOSTHOCTH CBSI3HOCTH HA OCHOBE MHBEPCHUIl COCTOSIHUI ceTH

W3BeCTHO HECKOJIBKO TPAKTOBOK MOHSTHUS CBA3HOCTH, 0000IIEHHEM KOTOPOTO SBJSIETCS MHOTOMOJIOC-
Hasl CBSI3HOCTb, BKJIIOYAIOLIAs U IBYXIIOJIIOCHYIO, U BCEIOJIOCHYIO. IIpn 3TOM LenecooOpa3Ho paccMarpu-
BaTh COOBITHE CBA3HOCTH KaK CYIIECTBOBaHUE HEKOTOpOro moarpada Si B KOHKpeTHOM peanu3anuu rpada G,
COZIepIKAIIero 3aJaHHbIe BEPIIMHBI, HCXOJHOTO CIIydaitHOTOo rpada G M 0JHO3HAYHO SBIISIOMIETOCS 1EPEBOM,
JUCTBIMH KOTOPOTO MOTYT OBITH TOJIKO 3TH 3aJaHHble BepIunHbI [14]. {1 o0miero ciayvas MHOTOMIOMIOC-
HOHM ceTH 3THMH noarpadamu Si OKa3bIBAIOTCS JIEPEBhs, NMEIOIINE 3aJaHHbI HA0Op BEPIIHH, IS JBYXIO-
JIIOCHOHM CEeTH — JIEpeBbs, COAEpIKAIUe 3aJaHHYIO TIapy BEPIIUH, MO CYTH, SBISIOLINECS MyTSIMH, JJIs1 BCETO-
JIFOCHOM CETH — OCTOBBIC JIEPEBbs, BKIFOUYAOIIME BCE BEPUIMHBI cay4aitnoro rpada G [15].

Takum 0Opa3om, MHOXKECTBO S Tpa)oB, 11 KOTOPOTO BBIIIOTHSACTCS CBOHCTBO CBS3HOCTH, HMEET Clie-
JIYIOIIAN BUA!

S:{G:EISigG}, (1)
T.€. MHOXECTBO S COCTOUT U3 Bcex rpadoB G, mis KOTOPBIX CYMIECTBYET XOTs Okl oquH moarpad Si, comep-
*amuiics B rpade G [16].

Cnenyer OTMETUTD, YTO JJake HanboJiee COBEPILICHHBIM MOAN(HUKALMSIM METOAA, UCIIOIb3YIOIIUM MHO-
ronepemennyto unBepcuto (MVI — Multiple Variable Inversion), cBoOiCTBEH CylIeCTBEHHBIH HEJOCTATOK,
CBSI3aHHBIM ¢ HEOOXOIMMOCTBIO CPABHUTEIIFHOTO aHAJIM3a KaKIOI'0 CJIaraéMoro CO BCEMH paHee PaccMOT-
PEHHBIMH Ha MPEAMET YHUKATBHOCTH COJIepKaIIMXCs pedep, a TaKKe BBIOIHEHHUS B PsIIe CIy4aeB AOTOTHH-
TeNBHBIX orepanuii Hax MHOkecTBamu [1, 17, 18]. Ins ycTpaHeHus MOMOOHBIX MOBTOPSIIOIINXCST PYTHHHBIX
MIPOLIEAYP LIeTecoo0pa3Ho paccMaTpUBaTh He OOBEAMHEHUE COOBITHI CBSI3HOCTH (HECBS3HOCTH), BBIPOXK/IA-
folieecs B CyMMY HECOBMECTHBIX MPOU3BE/ICHHM, a IepecedeHre MPOTHBOIOIOKHBIX COOBITHH, TaKKe MPH-
BoZslIEE K MOAOOHON CyMMe, HO AJISl OIY4EHHUs] KOTOPOH HEeT HeOOXOANMOCTH BBIIIOJIHATE MHOTOIIEpEMEH-
HYIO0 MHBEPCHIO JUISI KQXKJOTO U3 CIaraeMbIX HaJ BCEMH paHee MPOaHaTn3UPOBAHHBIMH.

Tak, cormacHo ¢opmyie (1) codsitue S cBs3HocTH rpada G cieayeT TpakToBaTh Kak 0ObEAMHEHUE
COOBITHIA CBSIZHOCTH BCEX €ro MmoArpados, 4YTO MPHBOAUT K CIIPABEIIMBOCTH CIEAYIONIETO BBIPAXKCHUS IS
COOBITHSA S CBS3HOCTH CETH:

rae Si, i=1...,S, — coObITHE CBA3HOCTH i-T0 THIIOBOTO moarpada (IyTH, OCTOBOTO, a B OOIIEM CITydae MHO-
T'OIIOJIFOCHOTO JiepeBa) ciryuaiinoro rpaga G.
Kaxnoe coObITHE S CBSI3HOCTH THUIOBOTO mojArpada sBIsieTcsl CIOKHBIM U TPOUCXOAUT TOJIBKO TPH
YCIIOBHM CBSI3HOCTH (pabOTOCIIOCOOHOCTH) COJepKAIIUXCS B 3TOM Hoarpade pedep, T.e.
Ss=1;
I,eS,
rae lj, j=1,...,1, — cobertre cBs3HOCTH (paboTococoOHOCTH) j-TO pebpa rpada G.

[To ycinoButo GhopMyaUpoBKH 000O0IIEHHON Moaen Dpaeiia—PeHbr Bce JaHHbIE COOBITHS HE3aBHCH-

MBI, CJIEIOBATENBHO, BEPOSITHOCTH CBA3HOCTH moarpada [ 19, 20]
P(s;))=TTP(I;)-
I,eS,

OtMeTruM, 4To U1 coOBITHs S cBsI3HOCTH Tpada G naHHAs MyNbTUIUTMKATHBHAS (opMmylsia B 00IeM
cllyyae HECHpPaBEAJIMBa, MOCKOJIBKY COOBITHSA Si CBSI3HOCTH THIIOBBIX MOATPad)0B MOTYT OBITH 3aBUCHMBI
BCJIEJICTBHE NIPUCYTCTBHUS OJTMHAKOBBIX pedep B JaHHBIX mojrpadax. IMEHHO B 3TOM M 3aKIIIOYaETCsl OCHOB-
Has npobJeMa pacyeTa BEpOSTHOCTH CBSI3HOCTH, TAaK KaK OTIEJbHBIC MOArpadsl OKa3bIBalOTCS B3aUMO3aBU-
CHMBIMH, a MOJyYaeMble BRIPAKCHUS HE SBISTIOTCS (popMamu repexo/ia K 3aMelIeHHIo.

XOopoIIo U3BECTHBIM MPHUHIIAI JBOWCTBEHHOCTH [22] TIO3BOJISIET 3alMCaTh COOBITHE S HECBSA3HOCTH

rpada G kak nepecedeHue COOBITHI S, HECBA3HOCTH THUIOBBIX MOATpadoB

55,
=1
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B pesynprate Ha ocHOBE (pOpPMYIBI IOTHONH BEPOATHOCTH BEPOSTHOCTH P(S) CBSI3HOCTH Tpada BBI-

paXkaeTcsl Ha OCHOBE BEPOSTHOCTEH COOBITHIA HECBSI3HOCTH.
i S —
P(S)=1-P(S)=1-P|(s,
i=1

['maBHBIM JOCTOMHCTBOM JIAHHOTO BBIPAKEHUS SIBJISACTCS TO, YTO JANBHEHIIINI epexol K BEPOSITHOCTHOM
(hopMe He moTpedyeT pacCCMOTPEHUS BO BCEX CyMMaX MHBEPCUU BCEX paHee YUTCHHBIX noArpados [16, 21].
JlocTaTOYHO POCTO Ha OCHOBE MPHHIIUIIA TBOHCTBEHHOCTH (DOPMAIN3yeTCsl BRIPAXKEHUE JIJIST COOBITUS

S HecBs3HOCTH Tpada Ha OCHOBE coObITHIA |j paboTocmocobHOCTH pedep:

§:ﬂh:UE

l,eS

2. IIpouenypa npuBeaeHusi ABYX COObITHI HECBA3HOCTHU K 00beIUHEHHIO HE3ABUCHUMbIX COOBITHIA

Jiist HarNIAHOCTY AalbHEHIINX YIIPOIIEHUH 1eJIec000pa3HO MEPBOHAYABHO PACCMOTPETh MPOLEAYPY
YIPOIIEHUs AJIsl ABYX MPOU3BONILHBIX ToArpados. [lepeceuenre coObITHII CBIZHOCTH 3TUX IBYX NOATrpadoB

(puc. 11)
sS=NLNLE=NLN05N =@
l,eS, Ies, IS, 1S, 1.eS,
leS, 1S lesS,
e a = ﬂ |; — coGbrtne cBst3HOCTH pEGEp, BXOIAIMX OJHOBPEMEHHO B i-i 1 k-if moarpader; &, = ﬂ I, -
1,€S, I,eS,
les, I, &S,
coOBITHE CBA3HOCTH pebep, BXOAAIIMX B i-if ¥ He BXOAAIMX B K-if moarpadsl; a,, = ﬂ I, — cobbitue cBsi3-

l,eS,
l,eS,

HOCTH pebep, BXOmAIuX B K-if 1 He BXOAAIINX B i-if moarpadsi.
OTMeTHM, YTO C LIEJIBI0 YCTPAHEHH TPOMO3IKOCTH UCIOJIB3YyEMbIX 0003HAUEHUI onepanus | mepe-
CEUYCHUS COOBITHH MPOITYCKAETCS, €CIIM HE BO3HUKAET HEOJHO3HAYHOCTH ToJKoBaHwmii [11, 22].

Si ) : Sk
/
S / S
/ //7' N \
ik~ Qg L Ay
N ,‘1/" 7

Puc. 1. Pa30uenne 1Byx coOBITHIA CBA3HOCTH MOATPadOB HA HE3aBHCUMEIE
Fig. 1. Splitting of two subgraph connectivity events into independent

HOCKOHBKy BCC IMOJIYUYCHHBIC COOBITHS HC3aBUCHMBI, TO

P(SiS«)= P(ai,k)P(ai/k)P(ak/i ).
B pesynbTaTe cOOBITHS CBSI3HOCTH
Si =88, Sy =88y
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Torna NEepeCcCUCHUC COOBITHI HECBA3HOCTH 3THX ABYX HO,E[I‘pa(bOB npeacTaBuMo B (I)OpMe 06’I>GIII/IHC-
HUA IBYX HC3aBUCUMBIX COOBITHIA:

Sii Sk = & k@ & ki =B U(ai,k Bk Ay )
[TomygenHOE BBIpaXXeHHE SBISIETCSA, TIO CYTH, KIIACCHIECKOH (pOopMOH Tiepexoa K 3aMeIeHHIO, T.€.

P(Si Sy ) = P(ai,k ) + P(ai,k ) P(ai/k ) P(ak/i )
3. Ilpouenypa npuBeaeHus: Tpex COOBITHI HECBSI3HOCTH K 00beIMHEHUIO HE3aBUCUMBIX COOBLITHIA

HJ’I)I TPEX MPOU3BOJIBHBIX HOI[Fpa(bOB NepeccUCHUuc COOBITHI HECBA3HOCTHU npeacraBuUMo B q)OpMC
06’LCI[I/IH6HI/I$I TOXC ABYX, HO 3aBUCUMBIX COOBITHIA:

SiSkSj=2axS; U(ai,k Q/k Bysi S )
CoObiTHst ;) ¥ S, CBAHOCTH BO3MOKHO 3aBUCATh KaK MEPECcEUEHUE BYX COObITHI (puc. 22):
Qi =&, j Xk
Si =28 @k
e &, ; — COOBITHE CBA3HOCTH pebep, BXOAAMX OJHOBPEMEHHO B i-i, K-if u j-i moarpader; a;,; — coObI-
THE CBA3HOCTH pebep, BXOAAIMX B i-if u K-l 1 He BXoasmmX B j-if moarpader; a;,;, — COObITHE CBA3HOCTH

pebep, BXOIAIINX B j-if M HE BXOASAIINX B i-if U K-if moarpadsr.
Torma

&4 S; = 84/ ik i@k =ik, U(ai,k,j Qi k/j Ajrik )1

QS =k @k Ak @ik =ik Ajik-

//,»\ .

‘ ik, ‘
{ & ‘
A/ | C o Akgi
‘ N \\ —/ & “
\\\ s g
S e
e \‘ 4 o ]
‘o /s
X 7 f \\\\
— _ - N //
/ . P \ / N
Qg gk f ) N
\ /f AN : ] P / |
. & /ick
\\ /

Puc. 2. Pa3buenue tpex coObITHil CBsI3HOCTH NOArpadoB Ha HE3aBHCHUMBIC
Fig. 2. Splitting the three connectivity events of subgraphs into independent
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B PE3YIbTATC MCPECCUCHULC COOBITHI HECBSI3HOCTU HUMEET BUI OBYX HE3aBUCHUMBIX 06’LCHI/IHGHI/Iﬁ nu
OJHOTI'0 3aBHUCUMOTO.

