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JIABBIIOBCKHH A. I, THHHHUK A. M.

YK 625.7.8:656.13.05

CUCTEMHbIA AHAAU3
U MATEMATUYECKOE MOAEAUPOBAHUE
AOPOXXHO-TPAHCMOPTHbIX MPOUCLLUECTBUA B MEFANOAUCE

KBenopycckuii cocyoapcmeennulii yHugepcumem uH@OopmMamuKy U paouodieKmpoHUKU,
Mumnck, benapycs

Tlpedcmasienvl pe3ynomanvl KOPPeAsYUOHHO2O0 AHANUZA NPUHUH OOPONCHO-MPAHCHOPMHBLX NPOUCUECMEUTL 8 Y C-
JIOBUAX COBPEMEHHO20 MAKO20 COBPEMEHHO20 Me2anonucd, Kax e. Munck. Bulsgienvl Haubonee yacmoie NPUYUHbL 00-
POJICHO-MPAHCNOPMHBIX NPOUCUUECTNBULL, BKIIOUASA HAe30bl HA Neulexo008 no eute gooumenet (23,7%), cmoaknogenue
na nepexpecmrax (11,7%), unyudenmul na pecynupyemvix (12,2%) u nepecynupyemeix (16,3%) newexoonvix nepexooax,
a makaice Ha npoe3sdicell yacmu (43,34%). Hccnedosana 3a8ucumocms mpancnopmuuix UHYUOEHNO8 Om 8peMeHU C-
MoK, Ous Hedenu u mecsaya 2ooa. l[lokazanvl nepuoodvl, Ko20a OOPOHCHO-MPAHCHOPMHYBIE UHYUOCHMbL NPOUCXOO0SAM
¢ 3.0000 6.00u4, ¢ 15.00 00 18.00, a maxace ¢ 21.00 0o 24.00 6 nonedenvHux, namuuyy u 0CKpeceHve 8 AHsape, mapme,
urone, cenmsabpe, okmsope u Hosope. Memoovl KOPPENAYUOHHO20 U MHOHCECHBEHHOLO PEPECCUOHHO20 AHANUZA MO-
2ym Gblnb OCHOBOU NPESEHMUBHO20 YAPABIEHUS OE30NACHOCIbIO OOPOHCHO20 OBUNCEHUS 8 YCILOBUAX COBPEMEHHO20

Mmeeanonaucda.

Knrwuesvie cnosa: dopoofCHo—mpchnopmele npoucwecmeus, mamemamuvieckoe MO()E‘JZM]?O@GHH@, K‘OppeJlﬂl{uOHHbllZ
ananus, MHOHCECTNBEHHDILIL pezpeccszHblﬁ ananus, CUCMEMHbLI AHATIU3.

BBenenue

Exxeronnoe yBenmn4eHne WHTEHCHUBHOCTH J0-
POXXHOTO IBM)KEHHUSI COMPOBOXKIAECTCS BO3pacTa-
HUEM Harpy3Kd Ha JOPO’KHO-TPAHCIIOPTHYIO HH-
(bpacTpyKTypy COBpPEMEHHBIX TOPOOB, KOTOpas
C KaXJIbIM TOJIOM BCE€ XYK€ CIPaBISIETCS CO CBOU-
mu ¢pyHknusaMu. Kak crnepcTsre — yBemu4nBaeTcs
4acTOTa 3aTOPOB B YIHMYHO-IOPOKHOM CETH TOpo-
JIOB ¥ KOJIMYECTBO JOPOKHO-TPAHCTIOPTHBIX MPO-
ucmectsuid (ITII) [1, 2]. B aTol cBsI3u pemnicHwme
mpoOeMbl oOecTieueHnsT 0S30MacCHOCTH JTOPOXK-
HOTO JIBIKEHHS OTHOCHTCS CETOIHS K Hamboiee
MIPHOPHUTETHBIM 3aj[adaM pa3BUTHUS CTpaHbl. B TO
JKe BpeMsl M0 OOBEKTHBHBIM MPHYUHAM YITHYHO-
JIOPOXKHASI CETh KPYMHBIX HACEIEHHBIX ITyHKTOB
HE MOXET OBITh MOACPHU3UPOBAHA B CTONb CHKa-
THIE CPOKH KaK KOJIMYECTBEHHO, TaK M KAY€CTBEH-
Ho [3].

Leabi0 padoThl SBISICTCS CHCTEMHBIN aHa-
JIN3 CTaTUCTHYECKUX JTaHHBIX U pa3padoTKa Mare-
MaTHYECKUX PETPECCHOHHBIX MOJENEH, Xapakre-
PHU3YIOIINX JUHAMHUKY JOPOXKHO-TPAHCIOPTHBIX
MIPOMCIIECTBUN B YCIIOBHUSIX COBPEMEHHOTO Mera-
roynca (Ha mpuMepe T. MuHCKa).

Perpeccuonnbie Moaeu TUHAMHKH
JOPOKHO-TPAHCHOPTHBIX MPOUCIIECTBHUI

J1s cucTeMHOro aHann3a U MPOTHO3WPOBAHUS
pucka JITTI nenecooOpasHo paccMarpuBaTh TEXHHU-
YEeCKOE COCTOSTHHUE TPAHCIIOPTHBIX CPE/ICTB, JOPOXK-
HOTO TIOJIOTHA, TIOTOIHO-KITMMAaTHYeCKhe (akKTo-
pBI 1 TOBeAieHNE 4enoBeka. [loromnbie ycioBus,
BKIIIOYass arMoc(epHoe HaBiieHHE, BIIAKHOCTB,
CKOPOCTH BETpa, KOHIEHTPAIUIO KUCIOPOIa, MO-
TYT HETaTUBHO CKa3bIBaThCSA HA CIIOCOOHOCTH Ye-
JIOBEKA YHPABJIATh TPAHCIIOPTHBIMU CPEICTBAMHU.
K ¢akropam, cBI3aHHBIM C TPAHCIOPTHBIM CpE/I-
CTBOM, OTHOCSTCSI: BBIOOp CITOCO0a TIepeaBHKE-
HUS, pa3Mepbl U Maccy TPAHCIIOPTHBIX CPEJCTB,
MOIITHOCTH JIBUTATENIA U CKOPOCTHBIE XapaKTepH-
CTHKH, TEXHHYECKOE COCTOSHNE M 000pyIoBaHHE
TPAHCIIOPTHBIX cpencTB [4]. dakTophl BHEIIHEH
Cpebl BKITIOYAIOT BPEMs CYTOK, ITOTOJHBIE YCIIO-
BUS, COCTOSIHHE JIOPOYKHOTO TIOKPBITHS, 3arpy-
KEHHOCTh TPAHCIOPTHOTO IIOTOKAa, MPOBEIECHUE
JIOPO’KHO-PEMOHTHBIX paboT. Jlopokable (hakTo-
PBI BKJIIOYAIOT Ka4eCTBO JOPOKHOTO HOKPBITHSA,
TopokHYI0 HHPpacTpyKTypy. K dakTopam, TecHO
CBSI3aHHBIM C YEJIOBEKOM B TMPOIECCE JOPOKHOTO
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JBHDKEHUSI, OTHOCSITCS: OMBIT BOKACHHS, ICHX0(u-
3MOJIOTMYECKOE COCTOSIHUE, OO YPOBEHb COMa-
THUYECKOTO 3/I0POBbS U T. 1. AHaJIHM3 CTaTHCTHKH
ATII B . Musncke B nepuop ¢ 2012 no 2017 rr.
BKJIFOYUTENILHO CBUICTEIBCTBYET, YTO B OOJBIIHH-
cTBe ciyyaeB BUHOBHUKOM [TII siBnsitoTCcst BOau-
TEJIM, MPEBBIIIAIONINE CKOPOCTh, HapyIIAIOIIUe
MpaBUiia JOPOXKHOTO JIBMKEHUS, B YACTHOCTH, TIPH
Mpoe3zie MepeKPecTKOB, MEIEX0JHBIX epEeX0I0B
U npouecce MaHeBpupoBaHnus. [Ipuuem B Pecy-
omuke bemapyce mons takux JITII cocrabmsier
oxoito 75%, Torja Kak B HEKOTOPBIX CTpaHax OHa
Joxoaut 10 90% [3, 5].

CucTeMHBIH aHaIM3 CTAaTHCTHUECKUX JaHHBIX
o JTII Obu1 BBIMOIHEH C MOMOIIBIO HHCTPYMEH-
ToB mporeccopa «Excel 2013» u3 nakera «Micro-
soft Office for Windows 10». Ilpu sTom n3 cuc-
TEMHOTO aHaiu3a OBbUIM HCKJIIOYEHBI Hambolee
oueBujHble npuuuHbl JITII, Takue kak TexHU4e-
CKasl HEHMCIPaBHOCTh TPAHCIOPTHBIX CPENCTB,
yIpaBlieHHEe TPAHCIIOPTHBIM CPEICTBOM B COCTOSI-
HUH aJIKOTOJIbHOTO ONbSIHEHUSI, HETPE3BOE COCTO-
SIHUE TIeIIEX0/I0B, BBIE3/] Ha BCTPEYHYIO MOJIOCY,
HETIOMYMHEHHE CUTHallaM U JIOPOXKHBIM 3HaKaM,
HapylleHne Mpoe3aa MepeKPecTKOB, HapylIeHUE
poe3a MeHIeXOJHBIX MepPeXoJ0B, MepeyToMIIe-
HUE U COH 3a pyJIeM, NIePeXo]] B HEyCTaHOBJICHHOM
MecCTe, BBIXOJ HM3-3a CTOSIIETO TPaHCIOPTHOTO
CpelcTBa, MEpexo Ha 3ampellalolinii CHrHal,
yIpaBJieHUe TPAHCTIOPTHOTO CPEJCTBA.

Anamuz JATII B mepuon ¢ 01.01.2012 ©. mo
31.12.2017 r. (na nmpumepe r. MuHCcKa) cBuUje-
TEJBCTBYET, YTO HAUOOBINNH yIIepO, CBI3aHHBIN
c JTII, oOycnoBneH rubenbo W/ Hiau paHeHUSIMH
y4dacTHHUKOB. B wactHOCTH, B epuoz ¢ 01.01.2012
mo 31.12.2017 rox opranaMu BHYTPEHHUX JACI
MunropucnonkomMa ObUI0 3aUKCUPOBAHO OoJiee
5000 JTII, Bxiroyass Hae3abl Ha IEHICXOJIOB
(36,4%), B T. u. mo BuHE BoguTenei (23,7%), cioy-
4au ONPOKHUABIBAHUS TPAHCIOPTHBIX CPEACTB
(1,2%), nae3npl Ha mpemnsarctBue (3,9%), cron-
KHOBeHHe ¢ ynapom c3aau (8,04%), cTonkHoBe-
Hue Ha nepekpectke (11,7%), cronkHOBeHHE JI0-
6oBoe (2,3%), cronkHoBeHue mnomyTHOE (3,6%),
Hae3/1 Ha cTosiiee TpaHcmopTHoe cpeactso (1,06%),
Haesn Ha Benocunenucra (2,5%), mpouune ciydau,
BKJTIOUasl MaJIeHUE B CaJOHE CPEJICTB OOIECTBEH-
Horo TpaHcnopta (5,6%). Heo0xoaumo oTMEeTUTS,
yro JATII mponcxoaunu Ha perynupyemsix (12,2%)
n Heperynupyemsbix (16,3%) memexonHsIx nepe-
X071aX, HA OCTAHOBKax OOIIECTBEHHOTO TpaHCIIOpTa

(3,9%), perynupyemsbix (11,2%) u Heperynupye-
MbIX (8,1%) nepekpecTkax, Ha MOCTaxX U MyTenpo-
Bomax (0,3%), B >KuJIOil 30HE, BKIIOYAss MECTHBIH
Mpoe3, ABOPOBYIO Tepputopuio (4,7%), a Taxke
Ha npoexxelt yactu (43,3%) yauMuHO-AOPOKHOM
cetu ropoyioB [ 1]. Haubonee uacto tsoxensie A TI,
COITPOBOXKIAIOIIUECS THOCTIBIO YUYACTHUKOB, MPO-
ucxonwiu B nepuon 3.00-6.00 4. (koddpunmeHt
koppensnuu 7> = 0,89; P < 0,02), 12.00-15.00
(r*=0,72; P < 0,05), 15.00-18.00 (> = 0,75; P <
0,05) u 21.00-24.00 (#*> = 0,73; P < 0,05). Ilpu-
yeM HanbOounee yacto nonoousie ATIT npoucxonu-
M B noHenensHuk (12 = 0,92; P < 0,02), cpeny
(> = 0,88; P < 0,05) u Bockpecenbe (1* = 0,75;
P <0,02). Yactora JITII npu ynpaBneHun TpaHc-
MOPTHBIMHU CPEJCTBAMH KOPPEIUPYET C BPEMEHEM
roga, B YaCTHOCTH, C BEPOSTHOCTHIO MPOUCIIIE-
ctBuii B sHBape (2 = 0,68; P < 0,05), mapre (7% =
0,65; P < 0,02), mae (2 = 0,68; P < 0,05), urone
(*=0,78; P <0,02), centsbpe (+* = 0,82; P < 0,05),
okta6pe (72 = 0,61; P < 0,01), Hosi6pe (7%= 0,67;
P <0,02).

Takke oxapakTepu3oBaHa JHMHAMHKA WHTEH-
cuBHocTH rudenu yuactaukos A TII B paznuynbie
MECSIIBI Ha MPOTSHKEHUHU T0/1a, KOTOPOE MOKa3aHo
Ha pucyHke 1. OcyiiecTBieHa anmpoOKCUMAIUs
noKasaTesieil MHTEHCUBHOCTHU THOeNIN Y4aCTHUKOB
JOPOXKHBIX MHIMJICHTOB (B €IMHHULIAX OTHOLICHUS
KoJInuecTBa ciiyyaeB rubenu k ciydasm JITII
B TEUEHHE r'0J/1a) OJIMHOMHUAIBHON (yHKIUEH 6-i
crerieHu. [lomyueHbl ypaBHEHHS TOJIWHOMHAIb-
HOW ammpokcumaruu (1-3) ans MUHUMAaJbHBIX,
CPEIHUX W MaKCUMaJlbHBIX TOKa3arejel WHTEH-
CHUBHOCTH T'HOENIM YYaCTHHKOB JTIOPOKHBIX HHIIU-
JICHTOB:

Py () = 2E — 06x° = 5E — 05x° + 0,0002x* +

0,0033x3 — 0,034x> + 0,1059x (2 = 0,4753), (1)
Iae x — nopﬂz[KOBLIﬁ HOMEp Mecs1a B roay.
P =4E — 06x° — 0,0002x> + 0,0022x* —

oTn (cpen) —

0,0142x* + 0,0379x> - 0,0145x (> = 0,5796). (2)

P () = 2E — 06x° — 8E — 05x° + 0,0012x* —

0,0088x> + 0,0279x>— 0,028x; 2 = 0,5154. (3)

IIpu sTOM OBLT BBIJIENEH TIEPUOJ] TOAA C HaH-
0oJpIIell WHTEHCHBHOCTBHIO THOEIHM YYaCTHHUKOB
JTII — ¢ cenTs16ps M0 HOSAOPH BKITIOYNUTENBHO.

B manpHelimem Oblia mpeaiokeHa MaTeMaTH-
YyecKkasi MOZIeIb, XapaKTePHU3YIOolIas CBSI3b BEPOSIT-
Hoctu JITII oT Mecsiia roa Ha OCHOBE ypaBHE-
HUSI MHOJKECTBCHHOU JTMHEHHON perpeccun (4):
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Puc. 1. UHTEeHCHUBHOCTH rHOEIIH Y4aCTHHUKOB JOPOKHO-TPAHCIIOPTHBIX HpOI/ICHIeCTBI/Iﬁ B TCUCHHUC I'0Jla

0,62F,

CEHT

Py = 0,78Pyey, — +0,4P,

0,43P,,. , (R?

JICK ?

oa6p

“4)
=0,99;F =0,067),
rae R?> — kod(pDHUIUEHT neTepMUHAIME U F-Kpu-
Tepuil duniepa, KOTOPbIE XapaKTEpU3YIOT Kaye-
CTBO PErPECCUOHHON MOJEIH.

Bepostaocts JITII 3aBucut ot Takux ¢akxro-
POB, Kak HenmpaBmWIbHBIN BEIOOp ckopocTu (HBC),
HapymeHrne npasun MmarneBpuposanus (HIIM), na-
pymieHue npasui mpoesza nepexpectrkon (HITIIIT),
HecoOmonenne aucranimu (HJL), 9ro BeIpaxkeHO
B ypaBHeHUH (5):

Py =0,21P, +0,21P,

HIIM
0,29P,,, (R* =0,99;F =0,0147).

+0,4P,

Hl'[l'[l'[

)

Bwmecre ¢ Tem, pazpaboTana mareMaTuyeckas
Monens (6 U 7, XapakTepu3yrolas 3aBHCHMOCTb
BepositHoctH JITII or BeposTHOCTH mIpoucuie-
ctBus B uetBepr (UTB) msaraumy (I1TL), cy60oty
(CBT) u Bockpecenbe (BCK):

m =0,059P, ., +0,543B,,, + 0,18 P,

T
0,579P,.., (R* =0,99;F =0,049),
NIIn
Py =0,4P, +0,2895P +0,3P,
(R* =0,99; F = 0,000476).

BepostHocts JTII ¢ TsxkenbIMu MOCIEACTBU-
SIMA U THOENBI0 YYaCTHUKOB MOXET OBITh Mpea-
CTaBJieHa MaTeMaTHYeCKMMU MoznessiMu (8 u 9),
BKJIIOUasi HenpaBuWIbHBIN BeIOOp ckopocT (HBC)

n Hapymenue nuctanmmu (HJ/) w wapymenue
npoesna nepexpectron (HIII):

=2,8635P,,, +6,4367P,

l'[Ol“I/I6 HBC HI®

®)
(R* =0,98; F = 0,000757),
a TaAKIKC:
Borus = 0,898, +0,043B, ., o)

(R>=0,951;F = 0,0071).

AHanu3 npeIoKEHHBIX MHOXECTBEHHBIX JIH-
HEHHBIX PETPECCHOHHBIX MOJETICeH CBHICTEIb-
CTBYET O TOM, YTO JOPOXKHASI CUTYallHs B TEYCHUE
(deBpanis u CeHTIOpsI OKa3bIBalOT HaWOOJee 3Ha-
yuTenbHoe BausHUEe Ha BepoatHocTh TII Ha
npoTsbkeHuu roxa. [lpu sTom Hambonee cyiie-
CTBEHHOE 3Ha4Y€HHE B TpynIe (Gakropos, crocoo-
creytomux JTII ¢ TsxenapiMu MOCHENCTBUSAMU
Y THOEINBI0 YYACTHUKOB, UMEIOT TaKue, KaK JIeHb
HeJIeTN — MATHUIA U BOCKPECEHbE, a TaKXkKe 0CO-
OCHHOCTH TIOBEJICHHS BOJUTEIS IIPH YIIPABICHUU
TPAHCIIOPTHBIM CPEACTBOM — HEIPABIILHBIA BBI-
0Op CKOPOCTH W HapYUICHHE AMCTAHIIUH MEXIY
TPAHCIIOPTHBIMU CPEACTBAMHU.

3akjoueHue

Ha ocHoBe KoppenslMOHHOTO aHalu3a ycTa-
HOBJIeHbI ocHOBHbIC TpuunHbl JITII (Hae3nbr Ha
MENIeX0/I0B 10 BHHE Bomutenei (23,7%), crom-
KHOBeHHe Ha mepekpecTkax (11,7%), MHIUIEHTHI
Ha perymupyeMbix (12,2%) u HeperymupyeMbIx
(16,3%) mnemexomHBIX Tepexonax, a TakkKe Ha
npoezxeit yactu (43,34%). [1pu sTOoM Hae Bcero
HTII ormeuensl ¢ 3.00 mo 6.00 u u ¢ 15.00 o
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24.00 B MOHEENBHUK, Cpely MATHHUILY U BOCKpe-
CCHbE B SIHBape, MapTe, HIOHE, CEHTIOpe, OKTI0pe
U HOSIOpe C y4eToM 0COOCHHOCTEH TpaHCIIOPTHO-
rO MOTOKA W YJIUYHO-JIOPOXKHOH CETH TaKoro Me-
ranonuca, kak MuHck. Ha ocHOBE IpensoxeH-
HBIX MOJIEJIE MOJIMHOMHUAJIBHOM anpoKCUMALIUU
6-it crenienu (1-3) 1 MHOXECTBEHHOM JTMHEHHOI
perpeccun (4-9) MoxeT ObITh pa3paboTaHa WH-
(dopmanoHHas cUCTeMa aHaJINW3a U TPOTHO3UPO-

Banus pucka pasutus JATII. [IpornosupoBaHue
pHUCKa JOPOKHO-TPAHCIIOPTHBIX CUTYaLUi C OLIEH-
KO BEPOSITHBIX YEIIOBEUECKUX JKEPTB U SKOHOMU-
YEeCKHX MOTeph MOXET OBITh OCYIIECTBICHO Ha
OCHOBE [LIMPOKOT'0 UCIIOJIB30BAHUS HEUPOCETEBBIX
TexHosorui [6, 7]. CucTeMHBIN aHANW3 JaHHBIX
o JATII sBnsieTcss OCHOBOM Il IPEBEHTHBHOIO
yHIpaBieHHs 0e30MacCHOCTBIO JTOPOKHOTO JIBUKE-
HUS B YCJIIOBUSIX COBPEMEHHOI'O METAIIOJINCA.
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DAVIDOVSKY A. G., LINNIK A. M.

THE SYSTEM ANALYSIS AND MATHEMATICAL MODELING ROAD ACCIDENTS
IN THE METROPOLIS

The article presents the results of correlation analysis of the causes of road accidents in such a modern metropolis as
Minsk. Has been identified the most frequent causes of road accidents, including pedestrian collisions caused by drivers, colli-
sions at intersections, incidents at controlled and unregulated pedestrian crossings, as well as on the roadway. The depen-
dence of transport incidents on the time of day, day of the week and month of the year was investigated. Shows the periods
when road traffic incidents occur from 3.00 to 6.00 h, from 15.00 to 18.00 and from 21.00 to 24.00 on Monday, Friday and
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Sunday in January, March, June, September, October and November. Methods of correlation and multiple regression analysis
can be the basis of preventive traffic safety management in a modern metropolis.

Keywords: road accidents, mathematical simulation, correlation analysis, multiple regression analysis, system analysis.
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YK (631.171:004.3):636.2.034 (043.3)

A. I CEHbKOB, M. U. TUPYIIKUH, A. b. TPUII[EHKO

MATEMATUYECKAA MOAEAb HAKOIMAEHUA MOAOKA
B BbIMEHU KOPOBDbI

Yupeoicoenue oopasosanus «benopycckuii 20cy0apcmeennvlil azpapHulil MexHU4ecKutl
VHU8epcumemy

B pabome npeonoscena mamemamuieckas mMooenb, ONUCHIBAIOWAA OUHAMUKY Memabonuiecko2o npoyecca 06-
PA308AHUSL MOSIOKA 6 BLIMEHU KOPOBbL 8 3ABUCUMOCIU OM 3HAYEHUSL NPOMEHCYMKA 8PEMEHU, NPOUEOUE20 C MOMEH-
ma oKoHuanus nociedne2o 0oenus. Humencusnocms npoyecca 06paszosanus MOJIOKA 8 8bIMEHU KOPOBbl, d, Cl1ed08d-
MeNbHO, U ee MOJOYHAS NPOOYKIMUBHOCHb, 3A8UCUM, 8 MOM YUCIe, OM ONMUMATLHO20 86160pA KPAMHOCMU 00eHUll
6 CYMKU ¢ ONpedeieHHbIMU UHMEPBANAMU 8peMenu MexcOy 0oenuamu. [Ipednazaemasn mooens nO36OIUM YYUMbL-
6amb OaHHble PAKMOPLL NPU AHATUZE U ONMUMUSAYUU YCAOBULL COOEPAHCAHUS MOTOYHO20 CMAOA KPYIHO20 PO2AMO20
ckoma (KPC). Pesynomamul ucciedosanuii RpumMeHuMbl npu OUA2HOCMUKe COCMOAHUSL KOPOBbl, NP CPAGHUMENTbHOU
oyenke Ihpexmusnocmu kpamuocmu 0oenus u m. 0. Kosppuyuenm demepmunayuu, npu ucnoib308anuu 8 Kave-
cmee mooenu anepuoouieckoeo 3sena, cocmasun 0,82. [Ipeumywecmsom npediazaemo2o nooxood K uoeHmupura-
Yuu 6UOI02UYECKO20 0OBEKMA — KOPOBbL — ABIACMCA UCNOIb308AHUE MEMOOUKU NACCUBHO20 IKCNEPUMEHMA HA OC-
HOBe CIMAMUCMUYeckol 06pabomKu MAccU806 IKCNEPUMEHMATLHBIX OAHHBIX NO HAOOAM, Pe2UCPUPYEMbIX COBpe-
MEHHBIMU UHPOPMAYUOHHBIMU cucmemamu ynpasienus cmadom KPC na Oeiicmgyiowux MOn04YHO-MOBAPHbIX

Komnjiekcax.

BBenenue

B wndopmammonHOM 0OECIICYeHUH MOJIOU-
HOTO CKOTOBOJICTBA Pa3BHTHI U HIMPOKO HpUMe-
HSIIOTCSL pa3HOOOpa3HbIe MOJIENN JIAKTAI[HOHHBIX
kpuBHIX [ 1]. Kak mpaBwmino, Takue MOIETH CBS3bI-
BalOT MPOTHO3 CyTOYHOTO HAJOs ¢ a30il maKrTa-
uuu (JIaKTaus — TMEepHOJA BBIPAOOTKH MOJIOKa
Yy KOPOBHI TIPOJIOJKUTEIBHOCTEIO 0Kosto 300 mHel,
Ha4MHAs C JaThl IOCIEAHETO OTeNa). AHaIH3 -
TeEpaTypbl U pPEANbHBIX JKCIIEPUMEHTAIBbHBIX
JAHHBIX TTOKA3bIBAET, HAPSAY C APYTUMH (pakTo-
pamu, BIUSHUE HA TEKYIIUH HAJ0W TPOMEXYTKa
BPEMEHH MEXKJLy TOCHUSIMHU U KPaTHOCTHU JIOCHHUSI
[2, 3]. Tak, 300TeXHUYECKUMH HCCIIETOBAHNUIMHA
YCTaHOBIIEHO [4], 4TO CKOPOCTH OOpa3oBaHUS
MOJIOKa B BBIMEHH KOPOBBI HEpaBHOMEpPHA IIO
BPEMCHHU: UHTCHCUBHASI CEKPEIHs MOJIOKA y KO-
poB Habmromaercs B TeueHue 4 9 mocje odepe-
HOTO JIOCHHMs, a 3aTeM OHa yMEHBIIAETCs W IO0-
cTeneHHo mnpekpamaercs yepe3 10 4. [Ipu stom
WCCTIeIOBaHNE BIUSHUSA TPOMEKYTKAa BpPEMEHU
MEXJly NOCHHSIMH Ha 00bEM HAKOIJICHHOTO MO-
JIOKa TpaAWuLMOHHO BBINOJHAJIOCHE METOJAOM aK-
THBHOTO DKCIIEpUMEHTA [2—4]: OCYIIECTBIISIINCH
JOWKH KOPOBBI Uepe3 pa3Hble MPOMEKYTKH Bpe-

MEHU W HM3MEPSIIOCh KOIWYECTBO MOIYyYEHHOTO
Mosioka. OHaKo MPOBeIeHNE MOT00HOTO aKTHB-
HOTO JKCIIEPUMEHTa C OMOJOTMYECKHM OOBEK-
TOM, KaK1M SBJIIE€TCSI KOPOBA, UMEET CYII[ECTBEH-
HBI HEJOCTAaTOK, CBS3aHHBIA C HapylOIeHUEM
(PM3HOTOTHIECKOTO PUTMA KMUBOTHOTO, YTO MO-
JKET CIYXHUTh MUCTOYHUKOM TOTPEUTHOCTH U3Me-
penuii. B 10 e Bpems B PecnyOnuke benapych
(GYHKIHOHMPYIOT OOJIBLIOE YHMCIO MOJOYHO-TO-
BapHBIX KOMIIJIEKCOB C aBTOMAaTH3UPOBAHHBIMHU
JIOWJIBHBIMHU 3aJIaMU W KOMITBIOTEPHU3NPOBAHHBIMU
cuctemamu ympasinenus ctagoM (CYC). B CYC
B aBTOMAaTHYECKOM PEXHUME BEJETCS perucrpa-
WSl TaHHBIX 0 HanosM. CTpyKTypa perucTpu-
PYEMBIX JaHHBIX OOBIYHO BKITIOYAET B CEOsI CIICTy-
IOIIHE TTOJI: HOMEp KOPOBBI, HOMEp JHS B TO/I0-
BOM IIMKJI€ JIAKTallMM (HauWHasg ¢ JaThl MOCHEN-
HETo OTeJIa), HOMEp JOeHHs B TeueHHue cyTok (1 —
yTpeHHee, 2 — THEBHOE, 3 — BeUepHee), MOIyIeH-
HBIA HaZ0W MoJoKa (KT), JaTa W Bpems Havaja
JIOCHHUS, JUTUTEIBHOCTD oeHus () u T. 11. [Ipumep
CTPYKTYpBl TaOMULbI 0a3bl JTAaHHBIX MO JOCHHIO,
WCTIOJIh3yEeMOW B OTEUECTBEHHOM MOJYIE yIpaB-
nmeHus noeHmeMm «Maiictapy [5], mpencramieH
B Ta0IHUIE.