SiSkSj=2ax U(a-i,k,j & /i aj/i,k)u(ai,k Qi k Qi Qi )
IIpr 5TOM B TpeThbeM OObEMHEHNH TIEPBBIC 1BA COOBITUS &\ U &j/;y , & TAKIKE COOBITUS &, & H

ak/I SIBIIAIOTCA HE3aBUCUMBIMU, B TO BPEMA KakK COOBITHS A Kk A ai/k , 4 TAKXKC aj/iyk nu ak/i — HCT. HOCJ’ICI[y-

ifi,
Iollee YIPOIICHNE aHATIOTHYHO PaHee ONMMCAHHOMY M 3aKJIF0YAeTCsl B IMOCIENOBATEILHON MPOIEeType pasio-
YKEHHSI TIepeceueHrst OOpaTHBIX COOBITHH B BUAe o0benuHeHwi [ 14]. [lockombky

Ajjik =& jn@jio

Ak =8k iyjrk

TO

Qiik Qe =& k@i &8sy =&k u(ai,j/k Ajsi Ay )’

SiSkSj=a; U(ai,k,j & i/ aj/i,k)u(ai,k & ik Qi )U(ai,k & ik Qi &k Qi )
OcraBuivecs 3aBUCHMBIE COOBITHS &/ U @y;; PACKIAJBIBAIOTCS TOA00HBIM 00pa3oM:
i =& ik
Qi = ki Bgir g
Qi Qsi =4 ki Qrirk & ki %sirj = ki U(aj,k/i Ajjine Qi j )
B pesynbTaTe 00pa3yeTcs COBOKYIMHOCTh OOBEIUHEHHI HE3aBUCUMBIX COOBITHIA
SiSkS;=2a u(ai,k,j &/ aj/i,k)u(ai,k & ik Qi )U(ai,k & ik Qi Qi )U(ai,k & ik Qi Qs jix Qjrigk Qi | )1
KOTOpas ABJIsieTcst POPMOIL Iepexoia K 3aMENLIEHHIO, T.€.

P(515:5) =P (@ )+ P(aci )P (@ )P (ain ) + P(u) P(a )P (8 )

+P(ai,k)P(ai,j/k ) P(%)P(%)*‘ P(ai,k ) P(ai,j/k)P(aj,k/i)P<ai/j/k ) P(aj/i/k)P(ak/i/j )

3akiIoueHue

B pabore npezacraBieH BapraHT yCTpaHEHHS OCHOBHOTO HEJIOCTaTKa HanOosee COBEpIICHHBIX MOH-
¢dukanuii MeTos1a, UCHOIB3YIOMINX MHOTONIEPEMEHHYI0 WHBEPCHIO, — HEOOXOJAUMOCTH MPOBEICHHs CPaBHU-
TEJBHOTO aHaJM3a KaXJIOTo CIIaraeMoro cO BCEMH paHee PacCMOTPEHHBIMH Ha MPeJMET YHUKAIBHOCTH CO-
nepkamuxcsi pedep, a Takke B psAlie CIydaeB JOMOJHUTEIBHBIX OTEpanuii HaJl MHOXecTBamu [1, 23, 24].
CorylacHO JIaHHOMY BapUaHTy IIeJIECOO00pa3HO paccMaTpUBaTh HE OOBEIUHEHHE COOBITHH CBS3HOCTU (HE-
CB$[3HOCTI/I), BBIPpOXKOAKOMIEECTd B CYMMY HECOBMECTHBIX HpOPIBBe)IeHHfI, a NMEPECCUYCHUEC MPOTUBOIIOJIOKHBIX
COOBITHH, TAK)KE MPUBOIAIIEE K MMOA00HONH CyMME, HO IS ITOJIyUYEHHUSI KOTOPOH HET HEOOXOIUMOCTH BBIIOJI-
HATb MHOTOIICPEMEHHYIO MHBEPCUTIO IJIA KaXKJI0I'0 U3 CllaracMbIX HaJd BCEMH PAHEC IMPOBCPCHHBIMU. B urtore
pe3yIbTUPYIOIIEe BBIPAXKEHUE ISl BEPOSITHOCTH UCXOJHOTO Tpada, monydaromieecss HA OCHOBE CTaHIaPTHOU
($hopMbI Mepexo/a K 3aMEIICHHUI0, 33aeTCsA MyTeM PeKYPCHBHOM MPOLEAYPhI, aHATM3UPYIOIIeH Ha KaXXI0M
1are He BCe paHee MOJIyUYCHHbIC COOTHOIICHHUS, a JIUIIb YacTh U3 HUX.
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Tromenckutl 2ocyoapcmeennuiii ynusepcumem, Triomens, Poccus, av.glazkova@utmn.ru

Annotanus. [Ipemiaraercs moaxo/ K yJIydlIeHUIO KauecTBa I'eHepaliy 3arojIoBKOB, OCHOBAHHBINA Ha PaHKUPO-
BaHHH MPHUMEPOB 00ydYarolel BHIOOPKU B COOTBETCTBUM CcO 3HaueHUsIMA MeTpuKH ROUGE-1, BBIUMCICHHBIX IS
TEKCTOB U 3ar0JIOBKOB, (DMIIBTPAIIMU JaHHBIX U TeHEpallMi UCKYCCTBEHHBIX 00ydaromux npumepos. [IpeanoxeHHbIiT
0/IX0JI, MPOTECTUPOBAHHBIN Ha npuMepe HelpocereBoil Monenu BART, nokasan yiydiieHue xauecTBa reHepalnuu
3aroJIOBKOB Ha MaTepHalle IByX aHTJIOS3bIYHBIX KOPITYCOB.

KuroueBble ciioBa: 00paboTKa €CTECTBEHHOTO SI3bIKa; aBTOMAaTHIECKOE pehepIpOBaHUE; aHAIN3 HAYIHBIX TEKCTOB,
reHepanys 3aroinoBkos; BART
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Approach to transforming training data for improving
the title generation performance for scientific texts

Anna V. Glazkova
University of Tyumen, Tyumen, Russian Federation, a.v.glazkova@utmn.ru

Abstract. Due to the significant increase in the availability of scientific resources and their expansion, the analysis
and systematization of scientific documents become an important task of natural language processing. Scientific articles
contain much significant diverse information. Besides, their amount is constantly increasing, and tracking actual
scientific publications takes a lot of time. Reducing the number of viewed documents and their generalization is possible
using special tools for automatic text processing, including text classification, information extraction, and text sum-
marization.

As regards the summarization of scientific documents, one of the particular problems is the generation of the title
for the scientific paper. Taking into account the large volumes of scientific resources, the title is especially signifi-
cant. The title accuracy affects the visibility of the paper by the scientific community and therefore the number
of prospective readers. Moreover, some recent studies showed that the quality of the paper title influences the number
of citations. Despite this, the authors often spend not enough time creating a good title, which makes it non-
informative and non-reflecting the content of the article. To overcome this weakness, the methods of automatic title
generation for scientific texts can be developed and used.
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In this work, we propose an approach to improving the quality of title generation for scientific texts. The
proposed approach uses training data filtering and generates new training examples. We consider the following steps:
1) determining recall-oriented ROUGE-1 scores between titles and source texts from the training set. These scores
show how many words from the title came from the text. Thus, we can conclude the content correspondence between
the title and the source text; 2) ranking examples of the training sample by the recall-oriented scores; 3) filtering
examples having scores less than the threshold value k (k € [0; 1)); 4) training model for title generation on the filtered
training sample; 5) enriching the filtered training sample to the original size with the pseudo examples generated from
the trained model. These examples are generated only for examples removed in the previous step.

The approach was tested on two English corpora of scientific texts (SciTLDR and arXiv). We used scientific
abstracts as a source for text summarization. We evaluated the values of k in the range from 0,3 to 0,9 in increments
of 0,1. In most cases, the results showed that the use of a training sample consisting of filtered and pseudo examples
increases the performance of the title generation in comparison with the generation using the original training sample.
In our experiments, the most preferred values of the threshold k were 0,7 and 0,8. Experiments were conducted using
the BART-base model.

Keywords: natural language processing; automatic text summarization; analysis of scientific texts; title genera-
tion; BART
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Lenpro aBTOMATHYECKOTO pedepupOBaHUs SABISETCS CO3MaHUE (TeHeparus) OoJjiee KpaTKOil BepcHH
ucxonHoro Tekcra [1]. Meroasl aBTOMaTn4eckoro pedeprupoBaHusl B LEJIOM MOAPA3ACISIOTCS HA M3BJICKA-
forue (extractive) u renepupyrontue (abstractive). Ilepeie cTposT pedepar Ha OCHOBAHHH aJrOPUTMOB OT-
Oopa HanboIee BaKHBIX YacTedl MCXOJHOTO TekcTa [2—3], B TO BpeMsi Kak BTOpbIe 000OIIAIOT COAepIKaHUe
OPUTHHAIBHOTO TEKCTa, CO3/1aBasi COBEPIICHHO HOBBIH JTOKyMeHT [4-5]. BBuay CI0KHOCTH CO3IaHUs Kade-
CTBEHHOI'O TEKCTa Ha €CTECTBEHHOM S3bIKE IIPHU MOMOIIN KOMIIBIOTEPHBIX CPEICTB, U3BICKAIOLINE METOMBI
B HACTOSILIEE BPeMsl HMEIOT OoJiee MIMPOKOoe MpakTHIecKoe npuMeHenre. OHaKko B MOCIEAHUE TOIbI HAOJII0-
JlaeTCsl POCT MHTEpeca K MeHEPHUPYIOIIMM METOAaM, MOTEHIMAIbHO MMEIOUIMM 0ojiee IIMPOKUNA KpyTr BO3-
MOXKHOCTEH ¥ BAPHAHTOB HCIIOIb30BaHHs [6].

OreHka KadecTBa ajJrOPUTMOB aBTOMAaTHUECKOrO pedeprupoBaHMs BBIINOIHSIETCS C MOMOIIBIO CHELH-
QIBHO pa3pa0OTaHHBIX METPHK CXOXKECTH TeKCTOB. OIHOW W3 pacnpoCTpaHEHHBIX METPHK SIBIISETCA
ROUGE-N (Recall-Oriented Understudy for Gisting Evaluation), kortopast orieHHBaeT CX0KeCTh KaK J0JO
nepecekammuxcst N-rpaMMm AByx TekcToB [7]. CoorBercTBeHHO, ROUGE-1 mM3mepsieT cOOTBETCTBUE YHH-
rpamMm (OTHeNbHBIX ciioB Wiu TokeHoB), ROUGE-2 — Gurpamm (map ciioB wiM TOKEHOB) M T.O. Jpyrumu
pacnpocTpaHeHHBIMH METPUKaMH KadecTBa aBTOMaTH4YecKkoro pedepupoBanus sBisitores BERTScore [8],
BBIpa)KAIOIIas CXOJCTBO TEKCTOB HA OCHOBE MX KOHTEKCTyalM3MPOBAaHHBIX mpeacrtaBmenuit, BLEU [9],
OTIpeIeIISIIoNIasl Mepy KadecTBa pedepupoBaHHs OJHOBPEMEHHO JIJIsl HECKOJIBKUX pa3MepoB N-rpaMM U Ap.
Jlydmue pe3ynbTaThl B 00JaCTH TEHEPUPYIOIETO aBTOMATHYECKOrO pedeprpoBaHMsl B TOCIEIHUE TOJBI
JIEMOHCTPHUPYIOT MOJIENH, OCHOBAaHHbIC Ha MPUMEHEHHH HeHpoceTeBoi apxuTekTypsl Transformer. B gact-
HocTH, K HUM otHocstest BART [10], Pegasus [11], T5 [12], BertSumAbs [13].