1,2019
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Tab6nuuma. @OparMeHT H CTPYKTYpa TAOIMIBI 6a3bI TaHHBIX MOAYJISI ypaBieHus 1oeHneM «Maiictap»

Howmep xopoBer | JleHs maxkranun Jloenne Hapoit monoka, kr Jara Bpemst Hauana gjoeHus JIIMTeIbHOCTD JOCHHUS, C
2 50 1 9,570 06.08.17 06:52:15 340
2 50 2 3,593 06.08.17 13.05.15 303
2 50 3 3,558 06.08.17 19.10.13 258
2 51 1 9218 07.08.17 06:40:37 391
2 51 2 3,571 07.08.17 13.06.15 280
2 51 3 3104 07.08.17 18.43.49 253
2 52 1 8,815 08.08.17 06:59:24 453
2 52 2 4,097 08.08.17 13.16.44 276
2 52 3 3940 08.08.17 18.50.11 266

Takum o00Opa3oM, BO3HHMKAET BO3MOXHOCTb
myTeM 00pabOTKM OONBIIMX MacCHBOB JaHHBIX
(mns 1 xopoBsL, ipu 305 MHSAX JaKTaMA U TPEX-
pazoBoMm noenuu — 915 usmepenuit; crano — 200,
400 umm 600 KOpoB) B paMKaX IMacCUBHOTO JKCIIe-
pPUMEHTa BBINOJHUTD HACHTU(UKALMIO Marema-
THYECKOH MOJENH MeTabOoIMYecKoro mpouecca
00pa30BaHUs MOJIOKA B BBIMCHH KOPOBBI.

B nannoli paboTe npeangokeHsl MaTeMaTude-
CKHE MOJEJH, ONHCHIBAIOLINE TMHAMUKY 00pa3o-
BaHMsI MOJIOKa B BHIMCHHU B 3aBUCHMOCTHU OT Bpe-
MEHH, MPOMICAIIET0 ¢ MOMEHTa MOCIECHEro J0e-
Husi. Ha ocHOBe cTarncTryeckoro aHaansa sKcre-
PUMEHTAJIBHBIX JAaHHBIX MO HaI0sSM KOPOB BBI-
MOJTHEHA OLICHKA TOYHOCTH MPEATIOKEHHBIX MOJIe-
JIeH.

OcHOBHAA YaCTh

TeopeTnueckoe MaTeMaTHUYECKOE OIMUCAHUC
MPOLIECCOB KUBHEACATEIBHOCTH, MPOUCXOSIIINX
B JKUBBIX OPTraHU3MaX, SIBJISICTCS] BECbMa CIO0KHOU
3a/1a4eil B CUIy OTPaHUYCHHOCTH KJIACCUYECKOTO
MaTeMaTHYeCcKoro anmnapara. B Hacrosiee BpeMs
JUTSL pEIICHUs IOA00HBIX 3a/1a4 BCE OOJIBIIYFO TI0-
MYJISIPHOCTh PUOOPETAFOT METOJIbI HEUETKOH JI0-
TUKU, HEMPOHHBIX ceTeil. boiiee TpaaulmoHHBIM
MOAXOAOM SIBJISICTCSI MCIIONBb30BAaHUE TUHAMUYEC-
CKM JCTCPMUHUPOBAHHBIX MOZENICH Ha OCHOBE
TaK Ha3bIBACMOU, «MOJCIIU CEPOro0 SIINKAY, KOTAa
CTPYKTYypa MOJEIH 3aJaeTCs apUOPHO, UCXOA
U3 OIPENICICHHBIX SMITMPHUYSCKUX COOOpaXKCHUH,
a YHCJICHHBIC 3HAYCHUS MapaMeTPOB MOIEIU
OTIPECISIIOTCS. PACUCTHBIM IIyTEM Ha OCHOBE JaH-
HBIX 3KCHepuMeHToB [1, 6, 7]. Ilpumepom Takoro
MOJIXO/1a, B YaCTHOCTH, SBIIACTCS MOJICIb KPUBOU
nakrauuu Byna [1].

CnoxHOCTh (hopMaHu3auyd KOPOBbI KaK OHO-
JIOTHYECKOro 00bhEKTa CHHTE3a MOJIOKA 3aKIFo4va-
€TCs KaK B HECTALMOHAPHOCTU BEIMYUHBI CyTOU-

HBIX HaJ0€B MOJIOKa B TCUCHHE INEpUOJa JIaKTa-
1M, TaK U BEJIMUMHBI TEKYIIETO Pa30BOr0O HAJOS.
s paccmarpuBaeMoro B JaHHOM paboTe mpo-
ecca MOJIOKOOOPa30BaHUSI B BBIMEHH KOPOBBI
NpeAaraeTcs MaTeMaTn4eckoe OMUCaHUue CKOPO-
CTH MOJIOKOOOpA30BaHMUsI B BBIMEHU B CIICAYIO-
IeM BHJIE:

V= Vor V< Vmax> (1)
0, ¥2 Ymax

IJIe¢ v — MTHOBCHHOE 3HAYCHHWE HHTEHCHUBHOCTHU
npoiiecca oO0pa3oBaHUs MOJIOKa B BBIMEHHU 0e3
y4era WHEPIUOHHOCTH (PU3UOIOTHUYECKUX peak-
U opraHu3Ma KOPOBBI, KI/4.; V, — HHTCHCHUB-
HOCTB Ipoliecca 00pa3oBaHusi MOJIOKa O MOMEH-
Ta HAIOJHEHUS BBIMEHH, KI/4.; ) — KOJIMYECTBO
MOJIOKa B BBIMEHH, 00pa3oBaBIleeCs ¢ MOMEHTA
OKOHYAHUSI MOCIEIHETO TOCHUS, KT} V. — HEKO-
TOPOE MaKCUMAITLHO JIOMTYCTHMOE KOJMUECTBO MO-
JIOKa B BBIMCHU (MaKCHMaJIbHAasi EMKOCTH), MPHU
JIOCTHXKEHUH KOTOPOTO MPEKpaIiaeTcs MpoIece
JAbHENIIeTo 00pa30BaHusl MOJIOKA, KT.

Takum 00pa3oM, HHTEHCUBHOCTH Ipoliecca
00pa3oBaHUs MOJIOKa B BBIMEHHU IMOCTOSHHA [0
TEX TOp, MOKa KOJMYECTBO HAKOIUICHHOTO B BBI-
MEHHU MOJIOKA ) MEHBIIIE HEKOTOPOTO MaKCHUMallb-
HOTO 3HAYCHUS Yy, IS ydeTa HHEepIUOHHOCTH
(hU3MONIOTUYECKON peaKIuu OpraHu3Ma KOPOBBI
HAa OITyCTOIIICHUE BHIMEHHU 110 OKOHYaHWUHU JOCHUS,
a TaK)Ke Ha IOJIHOE 3all0JIHEHUE BBIMEHU U TIpe-
KpallleHHe NallbHeHIIero MoJIOKOOOpa30BaHUS
B MOJIEJIb BBEJICHO JOTIOJHUTEIHHOE arlepruoInye-
CKOE 3BCHO:

F(s) 1
V(s) Tis+1’
e F(s)=L[p(@)], V(s)=L[v(®)], L[...] - one-

parop nzobpaxenus Jlamiaca; y — CKOpocTh 00-
pasoBaHHs MOJIOKAa B BBIMEHH, Kr/4.; 7| — OCTO-

W, (s) = (2)
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Puc. 1. MaremaTndeckasi MOJelib HHTEHCHUBHOCTHU TIPOIIEC-
ca 00pa30BaHMS MOJIOKA B BHIMEHH KOPOBBI

STHHas BpPEMEHH, XapaKTepU3yrollas HHEPLHOH-
HOCTbH BO30OHOBIJIEHHSI TpoLiecca 0OpazoBaHHs MO-
JIOKa B BBIMEHH NI0CJI€ OKOHYAHUS JJOEHUS], a TaKKe
MpeKpalieHne AajbHeHIIero oopa3oBaHus MoJo-
Ka TpU HATIOJIHEHUX BBIMEHH 0 MaKCUMyMa, Y.

OmnepaTtopHOMy ypaBHEHHUIO (2) COOTBETCTBY-
et nuddepennranbHoe ypaBHEHHE:

Ly@)+y(0)=v1). (3)
CTpykTypHasi cxeMa IpemiaracMoi mareMa-
THYECKOW MOZAEIN WHTEHCHBHOCTH TIporecca o0-
pa3oBaHUS MOJIOKA TIpeacTaBiIeHa Ha puc. 1. 3Ha-
YeHHE ), 33/JaeT HAYallbHOE yCIOBHE — OCTATOK
MOJIOKa B BBIMEHH KOPOBBI IO OKOHYAHWUHU IIO-
ciemHero moeHus. Ha mpakThke  OOBITHO
Vo= 0,5 xr [2-4].
3HaYeHNS TTapaMeTPOB MONEIH 1, ¥yax ONIPE-
TIEJSIIOTCST  (PU3UOJIOTHUYECKUMH  OCOOCHHO CTSMHU
JIAaHHOW KOHKPETHOM KOPOBBI, €€ YPOBHEM MOJIOU-
HOH TIPOAYKTHBHOCTH W MOTYT H3MEHSITBHCS CO
BpPEMEHEM OT MOMEHTA OTeJIa 0 OKOHYAHHUS JIaK-
Tauud. UYUCIIEHHbIE 3HAYEHMsSI napameTpoB 77,
Vmax OTIPEIEISIINCh Ha OCHOBE METO/Ia HANMEHb-
X KBAJIpaToB; B KAadeCTBE IENEBON (QpyHKIINH
HCIIONIB30BAJIaCh CyMMa KBaJpPaTOB OTKJIOHCHHUU
N 3HaYeHUM MOCIeI0BaTEIbHbIX PEATbHbBIX HAJO0-
eB y* OT MOJIEITH )
N

2= 3 (i -slo)

— min. 4)
j=l1 »Ymax

h
st yripolieHus: U IMHeapu3aIui IpeacTaB-
JICHHOU Ha puc. 1 MaTeMaTuyeCcKoil MOaeNnu BMe-
cTo TpeamnonoxkeHus (1) ucmonb3yeM Mpeanosno-
JKCHHE O TOM, YTO CKOPOCTh 00pa30BaHUs MOJIOKA
YMEHBIIIACTCST TI0 MEpE HAIOJHCHUS BBIMECHHU
YMEHBIIIACTCS MPOMOPIIMOHAIBHO KOJTUYECTBY Ha-
KOILJIEHHOTO B HEM MoJioka [2, 3], T. e.:

v(t):k(ymax_yo_y(t))a (5)
rIe k — HEKOTOPBIA MOCTOSHHBIN Kod((HIHCHT,
3HAUCHHE KOTOPOTO WHAWBUAYAIBHO JUIS KaKIOH
KOHKPETHOU KOPOBHI, 1/4.

B pesynsrare, ¢ yuetom BbIpakeHus (3), mo-
JTYyYUM:

T3 50+ Tj(0) + () = Vo = Vo (6)

rae 1, =
HU.

Taxkum 00pa3om, JTMHAMUKA HAKOIUICHHUS MO-
JIOKa B BEIMEHH KOPOBBI MOJKET OBITH OIHCaHa TH-
MTOBBIM JIMHEHHBIM aNlepUOINIECCKIM 3BEHOM 2-TO
nopsnka [7].

3HaueHHs apaMeTpoB PaccMaTPUBAEMBIX MO-
aenet — Yo 11> Vo, 12, T3 MOTYT OBITBH OTIpeierne-
HBI YHCJICHHO I10 Pe3yJibTaraM perucTpariy 3Ha-
ueHMi (GAKTHIECKMX HANOEB ) M MPOMEKYTKOB
BPEMEHH ! MEXIy JOSHHUSIMH 3a mocienaue N
JTHEH, HaTpuMeD, 3a TIPEAIECTBYIONYI0 HEACIIO.

PesynbraTel 4MCIEHHON OIEHKH aJIeKBaTHO-
CTH TPEIJIOKEHHBIX MaTEeMaTHYeCKUX Mojelnei
mporecca 00pa3oBaHUS W HAKOIUICHUS MOJIOKA
MIPEJICTaBIEHBI HAa puC 2. PacueTsl MpoBeicHBI Ha
OCHOBaHUH 3aperUCTPUPOBAHHBIX JAHHBIX O (akx-
TUYECKUX HAJ0SX BBHIOpDAHHOW KOPOBHI 32 7 TIO-
CJIEJIOBATENFHBIX JTHEHW TPU TPEXPa30BOM JOCHUHU
B CyTKH (YTpoM, B 00ex u Beuepom). Ha manHOM
PUCYHKE 110 OCH aOCIIMCC OTCUMTHIBACTCS BPEMs,
MIPOIIIe/IIIIee C MOMEHTa OKOHUAHUS KaXKJI0TO TIpe-
JBITYIIETO JTOCHHS, 1I0 OCH OPJMHAT — KOIHUYe-
CTBO MOJIOKA, OOpasyrorieecs B BBIMEHU KOPOBBI
MO TIPOIIECTBHH COOTBETCTBYIOIIETO HMHTEpBala
BPEMEHH C MOMEHTa OKOHYAHWS IMPEIbIIyIIEro
JoeHus. MapkepaMu Ha puc. 2 OTMEUYEHBI 3HaYe-
HUSl (PAKTHUYECKUX 3apETHCTPUPOBAHHBIX HAJIOCB
Moroka. Kpuast 1 coorBerctByer momemu (1) — (2),
kpuBas 2 — mozenu (6). COOTBETCTBYIOIIHE YHC-
JIOBBIE 3HAYCHUS TAPAMETPOB MOJICITICH PABHBI:

1
— u, I3 =; Y. — TIOCTOSTHHBIE BpeMe-

¥, KT

14| R2=081 %
12 R2=082 5 YTpEHHUE HAOU |
2=0,
x
10 x

x JHEBHBIC HAJIOH

61 x
1
x
4 BEYECPHHE HAJ0H
2t

0 2 -+ 6 8§ 10 12 14 16 ¢4
Puc. 2. YncneHHas oneHKa aJeKBaTHOCTH paccMaTpHBac-
MBIX MaTeMaTHYECKUX MOAENeH HHTEeHCHBHOCTH IpoIiecca

00pa3oBaHUs MOJIOKA
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st mogenu (1) — (2): ypax = 12,6 k1, T} =
0,66 4, vy = 1,2 kr/4, Kod3pPUIIUEHT IeTepMUHA-
i R7 = 0,81;

JUTSL aTiepUOUIECKOTO 3BeHa 2-T0 mopsiaka (6):
Vmax = 17 k6, T, = 2,33 u, T3 = 4,66 4, ko3 du-
[IUEHT JeTePMHUHAITIHI R22 =0,82.

Taxum oOpazom, I 1ieniell MPOrHO3UPOBaA-
HUSI SIMHAYHOTO HaJ0s1 OT KOPOBBI C YYE€TOM WH-
TepBaja BPEMEHH MEXAY IOCIEA0BaATEILHBIMH
JOCHUSIMUA MOKET OBITh UCIIONIb30BaHA MaTeMaTH-
YyecKkass MOJIeNIb CKOPOCTH MOJIOKOOOpa30BaHUsI
B BHJIC allepUOANYECKOTO 3BeHa 2-T0 Topsaka (6).

Ha ocHoBe naHHBIX Momenel pa3paboTaHbI
METOJ] JWHAMHYECKOW OSKCIPECC-OIEHKH OIITH-
MaJIbHOCTH BBIZICP)KUBAEMbIX WHTEPBAJIOB MEXKIY
JOCHUSIMA KOPOBBI C TOYKH 3PEHHUS MOBBIIICHUSI
ee MOJIOYHOW MPOAYKTHBHOCTH ¥ MUMHTAI[IOHHAS
MoJielb cpaBHEHHUs 23(Q(DEKTUBHOCTH IBYX- M TPEX-
KPaTHOTO JOCHHS KOPOB B YCIOBUSIX KOHKPETHOTO
MOJIOUYHO-TOBAPHOT'0 KOMIUIEKCA C YUETOM JIOTIOI-
HUTENBHBIX 3aTpaT.

3aKkJoueHue

Bneprie 000CcHOBaHO MPUMEHEHUE MaTeMa-
THYECKOM MOJIEJIM HAKOIJIEHUSI MOJIOKA B BELIMEHH
KOPOBHI B 3aBICHUMOCTH OT BPEMEHH, TPOIIIC/IIIIE-
T0 C MOMEHTA OKOHYAHUS TPEIBIIYIIECTO JOCHMS,
B BHJC alepUOAMYCCKOTO 3BEHA 2-TO TOPSIIKA.
[IpennokeHHbIE MaTEMATHIECKIE MOJICTTH HE TIPO-

TUBOpEUAT 300TEXHUYCCKUM JaHHBIM. Mcmomb3o-
BaHHUE METOIUKHU MACCHUBHOTO AKCIEPUMEHTA IIO-
3BOJISIET O3 HapyIlIeHUs! (PU3HOJIOTUISCKOTO PUT-
Ma KOpPOBBI MOJYYUTh HEOOXOAMMBIN HAOOp HaH-
HBIX MPSMO B YCJOBHSX JCUCTBYIOIIETO MPOU3-
BOJICTBA. M ieHTH(UKAIMS 3HAYCHHI TapaMEeTPOB
MaTeMaTHIeCKOU MOJICTH BBITIONHSACTCS C MCTIONb-
30BaHHEM METOJIa HAMMEHBIIINX KBaIPaToB Ha OC-
HOBE (haKTHUYECKHMX JAHHBIX 110 HAJ0SM KOPOBBI,
3aperucTPUPOBAHHBIX 3a mociennue 7—10 mHE.
PaspaboTanHbIe MOJIEIIHM OIICHKH BIUSHUS IPOME-
JKyTKa BPEMCHH MEXKIy JOCHHSIMHU HAa HAJIO0W MO-
JIOYHBIX KOPOB, TOJYYCHHBIC MyTEeM 00pabdOTKU
OOJBIIIX MAaCCHBOB JaHHBIX C feicTBytonmx CYC,
MO3BOJISIIOT pEeIaTh Psii MPUKIAAHBIX 33434, DTH
pe3yabTaThl MOTYT OBITh MCIIOJIb30BaHbl B MHOT'O-
napaMeTPUUYSCKON MOJCITH UICHTU(DUKALUN K-
BOTHBIX [8]. O1ieHKa OTKJIOHEHHUH pEealbHOMN MPo-
JTIyKTUBHOCTH KOPOB OT MPOTHO3HBIX MOAEIBHBIX
3HAYCHUH MOXKET OBbITh IMOJI0KEHA B OCHOBY JiMa-
THOCTHKH COCTOSIHUSI )KUBOTHBIX, a TAKXE MOJ-
Jep’KaHusl ONTHUMAIBHBIX TMapaMeTpOB TEXHOJIO-
UM KOPMIICHUS B COICPKAHUS KUBOTHBIX. [Ipen-
JIOXKCHHAsI MOJIEJIb TAKKE MOXKET ObITh UCIIOJIB30-
BaHa MPHU TEXHUKO-PKOHOMHUYECKON OIICHKE BHIOO-
pa KpaTHOCTH JOCHHS KOPOB IJISI KOHKPETHBIX
MIPOU3BOJICTBEHHBIX YCIOBUN KaK TPU MPEANPO-
SKTHBIX pacueTax, TaK U B YCJIOBHUSAX pPEalbHOU
MOJIOYHO-TOBAPHOU (hepMbl WIIM KOMILICKCA.
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MATHEMATICAL MODEL OF MILK SECRETION IN A COW’S UDDER

Belarusian State Agrarian Technical University

The paper proposed a mathematical model that describes the dynamics of the physiological process of milk secretion in
the cow s udder, depending on the value of the time interval that has passed since the end of the last milking. The intensity of
this process, and, consequently, the cow's milk production level, depends, among other things, on the optimal choice of the
multiplicity of milkings per day with certain time intervals between milkings. The proposed model will allow to take into
account these factors in the analysis and optimization of conditions for the maintenance of dairy cattle herds. The results of the
research are applicable in diagnosing the state of a cow, in a comparative assessment of the effectiveness of milking
multiplicity, etc. The model’s determination coefficient is 0.82 for the aperiodic link used as a model. The advantage of the
proposed approach to the identification of a biological object — a cow — is the use of a passive experiment technique based on
statistical processing of experimental data on yields recorded by modern information systems for the management of cattle on
existing dairy farms.
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PEI PING, YURY N. PETRENKO

MOBILE ROBOT NAVIGATION PATH ALGORITHM
IN 3D INDUSTRIAL INTERNET OF THING (IOT)
ENVIRONMENT BASED ON 5G MOBILE COMMUNICATION

Belarusian National Technical University

With the significant growth of the semiconductor industry, creating small devices with powerful processing ability
and network capabilities are no longer a dream for engineers. Currently, Internet of Things (IoT) has become one of the
hottest topics in both industry and academia of wireless communication field. The idea of the Internet of Things (loT) is
to connect every day physical objects such as microwave, doors, lightings and so on. The technical concept of the 10T is
to enables these different physical objects to sense information using sensors and sends this information to a server.
Industrial 10T is to integrate various technologies to improve business services in different sectors. It implicitly indicates
the behavior of machine-to-machine communications. Each of industrial 10T as service domains has its own
communication requirements that are measured differently in both such as reliability, Quality of service (QoS), and
privacy. According to the development of industrial automation, the industrial Internet of things (1oT) is widely used in
smart factories to capture the data and manage the production. One of the most important components of industrial [oT
is the wireless sensor network (WSN), which are easy to deploy and use in indoor industrial environments for a lot of
tasks, such as irrigation, machine condition monitoring, and environment monitoring. There are a lot of works focusing
on the WSN in industrial IoT. For example, in, a WSN-based hidden Markov model is proposed to estimate the occupancy
in the building (also see other works [1], [2]). In this paper, the research focus on 3-D mobile robot tracking in 5G
wireless communication combine to sensor network and mobile robot path planning. The mobile robot can move fast in
the three-dimensional (3-D) indoor industrial environment for many tasks such as the monitoring of possible damages

on industrial plants [3], data gathering and transmission from wireless communication [4], transportation [5].

Introduction

The frequency bandwidth of information
technology has already become too pricey, and
with each passing day, they are becoming being
extinct. Radio spectrum demand exponentially in-
creasing after 2019, due to the rising desire from
human being. The next generation wireless com-
munication system considered as the one source
of improved spectrum utilization, meet the needs
of mobile robot in industrial Internet of Things
(IoT) environment with explosive data growth [6].
Mobile robot in industrial IoT environment relies
on the propagation of radio waves with large area
coverage to transmit signals. A range of signals
can be received by terminals in the same frequen-
cy band. Therefore, it is necessary to distinguish
the information from different terminals especial-
ly in the applications of the industrial IoT which
is a typical characteristic of data burst growth [7].
From the user view point the micro mobile robot
characteristics of industrial IoT are displayed as a
3-D under actuated autonomous vehicle and wide-

ly used to describe industrial robots as an example
shown in Fig 1, [8].

Accordingly, several kinematic model that
are important to the operation of the industrial ro-
bot system are identified. These kinematic model
include: considering the time delay involved by
communications and global path planning, the an-
tenna array structure combine to the characteristic
of millimeter wave from 5G wireless communica-
tion to obtain a better stability and the optimal
system performance [9, 10]. In the next sections a
discussion will be related to the mobile robot is
equipment with the sensor inertial measurement
unit (IMU) with a communication technology.
The mobile robot characteristics in industrial loT
environment depends mainly on the sensitivity re-
ceived by the sensor and the wireless communica-
tion network time delay [11]. It is clear that the
change in sensitivity has a strong effect on signal
quality of the air channel and the capture image
resolution of the access point to mobile robot in
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Figure 1. 3-D indoor industrial environment robot moving track

industrial 3-D environment, but negligible effect
on the baseband signal processing.

The 3-D kinematic characteristics of a mobile
robot is the extension of the 2-D kinematic planar
analysis. There is a IMU and a wireless communi-
cation device have equipped in mobile robot in
this paper. Moreover, there is a successful naviga-
tion path algorithm has been designed with real
3-D robot [12]. The mobile robot in the 3-D in-
dustrial IoT space could be described as a Carte-
sian coordinate.

s(1)=x(1),»(t),z(¢). (1)

Figure 2 shows the Cartesian coordinates in (1)
of mobile robot in industrial 3D environment.

Several important parameters which are used
to characterize mobile robot in industrial IoT
communication environment are discussed in the
following sections as mentioned earlier. The
motion of mobile robot in 3-D industrial space in
mathematical equations could be described as (2).

“.

v i,
. @)
1=

=

The U, is the maximum value of the norm of
the input of two degrees of freedom control vec-
tor, usually written as [[iill < U,,. The direction of
robot’s velocity is orthogonal to the input of two
degrees of freedom control, it can be written as
i L. Moreover, according to IMU and the odo-
metry data from wireless sensor feedback can ob-

tain mobile robot’s location s(¢) and the direction
of robot’s velocity i(z). However, the control in-
put u has a constraint in minimum turning radius
of the mobile robot is necessary to be explored in
this dissertation. The minimum turning radius can
be defined as follow (3):

v
R, =—* 3

min UM ( )

In this paper assumed a closed set D with an

arbitrary point in nation p, the safety distance range

between D and p in minimum be written as (4)
dy(D, p) = min |[p - D|| “4)

There is an initial torus, which is an extension
of initial circle proposed in [13] for considering

Y

w0 -

(1)

x(;) X

Figure 2. Mobile robot in 3D spatial coordinates where; s; =
the number of ith mobile robot’s position; i = the current
mobile robot’s number; v, = the speed of robot movement, it
is a constant speed in this dissertation; R*> = Three-dimen-
sional vector space; i = the unit vector indicating the di-
rection of robot’s velocity, ieR;u = input of two degree
of freedom control, u € R ; § = Find the first derivative of
the displacement; i = Find the first derivative of the unit
vector of robot movement speed; U,, = The maximum value
of the norm of the input of two degrees of freedom control i
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Figure 3. Composition of the minimum turning radius set B

the minimum turning radius. When there is a set
B satisfies the (2.5) and (2.6) equations.

B={peR’, (p-s)Li,|p=s|=Run} (5
Q = {p€R3, ds (Bap)::Rmin} (6)

The minimum turning radius can be found is
shown on the circular dotted line below in Fig 3.

In an industrial IoT environment applications
exists two different obstacle scenarios in different
irregular shapes and dynamic velocities can be di-
vided into static state and moving state (walls,
other mobile robot, etc.) To ensure the reliability
and timeliness of obstacle detection, we consider
to deploy 5G massive MIMO antenna in millime-
ter wave communication for increase spatial in-
formation throughput while ensuring the direc-
tionality of information transmission combined
with sensor network in the workspace. In Fig 4,
each sensor acquisition terminal uses a 3-D range
finder to measure the obstacle distance in different
directions in ideal circumstances. There are two
types of 3-D range finder in industrial applica-
tions commonly be used. The first type provides
omnidirectional measurements of distance named
spinning 2-D range finder [14], The second type
only measures the distance based 3D capture
hardware system design method in a limited field
of view named time of flight (ToF) camera [15].
Assumption 2.1: The obstacle scenarios is static
and obstacle’s location is known.

The sensor nodes usually are fixed on the
top of wall, ceilings. The received signal strength
indicator (RSSI) is used for current WSN and fly-
ing robots estimating. Therefore, the locations of
both the sensor nodes and the flying robots can be
estimated based on RSSI [16]. Wireless sensor
nodes in industrial IoT environment combine to

Sensing range

Sensor node
Shadow

Figure 4. The range finder in industrial wireless sensor net-
work environment

magnetic sensor and gravity sensor to obtain the
attitude of each sensor node. Moreover, the mo-
bile robots navigate algorithm is controlled by a
central computer. The central computer could col-
lect the real-time measurements of the obstacles
rapidly from each 3-D range finder according to
connects to one of the sensor nodes in industrial
IoT 5G WSN communication environment. Then,
the 3D-detection area topographic map of the un-
occupied area will be build by central computer
from measurements data value. Furthermore, the
mobile robot in the industrial loT workspace can
communicate to the WSN. The mobile robot is
controlled by the central computer via WSN. In
practical implementations in industrial loT envi-
ronments is shown in Fig 5, the mobile robot up-
loads the sensor data to the central computer.

The structure of 5G WSN in Fig 5 consists of:

1) A central computer, representing central
master control module, central processing module
completes data processing and fusion for the data
collection, analysis, and early warning from the
industrial IoT environment,

2) A flying robot representing the electronic
equipment operates reliably in industrial IoT en-
vironment,

3) A image sensor, is an optoelectronic device
in photoelectric conversion function for convert-

g . Wireless sensor network
“

.\. \‘n

== a,
: \ aq.
Z

* T ~Q

Obstacte &
%, Central computer

l"
~

Flying robot

Figure 5. Structure of 5G WSN implementations in indus-
trial IoT environments
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Figure 6. Wireless sensor node detects objects region

ing the light image on the photosensitive surface
into an electrical signal.

4) A large number of image sensors form a wi-
reless sensor network in a multi-hop or a mesh
manner to collaborative obstacle perception, col-
lect, process, and transmit the information from
the perceived objects in the geographic area to
central computer.

In the industrial environment, the sensor nodes
detect the obstacles and mobile robot position.
For any sensor node detects objects region can be
written as N!, i is the image sensor’s or mobile
robot’s number, ¢ is the image sensor’s perceived
time. the image sensor’s measurements could be
converted from its local coordinate system with its
location to the global coordinate system for a re-
gion N!. Fig 6, (below) shows a detected region
of the image sensor node in coordinate system.

The first definition gives the detected region
N! is a closed and continuous point set in the
three-dimensional vector space R? for any mobile
robot’s number i and image sensor’s perceived
time ¢. Let d, is a constant in the second definition,
the boundary of a closed set D can be expressed
as 0D. a set R [D, d,] stand for the d-reduction of
the closed set D defined as follow (7):

RID,d])={peD:d(eD,p)> d}  (7)

Let a safety range d is a constant in the third
definition, the set € [D, d,] is the d-enlargement of
the closed set D defined as follow (8) and shows
in Fig. 7.

e[D. d]:={peR’:dD, p)<d} (8

Assumption 2.2: a sphere could be written as
the set e [s,(?), R,] with a given radius R, covers

mobile robot in the working space.

In industrial IoT environment each mobile ro-
bot’s location should be uploaded to the central
computer by the 3-D range image finder sensors
detection. Therefore, the error correction for mo-
bile robot’s navigation is applied [17]. Moreover,
for any mobile robots on each 3-D region such as
Nﬁ ,i=1,2,3, ..., should be involved to interfer-
ence cancellation by radio wave filter. The robots’
positions and radius R, are used for recognizing
the occupied positions belonging to any robots
and the sensor node number 7, then occupied posi-
tions depth measurements corresponding can be
achieved by using a low-pass filter. The estimated
region of N! by using radio wave filter could be
denoted as Nf. There has an unoccupied area
from image sensor detection 4(¢) can be calculat-
ed as follow (9):

A=, N ©)

where m = the number of the sensor nodes.
Assumption 2.3: there is an arbitrary point p
in the set A(¢), and the boundary of A4(¢) denoted
as 0A(t). the minimum distance d(0A(¢), p) with
respect to time ¢ is < v,, where v, is the speed of

ED,d,]

Figure 7. The boundary of a closed set D and its safety
range d,
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robot movement, it is a constant speed and a safe-
ty range d; > 0 has defined in a constant. at any
time 7, the mobile robot should keep from the
boundary 0A(%).

Assumption 2.4: The set R[A(?), d,] is a con-
nected set in any time ¢, at the same time, the ro-
bot’s initial position s, belongs to the set R[4(0),
d,] and is far away from the boundary of 4(0).

The mobile robot could travel in the dynamic
and deformable environment in d-reduced region
to avoid any other mobile robot to reach a target
in a short trajectory. In this paper, the target be-
longs to the set R[A(?), d,] and far away from the
robot’s initial position sy(7), at any time ¢.

Characteristics of mobile robot navigation
algorithm in industrial IoT

The performance characteristics of a mobile
robot tracking depend on its basic relatively short
instant safe path denoted by P*, central computer
computing power and navigation algorithm. The
paths P*, are described by their characteristic of
successive and finite equally spaced points. it can
be written as P*(0), P*(1), ..., P*(n), where n = the
length of this discrete path; P*(0) = the current
position s(7) of mobile robot.

The mobile robot in a future time ¢ + k0 for
any random position k could be represented as
P*(k), & is an impact variable of time. A constant
L equal to v,d is the distance between any two
successive points. The radius of the circumscribed
circle of any three successive points should be
2 Rin» and the initial torus Q should be consist
by P"(0). In this chapter, there are two conditions
of'a mobile robot in industrial [oT environment be
considered. In the first condition, the mobile robot
is steady and only has one point P*(n = 0) at its
current position after it reaches a target. In the
second condition, the mobile robot according to
the optimal path P*(n > 0) travelling to an arran-
ged target. Let & be the sampling interval in the
distance between any two successive points. the
unoccupied area A(¢) is calculated by the central
computer to obtains real-time positions s,(%), s5(?), ...
according to the WSN to update the paths P*(1),
P*(2), ... for the mobile robot. Let T be a positive
integer stand for time window and its properties
of generated path P* is from the robot’s current
position s(7) to the target 7. P* is guaranteed to be
collision-free to the obstacles in time [z, ¢ + 79].
The mobile robot finally can arrive to the target

successful without any collisions according to the
update P* at an impact variable of time. Here gives
a definition and assumption in dynamic industrial
IoT environment for potentially unsafe regions.
The obsoletely safe region at time ¢ + k3, k < T
could be written as (10)

A (t, k) = R[A(f), kv ] (10)

among them, 7 is over time window, k is a con-
stant k=0, 1, 2, ... and the extension as (11) from
(10) is an instant safe path in the time window 7:

A (t, k) = R[A®), Tov,, ), k>T  (11)

the mobile robot should be considered to avoid
collision with other robot in induAlstrial IoT envi-
ronment. Moreover, a valid area 4 (¢, k) in any fu-
ture time 7 + kO is defined in (12). The symbol \
denotes the set difference.
At k)= A2, k) Us[ k), Rr]
i
Thus, the (13) shows the mobile robot’s path P*
in combine to the above formula.

p(k)=p;(n) (13)

The path P* is called a target-reaching path if
|7 P*(n)| <L, forany t and k, the st R[ Az, k),
d,], ] is a connected set and the destination point
T belongs to the set R A (t, k), d,].

There are two different parts of the proposed
navigation algorithm will be introduced in next
coming chapters. The first part of the algorithm is
rough path generation and the path planning fol-
lowing in the second part. A rough path P is gen-
erated by the probabilistic roadmap algorithm when
the mobile robot needs to be navigated to the ar-
ranged destination in any time step. Then, the in-
stant path P* calculated by path planning algo-
rithm is adjusted from rough path P. the mobile
robot can avoid collision from any obstacles and
other robot to arrived the destination successfully
in the industrial IoT workspace environment ac-
cording to above algorithm combine to the WSN
in 5G communication.

(12)

Impact of rough path generation parameters
for a mobile robot with an arranged
destination

The shortest rough path p during the area R[A(f),
d; + Tov,,,,] 1s created by probabilistic roadmap
method to provide the routing scheme for mobile
robot with an arranged destination point 7 in in-
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Figure 8. The mobile robot in probabilistic roadmap method
to arrive destination point

dustrial ToT environment [18]. The rough path
generation algorithm as in Fig 8.

Figure 8 (below) gives a definition and algo-
rithm description. D is a closed point set, a line
segment path between any two points is stand for
a valid routing path, however the line segment be-
tween two points should not intersect with the
boundary of D.

There has randomly distributed points from
the set R[A(), d; + TOv,,,,] represents the mobile
robot’s current position s(7) and destination points
T for motion tracking in this dissertation. The
shortest valid path from s(¢) to T consisting of
a few random points number can be calculated ac-
cording to Dijkstra’s algorithm which may repre-
sent, for example, computer routing protocol al-
gorithm and wireless transmission path calcula-
tion. For a given source node s(¢), the Dijkstra al-
gorithm finds the shortest path between that node
and every other.

The mobile robot path planning in industrial
IoT environment

For simplicity in analyzing characteristics of
mobile robot path planning algorithm, the instant
safe path P* are realized in the valid area R[ A (t, k),
d;] and are hence modelled using mathematic
simulation. It helps in predicting behavior under
various environmental conditions, and further in
help analysis rough path characteristic curves.

The common approach is to utilize the Mathe-
matical calculation, which is primarily based on
vectors superposition of linear space. There is a
model have been proposed for the simulation of a
path planning algorithm various vectors intensi-
ties and calculation conditions.

The key factor that affects the results of the si-
mulation and accuracy in representing the nonlin-
ear characteristics of the mobile robot path plan-

ning is mathematic modeling [19]. There are dif-
ferent kinds of parametric models presented in
various literatures in the past few decades, like
wireless communication in internet of vehicle
navigation model, automatic driving navigation
model, automatically avoid obstacles and much
more.

The most commonly used model is wireless
communication navigation model, as they provide
better relations with a practical internet data cen-
ter keeping in mind the simplicity in implantation
and the iteration speed in the extracting parame-
ters gives minimum error with respect to charac-
teristics of path planning or navigation analysis as
per manufacturer's datasheet.

Before we elaborate on the discussion of the
mathematical model for mobile robot path plan-
ning we will introduce the following acronyms
that will assist in better understanding the follow-
ing generated equations which are related to the
further models. The different parameters are listed
below in table 1 where a set of symbols are intro-
duced with a brief explanation of each acronym.

Table 1. Parameters of the mobile robot path
planning method

F; Equidistant ~ sampling

separation distance

Fr Minimum distance from current

position to boundary point

Fp A vector pointing to destinetion,

only related to one previous point

F, A vector field, which guarantees

that the path satisfies the non-

integrity constraint

point

There is a well-known and widely used mod-
els, the level of complexity, depending on the pur-
pose it used for: The version of this model is pre-
sented in the following. The path points of the
rough path P denoted as P, Py, --., P, and vec-
tor fields F,, Fy, Fp, Fg, in R® to help adjust
the path points of P. The resultant in the rough
path vector of these four fields at point Py is
shown in (14)

F(Py)= Fj(Fy) + Fp(Py)+Fp(Py) + Fo(Py)
(14)

The F; could guarantees the interval between
any two successive points of P is approximately
equal to the distance between destination 7 and fi-
nite spaced point L. For any k # 0, let [, be the
vector from B, to F,_; as in Fig 9. F;(F) in
mathematical expressions as (15)
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Figure 9. The vector from finite spaced point

_ Gy (b(k) =b(k+ 1)l ) itk = n
F(P)= B '
Gy (b(k)K) ifk=n

(15)

Where G is a tunable gain and b(k) is a fixed
arithmetic expression in (16). This model without
the consideration for the losses due to the mod-
ule’s internal series resistance, as well as contacts
and interconnections between cells and modules
in this dissertation. It has a relatively good ap-
proximation precision and it is perhaps the most
suitable model for the Mobile robot navigation
communication in industrial IoT environment, as
it offers good compromise between approxima-
tion precision and simplicity [20].

b(k)=1- L (16)
a

Let ﬁ is the shortest vector from current
point P to the boundary of valid area when the
A(t, k) > d, in Fig 10. In this moment, Fj(P)
could be written as (17).

FR(PK) =

d, |— ..|—
Gp I_W Ve if “ykuﬁds a7

0 if v, >d,
From the current point P, there has a unit vec-
tor pointing g pointing to the destination points 7,
and let E be the vector from the point P, to the

Figure 10. Current point Py to the boundary of valid area

closest point at the circle B. The E and FC can
be calculated as (18) and (19).

Fp (P) = Gpg 18)
R Ve
A L 1 B T L
0 if a>ijn

There has a smallest error between Py and
equilibrium point when the appropriate attenua-
tion be chosen such that each P can converge
fast to the position where ||F (PK)||<Eh in the
proposed path planning algorithm. The instant
safe path P* in current time step could be achieved
with the proposed algorithm.

Conclusion

In this paper, we proposed a WSN based on
5G wireless advantage collision-free navigation
method for mobile robot in the industrial loT en-
vironment. A mobile robot cannot be equipped
with heavy obstacle detection sensors. Therefore,
to solve the navigation problem, a WSN consist-
ing of 3-D range finder is involved to detect the
static and dynamic obstacles in the workspace.
With the navigation of the sensor network, only a
path tracking controller is required for each mo-
bile robot. The robot can be navigated directly in
the industrial workspace without any specializa-
tion.
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PEI PING, IIETPEHKO IO.H.

ANTOPUTM 3D HABUFTAUMU MOBUABHOIO POBOTA
B CPEAE NMPOMbILUAEHHONO UHTEPHETA BELLEM
HA OCHOBE 5D MOBUAbHOW KOMMYHUKALUU

Tpu snauumenbHuiM passumul ROAYNPOBOOHUKOBOU MEXHUKU, CO30aioujell MUHUAMIOpHbLE YCMPOUCMBa ¢ MOWHOU CHO-
cobnocmvio 8 06pabomke OaHHBIX U 0O1AOAIOWUMU CEMEBLIMU BOZMONICHOCIAMU, 8 Hacmoswee epemsa Unmepnem eeujetl
(Internet of Things) (IoT) cman 00HOU U3 camvix cOpPAYUX eM 8 NPOMbIULIEHHOCIU U 8 KommyHurayuu. HMoes loT cocmoum 6
MOoM, 4mobbl NOCMOAHHO COEOUHAMb husutecKue 0ObeKmyl, MmaxKiue KaK MUKPOSOIHOBAS Neub, 08eplU, Omonumenbhsle npubo-
Pbl, oceeujeHie, XOI00UIbHUKY U MaK danee-6ce, umo cpedu nac. Texnuueckoe nousmue IoT noszeonsiem smum pasiuynvim
Gusuueckum ob6vexmam 6vimMb NPeOCMasIeHHbIMU UHBOPMayuell 0 cebe 3a cuem CUSHAN08 OAMYUUKO8 U XPAHUMb 9MY UHDOP-
mayuro Ha cepgepe. Ilpomviuinennsiil Industrial 1loT 0onswcen 00beOUHUMb paznuunvle MexHOI02UU, YMOObL YIYYUUINE KOMMY-
HUKAyuu om MAawuHsl K Mawure. Y kaxcoo2o us npomviuieHnolx snemenmos [oT ecmb ce6ou cobcmeentble KOMMYHUKAYUOH-
Hble mMpebosaHus, KOmopvie Xapakmepusym HA0eHcHOCms u kavecmeo oocayaucusanus (QoS). Coenacno pasgumuro npo-
MblULIEHHOU agmomamusayuu, npomviutienusitl Mumepuem eeweit 1loT wupoko ucnonvzyemes Ha “ymHuIx” npeonpusamusx,
umobbl cobpams dannvle, 0bpabomams ux u ONMUMATLHO YAPAGIAMb NPOU3600cmeom. OOuH U3 camvix 6adCHLIX KOMNOHEH-
mog IloT-6ecnposodnas cemv 0amuuKos, KOMoOpyIo 1e2KO PA3GEPHYMb 6 Yoce UMEIOUWUXCA NPOUIBOOCTBEHHBIX YCIOBUAX OIS
peuterus GonbUIO20 KOTUUECm8ad 3a0ay, MAKUX KAk KOHMpOb X00a NPou300CMEEHHO20 NPOYECcd U KOHMPOb OKpYHcarujell
cpeoul.

B cmamve cocpedomoueno énumanue na 3D-nasucayuu moounbHo2o poboma 6 5 G-KOMMYHUKAYUU COBMECHIHO C ce-
Mobl0 0aMyuUK08 015 NIAHUposanus nymu poooma. MobunrvHvll pobom Mmodcem ObICMPO nepemewyamspcs 8 mpexmepHou
(3D) enympenneii npomviuiienHoll cpede 05 peueHuss MHO2UX 3a0ay, MAKUX KaKk MOHUMOPUHE BO3MONCHBIX NOTOMOK 000~
pyoosanus Ha npeonpusmuu [3], cOop OanHbIX U ux nepedaya no Kanaiam 6ecnpogoonoll ceasu [4], pewenue mpancnopm-
Holx 3a0ay [5].

Knrouesvie cnosa: Internet seweti (IoT), 6ecnposoonas cemov 0amuuros, KOMMYHUKAYUL, NPOMBIULIEHHAS. HABUSAYUSL.
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FILTER KALMAN FOR SOLVING THE PROBLEM
OF COORDINATES UAV

Belarusian National Technical University

Unmanned aerial vehicles (UAVs) are increasingly used in military and scientific research. Some miniaturized
UAVs rely entirely on the global positioning system (GPS) for navigation. GPS is vulnerable to accidental or deliberate
interference that can cause it to fail. It is not unusual, even in a benign environment, for a GPS outage to occur for pe-
riods of seconds to minutes. For UAVs relying solely on GPS for navigation such an event can be catastrophic. This
article proposes an extended Kalman filter approach to estimate the location of a UAV when its GPS connection is lost,
using inter-UAV distance measurements Increasing the accuracy of coordinate’s determination is one of the most cru-
cial tasks of the modern UAV navigation. This task can be solved by using different variants of integration of navigation
systems. One of the modern variants of integration is the combination of GPS/GLONASS-navigation with the extended
Kalman filter, which estimates the accuracy recursively with the help of incomplete and noisy measurements. Currently
different variations of extended Kalman filter exist and are under development, which include various number of vari-
able states [1]. This article will show the utilization efficiency of extended Kalman filter in modern developments.

Keywords: Kalman filter, GPS, coordinates UAV, mathematical modeling, aerial vehicle, visual odometry, projective ge-
ometry, control, navigation, integration.

Theory analysis

The integration of observation channels in con-
trol systems of objects subjected to perturbations
and measurement errors of the motion is based on
on the observations control theory started in the
early 1960s. The first works on this topic were
based on the simple Kalman filter property, namely:
the possibility of determining the root-mean-square
estimation error in advance, without observations,
by solving the Riccati equation for the error covari-
ance matrix [2]. The development of this method-
ology allowed solving problems with a combina-
tion of discrete and continuous observations for
stochastic systems of discrete-continuous type. At
the same time, methods were developed for solving
problems with constraints imposed on the compo-
sition of observations, temporal and energy con-
straints both on separate channels and on aggre-
gate. For a wide class of problems with convex
structure, necessary and sufficient conditions for
optimality were obtained, both in the form of dy-
namic programming equations and the generalized
maximum principle, which opens the possibility of
a numerical solution. The tasks of integrating sur-
veillance and control systems for UAVs open a new
wide field of application of the observation control

methods, especially when performing autonomous
flight tasks. One of the most important problems is
the detection of the erroneous operation of individ-
ual observation subsystems, in which the solution
of navigational tasks should be redistributed or
transferred to backup subsystems or other systems
operating on other physical principles [3].

A typical example: navigation through satel-
lite channels such as global positioning system
(GPS), which is quite reliable in simple flight con-
ditions, but in a complex terrain (mountains,
gorges), it is necessary to use methods to deter-
mine your position with the help of other systems
based, for example, on landmarks observed either
with optoelectronic cameras, or radar.

Here the serious problem of converting the
signals of these systems into data suitable for nav-
igation arises. The human-operator copes with this
task on the basis of training. That is the serious
problem in computer vision area and it is one of
the mainstream in the UAV autonomous flight.
Meanwhile, the prospects for creating artificial in-
telligence systems of this level for UAV applica-
tions are still far from reality.

At the same time, the implementation of sim-
ple flight tasks, such as either access to the aerial
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survey area or tracking the reference trajectory
the organization of data transfer in conditions of
limited time and energy storage and even landing,
are quite accessible for performing UAVs in the
autonomous mode with reliable navigation aids.

Unmanned aerial, land-based and underwa-
ter-based vehicles that perform the autonomous
missions use, as a rule, an on-board navigation sys-
tem supplemented by sensors of various physical
nature. At the same time, unlike remote control
systems in which these sensors present information
in the form as operator-friendly as possible, the
measurement results should be converted into the
input signals of the control system, which requires
other approaches. This is especially evident in the
example of an optical or optoelectronic surveillance
system, whose purpose in remote control mode is
to provide the operator with the best possible im-
age of the surrounding terrain. At the same time, in
an autonomous flight, the observing system should
be able to search for the characteristic objects in
the observed landscape and give the control system
their coordinates and estimate the distances be-
tween them. Of course, the issue of providing an
exellent image and determining the metric proper-
ties of the observed images are connected, and in
no case cancel one another. However, what a hu-
man operator does automatically basing on a suffi-
ciently high-quality image of the terrain, the read-
ings of other sensors and undoubtedly on previous
experience, the control system algorithm must do
by using data from video and other systems, with
the same accuracy as the human operator [5].

Mathematical Model Construction

In the given example we will talk about the UAV
horizontal motion, in other words, we will look
through the problem of 2d localization [2]. In our
case, this is justified by the facts that for many sit-
uations that are practically encountered, the UAV
can remain at about the same height. This suppo-
sition is widely used to simplify the modeling of
aircraft dynamics [2]. Dynamic UAV model is
given by the following system of equations:

x(2) = v(r)cosn(?),
y(1)=v()sinn(),

n(@) = o),
o) =€ (1), (1)
V(1) =¢ (1),

where {x(¢), y(f)} are the UAV coordinates in hor-
izontal plane as the function of time, n(¢) is the
UAV direction, o(?) is the UAV angular velocity,
and w(¢) is the UAV actual velocity, €,(.) and €,(.)
functions are constant.

They are mutually independent with the cer-
tain covariances E[g,(?) €,(S)] and E[g,(?) €,(S)]
equal to Q,6(¢ — s) and Q,6(t — s) respectively and
are used for modeling of the UAV acceleration
caused by the wind, pilots” maneuvers, etc. Q,, and
0, values are the derivatives of the UAV maxi-
mum angular velocity and measured values of the
UAV linear velocity variation § is the Kronecker
sign.

The given system of equations is approximate
because of nonlinearity of the model and the
noise. The simplest way of approximation here is
the approximation by Euler method. The discrete
model of the dynamic UAV motion system is
shown below.

Xpo = X + VAl cosmy,

Vier1 = Vi VAt sinmy,

Niest = Nge T OAL,

Op 41 =Of T8 15 )

Vi =V &, s

where 0, = [x;, Vi, Mp Op Vi) 1S the discrete state
vector of the Kalman filter, which allows one to
approximate the value of the continuous state vec-
tor. At is the time interval between k and k + /
measurements. {€, .} and {g, s} is the sequences
of values of white Gaussian noise with zero mean
value.

The covariance matrix for the first sequence is
as follows [11]:

E{gw, ksw, j} = QmAtkslq'

Analogically, for the second sequence is

E{Sv, kgv,j} = QvAtkSkj
Performing the corresponding substitutions in
the system equations (2), we obtain:

Op 1 = O Yy 1A
Vierl = Vi T Yy Al -

The {Y;, s} and {Y’, ;} sequences are mutu-
ally independent. They are also the sequences of
values of white Gaussian noise with zero mean
value and the Q, and Q, covariance matrixes re-
spectively. The advantage of this configuration

3)
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is that is shows the discrete noise changing in
the interval between each measurement. As a re-

sult, we have the following discrete dynamic
model [8]:

1 0 0 0 Atcosn 0 0
01 0 0 Afsinn, 0 0
0,0=10 0 1 A 0 0,+ 0 0 (YW”‘J, 4)
000 I 0 JA 0 |\
000 0 1 0 AL,
%,—/
f16x] Uk

The equation for d, is as follows:

\/(xk _xo)2 +( _)/0)2

h|0,]

dy = +eg, (5

where x and y are the UAV coordinates at the k-time
and g, is the Gaussian sequence of random pa-
rameters with zero mean value which is used to
specify the error.

The given sequence is supposed to be inde-
pendent from {g, ,} and {g, ;}.

The equations (3) and (4) serve as a basis for
assessing the location of the UAV, where the coor-
dinates are obtained with the help of the Extended
Kalman filter. Simulating the failure of navigation
systems regarding this type of filter shows its sig-
nificant effectiveness [9].

To be clearer we will give a simple example.
Let an UAV fly at uniformly accelerated speed,
with some constant a-acceleration.

X, =X, +outdt +96,, (6)
z
¥
.
2 v
'
gﬂ J
0 2 7 X

Figure 1. Coordinate transformation. XYZ is the geocentric
coordinate system and X Y’Z’ is the local coordinate system

where x is the UAV coordinate at the # — time and
0 is a random value.

During the flight, the following GPS data
were collected: time, geocentric latitude, geocen-
tric longitude, altitude time of arrival, pulse width,
signal frequency and amplitude. The longitude,
latitude and height (LLH) coordinates recorded
by the UAV are not well suited for navigation and
tracking problems because linear motion becomes
non-linear in these coordinates. In comparison,
a local coordinate system whose X and Y axes are
in the local horizon and Z axis points to the local
Zenith is much better suited and is the industry
standard. Therefore, the geocentric latitude and
longitude location information is first converted
into a local coordinate system, which is shown in
Figure 1. X’Y’Z’ is the local coordinate system.
The origin of the local coordinate system is ran-
domly chosen to be the starting location of UAV.
In the figure, ¢ and y are the geocentric latitude
and longitude respectively. ¢ is the geodetic lati-
tude [12]. Refer to [13] for a detailed description
on how to convert the LLH coordinates into local
coordinates.

Let us suppose that we have a GPS-sensor,
which receives the data about the UAV location.
Let us perform the result of the modeling of this
process through MATLAB.

Simulation

At the present time, the UAV are not equipped
to determine inter-UAV distances; hence, as indi-
cated in the introduction, loss of a GPS connec-
tion is likely currently to be fatal. For this reason,
the real world data we use is entirely data ob-
tained when UAYV do actually have a GPS connec-
tion. From this data, we are able to simulate loss
of a GPS connection and acquisition of inter-UAV
distance measurements in the following way. A cer-

CUCTEMHBbIV AHAJIN3 U MPUKITAOHASI UHOOPMATUKA

1,2019



YnpasaeHue mexHuueckumu obvekmamu

29

45

35

251

20

Time Interval Between Adjacent GPS Measurement, Unit: s

1

1 1 1 1

1
200 400 600 800

1
1000 1200 1400 1600 1800

Number of GPS Measurements

Figure 2. Time interval between adjacent GPS measurements for UAV

Table 1. Steps of the simulations

Simulation | E(2 —z) | o(d—z) | E(§—y) | o(§ —y) E(d) o(d)
1 10.5836 36.3087 | -109167 | 38.1720 | 38.8275 | 48.2183
2 8.7661 45.6333 -11.7453 37.2149 | 37.2011 | 47.9382
3 10.9220 37.6161 -11.8613 38.5942 | 39.2297 | 49.7761
3 10.1834 62.1998 | -12.3481 301211 | 39.0115 | 64.9048
5 8.7462 50.1151 -12.1389 | 39.2946 | 39.4348 | 52.1936
6 9.2793 354631 -10.8837 | 37.9597 | 389082 | 46.8867
7 9.8450 554412 -12.0954 | 39.5770 | 40.1785 | 57.1734
3 7.2842 36.6786 | -12.2274 | 36.2379 | 38.4231 | 47.0972
9 9.2419 359712 -12.322] 37.8227 | 39.2994 | 47.2921
10 8.6330 525742 -12.3697 | 39.9224 | 40.1153 | 54.5532
Average 9.3490 49.8001 -11.8909 | 38.4917 | 39.0629 | 51.6033

tain time series of intervals of synthetic GPS out-
age is postulated. During these intervals, inter-UAV
distances are synthesized at discrete instants of
time. This is done by taking the actual GPS mea-
surements, determining the corresponding in-
ter-UAV distance, and then adding on to the re-
sulting value a Gaussian random variable with
zero mean and standard deviation of 10m. This is
delivered to the algorithm as a (synthesized) in-
ter-UAV distance, and the Kalman filter is run
with this data. Validation occurs by comparing the
estimated UAV tracks delivered by the Kalman
filter with those in the original real- world data,
where GPS measurements are actually available,
so that actual UAV tracks are known [14].

In the simulations, we assume that UAV has
a GPS connection most of the time but it may
temporarily lose the GPS connection for up to 54s
(see Figure 2).

In the simulation, the first two state variables
of the initial state vector are chosen to be the ini-

tial GPS location of UAV and other state variables
are chosen randomly. The initial value of P is cho-
sen based on an empirical estimate as P = diag {1000
1000 0.3 0.01 1}. It is found that generally the
choice of P has little impact on the filter perfor-
mance; however a very large deviation of P from
its true value does cause the divergence of the fil-
ter. The value of Q is chosen based on an empiri-
cal estimate as Q = diag{0.0003 10}. The choice
of Q is critical for the filter performance and Q
should be chosen carefully based on an in-depth
understanding of the UAV dynamics. The value of
R is chosen to be 100. In real applications, the val-
ue of R can be obtained via a priori calibration of
the distance measurement equipment. The dis-
tance measurement can be obtained by a simple
round trip timing mechanism [10].

The UAV location obtained from GPS is used
as the «true location» of the UAV. The path of
UAV starts from the rectangular on the right side
of the figure. Apparently, the estimated location
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Figure 4. Variation of error in y with Time

has larger error on this part of the figure. As time
evolves, the estimated location gradually con-
verges to the true location, which is evidenced by
much less deviation from the true location on the
left side of the figure. Figure 3 and 4 shows the
variation of error. As shown in the Table, both the
estimate of x and the estimate of y have a bias. As
a reference, the value of x varies within the range
of [-5000, 1000] and the value of y varies within
the range of [-6000, 3000]. Therefore, the value of
the bias is comparatively small. However, both

biases have a fairly consistent trend in all ten sim-
ulations [13].

Figure 5 shows the effectiveness of filtering
by Kalman algorithm. However, in a real situa-
tion, signals often have non-linear dynamics and
abnormal noise. In such cases, the extended Kal-
man filter is used. In case, if the noise variances
are not too large (i.e. the linear approximation is
adequate) the application of the extended Kalman
filter yields the solution of the problem with high
accuracy. But in case if the noise is not Gaussian
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Figure 5. Filtering the sensor reading with the help of Kalman filter

the extended Kalman filter mustn’t be applied. In
this case, a partial filter is usually used, which
uses numerical methods for taking integrals based
on Monte Carlo methods with Markov chains.

Partial Filter

Let us perform one of the algorithms, which
develop the ideas of the extended Kalman filter —
a partial filter. Partial filtering is a non-optimal fil-
tering method that works when performing
a Monte Carlo join on a set of particles that repre-
sent the probability distribution of the process.
Here a particle is an element taken from the a pri-
ori distribution of the estimated parameter. The
main idea of the partial filter is that the large
amount of particles can be used to represent the
distribution estimate. The larger the number of
particles is used, the more precise the set of parti-
cles will represent the a priori distribution. The
particle filter is initialized by placing N of parti-
cles in it from the a priori distribution of the pa-
rameters that we want to estimate. The filtering
algorithm involves running these particles through
a special system, and then weighing it using infor-
mation obtained from measuring these particles.
The resulting particles and associated masses rep-
resent the posterior distribution of the evaluation
process. The cycle is repeated for each new mea-
surement and the weights of the particles are up-
dated to represent the subsequent distribution.
One of the main problems of the traditional meth-
od of particle filtering is that as a result such an

approach usually has several particles with a huge
weight unlike most others with a very light
weight. It leads to the filtering instability [6]. This
problem can be solved by introducing a sampling
frequency, where N of new particles are taken
from a distribution composed of old particles. The
result of the evaluation is obtained by getting
a sample of the mean value of the particle set. If
we have several independent samples, the mean
sample will be an accurate estimate of the mean
value that determines the final variance.