I'eneparnust 3aroJOBKOB SIBIISIETCS BaXKHOM 3aJlaueil aBToMaTHUeCKoro pedepupoBanus. ABToMaTnie-
CKasl TeHepaIys 3aroJIOBKOB TI03BOJISIET COKPATUThL BPEMEHHBIE 3aTPaThl HA HAITUCAHNE TEKCTOB M O0ECTICUUTh
CO3J/IaHHE 3aroJIOBKOB, 0OBEKTUBHO OTPaXKAIOIIMX cojaepkanue Tekcta [14]. K HacTosieMy MOMEHTY mpe-
JIOXKEH Psijl TIOJXOJIOB K aBTOMAaTHYECKOMY CO3/[aHUIO 3ar0JIOBKOB, 3T pabOThI BHITIOJHEHBI B OCHOBHOM Ha
MaTepurase HOBOCTHBIX TeKCTOB [15—17]. Tem He MeHee nccieoBaHre METOIOJIOTHH T€HEPAIINH 3aTOJIOBKOB
JUIsL APYTHX JKaHPOB TaKXKe MPEJCTABISICTCS] aKTyallbHOM 3a/avell. B yacTHOCTH, MHCTPYMEHTHI TeHepaiuu
3aroJIOBKOB Hay4YHBIX TEKCTOB, MIMPOKO MPEJCTABICHHBIX B MHOT'OYHCICHHBIX AJIEKTPOHHBIX OMOIUOTEKAX,
CHOCOOHBI 3HAYHUTENILHO YCKOPUTh CHCTEMATU3AIMI0 MaTEPUAIOB HAYYHBIX JIEKTPOHHBIX pecypcoB. Kpome
TOT0, UCCIIEIOBAHUS MOJITBEPAMIIM, YTO KAYECTBO 3ar0JIOBKA HAYYHOTO TEKCTa BIHUIET HA BUIMMOCTh PaOOTHI
HAYYHOMY COOOIIECTBY M KOJUYECTBO IUTHpOBaHuii [18—19].
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3arosoBOK He BCerza TOYHO OTpaXkaeT cojep)kaHue Tekcra. Tak, B padore [20] oTMedeHO, 4TO HO-
BOCTHBIE 3ar0JIOBKH 3a4acTyl0 Ha COOTBETCTBYIOT UCXOAHBIM TEKCTaM C TOUYKH 3pEHHUS IIepecedeHus: N-rpaMm.
OTO 3aTpyAHAET MPUMEHEHHE AITOPUTMOB MAIIMHHOTO OOYYEHHS, KOTOPBIM Ul CO3AaHUSI KauyeCTBEHHOU
MOJIeNIM HEoOXOAMMa penpe3eHTaTUBHAsg oOydvaromias BBIOOpKa. ABTOpPBI MPEAJIOKWIN HCIOIB30BAThH
HelipoceTeBble MOJIeNH, OOYUYEeHHBIE JII aBTOMAaTHYECKOTO OMPEAETICHHUS IOTHUECKON CBSA3U MEXIy TeKCTa-
mu (Natural Language Inference; NLI), 4To0b1 0uncTuTh 00Yy4aroIIy0 BHIOOPKY OT HOBOCTHBIX 3ar'0JIOBKOB,
HE SBJISIOUIMXCS JJOTMYECKUMH CIEACTBUSIMUA UCXOJHOTO TEKCTa, U TEM CAMBIM TIOBBICUTH Ka4€CTBO MOJIENEH
aBTOMaTH4eCcKoro pedepupoBanus. B oTiinune OT 3arojlOBKOB TEKCTOB HOBOCTHBIX MOPTAJIOB, 3ar0JIOBKH
HAYYHBIX cTaTel ABIAIOTCS Oojiee abCTPaKTHBIME M PeXKe MPEICTABISIOT COO0H mepeckas colepKaHus TeK-
CTa B paMKax OJIHOTO npeanoxeHus [21-22]. ABTopsl padot [23—24] moAUYepKUBAIOT, YTO MHOTHE 3ar0JIOBKH
HAYYHBIX CTaTeil HHPOPMHUPYIOT O CMBICIIE HAYYHOT'O TEKCTa, YBEICHHOM B MOATEKCT, U TIOHUMAIOTCS PETPO-
CIEKTHUBHO, MOCJIE€ MPOYTEHUs TEKCTOB. TakuM oOpaszom, mpuMeHenue mojeneit NLI ans ananormunoit ore-
pauuu HaJ HayYHBIMH TEKCTaMH BUIUTCSI MEHEE MEPCICKTHBHBIM.

B nmanno# pabote npenaraercsi HOAXOA K MOBBILICHNUIO KAYeCTBA T€HEPALUH 3ar0JI0BKOB AJIs1 HAYYHBIX
TEKCTOB, OCHOBAaHHbIM Ha MpeoOpa30BaHUIX OOYdYaIOIIMX JAHHBIX. ABTOP OLIEHMBAET KaueCTBO 3arojOBKOB
u3 obyuarorieil BBIOOPKH ¢ momorbio mokasateneit monHotel (recall) merpuku ROUGE-1, paccuntanHoi
IUIs1 TEKCTOB 3arojIOBKOB M aHHOTaIMK Hay4dHbIX cTareil. [lomyyeHHble pe3ynbTaThl IOKA3bIBAIOT, KaKasl OIS
CJIOB 3aroJIOBKa ITOJy4eHA U3 TEKCTa aHHOTALMH, T.€. HACKOJIBKO 3ar0JIOBOK COOTBETCTBYET €€ COIECP KaHUIO.
3aroyioBKH, UMEIONINEe HU3KANA YPOBEHb COOTBETCTBUS, MOTYT OBITh OTCESHBI (OT(HMIBTPOBAHBI) TIPH 00yUe-
HUM MOJEJH T'€Hepalyy 3arojoBka. Tak, «IIyMHbIe» JaHHBIE HCKIIOYAIOTCA U3 polecca o0yueHus. Takxe
aBTOP SKCIEPUMEHTHUPYET C TeHepalrell MCKyCCTBEHHbBIX OOyYaromuX MPHUMEPOB Ul OTCESHHBIX TEKCTOB.
Pe3ynpraTel cpaBHUBAIOTCS C pe3ylbTaTaMH MOJENH, OOYYSHHOM Ha IMOJIHOM KOpIyce TeKCTOB (0e3 (uiib-
Tpalun), ¥ MOJAeNH, 0Oy4eHHOW Ha 3aroJoBKax, OTOOpaHHBIX ¢ momomisio Mojenu NLI. DkcrnepumeHTs
MIPOBEJICHB HA MaTepHalie aHTJIOSA3BIYHBIX KOPITyCOB ¢ moMoIbio moxenu BART s rermepupyromiero pe-
(epupoBaHUs TEKCTOB.

1. TexcToBBIE KOpPILYCA

HccnenoBanrne mpoBOAMIIOCH Ha MaTepualle JIByX TEKCTOBBIX KOPIIYCOB, COAEPKAIMX 3aroJIOBKH
Hay4dHbIX cTaredl W ux anHortanuu. Kopmyc SCITLDR [25] Bkimiodaer B ceOsi (hparMeHThI aHTTIOA3BIYHBIX
HAyYHBIX CTaTel KOMIIBIOTEPHOH W MH(GOPMALMOHHONW TEMAaTHKH, cOOpaHHBIE Ha OTKPHITOW miaTdopme
OpenReview.org. Kopmyc arXiv npeacrasnser co6oii ¢pparmenT garacera arXiv:, pasMeleHHoro Ha miar-
dopme Kaggle. On Biitouaer B ceOst pparMeHThI aHIIIOS3bIYHBIX MPEMPUHTOB, OMYyOINKOBAaHHBIX B 3JICK-
TpPOHHOH OHOIMOTEKEe arXiVv.0rg, OTHOCSIIHECS K CIIEAYIONMM TEMAaTHKaM: CTaTUCTHKA, OHoJorHs, Gpusnka,
SKOHOMHKA, KOMIBIOTEPHbIE HAyKH, MaTeMaThka. B KauecTBe MCTOYHMKA JUISl TEHEpPAIMH 3arojOBKOB HC-
MOJIb30BaHbI TEKCTHl aHHOTALIMI HaydHBIX cTaTeil. OCHOBHBIC CTATHCTHYECKHE XapaKTEPHUCTUKH KOPITYyCOB
TIpeACTaBICHBI B Ta0m. 1.

Ta6numa 1

Xap AKTEPUCTUKH TEKCTOBBIX KOPITYCOB

XapaxkTepucTuka SciTLDR arXiv
OO6mHii 06beM (KOJHYECTBO Map 3aroJJ0BOK—aHHOTAIIN ) 3229 20 000
O06bem obydaromei BHIOOPKH 1992 16 000
O0beM BaTHIAIMOHHON BEIOOPKH 619 2000
O0BeM TecToBOH BEIOOPKH 618 2000
Cpenusisi UIMHA aHHOTAIMH (B CIIOBAX) 172,38 130,69
CpenHsis JUTIHA 3ar0JIOBKa (B CJIOBAX) 8,74 10,14
Kosn4ecTBo yHHKaNBHBIX CIIOB (B aHHOTALIUSX) 6 997 15 200
KosmiecTBo yHHKAJIBHBIX CIIOB (B 3ar0JIOBKAX) 1597 4529
Jost HOBBIX CiOB (*) 20,34 22,01

L https://www.kaggle.com/Cornell-University/arxiv
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st pacueTa oM HOBBIX OB (*) MCTONB30BaNIack crieayromias Gpopmymna:

New__words = M , Q)
W]

rae Wi u W, — MHOXKeCcTBa YHUKAJIBHBIX CIIOB ISl 3aTOJIOBKOB M aHHOTAIlWH COOTBETCTBeHHO. B (1) || 000-

3HAYaeT MOIIHOCTh MHOXECTBA, 3HaK \ 0003HAYACT PA3HOCTh MHOYKECTB.
2. lloaxon k mpeoOpa3oBaHuio 00yyalouieil BLIOOPKH

[pennaraemplii moaxon K GUIBTPAIMK U reHepanuy 00yJaroInuX IPUMEPOB COCTOUT B MMPUMEHEHUH
CJICAYIOIINX IIaroB.

1. Onpenenuts 3HaYeHMs MOKazareiei moHOTh MeTpukun ROUGE-1, BerumcneHHol ajis map 3aro-
JIOBKOB M aHHOTAIMil u3 oOydaromieit BeIOopku D.

3navyenne metpukn ROUGE-1 oTHOCHTENBHO 33[jaui aBTOMAaTHYECKOTO ped)epupOBaHUs XapaKTepH-
3yeT CTEMEeHb CXOJCTBA YHUTPAaMM CreHEPHPOBAHHOTO TEKCTa (B JaHHOM CIIydyac 3arojioBKa) U UCXOHOTO
TeKCTa (AaHHOTAIIMK) M BBIYMCISICTCS TI0 MPUHIIUITY HAX0XIeHus1 F-Mephr:

2x ROUGE-1(recall ) x ROUGE-1( precision)
ROUGE-1( recall ) + ROUGE-1( precision)

[Tpu sToM 3HaueHHe nokazaTesel noiHoTh (recall) MeTpuku mokasbiBaeT, Kakas JI0Jisl CJIOB, IPUCYTCTBYIO-
LUX B 3arOJIOBKE, IIPUCYTCTBYET B TEKCTE aHHOTALUU.

ROUGE-1= 2)

KOJIMYECTBO COBIAJAOIUX YHUT'PAMM IJIA 3ar0JIOBKAa U TEKCTa

ROUGE-1(recall ) = (3)

KOJIMYECTBO YHUTPAMM 3aroJIOBKa
3HauyeHue MoKa3aTeneil TOYHOCTH (PrecisSion) MeTpUKK XapaKTepH3yeT OO CJIOB TEKCTa, IPUCYTCTBYOIINX
B 3ar0JIOBKE.

.. KOJIMYECTBO COBIIAJAOIINX HUrpamMm AJist 3aroJioBKa U TEKCTa
ROUGE-1( precision) = a YIrpavM A :

(4)

KOJIMYCCTBO YHUI'PAMM TCKCTa

2. PamxupoBarh mnpuMepbl 00ydYaromieil BBIOOPKH B COOTBETCTBHM C TIOTAPHBIMH 3HAYCHHSIMHU
ROUGE-1 (recall).

3. Orcests npumepsl, umerornue 3nauennss ROUGE-1 (recall), menbime noporoBoro koagduirienra K,
T.€. TAKUE TIApbl aHHOTAIMIA M 3ar0JIOBKOB, B KOTOPBIX 3ar0JIOBOK XapaKTePU3yeTCss HAUMEHBIINM COZepkKa-
HHEM CJIOB, TPUCYTCTBYIOIINX B aHHOTAITUK. 3HaueHue K Haxoaures B auamnasone [0; 1).

4. OOyuuTh MOZICSb Ha (PUIBTPOBAHHOM 00y4YaroIiel BoIOOpKe Driltered.

C noMomp0 00y4eHHOW MOJIENH CreHEPHPOBATh HOBBIE 3arOJIOBKHU JUIS NMPUMEPOB, KOTOpPbIE OBLIH
OT(UILTPOBAHBI, MOTYYHUB BEIOOPKY Dgenerated pa3mMepa, COOTBETCTBYIOIIETO pa3Mepy BeiOopku D.

3. DkcnepuMeHTHI M pe3yJbTaThl
3.1. Mooenw

B kauecTBe Mozenu reHepaly 3arojioBKOB HMcnosib3oBanack BART-base, Bapuanus mogenn BART
JUIsl aBTOMAaTHYecKoro pedepupoBanus, komOuHupytomieir B cebe sukogaep BERT (Bidirectional Encoder
Representations from Transformers) [26] u nexomep GPT-2 [27]. Monenb uMeeT CIeAyIoIne XapakTepr-
CTHKH: KOJMYECTBO ciioeB — 12 (6 ciioeB 3HKOzEpa U 6 CIOEB AEKOAEpa), pa3Mep CKPBITOro cios — 768, Ko-
JMYECTBO TIapaMeTpoB — 139 MuIH, cTparerusi JeKOAUPOBAHUS — JIY4€BOW MOUCK (KOJMYECTBO IIAroB — 5),
KpPOCC-3HTPOIUIHAS (PYHKIHS [TOTEPb.

B pamMkax sKcriepuMeHTOB Kaxkaas MoJieib Obuta o0ydeHa (fine-tuned) na oOyuaromieii BEIOOpKE B Te-
YyeHue 3 310X ¢ pa3MepoM OaTya, paBHBIM 4, 1 MAaKCUMaJIbHOM JUTMHOW BXOJHOM IOCIIEI0BATEIbHOCTH, PaB-
Holi 256 TokeHaMm. [locne xaxxnoi uTepauun o0y4deHus MPOBOJMIIACH IPOBEPKA MOJCTH Ha BaUAALMOHHOMN
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BbI60pKe. qumaﬂ MOACIb OLICHUBAJIaCh Ha TECTOBOM BLI60pKe. I[J'I}I peajm3anu UCI0JIb30BAJINCH ouobIHo-
teku PyTorch [28] u Transformers [29].