Even if the particle filter is not optimal, then
as the number of particles tends to infinity, the ef-
ficiency of the algorithm approaches the Bayesian
estimation rule. That is why it is recommended to
have the possible number of particles to get the
best result. Unfortunately, this leads to a strong
increase in the computational complexity and
therefore forces us to seek a compromise between
accuracy and calculation speed. So the number of
particles should be chosen based on the require-
ments for the accuracy estimation problem. An-
other important factor for the operation of the par-
ticle filter is the restriction on the sampling fre-
quency. As mentioned earlier, the sampling fre-
quency is an important parameter of the particle
filtering and without it, the algorithm eventually
becomes degenerate. The idea is that if the
weights are distributed too unevenly and the sam-
pling threshold is soon reached, then the low-
weight particles are discarded, and the remaining
set forms a new probabilistic density for which
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new samples can be taken. Choosing a sampling
frequency threshold is a rather difficult task, be-
cause too high frequency causes excessive filter
sensitivity to noise, and too low one gives a large
error. Another important factor is the probability
density [11].

In general, the particle filter algorithm shows
a good productivity of location calculation for sta-
tionary targets and in the case of relatively slow
moving targets with unknown acceleration dy-
namics. Generally, the particle-filtering algorithm
is more stable than the extended Kalman filter,
and is less prone to the degeneration and serious
failures. In cases of nonlinear, non-Gaussian dis-
tribution, this filtering algorithm shows a very
good accuracy in determining the target location
while the extended Kalman filtering algorithm
cannot be used under such conditions. One of the
disadvantages of this approach is its higher com-
plexity compared with the extended Kalman filter,
as well as the fact that it is not always obvious
how to select the parameters for this algorithm
correctly [12].

Optimal estimation of a random process

In contrast to common approaches based on
consideration as a criterion for optimizing the
minimum of the mean square error of estimation,
in this case the maximum of a posteriori probabil-
ity density of the evaluated process is considered
as an optimization criterion. The a priori probabil-
ity density of the evaluated process is initially
considered to be a Gaussian differentiable func-
tion, which allows it to be expanded in a Taylor
series without using in the intermediate transfor-
mations the characteristic functions and decom-
position into harmonics. For small time intervals,
the probability density of the measurement error
vector is defined by definition also Gaussian with
zero mathematical expectation. This makes it pos-
sible to obtain a mathematical expression for the
discrepancy function characterizing the deviation
of the values of the real measurement of the pro-
cess from its mathematical model. To determine
the optimal a posteriori estimate of the state vec-
tor, it is assumed that this estimate corresponds to
its mathematical expectation, the maximum of the
posterior probability density. This makes it possi-
ble to derive the Stratonovich-Kouchner equation
on the basis of the Bayesian formula for the a pri-
ori and a posteriori probability density. The use of

the Stratonovich-Kushner equation for various
types and values of the drift vector and the diffu-
sion matrix of the Markov stochastic process
makes it possible to solve various problems of fil-
tering, identification, smoothing, and forecasting
the state of the system for both continuous and
discrete systems. The discrete realization of the
developed continuous algorithms for a posteriori
estimation allows obtaining specific discrete algo-
rithms for the implementation in the on-board
computer of a mobile robotic system [7].

Prospective researches in this field

The use of the Kalman filter model, similar to
what we have shown, can be seen in [3], where it
is used to improve the characteristics of the com-
plex system (GPS + computer vision model for
comparison with the geographic base), and the
satellite navigation equipment failure situation is
simulated. With the help of the Kalman filter the
results of the system operation in case of failure
were significantly improved (for example, the er-
ror in determining the altitude was reduced by
about half, and the errors in determining the coor-
dinates along different axes were reduced by al-
most 9 times). The analogical use of the Kalman
filter is also shown in [4].

The problem, which is interesting from the
point of view of the method set, is solved in [1].
There is also used a Kalman filter with 5 states,
with some differences in the construction of the
model. The result obtained exceeds the result of
the given model given [5] due to the use of addi-
tional means of integration, (photo and thermal
images are used). The application of the Kalman
filter in this case makes it possible to reduce the
error in determining the spatial coordinates of
a given point to a value of 5.5 m.

Conclusion

As a conclusion, we can note that the use of
the Kalman filter in the UAV location systems is
practiced in many modern developments. There is
a huge number of variances and aspects of such
use up to simultaneous application of several sim-
ilar filters with different factors of states. One of
the most promising trends in Kalman filter devel-
opment is working on creating a modified filter,
where the errors of will be represented by color
noise, which will make it even more valuable for
solving real problems. The great interest in this
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area is a partial filter by means of which it is pos-  lite navigation systems, are the main factors of the
sible to filter non-Gaussian noise. The given vari-  impact of this technology on various scientific fields
ety and the tangible results in increasing accuracy, related to the development of accurate and fault-tol-
especially in case of the failure of standard satel-  erant navigation systems for various aircrafts.
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OUNBTP KAAMAHA AN ONTUMAABHOIO NMOAYYEHUA KOOPAUHAT
BECMUNOTHbIX AETATEAbHbIX AMNMAPATOB

benopycckuii nayuonanshulii mexnuieckuti ynugepcumem

B cmamve 0aémes kraccu@urayus OCHOBHbIX KOMIOHEHMO8 cucmem 6ecnuiomuozo iemamenvHoo annapama (bJIA),
odaémca obocrosanue urempy Karmana u Heobxooumocms ucnonb3068anus e2o 0isk MOYHO20 NOIYYeHUs KOOPOUHAm becnu-
JIOMHBIX JlemamenvHulx annapamos. Becnunomuvle nemamenvhvie annapamul (BIIJTIA) 6ce uawe ucnonv3yomes 6 60eHHbIX
u HayuHwlx uccrnedosanuil. Hexomopwie munuamiopnvie BITJIA nonazaromesi nOTHOCmbIO HA 2100AIbHOU cucmeme NO3UYUOHU-
posanus (GPS). GPS ysaseum 014 ciyuaiino2o unu npeoHamepeHH020 BMeuamenbCmea umo Mo}cen npusecmu K e2o cooio.
Jna BI1JIA, nonazarowuxca uckaoyumenvno wa GPS 0na nHasueayuu makoe codvimue modxcem Obimb KamacmpopuuecKum.
B nacmosiwem ooxymenme npeonazaemcs pacuiupernulii nooxoo gunvmpa Kaimana ons oyenku mecmononosxcerust bI1LJIA,
Koeda e2o GPS-coedunenue nomepsano. Ilpusooumces anvmepuamusHoe UCHOIb308aHUe YACMUYHO20 Puabmpa. B konye dena-
emcst 861600 0 HEODXOOUMBIX HANPABTIEHUAX OANbHEUUUX HAYUHBIX UCCTe008AHULL.

Kniouesnle cnosa: Gecnunomuolii iemamenvHvill annapam, mamemamuieckoe mooeruposanue, guromp Kaimana, GPS,
KOHMPOILb, HAGUSAYUSL, UHMESPAYUs], 2eOMEMPUST OBUICEHUSL.

Apedne H. H. Actiupant xadenpsl «MTHPpOpMaIMOHHBIE CUCTEMBI U TEXHO-
jorun» benopycckoro HallMOHAJIBHOIO TEXHUYECKOro yHuBepcuteTa. [lomyumn
BbIcIee 00pa30BaHUE U OKOHUWJI MarucTparypy 1o HampasieHuto « THpopmamm-
OHHEBIC cucTeMbl U TexHojiorum» B 2014 u 2015 romax coorBeTcTBeHHO. Ha nan-
HBIH MOMEHT aCHMpaHT BeAET MCCIIEIOBaHMS B HalpaBleHUAX LU(poBoil oOpa-
OOTKM CHTHAJIOB M CHCTEM YIIPaBJICHUH, BKIIOYAsl MapaMETPUUECKYIO ONITUMM3a-
LUIO CUCTEM M IporpammupoBanue. lHTepecs! B nienoM kacarorea UT, nporpam-
MHUPOBaHHUS U POOACTHOTO YIIPABIICHUSI.

E-mail: mikalai.arefyev@mail.ru
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A. A. IOBATBIH, A. C. PAIKEBUY

NMOLUATOBAAA HEYETKAA KOPPEKUUA AATOPUTMA
OUABTPALUU CAYYAUHDBIX CUTHANOB

benopycckuti nayuonanohviti mexuuueckuti yHugepcumem

Paccmampusaemcs 3adaua oyenuganus ungopmayuu, cooeprcawyeiics 8 CLyHaiHbix CUHAIaAx, NOCMyRalouux om
PA3TUYHBIX UCTNOYHUKOS — usmepumeneti. IIpu smom npeononacaemcs, 4mo uzmepument sGAAI0MCs OUCKPEeMHbIMU
U ONUCHIBAIOMCS, KAK U UCXOOHbLU OYCHUBACMbIL NPOYECc, OUCKPEMHOU MAMeMAmuyeckol MoOeblo 8 8Ude pa3HOCH-
HbIX ypasHenull. B xauecmese arcopumma oyenueanus paccmampusaemcs ouckpemuulii unvmp Kanmarna, komopulil
6 0OwjeM cyuae npu HeadeKk8amHOCMU MAmMeMamuyeckux Mooenell peaibHblM NPOYeccam MoHcen 0agamy UCKANCEH-
Hy10 unghopmayuio. [ns nogeluieHus MoyHOCMU OYeHUBAHUs NPeOa2aemcs npUMeHsIms KOMNIEKCUPOBAHUE 8CEX 803~
MOJICHBIX U3Mepumenell ¢ 6eedeHue OONOTHUMENbHOU ANPUOPHOU UHGOPMAYUU C NOMOWYBIO CUCTIEMbl HEYEMKOU 102U~
Ku. Ilpu smom nepexoo om noayueHHvIX pacuemHuvim nymem 6epOoSMHOCHHbIX XAPAKMEPUCMUK OYEeHUBACMO20 NPoYec-
ca K QYHKYUAM NPUHAONEHCHOCIY HeUemKOU I02UKU Npediddencs npou3go0ums Ha OCHO8e 8bIXOOHLIX NAPAMEMpPOs
Gurempa Kaamana ¢ nomouypio HOpMuposKu anocmepuopHoll RAOMHOCMU 8eposimHocmu. Janubvlii OOX00 N0380/sem
NOBBICUMb MOYHOCMb OYCHUBAHUSA, MAK KAK YYUmMuléaenm 0ONOIHUMENbHYIO UHGOPpMayuio u KOMNIEKCHYIO eé obpa-
60mKy.

Knrwuesvie crosa: OMCermelﬁ npoyecc, oyeHusarue, njiomHocms 6eposimnocmu, d)yHKL;M}Z npmtad/zeo/cnocmu, Heuen-

Kas j1ocukda.

BBenenue

PasBuTue cucteM aBTOMaTHUECKOTO yIpaBlie-
HUS B HACTOSIILIEE BPEMs XapaKTepU3yeTcs pa3pa-
OOTKOM METOJIOB M AJTOPUTMOB, YUHUTHIBAIOIINX
Pa3JIMYHOrO BUJA HEONPEIEICHHOCTH B MOIyYe-
HUU 1 00paboTKe HHPOpPMAIIUK 00 YIPABIISIOIIIX
curHajax. Tak Kak CHHTE3 CIIOXKHBIX CHCTEM
YIPABJICHUS ITPOU3BOJUTCS HAa OCHOBE UX Mare-
MaTHYECKUX MOJENEH, TO 3TU HEONPEEICHHOCTH
B CTOXaCTHYECKHX cHcTeMax (opManu3yroTcs
B BUJIE CIIy4allHbIX BO3/ICMCTBUI Ha BXOJbI U Ia-
pametpsl cucteMsl [1, 2].

B macrosimee Bpemst Bc€ Oosnbliee pacmpo-
CTpaHEHHE MONY4YUJ TOAXOJ, OCHOBAaHHBIH Ha
MPE/ICTABICHUU HEONPEAECICHHOCTEH, MPUCYT-
CTBYIOLIMX B MaTEMAaTHYECKUX MOJENAX, HA OCHO-
BE€ TEOPHUU HEYETKOM MaTeMaTHKH (HEYETKUX MHO-
JKeCTB, HedeTKod Jjiorukw) [3]. JlaHHBIH MmOmXon
MMeEeT CBOM JJOCTOMHCTBA, CBA3aHHBIE C YIIPOIIEe-
HHEeM criocoba (hopMar3anyy MOCTaBICHHON 3a-
madu  uccienoBaHus oObekra. [lpencraBnenue
00BbEeKTa HCCIIEOBAHUS C TIOMOILBIO CTOXAaCTHYE-
CKHX YPaBHEHHUH J1ae€T BO3MOKHOCTH UCCIIE0BATh
TUHAMUYECKHE CBOMCTBA 00bekTa. B TO ke BpeMs
CHUCTEMbI HEYETKOM JIOTMKH MO3BOJISIIOT NPH pe-

LIEHUH He (GOpMaNIn3yeMoi 3a7a4n UCIIOIb30BaTh
B TOM YHCJI€ U alpUOPHBINA ombIT sKcnepra. Oba
MO/IX01a OCHOBAHbI HA HCIIOJIb30BAHUH COBPEMEH-
HBIX MH(GOPMALMOHHBIX TEXHOJIOTHH U JOMOJHS-
10T JPYT JIpyra, TaK KaK Kabli 1 HUX UCIOJb3Y-
€TCsI B 3aBUCUMOCTH OT KOHKPETHON ITOCTaHOBKH
3a1a4H.

OpnHoM M3 OCHOBHBIX 33/1a4 CHHTE3a CHCTEM
yIpaBlIeHHS SIBIISCTCS 331a4a ONTUMAJILHOTO OLie-
HUBaHUS ((PUIBTPAIIUN) YIIPABISIONIETO CUTHAIIA.
upoxoe pacnpocTpaHEHHE NMPH PELICHUH JaH-
HOW 3aJa4yM IONy4yusia TaKk Ha3blBacMas TEOPHS
KaJIMaHOBCKOW (uibTpanuu [4, 5], B OCHOBE KO-
TOPOH JICKUT MPEIIIOIOKEHUE O TOM, YTO M3BECT-
Ha MaTeMaTh4ecKas MOZEIb OLECHUBAEMOTO IPo-
1ecca U U3BeCTHA MaTeMaTh4ecKas MOAeb U3Me-
putens sToro mpouecca. B obmem ciydae npu
HAJIMYMN MaTeMaTHYECKOH MOAEIH HCCIEAyeMO-
ro o0beKTa (CHUCTeMbl) B BU/I€ BEKTOPHO-MaTpHy-
HBIX CTOXAaCTHYECKUX Au(PepeHInanbHbIX ypaB-
HEHMH AJIS1 IpoLecca U ero M3MepuTens IpH 3a-
JAaHHOM KPHUTEPHUU KayecTBa OLICHUBAHUS B BHIE
MHUHHMMYMa CpPEJHEro KBaapaTa OLIMOKN OLleHHBa-
HUS, IyTEM MaTeMaTHYeCKHX NpeoOpa3oBaHUM
MOKHO MOJYYHUTh BEKTOPHO-MAaTpHUYHOE ypaBHE-
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HUE JJIs1 ONITUMAJIbHOM OLIEHKH Tiporecca ((pribTp
Kanmana). B HEeKoTOpBIX ciiydasx B KadecTBe KpH-
Tepusi ONTHUMAJIBHOCTH pPaccMaTpUBAETCSl MaKCH-
MyM arocTepHOPHON BEPOSTHOCTH OLIEHUBAEMOTO
npouecca. Kak mokazano B [6], mpu UCTIONB30Ba-
HUHM TayCCOBOW anmpoKCUMAIMK arocTepHOpPHOM
IUIOTHOCTH BEPOSATHOCTH 33ja4ya ONTHUMAaJIbHON
¢$unbTpaMu TpH JIMHEHHOW MOCTaHOBKE TaKkKe
CBOJIUTCS K Kilaccuueckomy Guisrpy Kanmmana.

Pemenue 3a1a4m oneHUBaHHS

B pAAC MPAKTUYCCKUX 3a/1a4 CUHTE3a TCXHUYC-
CKHX CHCTEM pacCMaTpUBAIOTCS CIy4aiHbIC MPO-
LECChI, U3MEPACMBIC U OLICHUBAECMBIC B IUCKPETHBIC
MOMEHTBI BPEMEHH. JTO UMEET MECTO B TOM CIIy-
4ac, Korjaa MUCIOJIb3YEMBIC U3MEPUTCIIb U BBIYUC-
JIMTCIIN ABJIAIOTCA OUCKPETHBIMH, TO €CThb I/IH(l)Op-
Malnysg B HUX KBaHTOBaHA. Tak Kak KBaHTOBaHHEM
10 YPOBHIO KaK NpaBHJIO NMPEHEOPErarT B CHUIY
CIIO)KHOCTH €T0 y4eTa W OTCYTCTBHEM HEOoOXOIu-
MOCTH, TO MareMaTuiecKasi MOJIeJIb CUCTEMBI pac-
CMaTpUBacCTCA KaK AUCKPCTHAas UMITYJIbCHAasd, OIn-
ChbIBaeMasi BEKTOPHO-MaTPUYHBIMU PEKYPPEHTHBI-
MU (pa3HOCTHBIMH) BhIpaKeHUAMH BUA [4, 5]:

Y(k+1)=AMK)Y (k) + N(KU (k) + F(k)E(k) , (1)
k=0,1,2,..; Y(0)=Y,;

rme Y(k) — n-mepHBIH BekTtop; O(k) — TUCKpET-

HEI TayCcCOB IEHTPUPOBAHHBIN OCIBIN IITyM C Ma-

Tputieit nucriepcuit G(k); U(k) — meTepMuHHPO-

BaHHas MMOCJIE0BATENLHOCTH (YIIPABIISAIONIEE BO3-

nevicteue); A(k), N(k), F(k) — 3amannbie (u3-
BECTHBIC) MaTPHUITHI KOA(D(GUITHESHTOB.

B nuckpeTHble MOMEHTHI BpDEMEHH ¢y HaOMI0-
naeTtcst (Oe3BIHEPITMOHHO U3MepsieTcest) BekTop Z(k),
KOTOPBIN B 00IIIEM CiTydae m-MEepHBIHA, TIe m < 1.

Zk+D)=Clk+DY(k+D)+Ck+1), (2)

rne (k) — BEKTOp AMCKPETHOrO Oenoro mryma
C AMCIIEPCUOHHOU MaTpULIEH

M & () | = 03y 3)

e O, — cumson Kponekepa.

Chyuaitnsie nocnenoBarensHocTh (k) u ((k+1)
JUISL YIPOIICHHUS 3aa4 B KJIACCHYECKOH IMocTa-
HOBKE MPUHHUMAIOTCS MEXIy cOOOH HEe KOoppeiu-
poBanHbiMH. HavaneHbie ycioBus nporecca Y(k)
CUUTAIOTCS TAYCCOBBIMH.

CrpykTypHasi cxeMa IHCKPETHOro OObeKTa
ynpaBieHHus (BXOIHOTO CHUTHAlla) U M3MEpHUTeNs
n300pakeHa Ha puc. 1.

3ajaua COCTOMT B OIpEJIeNIeHNH HauTydIei
ONTUMAJBHON amnoCTEPUOPHOU OLEHKH )}(k)
B CMBICJIC MUHUMYMa CPEIHEKBapaTUIHON OIHO-
KH{, KOTOpast UMeeT BUJL

A~

M{(}A’(k) - Y(k))T (Y(%)- Y(k))} > min . (4)

Nmeer mMecTo m3BecTHas 3ama4a (HUIBTPAIAN
(oueHuBanus). B TO e BpeMs ¢ Apyrol CTOPOHBI
9Ta 3a/1aua MOXKET (POPMYIUPOBATHCS KaK OIpeie-
JICHWE ONTHMAJILHOW CTPYKTYPBI CHUCTEMBI, 00e-
CIICUUBAIONICH MHHHMYM OIIUOKH BBIXOAHOTO
CUTHAaJA.

s monenu ciyuaiiHoro npouecca (1) u u3-
Meputenst (2) aHATUTUYECKH TIONY4YeH alrOpUTM
JUHEHHOTO (DMIIBTPA, COCTOAIICH U3 PEeKyppPEeHT-
HBIX ypaBHeHU# [4, 5] (¢punbTp Kanmana npuse-
JIéH 0e3 BBIBOJIA):

Ye+1)=Y (k+1)+
(%)

+B(k +1){Z(k )= Clk+ )Y (k+ 1)},
e

Y (k+1)= ARV (k) + N(U (k). (6)

Y (k+1)= Y (k+1|k)) — ogHOIIarOBOE MpEJCKa-
3anue Y (k).

®opmynbl ans marpuusl B(k+1) u pekyp-
PEHTHBIX YPaBHEHHH KOPPEISHOHHON MaTpHUIIBI
OmKOKY TIPH 3TOM UMEIOT BUJL

Blk+1)=R(k+)Ck+DO  (k+1); (7)

C(k+1)
F (k)¢ (k) Y(k+1) z(k+1)
—> c(k+1)
Y (k)
<—o A(k) < 3adepxKa
Ha O4uH war
Puc. 1. CTpykTypHas cxema 00bEKTa YIPaBICHUS U H3MECPUTEIIS
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2k D) B(k+1)

Y(k+1)

e+ Y(k+1)

B

f(/‘ ) 3apepxka

Ha OAuH war

Ak

N U(k)

Puc. 2. CtpykTypHas cxema ONTHMAJIBHON CUCTEMBI

Rk+1D)=R'(k+1)—=R'(k+1)CT (k+1)x
X{C(k +DR'(k+DCT (k+1)+ Ok + 1)}_1 x (8)
xC(k + DR'(k +1);
R'(k+1)=A(k)R(k) AT (k)+F ()G(k)FT (k). (9)

rme R'(k+1)=R(k+ 1|k) — OIHOIIIArOBOE TIPEN-
CKa3aHWe MaTPHIIBI OIIMOKH, KOTOpas KMEET BHL:

R(k)=M [e(k)eT (k)] , (10)

e e(k)= Y (k)—Y (k) — ommOKa oreHKH.

Pexyppentnomy anroputmy (6) — (10) coot-
BETCTBYET CTPYKTYpHAsl CXeMa ONTUMAaIbHOU CH-
cTeMBI (puc. 2).

Taxum 00pazoM, MPUBEAEHHBIC YPABHEHHUS OTTH-
CBIBAIOT AJITOPUTM ONTHUMAILHOTO OIICHUBAHWUS,
a TaKKe ONTUMATBHYIO CTPYKTYPHYIO CXEMY CHCTE-
MBI OIICHUBAHVISI.

3aMeTHM, YTO aJITOPUTM peanu3anuu (Quib-
Tpa Kanmana B Buae BeIpaskeHuid (6)—(9) mpen-
CTaBIIsIeT cOOOl ypaBHEHUS (PEKyppEHTHBIE BBI-
paXeHHs) JUIS ArmOCTEPUOPHBIX BEPOSTHOCTHBIX
MOMEHTOB JTUCKPETHOTO CITy4daiiHoro mporiecca Y(k)

MEHTHOM arrpoKcUMalie anocTepuopHoOn TI0T-
Hoctu BepositHocT f (Y, k)= f(Y | Z,k).

IIpn ecTecTBEHHOM JOMYIIEHHH O TOM, YTO
TUIOTHOCTB BEPOSTHOCTH PACIIPEACIECHUS TUCKPET-
HOTO Tmporiecca (CIIyIaifHON IOCIIeI0BATEILHO-
ctH) Y(k) rayccoBa, TO 3TOTO BIIOJIHE JOCTATOYHO
JUTSL OTIPEJIENIeHUsI N-MEPHOW TIOTHOCTH BEPOSIT-
Hoctu f(Y,k), kotopas umeer Bup [1]

f(Yak)zf(ylayZ,---aynak):
1 {A*(k):l (11)
ex ,
2" " A(K) 2A(k)

rae A(k) — onpenenurens Marpuust R, (k).

Ry (k) Ry, (k) Ry, (k)
a1 8 R Ry
Rnl (k) RnZ(k) Rnn (k)

* o )

A (k) — okaliMJICHHBIH ONpeeNUTelNb, TOoTyJae-
MbIif U3 A(f) TyTeM NPUIHCHIBAHUS OAHOTO (1 +
1) cronbua u (n + 1) CTpOKH, COCTOSIINX U3 UJIe-

C ydeToMm usMepeHuil Z(k) W ABNAIOTCA JBYXMO-  HOB Yy =My, V) =My, ey ¥y =My, 0.
Ry (k) Ry, (k) Ry, (k) yl(k)_myl(k)
Ry, (k) Ry, (k) Ry, (k) n(k)—m,, (k)
A" (k)= (13)
R, (k) R, (k) R, (k) yi(k)—m,, (k)
(k) —my (k) y(k)—m,, (k) (k) —my, (k) 0

B naHHOM cilydae BEKTOp aroCTEPUOPHBIX
MaTeMaTHYECKUX OKUJIAHUM JTUCKPETHOM Ciydaii-
HOM mocnenoBarenbHocTH Y(k) umeer Buj

my (k) = [myl (k)7my2 (k)z-"ﬂmyn (k)]T =

=Y (k) =171 (k). 9 (K)o 5, (KT
C y4eToM TOro, 4TO MBI UMEEM aroCTEPHOP-
HBIE BEpPOSTHOCTHBIC MOMEHTHI Bekropa Y(k),
nepexoa OT IUIOTHOCTH BepositHOCTH f(Y, k) =
=fY|Z,k)=f 4 ,k) X QyHKIMH IpUHAIEKHO-

ctu WY |Z,k) =u(); ,k) mpennaraercsi mpou3Bo-
IUTH TyTeM HOPMHUpOBaHHS f (I} ,k), xak sTO
npexanaraercs B padore [7]. [Ipu sTom mpeamona-
raercsi, 4ro
) SO0 K) _
f(yl MY T My Yy = myn’k)

= f(Y,k)-y2" 7" A(k) . (14)

Tak Kak sl TPaKTUYECKOTO MPUMEHEHHS
B CUCTEMax HEYETKOM JIOTUKHU UCIIOJIb3YIOTCS, Kak
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Z,(k) Y1 (k) WY1, k)
» DK » B > w¥k)y Yk
T3 G1C G S S » bB- » B1 |—»
Y(k) HBIT
» U » DK, » b, g
Z,(k) Ya(k) WY, k)

Puc. 3. CTpykTypHas cxema IomaroBoil He4eTKOM KOPPEKITUU

npaBuiIo, omHOMepHbIe PyHKIMK p(P,k), To mo-  MHOKECTBA B dhopme pesyasTUpyIomel GyHKITNN
npuHaIexkHocTH. OnpenencHue st 3Tol GpyHK-

MU TIPUHAUICKHOCTH TyTeM aedassupukanun
KOJIMYECTBEHHOTO 3HAYCHHS BBIXOAHOM JHHTBU-
CTHYECKOW TIEPEMEHHON Oy/IeT SBIATHCS HCKO-
MBIM 3HAY€HHEM BBIXOMHOTO curHana Y (k).

JIY4YCHUC UX U3 MHOT‘OMepHOI\/’I TIJIOTHOCTHU BEPOATHO-
CTH HEC COCTaBJIACT Tpyda, YYUTBIBAsA, YTO paciipe-
nenenue koMrnoHeHT yy(k), y,(k), ..., v, (k) BekTopa
Y(k) Taroke rayccoBo. st i-if KOMIOHEHTHI BEKTOpa
Y(k) dopmyna Beraucnenus W(y; |z;,k) =Wy, k)
OIMUCBIBACTCS BBIPAXKCHUEM

(v (k) -3, (k))2 5 IIpeutosKeHHbIH METO[, KOPPEKLHU aarOpUT-
B 2R;; (k) - (19 MOB ONTHMAJIBHOTO OIICHUBAHUS YIPABISIONINX
CUTHAJIOB C ITOMOIIBIO CHCTEM HEYCTKOH JIOTHKH
B pabore [8] wuccrmemyercss BO3MOKHOCTH — LI€JIE€COOOPA3HO MPUMEHSATH ANl PELICHUs 3aaad
CTPYKTYPHO-TIAPaMETPHUIECKON HEUETKOM KOppeK-  (PUiIbTpanuy HaBUraLMOHHOW MH(popManuu Oec-
[[MM aJITOPUTMA KAaJIMAaHOBCKON (DMIIBTpAIMK CITy-  IHJIOTHBIX JIETaTeIbHBIX anmnaparos [9, 10], momy-
YaHOTO HEMPEPBIBHOTO CHTHAJA C TTOMOIIBIO CH-  YaeMOM OT pa3iMYHbIX M3MEpUTEIeH, B KauecTBe
CTEMbI HEUETKOM JOTMKH MPH HAIWYMU JABYX M3- KOTOPBIX BBICTYHAIOT OecruiaT()OpMEHHBIE HHEp-
MepuTeneii. B o0reM ciiydae npH HaJWYHM 72 W3-  LUAJIbHbIC HABUI'ALIMOHHBIE CHUCTEMBI, CITyTHUKO-
MepHTeNel TUCKPETHOTO BekTopa Y(k) CTPYKTyp-  Bble HABUTALMOHHBIE CHCTEMbI, PaIMOTEXHUYE-
Hast CXeMa aJrOpUTMa ONTUMAIBHON (GHUIBTpalMK  CKHE, I'€OMAarHUTHBIE WIHM JAPYTHe H3MEPUTENN
nporecca Y(k) uMeer BUA, TPEACTABICHHBIA Ha  IIPOCTPAHCTBEHHOI'O IOJIOXKEHHS CAaMOABHXKYILE-
puc. 3. rocst oObekTa. JlaHHBIH METOX MO3BOJISET B yCIIO-
Ha puc. 3 o6o3naueno: 1, — U, — u3mMeputenn  BHAX PACCMOTPEHHs CIOXKHBIX TPYTHO(POPMAIIH-
npouecca Y(k); K, — K, — dpuwibrpet Kanmana;  3yeMBIX IIPOIIECCOB YYeCTh JONMOIHHUTEIIBHBIE
b®, — b®, — 6noku dazzudukanuu; bB-HBIT — 3HaHWA, HAKOIUIEHHBIE KBaJIU(QHUIHPOBAHHBIMH
070K BBIBOMA C HEUYETKOW Oazoi mpaBwi;, BJ[ — chenuanucTaMy IpU pEeIIeHHH HNPUKIaTHBIX 3a-
ook nedassudukaryu [8]. B BB-HBIT Ha ocHO-  Jad ¥ TakMM 0Opa3oM HOBBICUTh TOUYHOCTH OlLie-
Be C(HOPMYTUPOBAHHBIX TpaBuil (0assl MpaBwi) HUBaHMUSA BXOMHOM HMH(OpMALMHU, HCIOIb3YEeMOMH
tura ECJIN-TO ocymiectasiercss popMupoBanne Uil  (OpMHUPOBAaHUS YHPABISIOLIMX CHUTHAJIOB
JIOTMYECKOTO PEIICHHs — MOJyYeHHE HEYETKOrO B PacCMaTpHBAaEeMOM CHCTEME.
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LOBATY A. A., RADKEVICH A. S.

STEPWISE FUZZY CORRECTION OF THE ALGORITHM FILTERS
OF RANDOM SIGNALS

Belarusian National Technical University

The task of estimating the information contained in random signals from various sources — meters. It is assumed that the
gauges are discrete and are described, like the original process assessed, by a discrete mathematical model in the form of dif-
ference equations. As an estimation algorithm, we consider a discrete Kalman filter, which, in the general case, when mathe-
matical models are inadequate to real processes, can give distorted information. To improve the accuracy of estimation, it is
proposed to apply the integration of all possible meters with the introduction of additional a priori information using a fuzzy
logic system. At the same time, it is proposed to make a transition from the obtained probability characteristics of the estimat-
ed process to the membership functions of fuzzy logic based on the output filter parameters using the normalization of the
posterior probability density. This approach allows to increase the accuracy of estimation, as it takes into account additional
information and its complex processing.

Keywords: discrete process, estimation, probability density, membership function, fuzzy logic.
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VIIK 621.396

B. 5. MAPKEBHUY, B. B. IETKOCTYVII

AHAANMTUUYECKOE NMPOEKTUPOBAHUE YCTPOUCTBA
YNPABAEHUA PAKETOU AAA MEPEXBATA
A3POAUHAMMWYECKOM LEEAU
OAO «AJIEBKYPII»

Paccmampusaemces ananumuueckuti Memoo cunmesa yYCmpoucme CoOBMeCmHo20 ONMUMATbHO20 OYCHUBAHUS NA-
pamempos u ynpagieHus, CoCMosHUeM HeAUHEUHbIX OUHAMUYECKUX CIOXACIMU4ecKux 00vbekmos. Beinonnen kpamxuii
0030p cywecmayowux Memooo8 Haseoe s paKem, d MAKIce CPASHUMENbHAS XAPAKMEPUCTIUKA UX OOCMOUHCIE U He-
docmamiog. Ilpoananu3uposansvl nymu nOGuluLeHUs MOYHOCIU U NOMEXOYCMOUYUBOCHIU MEMOO08 HABEOeHUS!, OOHUM
U3 KOMOpwIX AGNAEMCS NOOX00, OCHOBAHHYIU HA COBMECIHOM OYEHUBAHUU U YNPABIEHUU COCMOSHUEM HETUHEUH020
00BEKMa CO CAYYAUHBIM 3a0AROWUMU U MEUUAIOUUMU 8030ELICMBUSIMU HA 8X00€.

OnpedeneHbl OCHOGHbIE HANPABTIEHUSL UCCIe008AHUT NO OAHHOU MeMamuKe, KI0Yaouue Cmamucmuieckull CuH-
me3 OnMuUMAanIbHOU CUCTEMbl YNPABLCHUs, OYEHKY NOMEHYUATbHbIX XAPAKMEPUCTNUK CAPOEeKMUPOBAHHOU CUCHIEMbI,
AHAU3 CIMPYKMYpbl ONMUMATLHOU CUCMEMbl U OYEeHKA 603MONICHOCEll ee YAPOUweHUs, (OpMUposanue Kea3uonmu-
MALHBIX CMPYKIMYP CUCIEMbL YAPAGLEHUS, OYEeHKA KPUMUYHOCMU (4Y8CMEUMENbHOCIU) XAPAKMEPUCTIUK CUCTEMbL
K U3MEHeHUI0 anpuopHoll uHgopmayuu.

Obocnosan 6b100p MemMoOOa UHBAPUAHMHO20 NOSPYAHCEHUS OIS AHATUMUYECKO20 NPOEKMUPOBAHUSL CIPYKIMYPbL ON-
MUMATLHO20 YCMPOUCMEA OYeHUSaAnUs-ynpaesienus. llpusedenv anarumuieckue ulpadceHuss, ONUcCbleauue ano-
pumm QYHKYUOHUPOBAHUS YCMPOUCMBA COBMECMHO20 OYEHUBAHUSA- YNPABLCHU COCTNOAHUEM MHO2OMEPHO20 Helu-
HelH020 MHO20CBA3H020 00beKma.

Knrwoueswle cnosa: memoo npO}’lOpquHﬂﬂbHOlj Hasueayuu, ynpaejisgemas pakema, cunmes ycmpodcmea onmumailbHo2co

OYCHUBAHUA-YNPABIEHUA, Mmemoo UHBAPUAHMHO2O0 NOCPYIHCEHUAL.

BBenenune

OCHOBHBIM CpEICTBOM YHHUUTOKEHHS aBHa-
LUK TPOTUBOOOPCTBYIOMIMX CTOPOH (CPEACTB J0-
CTaBKHU M CPEJCTB MOPAXKEHHUs), HApsLy € MUIIOTH-
PYEMbIMU U 6eCHI/IJ'IOTHI>IMI/I aBHallTUOHHbBIMU KOM-
IJICKCAaMU YIIpaBJICHUSA BOOPYKCHHUEM, ABJIAIOTCA
3eHUTHBIE pakeTHble Komruiekcesl (3PK) maroi,
cpenHeld u OoNpIION mambHOCTH. OTHUM U3 TIEp-
CTIEKTHBHBIX HAIPaBICHUH C TOYKH 3PEHUS pe-
CYpCHOTO oOOecTieueHrsi HccienoBaHmii (00beM,
MPOJOJDKUTEIBHOCTh U CTOMMOCTB OIIBITHO-KOH-
CTPYKTOPCKHX pPadoOT) SBIAETCS MOJCPHHU3ALHS
Ha3zeMHOTo cermeHra cymectByrommx 3PK (6e3
HM3MEHEHHUs] OOPTOBOrO 00OPYHOBaHMS PAKET WU
C ero HeOOIBIIMMU J10pabOTKaAMM).

HOTCHHI/IZUI MOICpHU3AIUN NAaHHBIX CHCTEM
IpeIoNpeNeNIIeTCST TEM, YTO MPU UX pa3padoTKe
u ucnbITaHusx B 1960—1980 rr. peanm3yemas Ha
npakTuke 3PGEeKTUBHOCTh OOEBOTO MPUMCHECHHUS
OLICHMBAJIACh, KaK TPABMIIO, /Ul HanOoJee CIoXK-
HBIX TAKTUYECKUX CHUTYaIUi: 0OTCyTCTBHE P heK-

TUBHBIX CPEICTB MOJABICHHS AKTUBHBIX LIyMO-
BeIX nomex (ALLIT), pydnas mepectpoiika Hecy-
HIMX YaCTOT, CJIOKHOCTH TEXHUYECKOH pean3alum
ONTUMAJILHBIX M KBA3UOIITUMAJIbHBIX aJITOPUTMOB
NEPBUYHON M BTOPHUYHOM 00pabOTKHM CHUTHAJIOB
B YCJIOBHMSX PaJMOIIEKTPOHHOIO IPOTHUBOAEH-
cTBUA U T. 1. Mcxons nu3 3Toro onpeaessuiuch xa-
PaKTepUCTHUKH TOYHOCTH HABEJNCHHS 3CHHUTHBIX
ynpasisieMbix pakeT (3YP), koHKpeTHbIe TeXHH-
YecKHe MapaMeTpbl CUCTEMbl HaBeACHHs, JOIy-
CTHMasl CTETIeHb YIPOIICHHUSI YCTPOUCTB 00padoT-
KA KOOpAWHATHOW HWH(OpMANMK M, KaK cJel-
CTBUE, peabHble BO3MOKHOCTH CHUCTEMBI IO Iie-
pexBaTy BO3JIyIIHOW LENH.

Cy1iecTByolLHe B HACTOSILEE BPEMST BOZMOX-
HOCTH TIO amiapaTHOM M MpOrpaMMHOHM peann3a-
MM aJITOPUTMOB YIIPABJICHHSI paKeTaMu MO3BOJIS-
0T OTKa3aTbhCsl OT NIPEBAJIMPOBABIIETO JI0 HEJJABHETO
BPEMEHHU I0JX0[a, OCHOBAHHOTO Ha IIPEIEIbHOM
(MakCHMMaIbHO BO3MOYKHOM) YTIPOIIEHUH aJTOPHT-
MOB 00pa0OTKH, 00€CIeUnBAIOIINX JOMYCTUMOE

1,2019
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(MUHMMAJIBHO HEOOXOIUMOE) KaueCTBO (DYHKIIHO-
HUPOBAHMS IPH COXPaHEHUH YCTOWYMBOCTH B OOJIb-
LIMHCTBE cUTyaluid. HeiHemnuii ypoBens u Onu-
KallIne TepCIeKTUBBI PA3BUTHS allapaTHO-TIPO-
IPaMMHBIX CPEJCTB MO3BOJISICT PEaT30BbIBATh HE
TOJIBKO KBa3HONTUMAJIbHBIE (C HETTOIHBIM Y4E€TOM
anpUoOpHONW WH(OPMAIMK), HO U OINTHMaJbHbIC
QITOPUTMBI 00pabOTKK CHUTHAJILHOH M TPaeKTop-
HOW WMH(pOPMaIHH, MO3BOJISIONINE CYIIECTBEHHO
MOBBICHTH 00€BYI0 3((EKTHBHOCTH OOPTOBBIX
W HA3eMHBIX CHUCTEM YIPaBJICHHS PAKETHBIM BO-
OpY>KEHHEeM, B YaCTHOCTH, Ha3€MHBIX CTAHIIMH
HaBeneHus pakeT B coctae 3PK cpeagneii nanb-
HOCTH.

CoBpeMeHHBIC TEHACHIIMH PAa3BUTHUSI CPEICTB
HaOmroneHust 1 00pabOTKH PagHONIOKAIMOHHOH,
paZMOHABUTAIMOHHON W PajMOCBA3HON HH)OP-
MalM{d XapakTepU3YIOTCSI MaKCHMaJIbHBIM HC-
[10JIb30BaHUEM TPOCTPAHCTBEHHOTO pa3HECEHUs
MEPBUYHBIX PAJANOTEXHUUECKUX W HAaBUTALMOH-
HBIX YCTPOMCTB (MHOTOMO3MLIMOHHBIX PaJNOTEX-
Hudeckux cucteM MII PTC), kommiekcupoBanus
ABTOHOMHBIX (OECIHMJIOTHBIX) CUCTEM HA3€MHOTO,
MOPCKOTO, BO3/IyITHOTO U KOCMHYECKOTr0 0a3upo-
BaHMs, MHOTOKPATHOTO yONUpoBaHus (B OCHOB-
HOM, Onarogapsi yMepeHHOH CTOMMOCTH) AJist 00e-
criedeHus1 TpeOyeMol TOYHOCTH U HaJeKHOCTH,
a TakyKe HEeyKJIOHHOM CHM)KEHUEM POJIM OIepaTo-
pa B mpoiiecce padoThI.

W3naraemselil HUXkE Marepuall MOCBALIEH BO-
pocam pa3padoTKH aJlTOPUTMOB COBMECTHOTO Ol1e-
HUBAHUS NApaMETPOB U YIPABJICHUS TUHAMUKON
oJieTa aBTOHOMHOTO 00bEKTa (3EHUTHOM PaKeTHI,
PEaKTUBHOTO CHApsAa 3aJI0BOTO OTHS, YIPaBIIs-
€MOTr0 apTHIUIEPUHCKOTO CHapsa, OECIHIOTHOTO
JIeTaTeabHOTO armnapara) B IPOCTPaHCTBEHHO-pac-
npeaeseHHol MH(OPMaMOHHOW-YIPaBIIIOMIEH
BBIUMCIIUTENBHOM MOACUCTEME CMEIIAaHHOTO (BO3-
JOYUIHOTO W Ha3eMHOTr0) 0a3upOBaHUSI C Y4ETOM
MPOCTPAHCTBEHHBIX KHHEMaTHYECKHX CBsI3ei Ka-
HAJIOB YMpPAaBICHUS, XaPAKTEPUCTHK MOMEXOBBIX
BO3/IEMCTBUH, a TAaKKE TEXHUUECKUX OIrpaHUYEHUN
1 (QyHKIMOHATEHO HEOOXOANMBIX HEIMHEHHOCTEH
o0BeKTa.

Kpatkuii 0630p MeT010B HaBeleHUSI paKeT

Cy1miecTByeT CpaBHUTEIBHO HEMHOTO METOJIOB
HAaBEICHUS PAKET, KOTOPBIE YCIOBHO MOKHO pa3-
JIEIUTh HA TPU TPYIIIbL:

— iByxToueuHble MH, KOTOpbIE XapaKTEpHBI,
B OCHOBHOM, Ul CaMOHAaBOJSLIUXCS YIIpaBiIsie-

MBIX pakeT (MpOoNopLUOHATIbHAS HaBUTalus, Ia-
pajuienbHOE COMMKEHHE);

—Tpexroueunble MH, koTopble XapaKTepHbI
JUTSL TEJIEYTIPaBIIIeMbIX PAaKeT C paJllOKOMAaHTHBIM
WIM ONITUYECKUM KOMaHIHBIM HaBeJeHHEM (I10JI-
HO€ MJIM YaCTUYHOE CHPAMIICHHE TPAEKTOPUN);

— koMOMHUpoBaHHbIEe MH, 17151 KOTOpBIX Xapak-
TEpHO UCIOJIb30BAaHUE CAMOHABE/IEHUS C MHEPIIU-
aJbHBIM YIpaBJIEHUEM, PAaJUOKOMaHIHbIE UHEp-
L[MAJIbHbIE METO/IbI, a TAKXKe TeJIeyIIpaBleHNe BTO-
poro poja (TeneynpaBieHUe Yepe3 PaKeTy).

AHanu3 NPUHIUIIOB MOCTPOEHUS CYIECTBY-
IOLIUX U BHOBB Pa3pa0dOTaHHBIX CHUCTEM yIIpaBlie-
HUSl PaKeTHBIM OpY>KHEM MOKa3blBaeT yCTOHUu-
BYIO T€H/ICHIIUIO K MPEUMYIIIECTBEHHOMY HCIIOJb-
30BaHUIO METO/Ia MPOMOPIIMOHATBHON HaBUT a1
[1,2].

BOJBIIMHCTBO COBPEMEHHBIX aJITrOPUTMOB
YIpaBiIeHUs pakeTaMy — 3€HUTHBIMH, aBHALMOH-
HBIMH, TPOTHBOPAKETHBIMHU, MPOTHUBOCIYTHHUKO-
BBIMHU, MPOTHBOKOPAOEIbHBIMUA M [p.), NpeaHa-
3HAYEHHBIX JJI TOpakeHUs Pa3IMYHOTO KJjacca
ueneit, 0a3upyloTca Ha Pa3IUYHBIX BapUaHTax
MeTofa mponopiuoHanbHoi Hasurauuu (MITH),
WJIM METOZA TTApaJJIeIbHOTO COMMKEHNS, KaK 4acT-
HOM cJlydae MeTo/a HaBeleHHs B (hakTHUeCKyro
(MTHOBEHHYI0) TOYKY BCTPEUH C LEJIBIO.

CornacHo JaHHOMY METOJTy, KHHEMaTH4eCKue
HOpPMaJbHbIE YCKOPEHHs PaKeThl JOJKHBI OBITH
MIPOMOPIIMOHAIBHBI YIJIOBOM CKOPOCTH BpallleHus
(YCB) nunum Buzuposanus (JIB) pakera-uens
(PLI). B BexTopHOI1 (opMe BhIpa)KeHHE 3aITUCHI-
BaeTcs caeayromuM obpasom [1, 2]:

W, =N, (1)M(0, )(@oAv) + AW,
[AvAr]
Wy =="—7%—, (1
Ar’ Ar
AW, :f(WO’Wlag0’®05®1’®2)>

e W, =W, W,, W, )T — BEKTOp YIPaBJIIO-
HIMX YCKOPEHHI PaKeThl B IPOSKIIMIX Ha OCH CHCTe-
Mmbl koopauHat (CK), cs3annoii ¢ JIB PLL (CK JIB),
npUYeM, KOMIIOHEHTa MPOJOJIBLHOTO YCKOPECHHUS
W, B GOPMHUPOBaHMH CHIHAJIOB HE UCIIONb3YyCT-
oy U = (@, @y, O, )" — Bextop YCB JIB PII
B npoekuusax Ha ocu CK JIB; Av=Ar=v, —v, —
BEKTOp Pa3HOCTH CKOPOCTEH COMMKEHHS PAKETHI V|
U LIeJI V,; Ar =T, —I} — BEKTOp pa3HOCTHU JieKap-
TOBBIX KOOPJMHAT PaKeThl Iy U LEH Ip; N (t) -
JIMaroHaJIbHasl MaTpylia HABUTAIIMOHHBIX KOd(du-
UCHTOB pa3MEepHOCTBIO 3x3, 3aBHUCSIIAs OT Ma-
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paMeTpoB JBMKEHHUS LEIH U paKeThl C JUAro-
HaJIbHBIMHU dJIeMeHTaMu N ;€ [2;10] ; AW, — Bek-
TOp KOMIIEHCUPYIOIUX YCKOPEHUH, 3aBUCSIIHI
oT yckopeHuid paketbl W, nenu W, yckope-
HUSl CWIBI TSDKECTH g, & TaKKe CKOPOCTHBIX
yIJIOB pakeTbl @), menn @; U yrioB HakJIoHa
JIB P11 ©,.

OCHOBHBIMH JIOCTOMHCTBAMH Pa3HOBHIHOCTH
MIIH, ucnionszyemoro B 3YP, sBnstorcs:

— BO3MOXKHOCTh peain3aiiu 00cTpena ¢ mpo-
U3BOJILHOTO paKypca, Kak B MEPeHION, TaK U 3a-
JIHIOIO TIoJTyc(depy araku;

— ¢hopMUpOBaHHE TPACKTOPUU HABEICHUS,
obecrieynBalonieii HaBeJACHUE Ha TPSIMOIHHEH-
HO JIETSLIYIO 1IeJIb ¢ MUHUMAJIbHBIMU MIEPETPy3-
KaMH;

— ciabasi YyBCTBUTEIBHOCTh METONA K BEJIH-
yrHEe QIYKTyallMOHHOW OIIMOKH M3MEPEHUS YIJI0-
BBIX KOOp/MHAT LEeJU (B OTIUYME OT TpeXToueu-
HBIX METOJIOB TEJICYTIPABICHUS).

BMmecre ¢ Tem, cymiecTByeT psii 0COOCHHO-
CTell JaHHOTO METO/Ia, CHIDKAIOIIUE B HEKOTOPBIX
TaKTUYCCKUX CUTYaIUsIX ero 3(p(HEeKTUBHOCTb:

— BBICOKas 4yBCcTBUTENBbHOCTE MITH K HEKOH-
TPOJNMPYEMBIM CIy4YallHbIM BHEIIHHM BO3MYIIE-
HUSM 10 HOPMaJIbHBIM YCKOPCHUSIM;

— yBeJIMYCHNE KPUBU3HBI TPACKTOPHH TIPH OT-
CYTCTBHM CUTHAJIOB KOMIICHCAIIWU CHCTEMaTHYe-
CKMX BO3MYIIAIOLINUX BO3JEUCTBUI;

— 3HAYUTENBHBIC YIVIBl YHPEXKICHHUS PAKEThI
oTHOcuTenbHO JIB 1enu, aABmKymiencs ¢ 00bIIm-
MU YIJIOBBIMH CKOPOCTSIMH OTHOCHTEIILHO CTaH-
uuu HaBeneHus paketr (CHP).

Takum 00pa3oM, OJJHOIM M3 OCHOBHBIX 3aj1ad,
CTOSIIIIMX TIepe]] UCCIIEA0BaTeIIMU 1 pa3padboTyn-
KaMH, SIBIISIETCS TTOMCK PEIICHHM, TO3BOJISIONINX
B 3HAUUTEJILHOM CTENEHU CHU3UTH BIIHMSIHUE YKa-
3aHHBIX (PAKTOPOB Ha XapaKTEPUCTUKU TOUHOCTH,
YCTOWYMBOCTH U YYBCTBUTEIBHOCTH CHCTEMBI Ha-
BEJICHUSI PaKeT B YCIOBHUSX aKTHBHOTO Pajuo-
AJIEKTPOHHOT'O MPOTUBOACUCTBHSI IIPH COXpaHe-
HUH IPUEMIIEMOH ISl PAKTHYECKOH peatn3aium
TEXHUYECKOH CJIOKHOCTH ITPOCKTUPYEMOTO YCTPOii-
CTBa.

B pa6otax [1, 2] ayst cimygast iIoCKoro mepe-
XBaTa 1N B JIMHEWHOM MPUOIMKEHUU TOTy4e-
HBI THIIOBBIE 3aKOHBI ONTHMAIBHOTO YIPABICHHSI
MpU pa3IM4HbBIX (OpMax KBaJPaTHYHOTO (PYHK-
[MOHAJIa Ka4eCTBa, B TOM YHCIIEe — C YY€TOM CTO-
XaCTHUYECKOTO XapaKTepa YCKOPEHHsI MaHEBPHPY-
roe nenu. [Ipu sToM anropurM pacuera ynpas-

JISIOIINX YCKOPEHUMU, B 3aBUCUMOCTH OT HCIIOJb-
3yeMOTO KPUTEPHUSI ONTHUMAIBHOCTH, MOXKET MPH-
HUMAaTh clieayromuii Bun [1, 2]:

W, =M(0,) N, (t)((0Av) +0,5(3- 1) W) ),
W, =M(0,)(N, (t)Av+0.2k,7Ar ),

ArAv Av
_TO’ AVOZW’ N,(t)e[2...10],
@)

rae N, (t) — CKaJISIpHBIA HABUTAIIMOHHBIN KOA(-
(UIMEHT, OMHAKOBEIH JIJIS IBYX KaHAJIOB yIpaB-
JeHus; o) =Af; — mUpuHa crieKTpa QIyKTyauuii
HOPMAJIBHBIX YCKOpeHui uemn; W; — BEeKTOp
ycKopeHuit uenu; k, — xoapduiment mrpadpa Ha
BEJIMYMHY NPOMaxa B TOYKE BCTPEUH, MMEIOIIUI
pa3MEpHOCTh C ~; T — BpeMmsi, OCTaBIIeecs 0
MOMEHTA BCTPEYHU PAKETHI C IIEIIBIO.

B pa6ote [3] uznaraercss HOBaTOpcKast METO-
JIOJIOTHSI CHHTE3a, OCHOBAaHHAs HAa CHHEpreThve-
CKOW TEOpWUH ONTHUMAJIBLHOTO YIPABICHHUS, TOTY-
YUBIICH Ha3BaHUE aHATUTUYECKOTO KOHCTPYHPO-
BaHUSl arperupoBaHHBIX perymsitopoB (AKAP).
Ha ocHoBe manHOTO TIOSXOMA B padote [4] momy-
YeHBI B 3aMKHYTOH (opMe aHATUTHIECKHUE BhIpa-
JKEHHSI, peaTu3yIoIIue ONTUMAIHHBIN 3aKOH Tepe-
XBara e Ha OCHOBE MHOTOMEPHOH HEIMHEeMH-
HOW M MHOTOCBSI3HOW MOJIEIM KHHEMATUKN OTHO-
cutenpHOTO nepemenierns OY U 1eN, yIuThIBa-
IO ycKopeHus: MaHeBpa. B pabore npearmona-
raercs, 9To OLECHKHA (a30BBIX KOOPIMHAT CTOXA-
CTHYECKOTO JIMHAMHYECKOTO OOBEKTa TOTYYECHBI
TEM WJIM UHBIM CIIOCOOOM, T. €. 3a/1a4a ONTHMAIIb-
HOTO OIEHUBAHHUS KOOPAMHAT W (pOpMHUpOBaHUE
3aKOHA YIPaBJICHUS COCTOSTHHIEM PEIIaroTCs He3a-
BucuMo. OTCYTCTBHE ydeTa alpHOPHBIX CTaTH-
CTHUYECKHX XapaKTEPUCTUK HAOIIONaeMBIX IPO-
1[eCCOB Hen30eKHO MPUBOIUT K YXYAUICHHIO pea-
JU3yeMBbIX Ha TPaKTHUKe TMoka3zaresei d(dexTus-
HOCTH TIPOEKTUPYEMOTO YCTpPOMCTBA 1O CpaBHe-
HUIO C MIOTEHIIUAIBHO JIOCTHKUMBIMH.

Bonee toro, ontTuMansHOE pa3fesnbHOE pellie-
HUE 33/1a41 OLICHUBAHUS U YIIPABICHUS CTOXACTH-
YECKUMHU OOBEKTaMH BO3MOXKHO IUIIb JUIS JIH-
HEHHBIX KBaJPaTHYHBIX CUCTEM C T'ayCCOBCKUMHU
IIyMaM¥ HaOIIoIeHus (Ha OCHOBE TIPUHITUIIA CTa-
THCTHYECKOM dKBUBaNICHTHOCTH) [1, 2, 5-7]. s
HEJIMHEHHBIX CTOXACTUYECKUX CUCTEM B JIYYIIEM
Clly4ae BO3MOXKHO KBa3HONTHMAJbHOE PEIIeHUE
nipu OorbIiioM oTHOIIeHNH curHai/momexa (OCII),
nocturarorem 20 1b.

T=
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[Ipy MasbIX OTHOIIEHUSX CUTHAJI-TIOMEXa B He-
JUHEWHBIX CUCTEMax OIICHWBAHHI-YIPABICHUS
CHIKEHHE KayecTBa MPOUCXOAUT 3HAYUTEIHHO
ObICTpee, YeM B JIMHEHHBIX (TIPH OIMHAKOBBIX HC-
XOIHBIX TaHHBIX HA BXOJE). B 3HaUMTENbHOM CTe-
NEHW JaHHAs OCOOCHHOCTHh (YHKIIMOHHPOBAHHS
cpoiictenHa MII PTC, paboraromux B pa3inuy-
HBIX TAKTUYECKHX CUTYaIlUsIX B UIMPOKOM JMaria-
30HE MHTEHCHUBHOCTEW aKTHUBHBIX IIYMOBBIX IIO-
MeX Ha BXOJIC, JJIsl KOTOPBIX CBSI3b ME¥K/1y HaOI0-
JaeMBbIMU U OLICHUBAEMBIMH KOOPJMHATaMHU B 00-
LIEM CIlydac HEeJIMHEHHasl.

[Ipu HaBeneHNM OOBEKTA B YCIOBHUSIX aKTHUB-
HOTO PajiMO3JIEKTPOHHOTO NMPOTUBOJACHCTBUS Be-
muurHa OCII MoXeT 3HAYMTENBHO CHHIKATHCS,
BILJIOTh JIO IIOPOTOBBIX 3HAYEHUH Ha BXOJIE YCTPOM-
CTBa 3aXBaTa CUTHAJIOB JINOO CXEMbI COIPOBOXK/Ie-
HUE 110 YIJIOBBIM KOOpIUHATaM M JaIbHOCTH—CKO-
poctu. B Takux cutyanusax pasaesibHOE OleHUBA-
HUe ($a30BbIX KOOPAWHAT W YNpPaBICHUE COCTOS-
HUEeM 00bEKTa MOXKET MPUBECTH K CHUYKEHHIO d(-
(eKTHBHOCTH (YHKIIMOHUPOBAHMS M CPBIBY MPO-
Lecca HaBeleHHS (HEIPHEMJIEMOMY YMEHbIIIe-
HUIO BEPOSTHOCTH MOPAKEHUS LIETIH).

Hcxons U3 BBIIEH3NIOKEHHOTO, PACCMOTPUM
BO3MOXKHOCTh COBMECTHOTO ONTHMAJbHOIO Olle-
HUBAHUS-YIPABICHUS COCTOSHHEM CTOXacTH4e-
CKOTO HEJIMHEWHOTO 0ObEKTa B YCIOBHUSAX HU3KHUX
OCII Ha BXOJie JUCKPUMUHATOPOB CHTHAJIA OIIUO-
KM, OJIM3KOTO K MOPOTOBBIM 3HAYEHHSIM, MPHU KO-
TOPOM BEJIMYMHA Pa30BOH OMMOKH HM3MEpEHUsI
coM3MepHuMa ¢ IIUPUHON anepTypsl TUCKPUMUHA-
LIUOHHON XapaKTEPUCTHKH 1O BBIOPaHHOH KOOp-
JUHaTe.