3.2. Ilpeoobpaszosanus odyuaiouieii 6b160pKu

Ha navanpHOM 3Tamne mpoBeeHUsT SKCIIEPUMEHTOB JAJIsl TEKCTOB 00y4aroImnuX BEIOOPOK 000HMX KOpITy-
coB ObLH BeumciieHs! 3Hauenuss ROUGE-1 (recall) (m. 2, mrar 1). Kak BUaHO U3 JaHHBIX, TPOWLTIOCTPUPO-
BaHHBIX pHUC. 1, OoNbIIas 4acThb MPUMEPOB B OOYHYAIOMIMX BBIOOPKAaxX OOOMX KOPIIYCOB MMEET 3HA4YEHHUE
METpHUKH, Ooubiiree aubo pasHoe 0,8 (6omee 64% mpumepos u3 kopmyca SCITLDR u 6omee 70% wu3 arXiv).
[IpeBanupytorieli KaTeropuei Mpu 3TOM SIBIISIOTCS Tapbl AaHHOTAIMK U 3ar0JI0BKOB, AJISl KOTOPHIX 3HAYCHUE
MeTpuKHu paBHO min npesbimaet 0,9 (40,4% u 47,7% cOOTBETCTBEHHO). JTO 3HAYUT, YTO B OOJNBIIMHCTBE
ClIlyyaeB 3aroJIOBOK HayYHOTO TEKCTa MPEUMYIIECTBEHHO COCTOMUT U3 CJIOB, BXOASALINX B COCTAaB aHHOTAIINH.
OpHako B ciiydae 000MX KOPITYCOB CYIIECTBYET 3HAUYUTEIIBLHOES KOJIMYECTBO pUMEpoB, 3HaueHrne ROUGE-1
(recall) mis koropeix He npesbiaet 0,5 (4,7% nnst SCITLDR u 5,2% ms arXiv). Ilpumepsl ¢ HU3KUM 3Ha-
YCHHUEM METPHKH MOXHO PACCMATPHUBAThH KaK «IIYMHBIC» W MOMBITATHCS YIYYIIMTH KAYECTBO MOJICITH aBTO-
MaTHYECKOTO pe)epUpOBaHUS, UCKITIOUUB HX U3 TIpoliecca 00yUYeHHsI.
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FHTepeane pacnpegenednA ROUGE-1 (recall)

Puc. 1. Pacnpenenenue 3nauenuii mokasatenei nomHotsl ROUGE-1 ni1s nprMepoB o0y4varolei BBIGOpKH.
Fig. 1. Distribution of recall-oriented ROUGE-1 values for the training set

[Tocne pamxupoBaHUs MPUMEPOB 00yUarolieii BLIOOPKK B cOOTBEeTCTBUH coO 3HaueHusMU ROUGE-1
(recall) (. 2, war 2) ans orcenBanus 0OydarOWKX IPUMePOB Oblmn BbIOGpaHsl 3Hauenns K €[0,5;1) ¢ ma-

rom 0,1 (1. 2, mar 3). Menbluue 3Ha4eHust K He OIIEHUBAINCH, MOCKOJBKY JUIS UCTIOIb3YEMbIX KOPITYCOB KO-
JIMYECTBO MPUMEPOB, oTcenBaeMbix mpu K < 0,4 mocrarouno mano (menee 3% ot pasmepa D). Pazmepsi
bubTpoBaHHON BBIOOPKH Drfiltered UTs1 IByX KOPIIYCOB M pa3IM4HBIX 3HaUeHU# K mpecraBieHs! B Ta0. 2.

TaGnuuma 2

Pa3mepb! puabTpoBaHHOIl BBIOOPKH Diilered (B cKOOKaX yKa3aHa [10J1s1 OT pa3Mepa HCXOIHOIi BLIOOPKH)

k SciTLDR arXiv
0,5 1901 (95,4%) 15 164 (94,8%)
0,6 1 808 (90,8%) 14 292 (89,3%)
0,7 1 644 (82,5%) 13 267 (82,9%)
0,8 1284 (64,5%) 11 261 (70,4%)
0,9 805 (40,4%) 7 636 (47,7%)

dunbrpoBanHas BbIOOpPKa Drittered MICTIONB30BANACh JIISI OOyUEHHMS MOJENU TeHEpaluu 3arojOBKOB
(1. 2, war 4). Jlanee ¢ moMoIp0 00y4eHHOW MOEIN ObLIH CTeHEPHUPOBAaHbI HCKYCCTBEHHBIE 3aI0JIOBKH JIJIst
OTCESIHHBIX mpuMepoB (1. 2, mwar 5). beua chopmupoBana oOyuaromasi BEIOOpKA Dgenerated, COCTOSIIAS U3
MPUMEPOB, BXOAAIINX B BEIOOPKY Dfiltered, U HCKYCCTBEHHBIX IPUMEPOB.
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3.4. Pezynomamut

B Tab:1. 3 cpaBHUBAIOTCS pe3yabTaThl MOJENCH, 00YUEHHBIX Ha pa3HBIX THIAX 00y4aromuX BEIOOPOK:

1) obyuenue Ha ucxoaHoM BeibOpKe (D), bazosas modens,

2) oOyuenue Ha puibTpoBaHHOU 00yUaromel BIOOPKE (Drfiltered) IPU pa3IMYHBIX 3HAYCHHSX K;

3) oOyueHue Ha BBIOOPKE, COCTOSIICH M3 OT(QHIBTPOBAHHBIX M HCKYCCTBEHHBIX MPUMEPOB (Dgenerated)
NP Pa3TUYHbIX 3HAYCHHSX K.

[NoyueHHbIe pe3ybTaThl CPaBHEHBI C pe3yIbTaTaMu Mojiesiel, 00y4eHHBIX Ha BEIOOpKax, (PUIBTPOBaH-
HbIX ¢ oMotk Moaenu NLI. TTo ananoruu ¢ [20] B nanHoit pabote ucnonb3oBaiack Moaear ROBERTa-
large-mnli [30] anst ompeneneHus JTOrMYECKOW CBSA3M MEXKAY ABYMs TEKCTaMH, OOydeHHas Ha KOpIyce
MultiNLI [31]. ns ¢popmupoBanus puiibTpoBaHHON BEIOOPKH Dnifiltered OBLITH OTCESHBI IPUMEPBI, B KOTO-
PBIX TEKCTHI 3arOJIOBKOB HE SBJISIOTCS JIOTHUECKH CBSI3aHHBIMU C TEKCTaMM aHHOTauuid. Pasmep BbIOOpKM

Dni-fittered cocTaBwut 1 047 texctoB mis SCITLDR u 8 705 texcros mis arXiv. Jamee mo anamoruut ¢ Dgenerated
Ob1a chopmmpoBaHa BEIOOPKA DnLi-generated, BKJTFOUatomas B ceds GpriIpTpoBaHHBIE U MICKYCCTBEHHBIE MTPHMeE-
pel. CpaBHeHHE KadecTBa T€HEpAIMH 3aroJOBKOB MPOBOIUTCS C MOMOIIBIO 4eThipex meTpuk: ROUGE-1,
ROUGE-2, ROUGE-L (ROUGE-N, paccunTtanHas s HauOOJbIIEH OOMICH IMOCIEI0BATEILHOCTH),
BERTScore. Jly4mme 3Ha4eHus C TOYKH 3pEHUS KaXKI0W METPUKH BBIICTICHBI MOy >KHPHBIM MIPUPTOM.

Tabnuna 3
PesyabTatsel, %
Kopmyc Obyuaroiast BBIOOpKa ROUGE-1 ROUGE-2 ROUGE-L BERTScore
D 45,3 26,81 41,81 88,94
Drittered (k = 0,5) 45,33 26,7 41,8 88,93
Drittered (k = 0,6) 45,18 26,56 41,66 88,87
Drittered (k = 0,7) 44,6 26,23 41,05 88,85
Drittered (k = 0,8) 44,53 26,27 41,15 88,95
Drittered (k = 0,9) 43,7 24,41 39,49 88,72
SciTLDR DNLi-filtered 43,27 24,56 39,51 88,75
Dagenerated (kK = 0,5) 45,25 26,8 41,78 88,92
Dgenerated (K = 0,6) 45,14 26,8 41,08 88,8
Dagenerated (kK = 0,7) 45,36 26,79 42,2 88,97
Dagenerated (k = 0,8) 45,32 26,87 42,11 88,96
Dgenerated (K = 0,9) 44,01 25,17 39,56 88,83
DNLI-generated 44,05 25,44 40,87 88,77
D 42,35 234 38,3 87,83
Drittered (k = 0,5) 42,3 23,42 38,3 87,82
Drittered (k = 0,6) 42,85 24,13 38,41 87,88
Drittered (k = 0,7) 43,1 24,25 39,19 87,91
Drittered (k = 0,8) 43,14 24,22 39,24 87,94
Drittered (k = 0,9) 42,14 22,88 37,99 87,78
arXiv DnLI-filtered 42,25 23,08 38,03 87,81
Dagenerated (kK = 0,5) 42,44 23,7 38,56 87,84
Dgenerated (k = 0,6) 42,57 23,88 39 87,84
Dagenerated (kK = 0,7) 43,4 24,32 39,22 87,88
Dgenerated (kK = 0,8) 43,44 24,31 39,25 87,95
Dagenerated (kK = 0,9) 42,11 22,93 38,01 87,77
DNLI-generated 42,3 22,9 38,03 87,79

OoOyuenue Ha BoIOOPKE Diiltered 1S KOpIyca arXiVv mokasajio yiydllieHHe pe3yJbTaTOB B CPAaBHCHUHU
¢ 6a30Boit MozeNbI0 TIpH 3HaueHuIx K ot 0,6 10 0,8. B ocTanbHBIX ClTydasx KadeCTBO COIOCTABMMO C Kave-
crBoM OaszoBoit mogenu. s SCITLDR kagecTBO IMOCTENEHHO CHIDKAETCS ¢ yYMeHbIneHneM pasmepa Diijtered.
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OOyuenue Ha BBIOOPKE Dgenerated B OOJBIIMHCTBE CIy4acB yJIyYLIMIO Pe3yJbTaThl Ha Kopiryce arXiv (Jydmime
pesyabTatel monydensl npu K =0,7 u k= 0,8). {ng SCITLDR ymnyumienne 3ameTHo taxke npu K =0,7 u
k = 0,8. ITpu atrom nipu k = 0,9 kauecTBO Becex Mopeneil pe3ko yxyamaercs. MoJesnu, HCIoIb3yoNue (Qriib-
Tpauuio JaHHbIX ¢ moMobio NLI, He TeMOHCTpUPYIOT yaydIlIeHHs! KadyecTBa B CPABHEHHH ¢ 0a30BOW MOJIETIBIO.
3TO NOATBEpKIAET TUIOTE3Y 0 Hed(D(HEKTUBHOCTH TAKOTO MOAXOAA ISl HAyYHBIX TEKCTOB. BhIsBIEHHBIE pa3-
JMYUs B pe3ysibTaTax Ha JABYX KOpITycax 0OyCJIOBIICHBI, BEPOSTHO, MEHBIIUM pazMepoM kopmyca SCiTLDR.

3akiaouenne

B pabote nipeiioxkeH moaxo/] K OBBIIICHUIO Ka4eCTBA TeHePaIliy 3aroJIOBKOB JIJIsl HAYYHBIX TEKCTOB,
WCTIONB3YIOMNH QuibTparuio o0ydaroieil BHIOOPKM Ha OCHOBE OIICHKH TOKa3aTeNed MOJHOTHI METPUKU
ROUGE-1 u reHepaliui HCKyCCTBEHHBIX IPUMeEpOB. TecTrpoBaHUe MOIX0/1a Ha MaTepHale IByX TEKCTOBBIX
KOpPITyCOB IIOKa3aJIO €ro pe3yJIbTaTUBHOCTb U IMO3BOJIMJIO BBIABUTH HaI/I6OJICC IpEANTOYTHUTCIIBHBIC 3HAYCHUS
noporoBoro koddduuuenra. [logydeHHble pe3ynbTaThl MOTYT OBITH MPHUMEHEHBI B CHCTEMax aBTOMaTHYe-
CKOTo pedepupoBaHUsS W NIEKTPOHHBIX HAyUHBIX OMOIMOTeKax. [IyTsSMHU manbHEHIIEro pa3BUTHS JaHHOTO
WCCIICIOBAHUS SIBJIAIOTCS, C OJHOM CTOPOHBI, aBTOMATH3AlIMs ONPE/CIICHUSI TOPOTrOBOT0 KO3 (UIIUCHTA H,
C IpYTroi CTOPOHBI, TECTUPOBAHUE NPEATIOKEHHOTO MOAXO0Aa C TOMOILBIO APYTUX MOJEIEH aBTOMaTUYECKO-
ro pedepupoBaHys U Ha IPYTruX Kopiycax (B TOM YHCIIE PyCCKOS3bIYHBIX).
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BECTHUK TOMCKOI'O TOCYIAPCTBEHHOI'O YHUBEPCUTETA
2022 VYrpagieHue, BBIYUCIUTENbHAS TEXHUKA U HH(DOpMaTHKa No 59
Tomsk State University Journal of Control and Computer Science

Hayuynas craTes
VY]IK 621.382
doi: 10.17223/19988605/59/12

Hcnoab3oBaHue CHHTE3a BHICOKOTO YPoBH4 /151 peajm3anuu Ha [IJIMC aganTUBHBIX
LMS-¢puabTpos, padorawuux B gopmMaTte ¢ niaBaouieil 3ansiToi

Nuna BragumupoBHa YIICeHHHA
Tenzenckuil 2ocyoapcmeennblii mexnonozuueckuti yuusepcumem, Ilensa, Poccus, ivI23@yandex.ru

AnHoTanus. PaccMoTpeHa BO3MOXKHOCTh HCIIOIB30BAaHMS CHHTE3a BBICOKOTO YPOBHA isl peanu3anuu Ha [IJINC
aJanTUBHBIX QUIBTPOB HaMMEHBIINX KBagpatoB (LMS-¢uibTpoB), padoTaromux B popmaTe ¢ IuiaBaromiei 3amsTom.
Pa3paboTka aganTuBHBIX (HIBTPOB HE aBTOMATU3UPOBAHA B cpelax mpoekrupoBanus ycrpoiicts Ha [TJIMC u sBms-
€TCsl TPYZAOEMKHM H JUTUTEIILHBIM IIPOIIECCOM, a CHHTE3 BEICOKOTO YPOBHS IT03BOJISICT COKOHOMUTH BpeMsl — M 32 CUET
onucaHus (pUIBTPa Ha BBICOKOM YPOBHE aOCTPAKIUH, U 332 CYET BO3MOKHOCTH OBICTPON CMEHBI HACTPOEK, BIMSIOIINX
Ha apxXHUTEeKTypy ¢mibTpa. B cTaThe mpencraBieHBl UCXOAHBIH KOJ, ONMCHIBatomui anroputM LMS, HacTpoliku u
pe3yIbTaThl CHHTE3a BEICOKOTO YPOBHS — 1Ba BapuaHTta onucanus LMS-¢dubrpa, rotosie k peanmmzaunu Ha [TJINC.
IMoka3zano, 4to 3()(eKTUBHOW Mepoil COKpallleH!s] BpeMeHH BbImoHeHus: LMS-anroputMa siBisieTcs: KOHBeiepu3a-
Vs [IUKJIa BHIYUCIICHHH.

KuaroueBble ciioBa: cunte3 Boicokoro yposus; IUITC; LMS-¢bunstp; dopmar ¢ miaBaromieil 3amstoil; IupeKTHBEI
CHHTE3a

Jna yumuposanus: YmennHa W.B. Hcnonp3oBaHume cHHTE3a BBICOKOTO YpOBHA it peanmm3anmu Ha [LIJIMC
anantuBHbIXx LMS-dunsTpos, paGoraromux B popmare ¢ miasaroniei 3amnsntoii // Becthuk TOMCKOTO rocy1apCTBeH-
HOTO YHUBEPCHTETa. YTpaBieHHEe, BBIYHUCIHTENbHAS TexHuka u uHbopMaruka. 2022. Ne 59. C. 108-116. doi:
10.17223/19988605/59/12

Original article
doi: 10.17223/19988605/59/12

FPGA implementation of floating-point LMS adaptive filters using high-level synthesis

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

Abstract. This paper considers how to use high-level synthesis (HLS) tools for FPGA implementation of floating-
point least mean square (LMS) adaptive filters. The essence of high-level synthesis is to transform a source code
written in a programming language like C or C++ to an RTL code which is later used for creating an IP module.
High-level synthesis provides a possibility to concentrate on the algorithm and architecture of a scheme being developed,
while FPGA resources and their connectivity are determined automatically. This is especially important when
developing adaptive filters on FPGAs because the automated FPGA design of adaptive filters is not supported
in IDEs just as it is done for FIR filters.

In this paper, the source code of the LMS adaptive algorithm is written in C++ language. In the main function of
the source code, input, output, and internal variables are presented as single-precision, floating-point numbers in line
with IEEE 754 standard. Samples of the input signal and desired signal are the input variables, while samples of
the output signal and error signal are the output variables. During a high-level synthesis procedure, input and output
variables of the main function are transformed into input and output ports of the IP module being synthesized.

HLS is carried out under the control of synthesis settings and directives formed separately from the source code.
A combination of the source code with different synthesis settings and (or) directives leads to different results, each
of which is called a project solution. In this paper, the same source code of the LMS adaptive algorithm is used
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to create two solutions of the LMS adaptive filter under the control of two different sets of synthesis settings and
directives. Within each solution, the LMS filters were synthesized of the order ranging from 32 to 512 coefficients.
For each set of synthesis settings, the minimum clock frequency was set equal to 100 MHz. The other synthesis set-
tings and directives were left default for the first solution, while for the second one, the loop of operations contained
in the source code was pipelined. That is, in the first LMS filter solution, the next loop iteration starts after the previous
one has ended. In the second solution, the next iteration starts five cycles after the previous one, whereas in both solu-
tions the whole iteration needs twenty clock cycles. In the LMS algorithm, the loop contains the major part of calcu-
lations, including filter coefficients updating and convolution between the input signal and the current impulse
response of the filter. Therefore, pipelining of the loop has enabled the latency of the LMS algorithm to be signifi-
cantly reduced, namely by more than 70%.

It has been shown that for both solutions, operations are scheduled into clock cycles similarly, and the basic opera-
tions such as multiplication, addition, and RAM reading and writing are performed in the same number of cycles. The
order of operations is, in general, the same for both solutions.

Besides timing characteristics, resource utilization has been assessed for both solutions. It has been shown that
the loop pipelining affects the resource utilization insignificantly: the FF and LUT utilization increases by not more
than 31% and 10%, respectively. The increased utilization of FFs and LUTSs in the second solution is caused by the
more complicated control logic and by the storage of more intermediate results of calculations. The utilization
of DSP blocks and block RAMs is the same for both solutions.

It has also been shown that when increasing the filter order, the utilization of memory grows up in proportion
to it, but the utilization of DSP blocks remains unchanged, and the utilization of FFs and LUTSs increases very little.

High-level synthesis was carried out in Vivado HLS 2018.3. The LMS filter IP modules are intended to be
implemented on Xilinx XC7A200tfbg-1 FPGA.

Keywords: high-level synthesis; FPGA; LMS filter; floating point format; synthesis directives

For citation: Ushenina, 1.V. (2022) FPGA implementation of floating-point LMS adaptive filters using high-level
synthesis . Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie, vychislitelnaja tehnika i informatika —
Tomsk State University Journal of Control and Computer Science. 59. pp. 108-116. doi: 10.17223/19988605/59/12

AnantuBHble QUIBTPHI C aJTOPUTMOM HavMEHbIIHUX KBajpatoB (LMS) nmpumenstorest mis uaeHTUH-
Kallli CUCTEM, XOKOMIICHCAIIUH B TeJe()OHHBIX CETSIX, BBIPABHUBAHUS XapaKTEPUCTHK JIEKTPUUECKUX KaHa-
JIOB CBSI3H, aJalTUBHOIO (POPMHUPOBAHUS AMArpaMM HaNpaBICHHOCTH B AHTEHHBIX PEIIETKAaX, MOAABICHUS
LIYMOB, OTCJIEKHBaHU 00BEKTOB U Ap. AnroputMm LMS HanexeH, cpaBHUTEIBHO NPOCT B TEXHUUYECKOH pea-
JIM3ALAN M UMeeT OOJIBLIOE KOJIMYECTBO MOANU(UKALINIA, YUUTHIBAIOLINX CIEIUPHUKY permaeMbix 3aaad [1-4].
Hus sddexruBroit paboTel LMS-dunprpa npeamouruteneH dbopMaT ¢ TUIaBaroIed 3amsTod u3-3a Oosee
BBICOKOM CKOPOCTH CXOIMMOCTH M 3HAYUTEIBHO MEHbBIIEH MOLIHOCTH OCTaTOYHOI'O CUI'HAIa OIHOKH [5, 6].

s anmapaTHOH peanu3aliy aIauTUBHBIX (QUIBTPOB, paboTaonMx B opMarte C IIaBarollei 3arsiToi,
B 11e710M Ootee mpucniocoOneHs! curnanbabie npoueccopsl. [IJIMC npeactapisior MHTEpec, KOrja CUrHaJIbHBIE
MPOLIECCOPBl HE MOT'YT OOECIEUYHTh JOCTAaTOUHYIO HPOM3BOAWUTEILHOCTh. BBICOKas MPOM3BOAMTENHBHOCTh
TpeOyeTcsl, HalpuMep, B YCTPOICTBAaX OTCICKUBAHHS MCTOYHHKA 3BYKa B YCIOBHUSX peBepbeparuu [7-10],
ciernoil uaeHTHuKanuyu kaHaoB [11], yaydireHus: kauecTBa 3BYKO3aIlMCH M 3BYKOBOCTpom3BeaeHus [12],
IrZie aJalTUBHBIC PUIBTPBI TOJKHBI OBITH MHOTOKAHATBHBIMH.

Bosmoxnoctu coBpemenHsix [IJIMC (FPGA) no3BoisoT UCTIONB30BaTh MX JUISL PELICHUS [IUPOKOTr0
Kpyra 3aga4: nudpoBoii 00padoTku curHanoB [6, 13—18], BEICOKONIPON3BOAUTENBHEIX BeIuncaeHul [19, 20],
MAaIIMHHOTO O0Y4eHUs U peanu3auuu HeMpoHHbIX ceTelt [21] u ap. Tem e menee BbiOop IIJIMC nns peanu-
3auun LMS-dunbtpa, paboTaromero B ¢popmare ¢ IiaBaouield 3amsiTon, COMpsKeH ¢ psaaoM mpodiem. Taxk,
BCTPOCHHBIMHU aNNapaTHBIMU OJIOKaMu Ul BBIYMCIEHHH B (opMmare ¢ IJIaBaloLIeld 3amsiTol pacrojiaraioT
ouenb HemHorue IIJIMC. B octanbHbIX cinydasx apudMeTHdecKre YCTPOHCTBA HY>KHO COOMpaTh M3 OJIOKOB
poBoii 00pabOTKH CUTHAJIOB, OPUEHTUPOBAHHBIX Ha (popMaT ¢ UKCHUPOBAHHOM 3aIsITON, M (WJIM) TIporpam-
MHUPYEMOM JIOTUKK 001ero HazHaueHus. [Ipu 3ToMm pa3paboTka aganTUBHBIX (HIBTPOB B CpeAax MPOEKTH-
poBanus ycrpoiictB Ha [IJINC He aBTOMaTH3MpOBaHa, T.€. HE MPEIyCMOTPEHBI COOTBETCTBYIOIINE MOIYIIH
WHTEJUIEKTYaNbHOM coocTBeHHOCTH (IP-Momynn), rpaduueckuii monb3oBarenbckuid HHTEpGhENC 1 T.11.

B nmuteparype B 0cHOBHOM omucaHbl BapuanThl peanuzanuu Ha [TJIMC LMS-¢dunbrpos, padoTaroniux
B opmare ¢ pukcupoBanHo# 3amstoit (cMm. Hamp.: [6, 13-17]). Onucanuss LMS-¢bunstpoB B 3THX paboTax
BoInoJHEHbI Ha si3bike VHDL winu Verilog — kak Bpy4unyto [17], Tak ¥ aBTOMaTHYECKH, [IPU UCIIOIb30BaHUH
IP-mMonyneit cymmaropoB u ymHOXuUTenew [6, 13] wmu mactpymenta System Generator, BcTpamBaeMoro
B MATLAB [14-16]. Peamuzanust LMS-GuasTpoB, BHITOMHAIOMNX BBHIUUCICHHUS HaX YMCIaMH B (opmare
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C IUTaBaIONIEH 3amATON, ONMHCBHIBAETCS B JUTEpaType pexe. B [6] cpaBHUBAIOTCS pe3yNbTaThl peatn3aluu
32-paspsaaoro LMS-dunsTpa B hopmarax ¢ pukcupoBaHHO U MiaBaromiei 3ansatoi. J{ns onucanus Gpuib-
Tpa, paboTtaromiero B ¢opmare ¢ GUKCHpOBaHHOW 3amsaToil, B [6] ucnonb3oBan VHDL-naker fixed-point
package; mis peanuszanuu GuUIbTpa, paboTammiero B hopmare ¢ miaBarorei 3amatoi, — IP-moxymu cymma-
Topa u ymHoxkutensi. B [18] onucan Ha sizbike Verilog u peanusosan Ha [IJIMC BbIYMCIUTENBHBIA MOYIIb,
paboTaroruii B hopMaTe ¢ TUIABAIOIICH 3amsTol 1 BKitovaromuii B cedst LMS-dunbtp.