MeToAMKa CTATUCTHYECKOTO CHHTE3a
YCTPOHCTBA ONTUMAJIBHOIO OLIeHUBAHMSI—
ynpaBJieHust

[IpakTrka pemeHus 3a7ad aHATUTHYECKOTO
MIPOCKTUPOBAHUS (CHHTE3a) CTOXaCTUYECKHUX CH-
cTeM 00pabOTKU PaHONIOKAMOHHON WH(OpMa-
LMK B MHTEpPECax YIpaBJIeHUs] COCTOSHUEM JHHA-
MHUYECKHUX 0OBEKTOB TO3BOISIET CHOPMYITUPOBATH
CIIEAYIOILYIO LIE€JI€CO00pa3Hy0 I10CIIeI0BATENb-
HOCTh NIEHCTBUN WH)KEHEepa—pa3padOTINKa B yKa-
3aHHOM HampasieHuu [1-4]:

— (hopMyIHpOBKA 3aJ1a4H ¥ OTIPEIeTICHUE THIIA
MIPOEKTUPYEMOM CHCTEMBI 00Pa0OTKH PaIuOIOKa-
LMOHHOI MH(OopMaIuy;

— pa3pa0oTKa MareMaTu4eckoi MOIenu pe-
AITBHOTO 00BEKTA YIIPABICHHS;

— pa3paloTKa MaTeMaTHYECKOW MOJIEIH KaHa-
J1a HaOJIIOIEHNS,

— (opMynHMpoOBKa KpHUTEpHUsi KauecTBa (ONTH-
MaJIbHOCTH) (YHKIIMOHUPOBAHUSI TPOCKTHPYE-
MOU crcTeMbl 00pabOTKHU M yIIPaBICHHUS;

— AHAINTUYECKUH CUHTE3 ONTUMAIIBHOM CHU-
CTEMBI yIIPABIICHUS;

— OIICHKA TIOTEHIHUAJBHBIX XapaKTePUCTHK
(MaTremaTMdeckoe MOJEIMPOBAHWE M CTaTHCTH-
YECKUH aHaJIN3) CHHTE3WPOBAHHOW ONTHMaJIbHON
CHCTEMBI;

— aHaJM3 CTPYKTYPHl ONTHMAIBHOW CUCTEMBI
U OLICHKA BO3MOXKHOCTEH ee ympouieHusi, popmMu-
pOBaHHE KBa3HONTUMAIBHBIX CTPYKTYpP CHCTEMBI
yIpaBICHHUS;

— OIIEHKa KPUTHYHOCTH (4yBCTBUTEIBHOCTH)
XapaKTePUCTHK ONTHUMAJIbHON (KBa3HONTHMAIIb-
HOMW) CHCTEMBbI K I3MEHEHHIO arpHOpHON MHOP-
Manuu (yclnoBui (PyHKIIMOHHUPOBAHHS I CTATH-
CTHYECKHUX XapaKTePUCTUK BXOAHBIX JIAHHBIX);

— pa3paboTka MyTel YMEHBIICHUS YYyBCTBH-
TEJIILHOCTH MPOEKTHUPYEMON CHUCTEMbI K U3MCHE-
HUIO YCIIOBUM paOOThI, MOBBIIIICHUE POOACTHOCTH
CHCTEMBI;

— BBIOOp BapuaHTa CTPYKTYPHOW CXEMBbI IPO-
EKTHPYEMOTO CHCTEMbI M (OPMYIHPOBKA TEXHH-
YeCKHX TpeOOBaHUH K CTPYKTYpPHBIM JIEMEHTAM.

[IpuMeHeHne BapHaMOHHBIX TPUHIIATIOB IS
CHHTE3a ONTUMAJIbHBIX CHCTEM COBMECTHOTO Olle-
HUBAHUS ¥ YIPABICHUSI COCTOSIHUEM CTOXaCTHYe-
CKUMH HECTAllMOHAPHBIX HEIMHEHHBIX JHHAMU-
YECKMX OOBEKTOB IMPHBOIUT K JABYXTOUCYHBIM
kpaeBbIM 3a7a4aM ([ TK3). Pemenne u crpykryp-
Hasl MHTEpIpeTanysi NOITy4YEeHHBIX BEKTOPHO-Ma-
TPUYHBIX YpaBHEHUH B OOJIBIIMHCTBE MPaKTUYC-
CKHUX CITy4acB 3aTPyIHUTEIbHbI MJIK HEBO3MOXKHBI
BBUJy YpPE3MEPHO BBICOKOH pa3MepHOCTH, aJiro-
PUTMHUYECKOW CIIO)KHOCTH M CTOMMOCTHU IPUBJIE-
KaeMbIX CIEIMaIM3UPOBAHHBIX BBIYMCIUTEICH
U MIPOrPaMMHBIX CPEZCTB, 00CCICUYMBAIOLINX T10-
Jy4eHue ONM3KOro K ONTHUMAJbHOMY pPEIIeHUsS
B peaJIbHOM MaciTabe BpeMEeHH.

B pabGorax [5—7] W3J0KEeH OpPUTMHAIbHBIN
TIOZIXOA JJIsl pelIeHns MOTOOHBIX 3a/1a4, KOTOPbIi
Ha3bIBACTCS METOJIOM WHBAPHAHTHOTO IOTPYKe-
Hust. CyTh MHBAPHAHTHOTO OTPYKEHUS 3aKITFoUua-
eTcsi B TOM, YTO MCXOJHAs 4acTHas 3ajada (He
00s13aTeNIbHO JIBYXTOYEYHAs) 3aMmeHsieTcs Oolee
oO0Iel WM, KaKk TOBOPUTCS, MOTpykaeTcs B 00-
nee oburyto. [Ipruem, yacto oka3bIBaeTcs, 4To 3a-
Jada, 00001IaoIIas YACTHYO, MOYKET OBITh yCIIeIII-

CUCTEMHBbIV AHAJIN3 U MPUKITAOHASI UHOOPMATUKA

1,2019



.anaeﬂeHue mexHu4veckumu obsekmamu

45

HO perieHa. 3Hasl pelieHue oOIIeH 3aaadu, MOX-
HO COOTBETCTBYIOIIUM MPEICTHHBIM IEPEXOI0M
BEPHYTBHCSI K MCXOJIHOM YacCTHOM M, TEM CaMbIM,
HAlTH €€ TOYHOC WIIM MPHUOJKEHHOE pEIICHHUE.
ToyHOCTB TOJy4aeMOro pEelICHHs 3aja4u OyaeT
OTIPEICISATHCSI TOUHOCTHIO MPEACTABICHUS HCKO-
MBIX BEKTOPHO—MATPHUYHBIX (PYHKIUH IIpU pas3iio-
’KEHUH 110 CTeNeHsM B psan Teiopa.

IIpumeHsist BapualMOHHBIA IPUHIMIT JUISL CUH-
T€3a ONTUMAJILHOTO PErYJISITOPa HENTUHEMHON CTO-
XaCTHYECKOH CHUCTEMBI M METOJ WHBAPHUAHTHOTO
MOTPYKEHUS IIJIST CBENICHUS JBYXTOUCYHON Kpae-
BOH 3amaun K 3amade Kommm, MOXXHO TOTydYUTh
YpaBHEHUSI COBMECTHOTO OIEHUBAHUS — yTIpPaBIIC-
HUSI COCTOSIHUEM HEJTMHEHHOro 00beKTa Buaa [5—7]:

%(1)=F(x.0)+C(x.0)u(t) + G (x.0)&(1). (3)
JUISL COCPEOTOYEHHOTO KaHala HaOIoAeHUS BUIA
z,(t)=s(x,1)+¢(¢),
z,(t)=h(x,1)+p(s),
rie z, (t) — peanuzanus MIMPOKOTIOIOCHOTO CHT-
naa (III1C) s(x,t) Ha BBIXOJIC MHOTOKaHAIBHOTO
cormacopanHoro ¢uierpa (C®D), 3aBucsIIero or
BEKTOpa MapaMeTpoB x(t) , Habmoaemast Ha (hoHe
HOPMaJIBHOTO OENoro mryma C(t) C KOBapHaIluoH-
HOW MarpHIed IIyMOB HaOIIONECHUS R, (I)S(T ;
zZ, (t) — BEKTOp TIEPBUYHBIX ITapaMeTPOB h(x,t ,
HaOmonaemMblii Ha QoHEe HOpMalbHOTO Oenoro
uryma u(t) c KozapnauHOHHoﬁ M;Tpnueﬁ LIyMOB

“4)

naGmronenms (7o )p (7o — ’E)T =R, (1)8(1);
R, (t),RH (t) — KOBapHallMOHHBIE MATPHUILIbI LIIY-
MOB HAOJIOZCHUS pasMEpHOCThI0 Px P Juist co-
OTBETCTBYIOIIETO HEJTMHEHHOTO KaHana Habtose-
HUS, s(t,x) — peanu3aius HabJII0IaeMOro MHPo-
koroiocHoro (IIIIC) wmm BBICOKOYACTOTHOTO
(BUC) curnana (B oOmeM ciydae KOMITJIEKCHO-
r0); h(t,x) — peanmzarusi HabIIOMAeMBIX TIep-
BHUYHbIX I/IH(i)OpMaTI/IBHLIX mapaMeTpoOB Ha BbIXOAC
YCTPOMCTBA pa30BOI0 OLIEHUBAHUS; P — 4HcIo
HE3aBHUCHMBIX KaHAJIOB HAOIIONCHUS, g(z),g(z) -
HEKOPpPETUPOBAaHHbBIE TAayCCOBCKHE Oembple IIy-
bl COCTOSIHMH ¢ KOBAPUALMOHHON MaTpulei
T
() 500 ) Qo (13(9): 0s(0) s
ad CIICKTPAJIBHBIX INIOTHOCTEN HIYMOB COCTOSIHHUU
pasmepHocThi0O N X N ; N — pa3aMepHOCTb CUCTe-
MBI ypaBHEHHUI TUHAMHUKH OOBEKTa YIPABICHHUS.
KpI/ITepI/IeM OIITUMAJIBHOCTH B CTOXAaCTH4YC-
CKOM Cjly4ae SBJISIETCSI KPUTEPUH MHHUMYyMa
CpPEJ/IHETO PUCKA C KBaJIPaTHUHOH (DYHKIUEH IO-
Teps [6, 7]:

A

k

J(x,u) (rk, )+ £ (Q(t,x)+U(t,u))dt,

V(%) =% (1) A )85 (z).
0(1.x)=8x(x)" A(7)3x(q).
8x(t; ) =g (5 ) —x(74 ), 8x(1) = x4 (1) - x(7),
U(t,u)— (A 1:)P 1:) +u(1: Q )u(r).
)

e X, (t) — 3amaHubii (TpeGyeMblii) BeKTOp Co-
CTOsIHMs 00BEKTa B IpoLiecce ynpasienns; X(1)—
TeKyInas OLEHKAa BEKTOpa (Ha3oBBIX KOOPAMHAT
o0bekTa ynpasnenus; P(t) — anocrepropHas ko-
BAapUAIOHHAS MATPHIA OMMOOK OLCHHBAHHS,
A(7),Q(t) — cHMMeTpHYCCKHE MONOKHTEIBHO
oTpesieieHHble MATPUIBI MTPadoB HA OTKIOHE-
HHIE OIEHOK (ha30BBIX KOOPAMHAT OT 3aJaHHOTO
3HAUEHHs ¥ Ha BEJMYHHY CHMTHAJA yHPaBICHHS;
Sp(M(r)) — (pyHKIUS OTpesieIeH s CyMMEI 3JTe-
MeHTOB Matpuibl M (T), HaXOAAMKXCS HA TIaB-
HOM JIMaTOHAJH; T, — MOMEHT BPEMEHH, COOTBET-
CTBYIOIIHMIT OKOHYAHHIO TIPOLIECCA YIIPABJICHHUSL.

Marpuna A(t) Xapakrepusyer WHTErpailb-
HYI0 KBAJPATHYHYIO OIEHKY KauecTBa IEpexof-
HBIX TIPOLIECCOB M BEIMUHHY CYMMApPHO#H OIMIHOKH
oueHnBanus koopauHar. Marpuua Q(t) xapak-
Tepu3yeT DHepreTHYecKHe 3aTpaThl HA YIIpaBle-
nne, mMarpuna A (T ) XapakTepusyeT BenMUMHY
OmMOOK OIeHHBAHHS KOOPIMHAT B MOMEHT OKOH-
YaHUS yIPaBIEHHS.

VpaBHEHUS ONTHUMAIbLHOTO OIEHMBAHMS BEK-
TOpa TapaMeTpoB X(f) M aroCTEepPHOPHOIi KOBa-
praunoHHol Marpuisl omnGok P(7) wis cocpe-
JIOTOUEHHOTO KaHaJIa HAOJTIOEHH s TOTydeHbI B pa-
oore [6, 7] 1 ©UMEIOT CIIETYIOIITHI BUI:

P(t)=f, (£,X)P(t)+P(1)f, (t,y‘;)T +

+P(1) aax (Ho(1.%)(y (1) -1 (1.%)) P (1)+GQG',
(6)
X(¢)=1f(£,%)+C(1,%,)u(z)+
+P(¢)H, (1,% (z(t)—h(t,ﬁ) , 2
(%) .. oh(tR)
N~

H,(s,%)=h, (%) R

rne Hy (¢,X) — onopHblif curnan 6noka oneHuBa-
HHA.
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¥(t) -
3 2 X R X

H(z.%)=h, ()R’

H(z.x)

h(t.%)

Puc. 1. YnpouieHHas cTpyKTypHas cXeMa yCTPOUCTBA oOLe-
HUBaHH BEKTOPHOTO TTapaMeTpa

CrpykTypa ycTpoiicTBa OLIEHUBaHHS Iapame-
TpoB HenuHenHoro OV npexacrasieHa Ha puc. 1.

[Ipu ucnonbp30BaHUM B KAaueCTBE MEPBHYHON
nHpopmariu LITIC Buna

yi (1) =s(x,1)+¢(2), 9)
OHOpHBIﬁ CHUT'HAJI 6HOKa OLCHHWBAHHUS BBIYUCIIACT-
Cs KaK:
. T -1 R os Z‘,)}
So(t.8)=5.(.3) R (1) ,sx(t,x)z%. (10)
X

J%K! BBIPAXXCHUS LIl TPEThETO CJIaracéMoro

BTOPOI'0O ypaBHCHUS IJIsI OLCHKU MaTpUIlbl aro-

crepuopHoii mucnepeun P(1) npu vexoppesnupo-
BAHHBIX IIyMax HaGHIOZ[eHHﬁ [OJIy4uM:

T(50)=2 (b, (7R e(0) b)) -
by (3 R, (§)

P-1 )zp(t)—hp (%,7)

+> h, (X

EO - R,
o*h, (%)
OX ;0%

) (11)

h,. (%)= ,pe(0,P-1).

e pe(l,P) — umcno kaHanoB HalmIOnCHMA
(nepBrYHBIX H3MepeHni); R, — snemeHT KoBa-
PHAIIMOHHON MaTPHUIBI ITYMOB HAOIOICHUSI.

Jlist KOppeNnupoOBaHHBIX NIYMOB HAOIHOICHUS
TIOJTYIHM JIJIST T(&, t) U3 CIIEYIOIIETO BBIPAKCHHS:

T(%7)=-h, (%) R7'h, (%)+
(12)

YpaBHEHUST ONTUMAIHHOTO YIPABICHUS TO-
JTy4YeHbI B [6, 7] 1 ©IMEIOT CIIEAYIOIINA BHI:

e C(t)" — neesnooGparnas Marpuua s wc-
xonHo# marpuisl C(1).

IIpu ucnonpzoBanuu MII PTC (B Tom umcie —
Ha O0PTYy HOCHUTEJEH BO3MYITHOTO Oa3UpOBAHIS),
YPaBHEHHUSI OLICHUBAHUS CYIIECTBEHHO YCIIOXKHSI-
totcsi. CTpyKTypa yCTPOWCTBA M aJITOPUTMBI Olle-
HUBAHUS KOOPJUHAT JUIS YKa3aHHOTO cliydas Oy-
JIyT PaCCMOTPEHBI B JalibHEHIIIEM.

OnTuMabHOe OlleHHBaHHe
IPH UCITOJIB30BAHUUN HIUPOKOIIOJOCHBIX
CHUI'HAJIOB

HIMpOKOTIONOCHBIE CUTHAIIBI XapaKTEePHBI IS
3aj1a4 paInOJIOKALINH, PATUOCBSI3H, PaJIMOHABHT -
M ¥ paJroynpaBieHus. B nHpOpMaTHBHBIX Ma-
paMeTpax TakuX CHI'HAJIOB 3aKOAMpPOBaHa HH(OP-
Manus 0 KOOpAMHATaX M MPOM3BOIHBIX KOOPH-
HAT yNpPaBIIeMOro JUHAMHYECKOro o0bekTa (Ha-
npuMep, pakeTsl). B kauecTBe npumepa npusenem
(dopma 3amrcu KOMIUIEKCHOTO CHTHAJa Ha BXOZE
coracoBanHoro ¢guisrpa (COOC):

$;(t,0)=4a; (t,uj)exp(i(pj (t,aj )), (14)
e a; (t,a j) — KOMIUIEKCHAsI aMIUTUTYJa CUTHaIa
Ha BBIXOJ(E j — TO KaHaja 00paboTKu; @ (t,a j) -
¢aza curHana Ha BBIXOJE j—TO KaHaya 00paboTKH;
a;=%; (x) — BEKTOp mfcpopMaTMBHbe rnapame-
TPOB CUTHaJa, SBISIOIIUICS B 00IIeM cirydae He-
JUHEHHON (QYHKIHMEH BEKTOPHOTO apryMeHTa X.
Tax, Hanpumep, BEKTOp @ ; MOXET ObITb Hpea-
CTaBJICH B BUJIC

;=% ; (At),5/,8y¢,A8),AB, ), (15)
rae At, — BpeMs 3anasiblBaHHs (pa3sHOCTh Bpe-
MEHH 3ama3IbIBaH) IJII OTIOPHOTO M j—TO KaHa-
J0B 00pabOTKH; Of, — IOIUIEPOBCKOE CMELICHUE
4acToThl (Pa3HOCTh JIOMJICPOBCKUX YACTOT) MpPHU-
HSITOTO CUTHAJIA B OTIOPHOM U j-OM KaHalax oOpa-
00TKH; Oy, — Pa3HOCTh (a3 MEXKIy OIOPHBIM
U j-bIM KaHajgaMu o0paboTku; Ag(,AB, — oTKI0-
HCHUC B KapTPIHHOﬁ IIJIOCKOCTH HaIlpaBJICHUS Ha
HaOIIOMaeMblil 00BEKT (IO YIIIy MecTa M a3uMy-
Ty) OT OTIOPHOTO (PaBHOCHTHAJIHLHOTO) HaIpaBJe-
HUA.
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[To pesynbraram pa3oBoii olleHKH HH(OpMa-
TUBHBIX ITapaMETPOB CUTHAjJa MOXKET OBITh BOC-
CTaHOBJIEH BEKTOp HaOIIONaeMbIX IapamMeTpOB
(mepBUYHBIX U3MEpPEeHUi). 3aTeM, C y4eTOM Helu-
HEHHONW MHOTOMEpHOM croxacThieckod audde-
PCHIIMAIBEHOW CBS3M W MOTYT OBITH IOJyYEHBI
CIVIaYKEHHbIE OIIEHKH MTEPEMEHHBIX COCTOSHUM Ha-
0r01aeMOoro 00BEKTa, a TAKIKE BEKTOP ONTUMAIIb-
HOTO YIIpaBlI€HUS ﬁ(t) B COOTBETCTBHE C BEKTOP-
HO—MAaTPUYHBIMH YPAaBHECHUSIMHU.

Ecnu BeIXOIHBIE CUTHAJIBI PAAHOTEXHUUECKUX
JATYUKOB SIBJIAIOTCS IMPOKOTIONIOCHBIMU € 0a30i
(100-10000) u 6onee (manpumep, JIMY i KOM
CUTHAJIBI), TO IOCJIEIHHUE CJIaraeMble B IPaBBIX
YacTAX YpaBHEHHH W ONTHMAIILHOTO OLCHUBAHUSI
npu 3amene h, (t,i) u s, (t,i{) BBIPaXCHUSIMH,
CBSI3BIBAIONINE BXOJHbBIC CUTHAJIBI M OLECHKH, OY-
JIYT COZIEPKaTh OBICTPOU3MEHSIOIIUECS (PYHKIIUN
BpeMeHH. MHEepIMOHHOCTh ONTUMANIFHOTO OJIoKa
OLICHMBAHUSI M OJIOKA TOYHOCTH B TIEPBOM IIPH-
OmmKeHnH (TI0 MOPSIKY BEIMYHMHBI) OTIPEIEIIsIeT-
Csl MHEPIIMOHHOCThIO 00bekTa [7]. B cuiy aToro
OBICTPOQUIYKTYUPYIOIINE COCTABJIAIONIUE OYyIyT
YCPEIHATHCS B CIVIQXKHUBAIOMIMX LEMIX Kak O1oka
OLICHMBAHUS BEKTOPHOTO MapaMeTpa, Tak U OJioka
TouHOCTH (OJI0Ka pacueTa arnocTepHOpHON KoBa-
PHAIIMOHHON MaTPHIIbl OUTHOOK OLIEHUBAHMUS).

Haitnem BKI1aJi IIMPOKOIOIOCHBIX COCTABIIS-
IONIMX B pEIIEHHE YPaBHEHUS ONTUMAaJIbHOM
oLleHKH. /{7151 3TOro packpoem CKOOKH B BhIpake-
HUHM TIPU UCIIOJIb30BaHUM B KauecTBe HaOIIoOfe-
Huii BexTop Z, (¢):

$0(0.8) (11 (1) -5(4.0) -
s(1,% (16)
_ %Rl(t)zl (1)=So(62)R(1)s(1.%).

B ypaBHEHHH BTOpOE cjaraeMoe Hemocpes-
CTBEHHO HE 3aBUCHT oT Habmoxennii z, (), u B
CHITY TITMPOKOH TTOJTOCKH cHTHaA (OBICTPBIX (ITYK-
Tyaimii) s(¢,X) Z0MKHO GBITh 3aMCHEHO CPEIHIM
TI0 BPEMEHH 3a TIEPHOJ] MOTYIISIINH:

M{s(t,f()}=<s(t,ﬁ)>=%is(t,ﬁ)dt. am

rne T — mepuoj MOBTOPEHHUS MOCIIEA0BATEIbHO-
ctu LHIIC.

Kak nmpasuio, npousBoguTcs AByKpaTHOE yc-
pelHEHue: Ha IEPBOM 3Tale — B pesesax nepuo-
Ja MOAYJSIIMU IyTeM BHYTPHIIEPUOIHON 0Opa-
6otk B COOC, Ha BTOpOM 3Tare — B Mpeenax
reproia MOBTOPEHMSI OTpaHMYEHHON Ha HHTEpBa-

Jie PaHOTIOKAIIMOHHOTO KOHTAKTa MOCIIeI0BaTeb-
HOCTH (3Tan MeXIynepuoaHoii oopadorkn). [1pu-
YeM, YCpeHEHHE MOXKET BBITTOHATHCS KakK C yde-
TOM MEXIYIICPHOIHOIO Habera (ha3bl (KOrepeHTHOE
HaKOTUICHHE), TaK U 0e3 ydeTa (a30BBIX CIBUTOB
(nexorepentHoe Hakoruienue). [lpm OGompmx
OCI na Bxoge C®, mpespimatomux (14-17) nb,
KOrepEeHTHOE HAKOIUICHUE HE UMEET MPEUMYIIECTB
nepesi HeKOrepeHTHBIM CYMMHPOBAaHHEM OI'HOaro-
uieit [2].

TakuM 00pa3oM, BKJIaJI B OICHKY f((t) 1no-
CJIC/THETO CJIaraeMoro B Oy/IeT paBeH:

BN g ()

b(7,%)= .

ox
ITockonpKy MaTpulla WHTCHCUBHOCTH IOMEX
(ryMoB) B KaHaJie HAOIIOICHUS R(t) SIBIISIETCSI
CUMMETPUYHOH, TO TAKHM e CBOMCTBOM 00J1a/1a-
eT u obparnas marpuna. C y4eToM CHMMETpHY-
HOCTH OOpaTHOI KOBapHUAallMOHHOM MAaTpPHIIbI 1O~
MeX B KaHaJIe HaOIIOICHUS, BBIPAKCHUE NMPUMET

BU]I:

(18)

.y 10g(sX
b5

a(t.%)=(s(t.%) R() " s(1.%)).

e q(z,%) — OCII B nonoce 4acToT MOIE3HOTO
curnana; b(7,X) — BenuumHa, XapakTepU3yOIIas
gyBcTBUTENHHOCTh OCII K M3MEHEHUIO BEIMYH-
HBI OLICHKH X (7). YpaBHEHHE ONTHMAIBHOTO OLie-
HUBAHHUS TPUMET BHI:

x(6)=f(6,%)+C(t,%,)u(r) +
+P(1)(S (1.8)z(¢) -b(£.%)),

AHaJIOrMYHBIC YIPOIIECHUS MOYKHO MPOBECTH
JUISL OJI0OKAa TOYHOCTH:

P(t)=f, (£,X)P(1)+P(1)f, (t,f()T +

(19)

(20)

+P(1)D(£,%)P(¢)+GQG', 21)
o fos(ex)os(1.%)
D(t,x)— s R(t) oyt

e D(t,ﬁ) — OCII pns mpou3BONHBIX CUTHAja
M0 OIIEHWBaeMBbIM KOOpAMHATaM. B cBs3u C BBI-
MTOJTHEHUEM  YCJIOBHUS <§(z‘)> =0 B BBIpaOKEHUH
OITYIIIEHO cIIaraeMoe, CoJiepKaliee pa3HOCTh BXOI-
HOTO Y OITIOPHOTO CUTHAJIOB.

OTJIMYUTENBLHO OCOOEHHOCTRIO SIBISETCS TO, YTO
B HEM He (pUTYypHUpYIOT B SBHOM BHJIE€ HaOIIOIe-
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%y BT
P(z)
z,(1) 7@ 8%(2) >< o x"(r)\
n s
s(2.£) - (1)

Puc. 2. O6001eHHast CTPYKTypHAs cXeMa yCTPOMCTBA OIl-
TUMaJIBHOT'O OLIEHUBAHMS

unst 2, (1), au cursan s(z,%). D10 B 3HAUUTEIND-
HOI1 Mepe o0Jeryaer peleHne ypaBHeHus |, ciie-
JI0BAaTeJIbHO, OLICHKY MOTEHIIHAIBHO TOYHOCTH OII-
TUMAaJIBHOTO YCTpoiicTBa onleHnBanus. CTpyKTyp-
Hasa CXEM OIITHUMAJIBHOI'O YCTpOﬁCTBa OLICHUBaHUA
B 0000I1IEHHOM BHJIE TIpEJICTABIICHA Ha PHC. 2.
Cxema COCTOUT M3 TUCKPUMHUHATOPA, (OPMHU-
PYIOIIETO CHUTHAJ OIIUOKKA MEXIY HCTUHHBIM

U OUOCHOYHBIM 3HAQUYCHHUEM IIapaMeTpa, HeJIMHEH-
Horo ¢unsrpa HO, dyHkumonansHoro npeodpa-
3oBaress Ol (610ka ONMOPHBIX CUTHAJIOB) U 010~
Ka Tou”HocT bT.

3akjoueHue

1. PaccMoTpeH aHaMUTHYECKUH METOJ CHHTE-
3a yCTpPOWCTBAa COBMECTHOTO OIEHMBAHMS-YTIPaB-
JIEHUsI Ha OCHOBE MHOIOMEPHOW HEIMHEHHOU
CTOXaCTHYECKOH MOJENH OOBEKTa YIIPaBICHUS
C HCIIONB30BAaHMEM METO/la WHBAPHAHTHOTO IIO-
rpykenwust s pemenus JJTK3.

2. llpuBenensl nuddepeHnuanbHbie BEKTOP-
HO-MaTPUYHbIE YPAaBHEHHS, OIMCHIBAIONIUE all-
TOpUTM (YHKIIMOHUPOBAHUS ONTHUMAIBLHOTO H3-
MEPUTEISI-PETYAATOPa, (HOPMHUPYIOIIETO OIECHKH
BEKTOpa H3MEpSEMBIX ITapaMeTpOB M BEKTOpa
YOpaBiIeHHUS U Pa3IMYHBIX BAPHAHTOB MOCTPO-
€HU KaHAJIOB HAOJIFOIEHU.
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MARKEVICH V. E., LEGKOSTUP V. V.

ANALYTICAL DESIGN OF THE MISSILE CONTROL DEVICE
TO INTERCEPT AERODYNAMIC TARGET

The analytical method of synthesis of devices for joint optimal estimation of parameters and control of the state of nonlin-
ear dynamic stochastic objects is considered. A brief review of the existing and promising methods of missile guidance, as well
as a comparative description of the advantages and disadvantages. Methods of improving accuracy and jamming-resistance
methods of guidance, one of which is an approach based on joint estimation and state control of nonlinear object with random
driving and interfering influences.

The main directions of research on this subject, including statistical synthesis of the optimal control system, estimation of
the potential characteristics of the designed system, analysis of the structure of the optimal system and evaluation of its simpli-
fication, the formation of quasi-optimal structures of the control system, evaluation of the criticality (sensitivity) of the system
characteristics to changes in a priori information.

The choice of the invariant immersion method for the analytical design of the structure of the optical evaluation-control
device is substantiated. Analytical expressions describing the algorithm of functioning of the device of joint estimation and
control of the state of a multidimensional nonlinear multi-connected object are given.

Keywords: proportional navigation method, guided missile, synthesis of the optimal estimation device — control, synthesis
of optimal estimation-control device, invariant immersion method.
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A. I CTPHPKHEB, A. A. LIUXOB

V]IK 681.515

CNocobbl PEAYLUPOBAHUA MOAENEN
OBbEKTOB YNPABNAEHUA, COAEPXXALLUX
KOAEBATEAbBHBIE U ®OPCUPYHOLUUE 3BEHbA
HIIOOO0 «OKPB TCII»

Ilpeonoicenvr cnocodwvl pedyyuposarus mooeneil 00beKno8 YRpasieHus, cooepaicaujux Koiebamenvbrvie u ¢opcu-
PYIowue 36eHbsl, OCHOBAHHBIE HA UCNOIb308AHUU MOOYIISl KEBAOPAMHO20 YPABHEHUS U KOI(DPuUyUueHma pasnoxncenus, oe-
NARWUX UX OUCKPUMUHAHM PasHbIM Uu 60abiue Hyis. Cnocodbl nO360510Mm YUumsléanms U3MeHeHUs K0P duyuenmos
nepeoauu 8 npoyecce peoyyuposanus mooenell 00beKmos u npogecmi npedebHoe YNpoweHue Keaopamuvlx ypasHe-
HUll KoebamenvHulx U opcupyrowux 36eHves. I1opsdok pedyyuposanHvix mooeiell 00beKmos YMeHbUAemes, d ux
paboma 6au3Ko cosnaoaem ¢ UCXOOHOU MoOdenvlo. TIpu 3mom 3HAUUMENbHO YNPOWaemcs, CUHMe3 KOPPEeKMUpyrouux
yempoticmes, paboma KOmopuix 6 coCcmage CUCmeM YNpasieHus: 0CYuecmeaiaemcs ¢ nepepecyiuposanuem (e npesvl-
warowum 10—17%), komopoe moscem dvlmb yMeHbULEHO 8bIO0POM 00We20 Kod3pduyuenma ycunenus cucmemvl. Ilpu-
6e0eHbl NpuUMePbl PeOYYUPOBAHUSL PEATbHBIX MoOeell 00beKmMo8 YNPAasieHUs, CUHME3d YUPPOBbIX KOPPEKMUPYIOUUX
YCmPOUCME U NPOGEPKU UX pabomvl Nymem Mooeaupo8aHusl.