B nacrosiei pabote paccMOTpeHa BO3MOXKHOCTB UCIIOJIb30BaHMS CHHTE3a BBICOKOTO YPOBHS AJIS pe-
anmmzanuu Ha [IJIMC LMS-punetpos, padortaromux B popmaTe ¢ ruaBaromeit 3ansatoil. CyTb cuHTE3a BBICO-
koro yposHs (High-Level Synthesis; HLS) 3akmo4aercst B mpeoOpa3oBaHHU UCXOAHOTO KOJa, HAIIMCAHHOTO
Ha s3bIKE MporpamMMupoBanus (Hampumep, C win C++), B onucaHne ycTPOHCTBa Ha YPOBHE PETUCTPOBBIX
nepenady, T.e. Ha sA3bike VHDL nim Verilog. Ha si3pike mporpaMMupOBaHUsI OIIMCHIBACTCS TOJIBKO AJITOPUTM,
0e3 yTouHeHUs eTajei ero peanu3aund. OJUH U TOT K€ UCXOAHBIA KO MOXKHO PEaH30BaTh C pa3anyHbIM
HAaO0OpOM HACTPOCK M JHUPEKTHB M TOJNyYUTh pa3IMuHbIe Pe3ybTaThl, Ha3blBaeMble pemeHusMud HLS-
mpoekra [22]. To ecTs MOXHO B KOPOTKHI CPOK TOTYYHTH OIMHMCAHUS YCTPOMHCTB, pabOTAIONIUX IO OTHOMY
U TOMY K€ QJITOPUTMY, HO UMEIOIINX PA3IMYHYI0 apXUTEKTYpPY, IPOU3BOAUTENBHOCTE U T.1. 711 BcTpansa-
HUS TOTO WJIM WHOTO PelIeHns B MpoekT, peanmsyembiid Ha [IJIMC, TpebyeTcs mpeobpazoBaTh 3TO pelieHne
B IP-moxymp.

B nmanHO# paboTe U3 MCXOAHOTO KOAA Ha si3bIke C++ MOIyYeHbI U MPOAHATH3UPOBAHBI JIBA PEIICHUSI
LMS-dunbtpa: ¢ mocnenoBaTebHBIM BBHITTOTHEHHEM BCEX OTEPaIni, MPeayCMOTPEHHBIX anroputMoM LMS,
Y ¢ KOHBeWepH3aIyel UKIIa onepanuii, cogepxkamerocs B anroputMe LMS. B nukie BeImomHseTCS OCHOB-
Has 9acTh onepauuil anroputma LMS, nostomy KoHBelepu3anus mo3Bojuia CyIIECTBEHHO COKPATUTh Bpe-
M$1 €T0 BBIOJIHEHHS (JIATEHTHOCTH). B paMKax Ka)I0ro peLIeHus OJIyueHbl pe3yIbTaThl CHHTE3a ONMCAHUI
¢bunpTpoB ¢ mopsakoM oT 32 mo 512 mpu 3amanHON TakToBoi yactore 100 MI'm. Ilomyuennsie pemeHUs
OLIEHEHBI IO KPUTEPHUSIM PECYPCOEMKOCTH, JATEHTHOCTH M PACIPEACICHUS ONepaluil anropurMa Bo BpeMe-
HH. J[J1s CHHTE3a BBICOKOTO YPOBHsI Mcroib3oBan cuatesarop Vivado HLS 2018.3 or ¢upmer Xilinx [22].
[Monyuennsie IP-momynu LMS-¢punsrpa npeanasnauenst s [IJTMC XC7A200tfbg-1 ot Xilinx.

1. LMS-¢uabTp u onucanue ero padorsl Ha si3bike C++
1.1. LMS-¢punomp
Ha xaxxmom miare auckpernsanuu LMS-¢punbsTp npuHUMaeT 1mo olHOMY OTCYETy BXOJHOTI'O CHT'HAla —

x[n], u TpeGyemoro curnana — d[Nn], u GopMUpPYyET OTCUETHI BHIXOAHOIO CHIHANA M CHTHajaa ommoKku — y[N] u
e[n] coorBercTBeHHO [1].

o«
x[n]
—T—» W]

1
—> LMS

y[n] d[n]

Puc. 1. CrpykrypHas cxema LMS-dumsrpa
Fig. 1. LMS filter block diagram

Kak mokaszano na puc. 1, LMS-¢punetp comepxur KUX-dhunetp ¢ koaddurmentamu W[n], obpabda-
THIBAIOIIMI OTCYETHI BXOJHOrO CHUTHAja corjacHo dopmyie (1), u 6ok agantanuu LMS, rae npoucxoaut
nepepacuet kodppurnmentoB KUX-punsrpa mo popmyne (2):

ym=§Mwm4L 1)
W[n+1]=WI[n]+ pe[n]X[n]. 2
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B (1) n — Homep mrara auckperusaiuu, N — mopsaok ¢punbtpa, W[i] — koaddunuentsr GpunbTpa, 00pasyro-
mme Bekrop W[N], X[n — i] — orcueTs! BXogaHOTO curnana, oopasyromumme Bekrop X[n]. B (2) W[n+1] u W[n] —
BEKTOpPBI KO3 dureHToB GpuibTpa, AciicTByromue Ha [N+1]-M 1 N-M mmarax auckperusanuy, e[n] — curaan
oumbkw, T.e. pazHocts d[N] u y[n], X[n] — BekTop O0TCYETOB BXOAHOTO CHTHANA, | — MAapaMeTp, ONMPEACIISIO-
MIMH CKOPOCTh CXOIUMOCTH QJITOPUTMA U BBIOMPAEMBIi C y4ETOM MaKCHMAJIbHOTO COOCTBEHHOTO 3HAYCHHUS
KOPPEJISIMOHHON MaTPHIIbI BXOTHOTO CHTHAMA Amax (3):

1
O<pu< ) 3
Y 3)

max

1.2. Hexoonwtii koo

JA71s1 BBITIONTHEHMST CHHTE3a BBICOKOTO YPOBHS OJlHA M3 (DYHKIMI HCXOJHOTO KOJA JOJDKHA OBITh 00BsIB-
JICHa TJIaBHOM, YTOOBI €e BXOJTHBIC U BBHIXOJAHBIC MIEPEMEHHbIC OBUIM MPeoOpa3oBaHbl BO BXOJIHBIC U BBIXOJ-
HBIE TTOPTHI YCTpoiicTBa. Pa3zpaboTaHHbIN 31eCh MCXOIHBIA KOJ COACPKUT BCEro OHY (YHKIHUIO, BXOJAHBIMU
MePEMEHHBIMU KOTOPOH SIBJISIFOTCSI OTCUET BXOJHOTO CHTHAJA X M OTCUYET Tpedyemoro curHana d, a BeIXOJ-
HBIMH TIEPEMEHHBIMH — OTCYET BBIXOJHOTO CHTHAJa Y M OTCUYET CHTHajia OIIUOKH €.

BHyTpu (yHKINHU TakKe OOBSBICHBL:

1) uenovucieHHas epeMeHHasl i, CITyKaIlas CYeTINKOM B IIHKIIC OTICPaIlHii;

2) MacCHB OTCUCTOB BXOHOTO CHT'HajIa X_array;

3) maccuB ko3 durreHToB GpuIbTpa W_array;

4) mepeMeHHast CUIT_W JJisl BPeMEHHOTO XpaHeHHs KO3 HIMeHTa, ¢ KOTOPbIM (QyHKIMs paboTaeT Ha
I-if uTepalu KMKIa, OOHOBIISS 3TOT KO3 UIMEHT M YMHOXKas €r0 Ha OTCYET BXOJHOTO CUTHANIA;

5) mepemeHHasi CUNT_X /Ul BPEMEHHOTO XpaHEHHsl OTCYETa BXOAHOIO CHIHAJIA, C KOTOPHIM (DYHKIIHS
paboTaeT Ha i-if uTepaly UKIa, YMHOXask ero Ha KodQPUIeHT GUIbTpa;

6) nmepeMeHHas MUE UIsl XpaHEeHH s IPOM3BE/ICHUS OTCYETa CHI'HAJIA OMIMOKH U 1Iara CXOJHUMOCTH;

7) nepeMeHHasi acC [yl BpPEMEHHOTO XPaHEHHs] CyMMbI IPOM3BEACHHI OTCYETOB BXOAHOIO CHUTHAJA
Ha K03 HuureHTs GUIbTpa, HAKOIUICHHOH 32 y’Ke BBIOJIHEHHbIE UTEPAaLluU HUKJIA.

3a UCKJIIOYCHHEM i, BCE MIEPEUMCIICHHBIC BBILIEC MEPEMEHHbIC U 3JIEMEHThI MacchBoB umetoT tui float,
4T0 cooTBeTCcTBYeT cTaHaapty |EEE 754 mnst wucen omuHapHOii TouHOCTH.

Ilocne o0bsIBNIEHNS MAaCCUBOB M MEPEMEHHBIX (DYHKIMS NEPEXOIUT K BBINOJHEHUIO LUKJIA C KOJIHWYe-
CTBOM uTepanuii, paBHbiM mopsiaky ¢uisrpa N (prc. 2). C kaxmoii ureparueil nepeMeHHas | MEHseTCsl OT
N-1 mo0.

loop: for (i=N-1; i>=0; i--)
{if (i==0)
{curr_x =x; x_array[0] = x;}
else {curr_x = x_array[i-1];
if (i 1= (N-1))
{x_array[i] = x_array[i-1];}}
curr_w =w_array[il;
CUrr_w += mue*curr_x;
w_array[i]=curr_w;
acc += curr_w*curr_x; }

O© oo ~NO Ul WNE

[EnY
o

Puc. 2. [lukn B cocTaBe UCXOTHOTO KOa
Fig.2 Loop in the source code

Ha kaxmoil utepanyy LUKIA CHAa4yajla BBIIOJHAETCS MEPEMENIEHUE OJHOTO M3 OTCUETOB BXOJHOTO
curHaia B MaccuBe X_array. Ilocnme Boimonmuenwst N wurepanuii camblii cTapbslif OTCYET OTOpachIBaeTcs,
OCTaJIbHBIE OTCYETHI CABUTAIOTCA B MAcCCHBE C MPHpAIICHNEM HHJEKCAa Ha €IWHUILY, a Ha 0CBOOOIUBIIEECS
MecTo X_array[0] momermaercst HOBBIH OTCUET BXOJHOTO CUTHaNA. IlepeMeHHON CUIT_X Ha KaXKI0¥ HUTeparuu
IPUPABHUBAECTCS OAWH U3 OTCYETOB BXOJHOIO CUTHAIA.
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3areM U3 MaccuBa W_array B mepeMeHHyr0 CUIT_W CYMThIBaETCS KOIPMUIMEHT ¢ HHICKCOM I, ¥ BbI-
MOJTHSAETCS €ro MepepacueT ¢ UCIOIb30BaHUEM TIepEeMEHHBIX CUrT_X u mue. [Tocne nepepacuera KoappuIm-
ent W_array[i] oonoBmseTCs.

[Nocnemueii onepanueit B UKJIE SBISCTCS BBIYUCICHUE TEKYIIEH CyMMBI POU3BECHUH acC, T.€. 100aB-
JICHHE K TEKYILEMY 3HAaYCHUIO aCC MPOU3BEACHUS TIEPEMEHHBIX CUIT_X u CUrr_W. Takum o0pa3om, Ha KaxI0M
mare AUCKpeTH3auu KodpUIreHTsl GribTpoB OyAYyT HCIIOIB30BATHCS Cpa3y MMOciie OOHOBIIECHHUSL.

[Tocne BBIXOJ@ U3 LMKIIA OTCUET BBIXOJHOTO CHTHAJIA Y MPUPABHUBACTCS K MEPEMEHHOU aCC; BBIYHC-
JISTFOTCS OTCYET CUTHAIA ONIHOKY € U er0 TIPOU3BE/ICHUE C IIArOM CXOJAMMOCTH MUe.

2. MeToabI HCCJIe10BAHUS

PazpaboTka ncxomHoOro Kona, ykazaHiue HaCTPOEK U AUPEKTHB, a TAKKe COOCTBEHHO CHHTE3 BBICOKOTO
ypoBHs BeimoiHeHb! B cpeze Vivado HLS 2018.3. B pamkax KaKa0ro U3 pelIeHHI CHHTE3 BHICOKOTO YPOBHS
OBLI IPOBeJIeH MpY BapbupoBaHuK nopsiaka ¢unsTpa N ot 32 10 512 xospdunmentos. 3nauenne N ykasbl-
BAJIOCH B ICXOHOM Kojie. B HacTpoiikax cuHTe3a g 000X perieHnid ObUTH yKa3aHbl MHHUMAIBHO JIOITY-
ctumas TakroBas yactota 100 MI'y u uenesoii kpucraymut — XC7A200tfbg-1.

Bo BTOpOM pemieHun Al KOHBeHepu3aluy UKIa (CM. puc. 2) HAa HEero ObUla HaJOXKEHA JAUPEKTHBA
“pipeline” ¢ ykasanueMm uHTepBajga MHHIUANKH (i), T.e. KOJIMYECTBa TAKTOB C MOMEHTA Hayajla MTepaIluH
LIMKJIa, CITyCTs KOTOPOE 3alycKaeTcs ciaeayromas urepauusd [22]. bt ykazaH MUHUMaIbHO BO3MOYKHBIN IS
JTAHHOTO UCXOIHOTO KOJa MHTEPBAJ HHUIUALUH — 5 TaKTOB.

[Tocrnie BBITIONHEHUS CHHTE3a BHICOKOTO ypoBHs cpepoii Vivado HLS 2018.3 ¢popmupoBaick oT4eThI,
13 KOTOPBIX [UIS KaXKIOTO PEIICHHUS U KaXk1oro 3Ha4eHus N 1morydeHsl:

1) makcumanbHas TakToBast yactora (uiabrpa (Fmax);

2) TaTeHTHOCTh (PYHKIINH, T.€. KOJIMUECTBO TAKTOB, TpeOyeMoe Ha ee BbinonHenue (FL);

3) TaTEeHTHOCTH OJTHOM MTEPALMHU LUKIIA, T.€. KOJIMYECTBO TAKTOB, Tpebyemoe Ha ee BoinonHeHue (IL);

4) rpaduk pacnpeesieHus onepanuii GyHKINHU [0 TAKTaM;

5) pecypcoeMKOCTh 0 TaKUM BHIaM pecypcoB, kak D-tpurreps (FF), Tabiaudnbie npeobpazoBaTeu
(LUT), onoku udpoBoit o6padotku curnanos (DSP) u 6ioku O3Y (BRAM).

3. Pe3yabTaThl CHHTE32 BHICOKOIO YPOBHS U MX 00CYK/IeHHE
3.1. Oyenka pecypcoemxocmu LMS-gpunvmpos

B 1abn. 1 u 2 npuBeieHbI pe3yabTaThl OIICHKH MAaKCUMaIbHOM TAKTOBOM YacTOTHI, pECYPCOEMKOCTH U
JATEHTHOCTH s 1BYX pemrenuid LMS-¢unbrpa. TpeboBanne kK MUHHMaIbHOM TAKTOBOM 4acTOTE BHINOJIHE-
HO JIJIsi 000UX pelIeHHH pu Bcex 3HadeHusx N.

PecypcoemkocTs ¢mibTpoB ¢ yBenuueHneM N MEHsSETCS HE3HAuMTENbHO KaK NMpU KOHBEHepHu3auuu
IIUKJIA, TaK ¥ TP €€ OTCYTCTBUH. Tak, B 000ux cirydasx yBenuueHre N He MPUBOJUT K YBEIHUEHHUIO PacXo-
na 6moxoB DSP. 13 oT4eToB 0 CHHTE3€ BHICOKOTO YPOBHSI CIeIyeT, uTo ABa U3 natu 0;10koB DSP ucnons3y-
IOTCS JUTSl peajl3alui CyMMaTopa, eme TpH — Juisi peanu3anuu ymHoxkutens. [loseimenune N, pazymeercs,
MPUBOJUT K YBEIWYCHUIO 0o0beMa MamsTh, TpeOyeMoro Juis XpaHEeHWsT MacCHBOB X_array m W_array.
IIpu N = 32 s xpaneHust Kaxaoro u3 mMaccuBoB tpedyercs no 1 024 6ura, mpu N = 64 — mo 2 048 6ur,
u 1.1. Tem He Menee mpu N < 512 myis XxpaHeHHusi MacCUBOB TpedyeTcs He Ooiree nByx OiokoB O3Y. HesHa-
YUTENBbHOE YBEIMUCHHE pacxo/ia TabMUUHBIX TpeoOpa3oBareseii ¢ moBbieHueM N i 000uX pelieHui cBs-
3aHO C ICKPEMEHTOM CYETUYHKA I[MKJIA | U CpaBHEHHEM | ¢ HysieM 1 BennuuHoi N — 1, HOCKOJIBKY ¢ yBennye-
HueM N 3TH onepanuu TpeOyIOT OoJIbIIeH Pa3psITHOCTH CYMMATOpa U KOMITAPaTOPOB. YBEIMYEHUE pacxo/a
D-tpurrepoB ajst 000MX peLICHUH CBSI3aHO C YBEIMYEHHEM Ppa3psIHOCTH INMHBI aapeca OJOKa MmamsTd
K03 GuUIHeHTOB PUIBbTPa, a TAKKE C YBEJIMICHUEM Pa3psIHOCTH i. B ocTallbHOM CTPYKTypa U pecypcoeM-
KOCTh (DMIIBTPOB, MOJTYUYECHHBIX B paMKax 000UX pelIeHuil, He 3aBucsT oT N.
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Tabnumna 1
Pe3yabTathl cunTe3a LMS-duibTpa npu orcyrerBun aupektus (peuienue 1)
N Fmax, MI'g LUT FF DSP BRAM FL/IL
32 121 693 683 5 2 649/20
64 121 693 686 5 2 1289/20
128 121 693 689 5 2 2 569/20
256 121 698 692 5 2 5129/20
512 121 699 695 5 2 10 249/20
Tabnuma 2
Pe3yabsTatsl cunTe3a LMS-¢duanTpa npu xonBeiiepuzanum nukia (pemenue 2)
N Fmax, MI' LUT FF DSP BRAM FL/IL
32 121 764 898 5 2 184/20
64 121 764 901 5 2 344/20
128 121 764 904 5 2 664/20
256 121 769 907 5 2 1.304/20
512 121 770 910 5 2 2 584/20

Kongeiiepuzanus LuKiIa OPUBOAUT K MOBBIMICHUIO PacXoAa TpUrrepos He Oosee yeM Ha 31%, a Tad-
JNYHBIX TTpeoOpa3oBaTeneil — He 6onee ueM Ha 10%. [loBbIIeHNE pecypCcOEMKOCTH CBSI3aHO C TE€M, YTO KOH-
Berepuzanus TpeOyeT 0ojee CI0XKHOrO YHNPAaBJSIOLIET0 aBTOMAaTa W OOJNBIIET0 KOJIMYECTBA PECYPCOB IS
q)OpMI/IpOBaHI/Iﬂ BXOJHBIX CUTHAJIOB CyMMaTopad, YMHOXKHUTCIA U OJIOKOB naMsATH, a TaKKE IJIA COXPaHCHUA
MPOMEKYTOYHBIX PE3YNILTaTOB (PUIBTPALINY.

3.2. Pacnpedenenue onepayuit no makmam

Ha puc. 3 u 4 npuBeneHs! rpaduKku pacnpeaeseHus onepanri Mo TakTaM, CreHepHUpPOBaHHbIE CPeJoi
Vivado HLS 2018.3 npu orcyrcTBuu (cM. puc. 3) u Hanuuuu (cM. puc. 4) KoHBelepusaimu 1ukiaa. Homepa
TaKTOB, HAUWHAS C HYJIA, IPUBEJIEHBI B BEPXHEH 4acTH pucyHKOB. TakTol ¢ 1-ro mo 20-#, mpuxoasiuecs Ha
ksl (100p), crpynmupoBaHkl MO BBIMOIHIEMbIM onepanusM. Onepaiiu, BHIIOIHIEMbIE B KaXI0# rpymie
TakTOB, 0003HaYECHBI IU(PPAMH, KOTOPbIE COOTBETCTBYIOT HOMEpPaM CTPOK BO (pparMeHTe UCXOJHOTO KOJla Ha
puc. 2. [Ipu KoHBelepr3anny HUKIa ouepeiHas UTEpaIus 3aIyCKaeTcs CIyCTS 5 TaKTOB MpeabIayIeil ute-
panmu; Kaxablid cTapT HOBOM UTepanuu 0003Ha4YeH Ha puc. 4 BepTUKAILHOU )KUPHOH dyepToil. Takram, cie-
JYIOIIUM TIOCJI€ BBIX0/1a U3 IMKJIA, YCIOBHO MMPUCBOEHBI HOMepa, HaunHas ¢ 21.

Pacrnipenenenue onepaliyii o TakTaM BBIIIOJIHEHO JijIsi 000MX PeIIeHUI MOX0XKUM 00pa3oM. JIo BXxox-
JICHUsI B IIMKJI Ha TakTe 0 OCYIIECTBIISIOTCS pHeM X U 0 U UX pa3MelIeHHe B IaMSTH, @ TAKKE CIYUTHIBAHUE
MIEpEeMEHHOM MUe, BEIUMCIIEHHOM Ha MPEeABIAYIIEM [Iare TUCKPETH3aIIH.

B 1ukie B Teuenue TakToB 1 ¥ 2 MPOUCXOAAT MEPEMEIICHUE OJHOTO U3 OTCUETOB BXOJAHOIO CHTHAJIa
B MacCHBE X_array u mepesanuch NepeMeHHON CUrr_X. IIpu 3TOM BBINONHSIOTCS] BCIIOMOTaTelbHbIE Ollepa-
MK ¢ nepeMeHHou i: cpaBaeHue ¢ 0 u N — 1, a B mepBOM pelieHnn — Takke U ieKkpeMeHT. [Ipu koHBeiiepu-
3MPOBAHHOM IMKJIE B TaKTax | M 2 BBINOJIHACTCS TAaKKe CYMTHIBaHUE I-r0 Koddduimenra puibTpa U3 Mac-
cuBa W_array B IepeMeHHYI0 CUrr_W.

C 3-ro mo 6-i1 TakThl BBINOJIHAETCS YMHOXKEHHE IIEPEMEHHOM CUIT_X Ha nepeMeHHyo Mue. B nepBom
pELICHUH Ha 5-M U 6-M TaKTaX MPOMCXOIUT CUUTHIBAHHUE i-r0 Kod(pduimenTa GpuipTpa U3 Maccusa W_array
B IIEPEMEHHYIO CUIT_W. Bo BTOpOM pelieHnH Ha 5-M TaKkTe BHIOJIHACTCS IEKPEMEHT CUSTUHKa .

C 7-ro mo 11-i1 TakThl BBIIOJIHAETCS CJIOXKEHHE NMEPEMEHHON CUIT_W M TOIXY4YEHHOrO Ha 6-M TaKTe
NpOM3BEICHHS CUIT_X*MUE; pe3ysibTaT COXpaHseTcs B MEpeMeHHy CUrr_w. Ha 12-m rtakTe I-ii 21eMeHT
MaccuBa W_array npupaBHUBaeTCs K nepeMeHHou curr_w. C 12-ro nmo 15-# TakT BBIYHCISAETCS IPOU3BEE-
HUE MIEpEMEHHBIX CUIT_X 1 CUrr_Ww.

C 16-ro no 20-i1 TakT BBIMONHAETCS CIOKEHHE TOJBKO YTO BBIYMCIEHHOTO MPOU3BEASHUS CUIT_X U
CUIr_W ¥ HaKOIUIGHHOH K JaHHOMY MOMEHTY CYMMBbI MPOU3BeACHUH K03(pPUImeHToB GUiIbTpa HA OTCUETH
BXOJIHOTO CHUTHAJIa, XpaHsAIIeHcs B IEpeMeHHON acc.
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Puc. 3. Pactipenenenue onepanuii Mo TakTaM MpH MOCIEA0BATEIbHOM BBIIOIHEHHH UTEPALUid IHKIIa (pereHue 1)
Fig. 3. Scheduling the operations into clock cycles under condition of the loop iterations are performed sequentially (solution 1)
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Puc. 4. Paciipenienienue oneparuii 1o TakTaM Ipu KOHBeHepu3aluy HuKa (peieHue 2)
Fig. 4. Scheduling the operations into clock cycles under condition of the loop is pipelined (solution 2)

[Tocne BbIXOJA W3 LUKIIA BRIXOJAHOU MEPEMEHHOH Y MpHUCBauBaeTCsl 3HAaUCHHE NepeMeHHon acc. B te-
YeHHE IATH TAaKTOB PaCCUUTHIBAETCS € KakK pasHOCTh Mexay d u acc. 3ameTuM, 4to Ha puc. 3 TakTel 21-24
HE 3aIl0JIHEHBI. JTO CBS3aHO C pa0OTOW YHPAaBJISAIONIETO0 aBTOMATa B PEIICHUH 1: MOcie KaXII0W UTeparuu
[IMKJIa aBTOMAT MEPEXOMT K MPOBEPKE I, 4TO cOoTBETCTBYET TakTy 1. Ecim i < 0, T.e. Bce UTEpaIMy BBITIOJI-
HEHBI, aBTOMAT TEPEXOJNUT K COCTOSIHUSM, COOTBETCTBYIOIIUM PacyeTy €. DTUM COCTOSHHUAM Ha puc. 3 (dak-
TUYECKU COOTBETCTBYIOT TaKThI 21-24, XO0TS OHM MTOKa3aHbI O] TAKTaMH 2—5.
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Eme getsipe TakTa TpebyeTcs Ha pacdeT MepeMeHHOH Mue, KoTopasi OyIeT MCIOIb30BaThCs Ha Clie-
JyIOIeM Imare Juckperusanuu. OJHOBPEMEHHO C pacueToM MUE BBIXOIHBIE MEPEMEHHBIE € U Y BBIAAIOTCA
Ha OJHOMMEHHEIE OPTHI PUIBTPA.