Knroueswvie cnosa: o6vexm ynpasienus, mooens, KonebamenbHvle U popcupyioujue 36eHbs, peoyyuposanue, CUHmes, Kop-
pexmupyloujee ycmpoticmeao, MooeauposaHue.

BBenenune

[Ipu mpoexTHpoBaHWK CHCTEM aBTOMAaTHYe-
ckoro ympasieaus (CAY), comepykamux HEmpe-
peiBHBIE 00BeKTHl ympasieHus (OY), oObrdHO
CTPEMSATCS MaKCUMAaJIbHO YIPOCTHTD (Peaylupo-
BaTh) UX MOJIETHN, COXPAHUB IPH ITOM UX OCHOB-
Hble TUHAMHYECKHe cBoicTBa. Takas mporenypa
MO3BOJISIET MONYYNTh Au(depeHnransHoe ypas-
HEHHUE, OIHMCHIBAIONIEE PEATbHBI OOBEKT, Kak
MpaBujIo, BTOPOro mopsiaka [1, 2] u TeM cambiM
o0erdnTh pacueT HU(GPOBBIX KOPPEKTHUPYIOMINX
ycrpotictB (LIKY). CymiecTByIOT pa3InyHbIE CITO-
co0bl pemynmpoBaHus mozene OY, omHako Ha
MIPaKTHKE HAXOAAT MPUMEHEHHS T€ U3 HHUX, KOTO-
pBIe HE TPeOYyIOT CIIOKHBIX aHAIMTHYECKHX pac-
yeToB. Hambonee mpocTo 3TO MOXKHO OCyIIe-
CTBUTH IIyTE€M OTOPACHIBAHHUSA T€X COMHOXHUTEIEH
mozienn OY, KOTOphIe cofiepKaT HauMEHbBIINE TI0-
cTostHHBIE BpeMenH [1]. pyroi myTh 3akiodaeT-
Csl B 3aMEHE TOCTOSHHBIX BPEMEHH OJHHM CyM-
MapHBIM 3aI1a3/IbIBAHNEM M COKPAIICHUH OIM3KIX
IpyT K JIpyTy Hyllel W TONIOCOB TMEepeaaTOYHON
(ysakumn oobekra [1]. Takne moxxonsr odecnedn-
BalOT HM3KYI0O TOYHOCTh PENyIHMPOBAHHS M HE
MpeaycMaTpuBaloT H3MEHEeHHe KoddduimeHTa

nepenaun moaenu OVY. PenyrmpoBars Monens OY
MOYKHO W ITyTeM COXPaHEHHUS IPHUCYIIETO pealb-
HOW MOJIENN 3HAUYEHUS YacTOTHI cpe3a u (hazoua-
CTOTHON XapaKTepUCTUKH Ha 3TOH wacTtoTe [2].
B sTom cirydae pacder nmoxydaeTcs CIOKHBIM, pe-
3yJBTaThl HETOYHBIMH, & PEIYIIMPOBAHHAS MOJIETH
HE OTpakaeT CBOMcTBa mojHOW Mozemu. Cyre-
CTBYIOII[IE COBPEMEHHBIE METOIBI PEXyIHPOBa-
HUSI 00BEKTOB U CUCTEM [3] m3-3a CII0KHOCTH pac-
YETOB Ha MPAKTHKE HAXOMAT OrpaHUYEHHOE TMPH-
MeHeHne. PaccMOTpeHHBIE TTOJXOBI IMEET TIPaBO
Ha CYIIECTBOBAaHHE M HE OTPHUIAIOT APYTHE CIIO-
co0BI pemymupoBanus Moneieit OV, KoTopblie pas-
paboTaHbI U B TadbHEHTIIEM OyIyT pacCMOTPCHBEI.

Cnoco0bl pexynupoBaHusi Mojaesei
00BbEKTOB yNpaBJIeHHUSA

Mmuorue MOJCIIN 00BEKTOB yHpaBJICHUA CO-
AcpiKar KOJIEOATEILHEIC 3BCHBS BUaa:

k B o
2.2 T2 ’
T°s”+2ETs+1 s +bs+a
rae k — kod(Q(UIMEHT yCHIIEHUs] B yCTaHOBHUB-
HIeMCS COCTOSIHUM; T — TIOCTOSIHHASI BpPEMEHH; & —

KOA(GUIMEHT OTHOCHTEIBEHOTO JAeMII(UPOBAHMUS;
a=k/T?; a= 1/T?; b= 2&/T — x0>(pPUIEEHTHI.

Gi(s)=

)
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Korma 0 < & < | u BBIIONHSIETCS yCIOBHE
b? —4a <0, Pa3iIoKUTh KosiebareabHoe 3BeHO (1)
Ha JIBa alepHOIMYECCKUX 3BEHa HeJb3s. BMmecre
C TEM I MHOTHX MPAKTHYECKUX MPUMEHEHUM
TpeOyeTcs, MyCTh JaXe MPUOIMKCHHO, PEIyIIH-
poBaTh MOJICNIb OOBEKTA, COAEPIKAIIETO Koyieha-
TEJILHOE 3BEHO.

Haubonee mpocTo 3T0 MOXKHO clienaTh MyTeM
OIPENICIICHUS KOMIUICKCHO COTIPSIKEHHBIX KOPHEH

x=—b/2+i4 (b/ 2)2 —a KBaJpaTHOTO ypaBHE-

HYA (1) 1 HAXO0XKIGHUS X MOATYIIs Oe3 ydeTa 3HaKOB.
B pesynbrare Beipaxkenue (1) mpeobpa3zyercs
K BUAY:

Oy

Gy(s)= (2)

(s+m)2 '
me m = J(b/2) +|(b12)* —a| =a ~wonym

KBaJipaTHOro ypasHeHus (1), o, :amz/a — KO-

¢ PULMeHT nepenayn.

PenyunpoBare KonebaTenbHOE 3BEHO MOYKHO
U IyTEeM yBeTuueHHs Kodpduuuenta b U yMeHb-
meHus: ko3gduinuenTa a Tak, 4YToObl JUCKPH-
MUHAHT KBaJpatHOro ypasHenus (1) cram D =
(Ab/2)> — (a/)) = 0, tae A — k03 PHUIMEHT pasio-
xeHust. OTKy/ia MoJTy4uM BhIpaKEHHE AJIsI OTpese-

3

nenust kod(duiienTa pasnoxeHus A >4 4a/ b?
Y HOBBIE KO3(h(HUIMEHTHI Mozien 00beKTa a;=a / A,
by=b\, o, =o0a,/a. Ilpuyem, eciu BBIIOIHUTH

YCIIOBHE A = \3/ 4a/b? , TO MOJEIb 00bEKTa MOXK-
HO IpeAcTaBUTh B BuUAe (2), rae m=b /2

n (1120(.7112/(1, a C€CJIM BBIIIOJHUTL YCIOBHUC

A >> \3/4a / b? , TO MOZIeNTb 00BEKTa MOXKHO TPeI-
CTaBHTh JIByMS allePUOAMYCCKIMHU 3BEHBSIMH.

IIpoBeeHHBIC TIPOLIETYPHI MO3BOJISIOT B JajTb-
HEHIleM MPOBECTH MPENeNIbHOE PEeayIUPOBAHUC
0€e3 aHAIIMTHYECKOTO BLIBOIA:

oy

=

3)
e o, =2om/a.

MHorue Mojien 00bEKTOB COJIEPKAT HE TONb-
KO KoiebarenbHOe, HO U (OpCHUpYIONee 3BEHO
MEPBOTO MOPsJKa B BUE:

a(s+r)

Gy(s)= 4)

s>+bs+a

W3-3a moTepu CBOWCTB OOBEKTA HENB3S HC-
KITIoUath (hopcUpyrolee 3BeHO U3 COCTaBa MoOjIe-
au. B JaHHOM ciydae MOXHO pPEIyIHpPOBATh

TOJBKO KBaJApaTHOE ypaBHEHHE U IOIYYHUTH MO-
neas OV B Buze:
_% (s+7r)

Gs(s)=———F—, )

s+2m
e o, =2om/a.
Hexoropeie Monenn 00BEKTOB cofepikar Ko-
nebarensHOE 1 (hOPCUPYFOIIEe 3BeHO BTOPOTO TI0-
psiaKa:

oc(s2 +ds+c)

2

Ga(S)Z
s“+bs+a

(6)

PenynupoBate mMozmens (6) MOXHO MyTeM
ompeeNeHns] MOyJiel KBaIpaTHRIX YpaBHEHUH
n=+lc , m =+/a U BbIYUCIICHUA 2n, 2m. B pe3ynb-
Tare noiayyuM Monenab OV B Buze:

o3 (s +2n)

Gy ()= s+2m

; (7
e oy =ocm/an .

PenymupoBats Momens (6) MOXHO W WHAdE.
[IpencraBuTh YMCAUTEIh U 3HAMEHATEIIb B BHJIC
s*+ds +c=(s+m)(s+x;)u s*+bs+a= (s +m)2,
NpHUPaBHATh KOYPOULUEHTH d = m + X;, ¢ =mx;
U C Y4YeTOM BBINOJIHEHMS YCJIOBHH X, =d —m,
X, =c/m BbIOpaTh Tpebyemyto x;. Ilpu sTom
MIpEeNeNHHO peAyIUpPOBaHHAS MOJIETHh O0bEKTa Oy-
JICT UMETh BUJI:

Gg(s)

:oc4(s+x,-) ®)

s+m
e a4 =ocm/ax; .

PenynupoBare mMozmenb o0bekTa (6) MOXKHO
no-apyromy. [IpeacTaBuTh YUCIUTENb U 3HAMEHA-
Tenb B BUAE s>+ds + ¢ = (s+ n)> u s°+bs + a =
(s+n)(s+x;), npupaBHATH KO3 HUIHEHTH h=n+X;,
@ = nX; ¥ C y4ETOM BBITIOJIHEHHS YCIIOBHH X; = d — m,
X, = c/ m BbIOpaTh Tpebyemyto x;. [Ipu aTom mpe-
JeTbHO peyLMpOBaHHAs MOJAEIb 00beKTa OyneT
UMETh BUJI:

Gy(s) =221, ©)
S+ Xx;
e o5 = owx; /an .
J1yst IpOBEPKH MPETIOKEHHBIX CIIOCOOOB OCyIIIe-
CTBHM PEAYIMPOBAHKE MOJICITICH peaTbHBIX
00BEKTOB YIIpaBJICHHUS.

IIpuMeps! penynupoBaHus Moaesei
PeaJIbHBIX 00bEKTOB YIPaBJIeHMS

Ilpumep 1. PaccMOTpUM TUApaBIMYECKUN NPU-
BOJ, TIepearouHast (PyHKIHS KOTOPOTO UMEET BUA:
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o(s+7r)

M(s)= (10)

S(s2 +bs+a) '

e o =4,0797 ¢ 2, a=48,2588 ¢ 2, b=4,5877 ¢,
r=1,6289 ¢!

Huckpumunantr D=(b/ 2)2 —a~-42,9971
KBaJpaTHOTO YpaBHEHHE MEHBIIE HYIIS, U pas3iio-
KUTH KOJ'I663.TCJ'ILH06 3BCHO Ha JIBa anepnozmqe—
CKHX 3BCHA HCJIb34.

Onpenenum MOAyNb KBaAPAaTHOTO YPaBHEHMS
(10) m= \/7 =6,9469, Beruncaum 2m =13,8937
¥ TIONYyYUM PEIyLHUPOBAHHYIO MOJEIh O0OBEKTa
B BUJIC:

o (s+r)

M(s)= s(s+2m) ’

(11
e o =a2m/a=1,1746.

Jis TpoBepKH peayupoBaHust OBLTH COCTaB-
JICHBI CXEMBI OOBEKTOB [4—6], M OCYIIECTBICHO
MOJIeTUpPOBaHNe WX PaboThl. Pe3ymbrarel mpuBe-
nensl Ha puc. 1. Pabora oobexra (10) u ero pemy-
nupoBaHHOW Momenu (11) Omm3K0o coBmamaroT
(puc. 1, 6).

Ilpumep 2. PaccMOTpUM THIAPABIMICCKHIN TTPH-
BOJI, TiepeaTouHast (DyHKITHSI KOTOPOTO UMEET JIPY-
rOi BUJ:

OL(S2 +ds+c)

M, (s)= (12)

s(s2 +bs+a) ’

e o = 0,148 ¢ 2, a = 56,25 ¢ 2, b = 6,0 ¢!,
c=1102c2 d=336c".

Jluckpumunantsl D = (d/2)? — ¢ =-107,3776,
D,=(b/ 2)? —a =—47,25 MeHbIIIE HYIIS, I KBajl-
paTHbIe YpaBHEHHs MMEIOT JiBa KOMIUIEKCHO CO-
NPSOKEHHBIX KOPHSI.

OmnpenenuM MOAYIH KBaJpaTHBIX ypaBHE-
HUI n= \/E =10,4976, m= f =7,5, BRIUMCIUM

Step Gain1.1 Transfer Fen1.1  Integrator1.1
J_ W $+1.6289 1
s2+4.58775+48.2588 s
Gain1.2 Transfer Fen1.2 ntegrator1.2

s+1.6289 1
$+13.8937 s

a

2n =20,9952, 2m = 15 u mony4uM peaynrupoBaH-

HYIO Mojieiib 00bekTa (12) B BHIE:
0, (s +2n)
s(s+2m)

M;(s) = (13)
e o, =ocm/an=0,2072.

PaznokuM KBaJpaTHbIC YPABHEHUS YUCITUTEIIS
u 3HaMeHatens (12) Ha MHOKUTENH s°+ds + ¢ =
(s+ m)(s+ x) u s +bs+a= (s+ m)2 , IpUpaB-
HieM Kod(pbuLMenTsl d =m+X;, ¢=mx; U I0-
ayuum x; =d -m=-15, x,=c/m=14,6933.
Onpenenum K03 UIUCHTHI IIepejadu 00beKTa

acm acm

OL3 = —_1,4497 5 (}.4 =
ax; ax,

U C y4eToM (DU3HYECKOM peanu3alliy MOTydruM
PEAYIMPOBAHHYIO MOJIETh O0BEKTA!

=0,1480

oy (s +x,)

Mals)= s(s+m)

(14)
PaznoxkuM KBasipaTHbIE ypaBHEHHUS YACITUTEIS
u 3HameHarens (12) Ha MHOXUTENH s%+ds + ¢ =
(s+n)u s +bs+a= (s +n)(s+x;), npupaBHs-
eM kodpdunuenTsl b=n+x;, a=nx, 1 N0Iy-
unM X3 =b-n=-4,4976, x,=a/n=5,3584.
Onpenenum ko3 duimeHTs! nepenadn 00beKTa
s =255 - 01242, g =254
an an
U C y4yeToM (PHU3MYECKOH peann3aiuy MOIydyuM
peayLUpOBaHHYIO MOAETH 00bEKTa!

=0,1480

O (s +mn)

Ms(s)= S(s+x4) '

(15)

J1ist IpOBEpKH peylinpOBaHuUs ObLTH COCTAB-
JIEHBI CXEMBbI OOBEKTOB [4—6], M OCYIIECTBICHO
MOJICJIMPOBAaHUE WX PaboThl. Pe3ynbrarsl mpuBe-
JieHbI Ha puc. 2. Pabota oObekTa (12) u ero pemay-
IUpOoBaHHBIX Momeneit (13—15) 6musko coBmama-
10T (puc. 2, 0).

s
odb ... diananerss O ....... B g
ozl .- beeeianns PP S SRR S
1
D 02k - . .........
Scope o1 i \\'\ ............. ...................... -
f{ ) -
] i M d
] 05 1 1.5 2 25 3

Puc. 1. Pabora 00beKTOB: a — cxema MOICIIUPOBAHUSA, 0— PE3YIAbTaThl MOACIUPOBAHU ! 1 — monHas MOJCIIb, 2- peayuupo-
BaHHasA MOJCIIb
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Gain1.1

Transfer Fcn1.1  Integrator1. 1
olo.1280 s2+3.365+110.2 1
- $2+65+56.25 s
Step Gain1.2 Transfer Fen1.2 Integratort .2
ol 0207 209952 [ 1
L s+15 s
Gain1.3 Transfer Fen1.3 Integrator1.3 L
Ry per146933 [ 1 Scope
st+7.5 e
Gain1.4 Transfer Fen1.4 Integrator1.4
L »)0.1480 's+10.4976 > 1
$+5.3584 s

a

1] N frasasess peerenes peeenane

Puc. 2. PaboTa 00BbEKTOB: @ — cXeMa MOJCIUPOBAHUS; 6 — PE3yJbTaThl MOICIUPOBAHUs: | — MOJHON Mojaenu; 2—4 — peny-
LIHPOBAHHBIX MOJICICH

OxoHYarenbpHas TpoBepKa paboOThl Mopeneit
MOXeT ObITh mpoBezeHa B coctaBe CAY npu Ha-
auuun cootBercTByromux LIKY. C 31Ol wenbio
it 006eKTOB (10—15) HE0OXOAMMO OCYIIIECTBUTh
cuate3 LIKV.

CunTe3 HM(PPOBBIX KOPPEKTUPYIOUTUX
YCTPOIiCcTB

Hus cunreza LIKY u obecrieuenus tpebye-
MBIX auHamMuyecknx cBorcTB CAY MOXHO wucC-
M0JIb30BaTh PA3JIMYHBIE TUIBI KOPPEKTUPYIOLINX
ycrpoiictB (perynsitopo) [1, 7-9]: mudposbie
MU -peryastopsl, ONTHMaIbHBIE IO OBICTPOACH-
CTBHIO LU(POBBIC PETYIATOPHI, HU(PPOBBIE pery-
JSITOPBI HA OCHOBE HEYETKOH JIOTUKH (PyHKINOHU-
poBaHusl, T(POBEIE PEryASTOPHI B eI THOKON
oOpaTHO# cBs3u U ap. C ydeTom, 4yTo nepenarod-
uele pynkun (10—15) comepxkar gopcupyromue
3BEHbs, KOTOPbIE OTPAaHNYMBAIOT IPUMEHEHHE MHO-
TMX HW3BECTHBIX KOPPEKTHUPYIOUIUX YCTPOWCTB,
B JalibHENIIeM Oy/eT CIOIb30BaH METO/ IIpUa-
HUS OMTHOKOHTYpHOM 3aMKHYTOH CAY TpedyeMbIx
¢uprpytommx coicts [10]. Cyts meroma co-
CTOUT B MpuMeHeHnH cnenuansHoro LKV, xoto-
pBlii obecnieurBaeT TpeOyeMyro MOJIOCY MPOIy-
CKaHMs U MIOKa3aTeNy KauecTBa padoThI CIeAsIeH
cucteMsl. [ onpeaeneHus nepeaaTouHoi QpyHK-
uuu KY B aHamoroBom BHJE, HYKHO HCIONB30-
BaTh BBIPAKEHHE:

T DOI-F(s)]’

rae W(s) — nepenarounas gynkuus KY, D(s) —
nepeaarouHas (GpyHKIUs OObEKTa YNPABJICHHUS,
F(s) —nepenarounast pyHKIUsI STAJIOHHOTO (hUJTb-
Tpa HU3Koi yactorel GHY.

[IpumenurtenbHo k oObekTam (10, 12) wuc-
nonb3oBan OHY F(s) = l/(Ts + 1)3 , T=0,1699 c,

(16)

o =3, N=0,8909, n onpeneneHsl nepeaaToIHbIE
¢yuknuu KY B aHanmoroBoM Bu/e:

5* +cs+e,

b

V (S):V 5
10 05 +d,s® +d,s+d;

s* +cs+e,

V() =Vo— . (17)

s +afls3 +d2S2 +dys+d,

IIpumenss k BeipakeHusM (17) OwamHEH-
HYIO anmpokcuMmanuio (mpeobpazoanue Tactu-
Ha) [11]

21-z"
hol+z7"
re /s — Iar KBaHTOBAHMS, MOJTYYCHBI EePeaaToy-
ueie pyakmmm [[KY:

l+bz ! +byz 7 + b3z_3
3 2

Wo(2) =K, 1 ) _
I+az +ayz " +azz

l+bz ! +byz 7 + b3z_3 +hyz
4

(18)

[IpumenurenpHo k o0bekram (11, 13—15) uc-
nosib3oBan ®HY F(s) = 1/(Ts + 1)2 , 1=0,2145 c,
o =3, N=0,8409, u onpexneneHsl nepeaaTrou-
Hble pyHkuu KY B aHamoroBom m mudpoBom
BHJIE:

VV]Z(Z):KO —1 ) -3 _
I+aiz +ayz " +azz " +ayz

S+c
_ 1
Miizas() =Vy— )
s +d;s+d,

1+bz ' +bz72
b . (19

Wi 1345(2) =Ky = =
l+az " +a,z
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Tabmuua. [lapamerpsl KY 11s1 pa3in4yHbIX 00beKTOB
o 611,\51@21 [Tapametps! ananorossix KY IMapamertps! nudpossix KY
Vy, =49,9431, ¢, =4,5877, by =—-0,3027, by =—0,3027 , by =—0,6425,
10 ¢, =48,2588 . d; =19,2821, by =0,6602 , a, =—1,5405, a, =0,7630,
d, =132,6333, d;, =169,2069. b, =-0,1495, h=0,1c.
11 Vo =18,4981, ¢, =13,8937, K,=0,9886, b =0,8198, b, =—-0,1802,
d, =10,9515, d, =15,1856. a,=-1,2135, a, =0,3093, h=0,1c.
Vy=1376,71, ¢, =6, ¢, = 56,25, K, =1,6033, b, =0,8069 , b, =—0,8026,
12 d, =21,01, d, =273,39, by =—0,0260 ., b, =0,5835, a, =—1,6949
dy=2294,41, d, =11447,36. a, =1,6370, by =—0,7069, b, =0,1350, h=0,1c.
13 V,=104,86, ¢, =15, K, =3,0532, b, =0,8571, b, =—0,1429 ,
d, =30,3178, d, =195,73. a, =-0,3399, a, =—0,0088, h=0,1c.
14 Vy=146,81, ¢, =17,5. K, =3,9686, b =0,5455 b, =—0,4525 ,
d, =24,0159, d, =136,98. a,=—0,5171, a, =0,0557, h=0,1c.
15 Vy=146,81, ¢, =5,3584, K,=4,1630, b, =0,4226, b, =-0,5774,
d, =19,8202, d, =97,87. a,=-0,6757., a, =0,1135, h=0,1c.

[Tapamerpsr KY mms pa3nudHbIX 0OBEKTOB
MIPUBEICHBI B TAOIHUIIE.

Jlns nposepkn paboThI perynsatopos Wi 11(z)
ObuH cocTaBiensl cxeMbl CAY [4-6], n ocymiecT-
BJICHO MOJICIIMPOBaHHE WX PabOTHI. Pe3ymbrarhl
npuBeAeHBI Ha puc. 3. Pabota CAY ¢ perymnsatopa-
mMu Wy 11(2) 6msko cosnanaror (puc. 3, 6). Ilpu
pabote CAY c perymsatopom Wi (z), paccuutan-
HBIM Ha PeAyLUpPOBaHHYIO Mozaens oobekra (10),
HaOIronaeTCs mepeperynuposanne He 6omee 17%,

KOTOPO€ MOXET OBITh YMEHBIIIEHO BHIOOPOM 00-
nrero ko3 durmenTa ycuinenus K.

Js mpoBepku paboTs! perynsatopoB Wi, 15(2)
OnuTH cocTaBneHsl cxembl CAY [4—-6], u ocymecT-
BJIGHO MOJICIMPOBaHNE WX paboThl. Pesynbrarhn
npuBeneHbI Ha puc. 4. Pabora CAY c perymsitopa-
MU Wi, 15(z) Onmmsko coBmagaroT (puc. 4, 6), a me-
peperynupoBanue He mpesbimaet 10%, koTopoe
MOYET OBITh YMEHBILIEHO BEIOOPOM 00IIIEro Ko3(-
¢unmenta ycuienus K.

Gaini.1

Step Gain2.1 Discrete Fitter1.1 Transfer Fond. 1 Integrator 1.1
1 )
1 4z 1-0.2027z 108425220 6802z I s+1.6289 N ’k
- 1-1.5405z-+0 7830220 149522 s2+4 5BT7s+48 2588 =
LUF10 h=0.1 oyl
Gain22 Discrete Fitter1.2 Gain12 Transfer Fenl.2 |nﬁgata1'2_b 1
2
. 1+0.8198z- 10 18022 == s+1 6289 N N
P 1-1.2135z"4+0.3093z2 s2+4 5877s+48.2588 S Scope
a
14 . -
P2 :
12_,3‘/....,._
L e .
' - oo
1 ‘f‘ AR :
'] B ' . = '
/SO
0 : ; i
0 1 2 3 4 5
9]
Puc. 3. Pabora CAY: a — cxema MOJEINPOBAHNUS; 6 — pe3ynbTaTsl MopenupoBanus: / — [[P10; 2 — [[P11
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Step Gain3.1 Discrete Filter2.1 Gain2.1 Transfer Fen2.1 e rator2.1
+ 2, +
T 1+0.80692-10.80262-20.02602-3+0.583524 (oo 2+3.365+110.2
1-1.6949z1+1.63702-20.70692-3+:0.1350z4 2+65+56.25 s
up12 h=0.1 ov21
Gain3.2 Discrete Filter2.2 Gain2.2 Transfer Fcn2.2 Integrator2.2
] 2
A p| 1308571210 14297 D 2+3 365110 2
ors 1-0.33997 10008822 2+65+56 25 s
l Y h=0.1 oy2.2
Gain3.3 Discrete Filter2.3 Gain2.3 Transfer Fen2.3 Integrator2.3
] 2
T 1+0.54552710.45257" XV 2+3.365+110.2
1051712 %0.055772 2+65+56.25 s
UP14 Scope
h=0.1 oy23
Gain3.4 Discrete Filter2.4 Gain2.4 Transfer Fcn2.4 Integrator2.4
] 2
AT p| 11042267710 67747 S 2+3 365110 2
o1 1-0.6757271+0 113522 2+65+56 25 s
‘ W h=0.1 Oy2.4
a
14
D ]
71| StnateerEen
08b e i
il
(1] NURURY - S O RO PPRIPE ODPPIIE POPPPPI
L1 S - ST PTTP Tereans e
02} TPPPIIp ]
0 A H 1 i
0 05 1 15 2 25 3

Puc. 4. Moaenuposanue pa6otel CAY: a — cxema MOJCIIUPOBaHUSI;, 6 — pe3ynbTaThl MoaeaupoBanus: / — [[P12; 2 — 1[P13;
3-1P14; 2 - 1IP15

3aKJjoueHue

Pa3paboransl, mpoBepeHbl U MPEITIOKECHBI
K MPUMEHEHHUIO HOBBIE CIIOCOOBI PEayLIUPOBAHUS
MoJiesield 00BEKTOB, KOTOPBIE COJepXkKar Koleda-
TeJIbHBIE U (POPCUPYIOIINE 3BESHbS IEPBOTO U BTO-
poro nopsinka. HoBeIM siBIIsieTcst TO, YTO peayLy-
poBaHHE KoJeOaTeIbHBIX 3BEHbEB OCYILIECTBISECT-
Cs OCTIeI0BaTEIbHBIM MPEJICTaBICHUEM CHavasa
arneproINueCcKUM 3BEHOM BTOPOTO MopsiaKa (¢ uc-
MOJIb30BAaHMEM MOYJSI KBaApPaTHOTO ypaBHEHUS
m=+la ) C MOCNEeayIoNIe 3aMEHOIl ero amnepuo-
JUUYECKUM 3BCHOM C YABOCHHOH MOCTOSIHHON Bpe-
MeHH. PenyuupoBarh KojeOaTenbHbIE 3BEHbBS
MOXKHO TaKKe ITyTeM yBeJndeHus koaddunuenrta
b n ymeHnbiieHHs KO3(OHUIMEHTa ¢ TaK, YTOOBI
JIUCKPUMUHAHTBI KBaJPaTHBIX YPaBHEHUH CTalln

D =(Ab/2)2—(a/h) 2 0, tie A =34a/b> — xood-
¢uument paznoxenus. Bo Bcex ciydasx Tpebyer-
Csl yTOUHHUTH KO(PPUIUEHT niepeaadn 00beKTa, nc-
TOITB3ys BRIPOKEHHS 0 = om’/a, o, = 02m/a.

[Ipu Hanuume Gopcupyromero 3seHa mepBo-
rO TOpsIKa HE CIEeAYEeT ero MCKIIUYaTh U3 MO-
JIeJH, T.K. 3TO IPUBEIET K [OTEPEe CBOMCTB 00BEK-
Ta. B cmyyae Hanmuust hopcupyromiero 3seHa BTo-
pOro MopsiJika, €ro MOKHO YIPOCTUTh, 10 aHaJIO-
THH C KoJieOaTelbHBIM 3BEHOM, WM Pa3lOXKUTh
KBaJ[paTHbIC YPaBHEHHS Ha MHOKUTEIH C MOCIIe-
OYIOUIMM HX COKpamleHneM. Bo Bcex cimydasx
TpeOyeTcss YTOUHUTH KOA(POHUIMEHT Mepenadn
00BEKTa HCIONB3Ys BBIPAKCHUS O3 = ocm/ax;
oy =ocx; [an.