U3 tabn. 1 u 2, puc. 3 u 4 cnenyer, uto npu N ot 32 no 512 3a cueT KOHBeilepU3aLny UK yIaeTCs
COKpaTHUTh JJATEHTHOCTh (yHKIUH Oosee ueMm Ha 70%.

3akiIouyenue

C nomo1p0 HHCTPYMEHTOB CHHTE3a BHICOKOTO YPOBHS YAAJIOCH CHOPMUPOBATH U OLICHHUTH JBA PEILICHUS
LMS-¢punprpa ¢ mopsakom ot 32 o 512, oTAMYAOMIMXCS OpraHu3aluei MpeayCMOTPEHHOTO alrOPUTMOM
LMS nukina onepanuii. Konsediepuzanus mukia okasanach 3)(HEeKTHBHON Mepol COKpalleHUs] BpEMEHHU BbI-
nonHenus: LMS-anroputma. Ha pecypcoeMkocTs GpuinbTpa KOHBelepr3aLus HUKIa BIUACT HE3HAUUTENBHO.

Cnucok HCTOYHHKOB

. Yunpoy b., Ctupus C. AnantusHast 06paboTKa CUTHAIIOB : miep. ¢ aHrt. M. : Paauo u cBsi3b, 1989. 440 c.

. Farhang-Boroujeny B. Adaptive Filters: Theory and Applications. New York : John Wiley & Sons, 2013. 802 p.

. Elliott S. Signal Processing for Active Control. London : Academic Press, 2001. 517 p.

. Glentis G.O., Berberidis K., Theodoridis S. Efficient least squares adaptive algorithms for FIR transversal filtering // IEEE Signal

Processing Magazine. 1999. V. 16 (4). P. 13-41.

5. Caraiscos C., Liu B. A roundoff error analysis of the LMS adaptive algorithm // IEEE Transactions on Acoustics, Speech, and
Signal Processing. 1984. V. 32 (1). P. 34-41.

6. Shashikala P., Renjith Kumar T.G., Subramani H. An FPGA implementation of the LMS adaptive filter for active vibration control //
International Journal of Research in Engineering and Technology. 2013. V. 2 (10). P. 1-10.

7. Wang L., Zhang Z., Kai A. Hands-free speaker identification based on spectral subtraction using a multi-channel least mean square
approach // Acoustics, Speech and Signal Processing : Proc. of the IEEE International Conference. 2013. P. 7224-7228.

8. Wang L., Kitaoka N., Nakagawa S. Distant-talking speech recognition based on spectral subtraction by multi-channel LMS algo-
rithm // IEICE Transactions on Information and Systems. 2011. V. 94 (3). P. 659-667.

9. Antonacci F., Lonoce D., Motta M., Sarti A., Tubaro S. Efficient source localization and tracking in reverberant environments
using microphone arrays // Acoustics, Speech, and Signal Processing : Proc. of the IEEE International Conference. 2005. V. 4.
P. iv/1061-iv/1064.

10. Benesty J., Huang Y. Adaptive Signal Processing: Applications to Real-World Problems. Springer Science & Business Media,
2013. 365 p.

11. Huang Y.A., Benesty J. Adaptive multi-channel least mean square and Newton algorithms for blind channel identification //
Signal Processing. 2002. V. 82 (8). P. 1127-1138.

12. Nelson P.A., Orduna-Bustamante F., Hamada H. Multi-channel signal processing techniques in the reproduction of sound //
Journal of the Audio Engineering Society. 1992. V. 44 (11). P. 973-989.

13. Yaqin W., Xuebin L., Bingliang H. Implementation of a LMS filter on FPGA employing extremeDSP and smart IP-core design //
Electronic Measurement & Instruments : Proc. of the 10th International Conference. 2011. P. 341-345.

14. Bahoura M., Ezzaidi H. FPGA-implementation of parallel and sequential architectures for adaptive noise cancelation // Circuits,
Systems, and Signal Processing. 2011. V. 30 (6). P. 1521-1548.

15. Liu Y., Ge S., Xing J., Cui Z., Meng J. FPGA implementation of high-throughput, low-latency complex LMS algorithm // Signal,
Information and Data Processing : Proc. of the IEEE International Conference. 2019. P. 1-4.

16. Liwei C., Zhiliang T., Lidong C. LMS algorithm fixed-point modeling designated based on System Generator modules //
Environmental Electromagnetics : Proc. of the 7th Asia-Pacific Conference. 2015. P. 152-156.

17. Ymennna 1.B. Peammzanns anroputMoB nndpoBoi agantuBHoi ¢umnsrpammu Ha [TJIMC // XXI Bek: urorn mponuioro u mpo-
6nembl HacTosiero miroc. 2012. Ne 5 (09). C. 134-138.

18. Vasudeva B., Deora P., Pradhan P.M., Dasgupta S. Efficient implementation of LMS adaptive filter-based FECG extraction on
an FPGA // Healthcare Technology Letters. 2020. V. 7 (5). P. 125-131.

19. Martyshkin A.l., Salnikov I.I. Hardware memory buffer module for multiprocessor system // Ad Alta: Journal of Interdisciplinary
Research. 2018. V. 8 (1). P. 304-308.

20. Martyshkin A.l., Salnikov I.1., Pashchenko D.V., Trokoz D.A. Associative co-processor on the basis of programmable
logical integrated circuits for special purpose computer systems // Proc. of the 2018 Global Smart Industry Conference. 2018.
P.1-5.

21. Mittal S. A survey of FPGA-based accelerators for convolutional neural networks // Neural computing and applications. 2020.
V. 32 (4). P. 1109-1139.

22. Vivado Design Suite User Guide. High-Level Synthesis. URL: https://www.xilinx.com/support/documentation /sw_manuals/

xilinx2020_1/ug902-vivado-high-level-synthesis.pdf (accessed: 20.12.2021).

B OWODN -

115



Hnghopmamura u npoepammuposarnue | Informatics and programming

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

References

. Widrow, B. & Stearns, S.D. (1985) Adaptivnaya obrabotka signalov [Adaptive Signal Processing]. Translated from English. Moscow:
Radio i svyaz'.

. Farhang-Boroujeny, B. (2013) Adaptive Filters: Theory and Applications. New York: John Wiley & Sons.

. Elliott, S. (2000) Signal Processing for Active Control. London: Academic Press.

. Glentis, G.O., Berberidis, K. & Theodoridis, S. (1999) Efficient least squares adaptive algorithms for FIR transversal filtering.
IEEE Signal Processing Magazine. 16(4). pp. 13-41. DOI: 10.1109/79.774932

. Caraiscos, C. & Liu, B. (1984) A roundoff error analysis of the LMS adaptive algorithm. IEEE Transactions on Acoustics, Speech,
and Signal Processing. 32(1). pp. 34-41. DOI: 10.1109/TASSP.1984.1164286

. Shashikala, P., Renjith Kumar, T. & Subramani, H. (2013) An FPGA implementation of the LMS adaptive filter for active vibra-
tion control. International Journal of Research in Engineering and Technology. 2(10). pp. 1-10.

.Wang, L., Zhang, Z. & Kai, A. (2013) Hands-free speaker identification based on spectral subtraction using a multi-channel least
mean square approach. Acoustics, Speech and Signal Processing: Proceedings of the IEEE International Conference. pp. 7224-7228.

. Wang, L., Kitaoka, N. & Nakagawa, S. (2011) Distant-talking speech recognition based on spectral subtraction by multi-channel
LMS algorithm. IEICE Transactions on Information and Systems. 94(3). pp. 659-667. DOI: 10.1587/transinf.E94.D.659

. Antonacci, F., Lonoce, D., Motta, M., Sarti, A. & Tubaro, S. (2005) Efficient source localization and tracking in reverberant envi-

ronments using microphone arrays. Acoustics, Speech, and Signal Processing: Proceedings of the IEEE International Conference.

4. pp. iv/1061-iv/1064.

Benesty, J. & Huang, Y. (2013) Adaptive Signal Processing: Applications to Real-World Problems. Springer Science & Business Media.

Huang, Y.A. & Benesty, J. (2002) Adaptive multi-channel least mean square and Newton algorithms for blind channel identifica-

tion. Signal Processing. 82(8). pp. 1127-1138. DOI: 10.1016/S0165-1684(02)00247-5

Nelson, P.A., Orduna-Bustamante, F. & Hamada, H. (1992) Multi-channel signal processing techniques in the reproduction of

sound. Journal of the Audio Engineering Society. 44(11). pp. 973-989.

Yaqin, W., Xuebin, L. & Bingliang, H. (2011) Implementation of a LMS filter on FPGA employing extremeDSP and smart

IP-core design. Electronic Measurement & Instruments: Proceedings of the 10th International Conference. pp. 341-345.

Bahoura, M. & Ezzaidi, H. (2011) FPGA-implementation of parallel and sequential architectures for adaptive noise cancelation.

Circuits, Systems, and Signal Processing. 30(6). pp. 1521-1548. DOI: 10.1007/s00034-011-9310-0

Liu, Y., Ge, S., Xing, J., Cui, Z. & Meng, J. (2019) FPGA implementation of high-throughput, low-latency complex LMS algo-

rithm. Signal, Information and Data Processing: Proceedings of the IEEE International Conference. pp. 1-4.

Liwei, C., Zhiliang, T. & Lidong, C. (2015) LMS algorithm fixed-point modeling designated based on System Generator

modules. Environmental Electromagnetics: Proc. of the 7th Asia-Pacific Conference. pp. 152-156.

Ushenina, 1.V. (2012) Realizatsiya algoritmov tsifrovoy adaptivnoy fil'tratsii na PLIS [FPGA-based implementation of digital

adaptive filtering algorithms]. XXI vek: itogi proshlogo i problemy nastoyashchego plyus. 9(5). pp. 134-138.

Vasudeva, B., Deora, P., Pradhan, P.M. & Dasgupta, S. (2020) Efficient implementation of LMS adaptive filter-based FECG

extraction on an FPGA. Healthcare Technology Letters. 7(5). pp. 125-131. DOI: 10.48550/arXiv.1910.07496

Martyshkin, A.l. & Salnikov, I.I. (2018) Hardware memory buffer module for multiprocessor system. Ad Alta: Journal of Inter-

disciplinary Research. 8(1). pp. 304-308.

Martyshkin, A.l., Salnikov, L.I., Pashchenko, D.V. & Trokoz, D.A. (2018) Associative co-processor on the basis of programmable

logical integrated circuits for special purpose computer systems. Proceedings of the 2018 Global Smart Industry Conference. pp. 1-5.

Mittal, S. (2020) A survey of FPGA-based accelerators for convolutional neural networks. Neural Computing and Applications.

32(4). pp. 1109-1139. DOI: 10.1007/s00521-018-3761-1

AMD Xilinx. (2020) Vivado Design Suite User Guide. High-Level Synthesis. [Online] Available from: https://mwww.xilinx.com/

support/docu mentation/sw_manuals/xilinx2020_1/ug902-vivado-high-level-synthesis.pdf. (Accessed: 20th December 2021).

Hungpopmayus 06 asmope:
Yienuna Uuna BaaguMupoBHa — JOLEHT, KaHIUAAT TEXHHYECKHX HAYK, JOLEHT Kadeapbl mporpaMMHUpoBaHus [IeH3eHCKOro
roCy/IapCTBEHHOTO TexHosornueckoro yuusepcurera (Ilensa, Poceust). E-mail: ivi23@yandex.ru

Aemop 3aaenaem 06 omcymcmeuu KOHHAUKMA uHmMepPecos.

Information about the author:
Ushenina Inna V. (Candidate of Technical Sciences, Associate Professor, Penza State Technological University, Penza, Russian
Federation). E-mail: ivI23@yandex.ru

The author declares no conflicts of interests.

Tlocmynuna 6 pedakyuio 23.12.2021; npunsma x nyboauxayuu 30.05.2022

Received 23.12.2021; accepted for publication 30.05.2022

116



Hay4HbIi KypHaAJ

BECTHHUK
TOMCKOI'O
I'OCYJAPCTBEHHOI' O
YHUBEPCUTETA

YIIPABJIEHUE,
BBIYUCJ/IMTEJIBHAS TEXHUKA
N UTHOOPMATHUKA

TOMSK STATE UNIVERSITY
JOURNAL OF CONTROL AND COMPUTER SCIENCE

2022. Ne 59

Penakrop E.I'. Illymckas
Opurunan-maket E.I'. Hlymckoit
Penakropri-nepesoguuku: I'.M. Komkun; B.H. ['openunnesa
Hu3zaiin o6noxku JI.JI. Kpusnosoit

[Noamucano k newarn 30.06.2022 r. ®opmar 60x84/s.
Iapuutypa Times. Yci. neu. a. 13,7.
Tupax 250 sk3. 3aka3 Ne 5054. [{ena cBob6o1HAS.

Jata Beixoma B cet 08.07.2022 1.

XKypnan orrevaran Ha nomurpaduyeckomM 000pyI0BaHIH
UznarenbcrBa TOMCKOro rocyapcTBEHHOTO YHUBEPCUTETA
634050, r. Tomck, JIlennna, 36
Ten. 8(382-2)-52-98-49; 8(382-2)-52-96-75
Caidt: http://publish.tsu.ru; E-mail: rio.tsu@mail.ru