Pabota penyuupoBaHHBIX Mojeel 00BEKTOB
onu3sko coBmnazaaer (puc. 1, 6; puc. 2, 6), a ux no-
psnoK yMmeHblnaerca. [Ipu 3TOM 3HaUUTEIHHO
YIOpOLIAeTCsl CUHTE3 LU(PPOBBIX KOPPEKTHPYIO-
HIMX YCTPOUCTB, KAaUECTBO PaOOTHI KOTOPBIX B CO-
craBe CAY ocraercs npuemiembiM (puc. 3, 0;
puc. 4, 6) ¢ iepeperyJiMipoBaHUEM HE IPEBHIIIIA0-
mmM 10—-17%, KoTopoe MOKET ObITh YMEHBLICHO
BBIOOpOM 0011ero ko3 duimenTa ycuineHus uud-
POBOI0 KOPPEKTUPYIOILETo YCTPOicTBa Ky .
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Stryzhnev A., Shykhau A.

METHODS OF REDUCTION OF CONTROL OBJECTS MODELS CONTAINING
OSCILLATING AND FORCING LINKS

Scientific Production Limited Liability Company « OKB TSP»

Methods of reduction of control objects models containing oscillating and forcing links are proposed. Methods are based
on using of quadratic equation modulus and coefficient of factorization that makes links discriminants equal or more than
zero. Methods allow taking into account transfer factors alterations during reduction of objects models ant to maximum sim-
plify quadratic equations of oscillating and forcing links. The order of reduced objects models is decreased and models behav-
ior closely agrees with behavior of the original model. In that case synthesis of controllers is essentially simplified. Such con-
trollers provide slight overshoot (less than 10—17%) during the work within control system. It can be reduced by changing of
system gain. Examples of reduction of real control objects models and examples of synthesis of digital controllers and results
of modelling are given.
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BO3MO>XHOCTU NMPUMEHEHMUA PACUYETA TEOPUU OUYEPEAEM
C LUEABIO YNPABAEHUA B PEAAbHOM BPEMEHMU

THIT® «Adexeamy, Mocksa, Poccusi;
ZEefzopyccxuzZ UHCMUMYM CUCTNEMHO20 AHAIU3A U UHPOPMAYUOHHO20 0DecneueHUsl HaAY4YHO-
mexHnuueckot cghepuvl (benlCA), Munck

Hccnedosansvl 603M0ACHOCHIU UCNONLIOBAHUS MAMEMAMUYECKUX MOOeell meopuu oyepeoell ¢ Yeavblo YNpaeieHus
6 PeanbHOM 8peMenU MOOeTUPYEeMbIMU Hell NPOYeccamu OUCKPEMHbIX NPou3e00cms. B kauecmee moodenvHozo npumepa
paccmampusanacs cucmema YnpasieHus nepecmanoskam npeomenos oocayicueanus 6 ovepeoax. [nsa ananusa
ObLIU UCNONBL308AHBI MEMOObl pacyema ynpasisiemvlx BMAP cucmem u memoouvl meopuu 60cCmano8ienus Ha nepuo-

dax 3anamocmu 05 ouepedell ¢ 6AKaAHCUAMU MpeOOGAHUL.

B pesynomame ucciedo8anus 8blIACHEHO, YMO MAMEMAMUUECKoe MOOEIUPOBAHIEe 8 Meopuu ouepeoeti Moicen
ObIMb UCNONB308AHO OJI51 UMUMAYUOHHO20 MOOEIUPOSAHUSL OUCKPEMHO20 NPOU3BO0CEA C Yelbl0 NPOEeKMUPOBAHUS
U NPOU3BOOCMBEHHO20 AHAIU3A, HO HE MOJCem Oblib UCNONb308AHO Ol YNPABIEHUSL MOOCIUPYEMbIMU NPOYECCamu

6 PeanbHOM 6peMeHil.

Kniouesnle cnoga: mpebosanue, ynpasienue 6 peaibHoM 6pemMenu; OUCKPemno-coobimuiinoe mamemamu4ieckoe Mmooenu-
posanue; ouepedb; Npoyecc YNpasieHus CUCMeMOU, UHIICEHEPHbII N00X00, NepecmaHo8KU, 6aKaH-

cuu,;, BMAP-cucmemai.

BBenenue

B auckpeTHO-COOBITHHHOM MaTeMaTH4ecKoM
MOJICJIMPOBAHHUHU CYIIECTBYIOT MOIBITKY pean3a-
UM 337a4 YIPaBJICHUs MPOIIECCAMU MacCOBOTO
00CITy’)KMBaHUs, B KOTOPBIX HPEAMEThI IIPOU3BOI-
CTBEHHOH M WHOW 00paOOTKM MOJENHUPYIOTCS KaK
TpeboBanusa (Rq) peanmnsyembie B cucteme ¢ 00-
CITYKUBAIOMUMHU TpubopaMu (Sv), 0ToOpakaro-
IIAMHA MAaITMHBI, MEXaHU3MBI U TepcoHanm [1].
B Teopun ouepeneit (QT) coueranne Rq ¢ Sv mo-
nenmpyeTcs mocpencTBoM odepenei (Qu) Rq, ko-
TOpBIC 33/IAl0T MOPSATOK OOCITY)KMBaHUS WX B SV
1 00pasyroT coBMecTHO ¢ Rq u Sv cucremy mac-
coBoro oociyxuBanus (QuS). B pamkax QT cos-
JTaHO MHOKECTBO MareMaTu4yeckux mozaenei Qus,
JUIS pacueTa TPOIECCOB TaK HAa3hIBAEMOTO JIHC-
KpPETHOTO MPOU3BOJICTBA, B KOTOPOM SIBHO BBIJIe-
JICHBI TIPEAMETHI MPOU3BOJICTBA, HAJ KOTOPBIMHU
OCYILECTBISIIOTCA LMKIMYECKUE OIepanuu 00-
CiIy’)kuBaHus. B cBOE BpeMs MaTeMaTHUECKOE MO-
JenupoBaHue 0ObEKTOB YIPABJICHUS, MIEpeaaToy-
HBIX 3BCHBEB U PETYJISITOPOB B TEOPUU aBTOMATHU-
YEeCKOTO yIpaBlIeHHs MPUBEIO K B3PHIBHOMY pas-
BUTHIO CPEJICTB aBTOMATHYECKOTO YIPaBJICHUS
HeTpepbIBHBIMU TIpoieccamu. OJHAKO B Cilydyae

QT, a Taxkke APYrux TEOpUil AMCKPETHO-COOBI-
TUHHOTO MOAENMpOBaHMs, Mogo0HOr0 3ddekra
JUIsL CUCTEMHOTro yrpasieHust QuS He mpoucxo-
muT [2]. B maHHOW cTaThe Ha MpUMEpPE MOICIH
cioxHoro ynpasinenus Rq B QuS na ocHoe QT
OblTa cenmaHa TOMBITKA OIPEACIUTh MPUINHY
9TOTO SIBJIICHUS ¥ OLIEHUTH MEPCIIEKTHBHI UCTIOJb-
3oBaHus pacuera QT g NMpOM3BOACTBEHHOTO
yIpaBlieHHS B PEaTbHOM BPEMEHH.

®opmaibHblil MaTeMaTudeckuii moaxoa QT
K MO/JIeJIMPOBaHNIO ynpasjaeHus B QuS
€O CJIOJKHBIM NepeMeleHneM

B QT cywecrsyer knacc BMAP cucrem ¢ rpyn-
MTOBBIM MapKOBCKHM BXOJHBIM ITOTOKOM [2], B KO-
TOPOM MOXET MOIEIHUPOBATHCS CIOXKHOE TOBE-
JneHue Rq B cucreMe OJJHOTUIIHBIX OYepelei.
Kak mnpaBuno, (yHKIMS YHIpaBICHHUE TaKOTO
pona cucteMamu B QT mMomenupyioT B BUjE crie-
nuanbHoi pyHKmu CONT. JlornaHO TIpenrionno-
JKUTh, YTO TIOJB3YSICh YXKE CYIIECTBYIOIIUMHU
noaxogamu QT, MBI CMOXeM peann30BaTh yIpas-
JICHUE TS CIIOKHBIX MPOU3BOJACTBCHHBIX CHUCTEM,
koTopeie Moaenupytorcs B QT B Buge BMAP cu-
CTEM.
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— [ |sv3
sl 1Ll svi S
a ~
Control e = = P = = = — Control
Sc2 o[ [sv2 7
Qu4 Sv4
Puc. 1. Cxema QuS tuna BMAP ¢ npousBonsHBIME epecTaHoBKaMu Rq B QuS
Jlnis aHAM3a TAKOTO YIpaBJICHUs OBLT paspa- n—1
00TaH MOJICTBHBIN TPUMEp, CXeMa KOTOPOTO MPe/I- _ [Tea() ,
cTaBJIeHa Ha puc. 1. (PBIM’/ ) = ”:0—' [T (P4Y),,P,(T)x
[Mpumep BkitodaeT B ceds aBe QuS Tuma ne i2=n )
G/G/1/m ¢ npenenbhbiM konnuecTBoM Rq paBHom  x(1 + exp(—u; (T )r))(exp(—kl (T)—-w,(T)T ) X
m, TIPEICTaBJICHHBIC Ha PUCYHKEe | B BUE CHCTEM «FO(CONT)

Sc1-Qul-Svl u Sc2-Qu2-Sv2. [Ins Rq B aTUX cu-
cTeMax ObUI yCTAHOBJICH BEpXHUH Mpeen Bpeme-
HU OKUAAHUSI UX peasu3alfid T COOTBETCTBEHHO
B Svl u Sv2. Te Rq B Qul nnm Qu2, 11t KOTOphIX
BpeMs OXHAAHUS HMX pealu3allid TPEBBIIIACT
3HaYE€HUE T, HAIMPABIAIOTCA B JPYrod IMporecc
onHotunHou peanuzauuu Qu2 wiu Qul, roe mo
YCIIOBHIO TIPOXOXKJCHHSI OUepeId OHU HE NPEBBI-
CST 3Ha4YeHUE T. TakkKe OHM MOTYT OBITH OTIpaB-
JICHBI B ITPOLIECCHI HE OIHOTUITHOM, a HHOM UX pe-
an3aliy, KOTOpble OTOOpakeHbI Ha puc.l B Bujae
cucteM Qu3-Sv3 u Qu4-Sv4. Bee nepemenienus
Rq mexny QuS ocymecTBisioTcst B Ipolecce
ynpasnenus Control.

Ha ocHoBe cocTaBieHHON cXeMBbI ObLT BBITION-
HEH pacyeT BeposTHOcTel peanmsanuu k-ro Rq
JUTSL CJIETYIOIINX IMPOILIECCOB: 1) OCHOBHOTO MPO-
Hecca py yCJIOBUU OTPaHUYCHHS BPEMEHH OXKH-
nanust Rq — BeposiTHOCTH (PB,]{” J ); ; 2) mpouecca
B IIPUCYTCTBUM MEPECTAaHOBOK Rq Mexay ouepe-
JSIMH  — BEPOSTHOCTH (PBIM d ), - Pe3synbrarsl
pacderoB mpenctaBieHbl B Gopmynax (1) u (2)
COOTBETCTBEHHO:

[1p/(T)

(PBy/), ==, (T)

k
x(exp(=h (T) — e (T)T ) FX (CONT) +

k-1

n—1
[1pn(T) B
0 57 [T (P4, ) P (T) %
n!' 3Z12=n
x(1+ exp(—p3 (7)) (exp(—A3(T) — py3(T))T ) X
xF"3(CONT),

M

B Hux k — HOMep TpeOOBaHMsI, OTHOCUTEIIHHO
KOTOpOTO Hadar pacyet; j — uHIekc QuS (Qul,
Qu2, Qu3 m6o Qu4), B KOTOPYIO OCYIIECTBIISET-
¢ repectanoBka; [ — Homep Rq B HOBoO# QuS m10-
CJIe TIepeCTaHOBKU; M — MHJEKC, XapaKTepu3yo-
I MApKOBCKHH THI JEHCTBYIOIINX TTOTOKOB; /3,
/1, I2 — BcrioMoOTaTeNbHBIE WHAEKCHI, 7' — 0003Ha-
YeHHe TIpolecca IepecTaHoBKH;, 1 — BpeMs,
OTHOCHUTENBLHO KOoTOporo Benercst pacuet; CONT —
TIepeMeHHas, XapaKTepu3yIolias YIPaBISIONINI
nporecc Control; F (l)(CONT ) — ¢yHKIUMSA pac-
npenesenus: nepemennod CONT; (PA% ), — Be-
POSATHOCTH TOTO, YTO B PE3yJIbTaTe peann3aiuu
Rq B compsikeHHOM TTpoIecce epecTaHOBKH OHO
okaxerca B apyroi Qu; A;(T); w,;(T)- uHTEH-
CHUBHOCTH TIOCTYIUIEHHSI W 00paboTKu TpeboBa-
Huii / B MoMeHT Bpemenu T; p;(T') — xo3ddunu-
€HT COOTHOIICHHWS WHTEHCHBHOCTH BXOIHOTO
1 BbIxogHoro notokos QuS, p,(T) =7, (T)/ pw,(T);
P (T') — BeposTHOCTB TOTO, YTO B MOMEHT Hayasia
pacueta, B Qu orcyrcrBoBasii Rq. BeiBog dop-
My (1) u (2) mpencrasineH B [3].

Anamusz (1) u (2) mokaszan, yto F (l)(CONT )
SIBIISIETCS] CTATUCTHYECKUM 0000IIeHNEeM MpoIiec-
ca Control mo HekOTOpOW BEIOOPKE BapHAHTOB
ynpasisitomux Bozzaercteuil B QuS1 nmu QuS2.
VYrpapisiomuid mMporece YYUThIBACTCS Kak CiIy-
YalHBIM MPOLIECC, HE 3aBUCUMBIH OT OCHOBHOTO
MpoIiecca, 9To He MO3BOJISET UCIONB30BaTh pac-
YeT JUIsl ONpeeNieHHs TapaMeTPOB ONTHMAaIEHO-
TO YIpaBJIeHUS] OTHOCUTEIHFHO KOHKPETHBIX CO-
CTOSIHMM ynpaBiisieMod cuctemsl [ 1, 4]. D1o sBsi-
eTCs XapaKTepHOH 4epToil a0CTpaKTHOTO MaTeMa-
THYECKOTO Tmonxona K pacdery B QT, B mpoTuBo-
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BEC KOTOPOMY aBTOpaMu IMPEJIOKEH HHIKEHEP-
HBII TTOJIXOJ, IPEICTABICHHBIN HUXE.

NnxeHepHBbIH MOAX0 K UCIOJIL30BAHUIO
pacuera QT ans ynpapiaenus B cucteme QuS
¢ mepecranoBkamu Rq

1. B pazpaboTraHHOM MOAXOE MpEAToIaraeT-
cs1, 9To mporecc ynpasienus Control onmmcanHON
BBIILIE CHUCTEMBI SIBIISIETCS HE BHEIIHEW MoMexomn
[0 OTHOUICHHWIO K HeH, a CIeIACTBHEM 00CTos-
TensCcTB npedbiBanus Rq B QuS1 u QuS2. Ha pu-
cyHKe 2 n3o0pakeHa cxema QuS ¢ nmepecraHoBKa-
MH, TIPEACTABICHHAS Ha PUC. 1, ¢ TOUKU 3pEHUS
paspaboTtaHHoro moaxona. B Hel ympaeneHne
OCYIIIECTBIISIETCS B BHJIE TPEX OTAEIBHBIX COTa-
CYEMBIX ITPOIIECCOB OTHOCUTEIFHO OCHOBHOTO TPO-
necca nmepemerieHns Rq B ouepensx Qul u Qu2:

2. Sv5 u Sv6 BBITTONHSAIOT TIOWCK W W3BJICUC-
Hue TpedyeMbix Rq coorBerctBeHHO M3 Qul m
Qu2, a 3aTeM OCYIIECTBIISIOT ero mepenady B Qu3
u Qué4 1 MHOU ero pean3allid B IPYTOM THIIC
ycTpoiicTB yem Svl u Sv2.

3. Sv7 Taxke mmeT u u3BiIekaeT Rq u3 Qul
i Qu2, HO pa3meniaet ero B Qus.

4. Qu8 ocymectBisier TpaHcmopT Rq x Sv§,
KOTOPBIM JIOJDKEH O00ECedYnuTh psiJi Omeparui,
4TOOBI pazmMecTuTh Rq mocrasnenHoe Qu8 B Qu2
wiu Qul s peanm3auy TOTo Ke TUTIA.

Hemnsro m3Bneuenuss Rq u3 Qul mwimm Qu2 sB-
JISIETCSI MPEAOTBPAIICHIE OIMNOKA €T0 OOCITYXKH-
BaHms B Sv1 mimm Sv2, KoTma CyIIecTBYeT BBICO-
Kasi BEPOATHOCTH TOTO, YTO OyJAET IPEBBIIICHO
OTpaHUYCHHE BEPXHETO Ipeea BpeMEH! OXKHUIa-
Hus T peanm3annu Rq B manHO# QuS. B stom
CIIy4yae BEPOSITHBIC M3IEPKKN 0OCTyKuBaHUS Rq
B Svl mimu Sv2 GyayT Oonbliie, 9eM MOTepH, CBSI-
3aHHBIC C TIEPEHOCOM OOCITYKUBAHHUS B OHOTHII-
ayto QuS wm B QuS3 u QuS4 uHoii peanuzanuu
Rq. Takue uzBneuenus u nepecraHoBku Rq Obutn
Ha3BaHbl HAMU HHOpeanu3anueit Rq.

[Ipenmy1iecTBOM CXeMBI Ha pUC. 2 TIEpe] CXe-
MOH [ SIBIISIETCSI TO, 9TO B TpeacTaBisiemMoirt QuS
C TIEPECTAaHOBKAMHU BBIJCIICHBI JOMOJHUTEIHHBIC
QusS [5]. B pe3ynbrare, B HEMf MOJKHO OTIPEACIIUTh
OOBEKTHI ~ YOPABICHUS W  HUCHOJHUTEIHHBIC
YCTPOMCTBAa OTHOCHUTENBHO Ka)JIOTO OTAEIHHOTO
TUNIA W dTala WHOpPEaJu3aliy. DTO IT03BOJIIET
CO3/1aBaTh OCHOBBI pacyeTa MoCpPeICTBOM CHHTE3a
(hyHKIINU YIIPABIISIONIETO YCTPOMCTBA IS KaXK-
JIOTO TIpOLIecca YIpPaBIeHHs, KaK 3TO MMEET Me-
CTO TIPU MOJICITMPOBAHUH AJIEMEHTOB KOHTYpa aB-

TOMAaTHYECKOTO YIIpaBJIEHUS B TEOPUU aBTOMATH-
yeckoro ympasienus [6]. B manHoM ciydae — 3To
nHopeanusanus Rq.

[Ipu ananuze ObUIO BBISICHEHO [5, 6, 8], uTO
MozenupoBaHre Qu Kak OOBEKTOB YIPaBJICHUS,
KOTOpBIE Ha MPOU3BOJICTBE PEATU3YIOTCS B BHIE
pa3HOOOpa3HBIX TPAHCIOPTEPOB, JIEHTOYHBIX,
TeNb(EPHBIX ¥ MHBIX, HEBO3MOXKHO 0€3 Mojenu-
poBaHus B HUX BakaHcuil Rq. IIpu aToM npupona
BO3HMKHOBCHHUSI BakaHCH Rq MoOXkeT ObITh pas-
muaHOM. OHM BaKaHCUU JTOJIKHBI TUIAHUPOBATh-
csl 1 00ecTIeunBaThCS UCKYCCTBEHHO ISl BOBMOXK-
HOCTH BCTaBKM HOBOTO Rq B Qu, B KOTOPBIX yKe
CYIIECTBYET CBOSI ITOCIIEIOBATEILHOCTh COOCTBEH-
HbIX Rq. Jlpyrue — BO3HUKAKOT B MOMEHT H3BIIE-
yenus: Rq u3 Qu, u MoryTt ObITh 3aHATHI Rq TO¥
ke Qu mm Rq, mepecTtaBisiembiMu U3 apyrux Qu.
Bakancum Takxke MOTYT BO3HHKAaTh CIIOHTAHHO
B pe3ylbTare HEPaBHOMEPHOCTH MOCTYIICHUS
Rq, B pe3ynprare MHEPIIMOHHOCTH JIEMEHTOB CHU-
CTeM M OHIMOOK YIPAaBICHHUS B MOJCITUPYEMBIX
nocpeacteoM Qu pazHOOOpa3HBIX TPAHCIOPTHBIX
MeXaHu3Max.

IIpu sTOoM BakaHcuu Rq, oka3zaBumecs: HeNo-
CPEICTBEHHO PSIIOM ¢ SV Tociie 00CTy>KUBaHUS
UM ouepesHoro Rq OyayT co3naBarh aHOMAaJIbHBIC
3aJIep>)KKH 00CITY)KMBaHHsI, KOTOPbIE HE YYHUThIBA-
forcs B pacuere QT, MOCKOIBKY B €r0 CUCTEMHOM
monenn Qu BakaHcuu Rq orcyrcrByroT. Kpome
TOro, BakaHCHHM Rq B Qu M3MEHSIOT mpeneiabHoe
KoJIM4ecTBO Rq, KoTOppie MOTYT OBITH pa3meriie-
HBI B 3TOM Qu, 4TO TOXE HE YUMTHIBaeTCSA B Tpa-
nuionHoM pacuete QT u3-3a TOro, 4To CUCTEM-
Hasg mozenb Qu He mpeaycMaTpuBaeT HaJIUdue
BakaHcuil Rq. Iloatomy g pacuera Oblia mpes-
JIOXKEHA HOBasi cucTeMHasi Mozesb QuS1, oroopa-
JKeHHas Ha puc. 2, ¢ BakaHCUAMU Ui Rq kak 310
M300pakeHO Ha puc. 3.

QuS1 Qu3 > Sv3
I Sv5
Scl Qul > |svi Qus3
Sv7 Qu > Sv8
Sc2 w2 / > Sv2
/ / Sv6 QuS4
QuS2  QuSs I R Sv4

Puc. 2. Cxema QuS ¢ mepecTaHOBKaMU C TOUYKHU 3PCHUS HH-
JKEHEPHOT'0 MOJIX0/1a
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Scl 12 11 10 9 8 7 6 5 4 3 2 1
7 7 7 X/ AV
Rq6 Rq5 Rq4 Rq3 Rq2 Rql Rq0

Puc. 3. Cucremnas moniens QuSl ¢ Baxancusmu st Rq: [ | — Bakancust Rq Ha ogaoMm u3 mect Qul; Z — Rq Ha
omHoM u3 mecT Qul

Ha mem B HIKHEH yacTu puc. 3 npencraBieHa
HyMmeparnust Rq, OXHIAONMX peaau3anii B Sv.
Kpome Rq Ha mozenu QuS mpencTaBieHbl BakaH-
cun Rq. Jlnst oToOpakeHusT KOMUIEeCTBA BAaKaHCHN
Rq, maxonsmuxcs mepen pacCUUTHIBAEMBIM A-M
Rq, rme k — mHomep Rq B Qu Ha MOMEHT BpeMeHHU
T, BBeneM nepeMeHHyto o;. OHaKo JaHHas mepe-
MEHHas He 0TOOpakaeT SBHO TOTIOJIOTHIO BAaKaH-
cuii Rq B Qu B MOMeHT BpeMeHH pacuera 7, OT
KOTOpOM 3aBUCUT PUCK aHOMAaJbHOM 3aJepiKKU
peanm3anmu. SIBHO 3a7aBaTh TOMOJOTHIO BakKaH-
cuii Rq Ha m000if MOMEHT BpeMEHU MOXKHO, €CITH
BBECTH JIOTIOIHUTENBHBIN KOHIENT MecTa Qu ¢ HO-
MepaMH /i, KOTOpBIE TIPE/ICTaBJICHBI HA PHC. 3 He-
nocpeacTBenHo Hax Qu. Mcxons u3 aToro, Oynem
WCIIONIB30BaTh MepeMeHHyo mecta Qu /=k+oy,
rae /i, — Homep Mmecra Qu, 3aHMMaemoe k-M Rq.
ITpu sToM m > h; >k, tne m — BepxHuil npezen
xonmmuectBa Rq B Qu.

Hns MojenupoBaHus ynpaBIIsSIFOLIMX BO3/EH-
cTBUI Ha ydacTke Qu, ClieayIoneM 3a /;, MECTOM
Qu BBemeM mepemMeHHyIO [3, OamaHca W3BATHIH
n BcTaBoK Rq B mannyro Qu, a xommuectBo Rq
IUTAHUPYEMBIX K peanrn3anuy B 3Toi xe QuS 060-
3Ha4YMM KaK Y, , a ¢ yueToM Rq yxke peanusyemo-
ro B Sv —Kak Y;_ . COOTBETCTBEHHO /I OnKca-
HHSI KOJIMYECTBa BaKaHCHH BO Bced QuS mocre
k-ro Rq, a "He TobkOo B QU B MOMEHT BPEMCHH
pacuera 7 Oymem HCTOIB30BaTh MEPEMEHHYIO
Qer0-

[Ipumensas MeTox TUCKPETHBIX Tpeoldpa3oBa-
HUW A7 pemeHusl cucteM IudQepeHnatbHbIX
ypaBHeHUI U caenyst pekoMmeHgauusaM H. Jxeit-
cyona [7], mo pa3paboTanHO# Moeny ObLIa Tepe-
CUMTaHa BEpOATHOCTH peasm3anuu k-ro Rq B QuS
MIpH OTPaHMYEHUHN BEPXHETO 3HAUYEHHUS OCTaTOd-
HOTO BPEMEHH pean3aIiui A’Cg, KoTOpasi BbIpa-
JKaeTCs B CIEMyIONIei hopmyre:

(k—-1)!
Pk (ak+Ova+O»ATE) = TCXP(A’CQ ) =
B k-1
= (040, V40-AT) 2. Gy X 3)
=0

Xexp(ATnj (YO - a’nj+0 - an ))’

TJ€ j — UHIEKC, B KOTOPYIO MPEIIONaraiochk mo-
MacTh B pe3yJIbTaTe MepecTaHoBKH; j — HoMep Rq,
KOTOPBIM CTaHET OHO B HOBOU QuS; nj = h — k+ J;
C-{Zj — OMHOMHUHAIBHBIH K03 dunmeHt [3, 7]; du-
3WYECKHAN CMBICT €T0 O3Ha4YaeT KOJUYECTBO CIIO-
co00B, KOTOPBIMHA MOXKHO TTOTIACTH Ha MECTO j M3
711j BO3MOXHBIX;

Arg =1T—1;, — OCTaToO4HOE BpeMs peau3a-
IIUH, B TEYCHUE KOTOpOoro Rq HaunHas ¢ MoMeHTa
BPEMEHHU [, €lle MOXKET OKHAATh pealu3aluu
B Sv, a 10 UCTEYEHNH HTOTO BpeMeHu Rq nomkeH
NoKuHYTh Qu 0e3 peanusauuu; Y, o =Y; + Vo5 —
MIPUBEICHHOE KOJUYECTBO TPEOOBAHNUN B CHCTe-
M€ C O)KHJIaHHEM, KOTOphIE TIAHUPYIOTCA K pea-
nu3anuu U obciyxuBatorcs B QuS; mpu 3TOM
Yo =1-1°/1,.; 1, — cpennee Bpems 0OCTyKHBa-
Hus Rq B Sv; r?vf IUTUTEIIEHOCTD OOCITYKUBAHUS
Ha Mecte 0 B MOMEHT BpEMEHH Hadaja OTCUETa;
a(Oy.o-Yk +O,Arg) — K09(QUIMEHT MacIITabUpPo-
BaHUS — KO3 PHUIMEHT B3aMOCBS3H KOJTHUECTBCH-
HBIX XapaKTEePHCTUK OYEpeH C TapaMeTpaMu Bpe-
MeHH okuianus [3]. 3Hadenue a(oy, o,y +O,Arg)
paBHO:

Y
a(0 0> Yk+0 ATE) = %eXP(ATE )%
-1

-1
x| 2 Cr{j eXP(ATnj (Yo — Qpjro — an N, @)
j=0

npu k= I,_N

Bout pazpaboran anroputm ynpasnerus QusS,
0COOCHHOCTBIO KOTOPOTO SIBJISLIOCH TO, YTO pac-
yeT 1o BhIpakeHUsM (3) u (4) ocymiecTBisIICs
MOCIIEZIOBATEIbHO OTHOCUTENFHO MecT QuS B 110-
psanke: oT Sv k KoHIy Qu ¢ pacueToM B, U Kax-
noro k-ro Rq. CpaBHEHUS ero ¢ MUHHMaJIbHO JI0-
MYCTUMBIM JUIs peaiusaluu 3HadeHueM [,
oTIpe/ieJIeHneM OTHOCUTENIBHO k-r0 Rq ympasis-
IOIIETO BO3JEHCTBHUSI M WTEPAIMOHHBIM YTOYHE-
HUEM TEPEMEHHON ympasieHus B, MOATBEPIU-
U TEOPETHYECKYI) BO3MOXKHOCTH YIIPABICHUS
uHopeanuzanuii Rq B otaensuoit Qus.

[Ipn w3MeHeHWH TPOU3BOJCTBEHHBIX YCIIO-
Buii B (hopmyisl (3) u (4) TOMKHBI OBITH U3MEHE-
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HBI. DTH W3MEHEHHs JOJKHBI OBITh BHECEHBI I10-
CPE/ICTBOM COCTaBIICHHS HOBOH crcTeMbl audde-
PEHIIMANBHBIX YpaBHEHHUH C MOCIEAyIoUei mpo-
BEPKOI1 pelienrs Ha ajekBatHocTs [ 1, 8], uro mo-
CTYITHO JIMIIb Y3KOMY CIIELHAINCTy U IMpe/CTaB-
JISIeT TPYAHOCTD JJIs aBTOMATU3AIIH.

Kpome Toro, mng cormacoBaHusi MpPOIECCOB
00BEKTa YIpaBIeHNUS U UCIIOJHUTEIHHOTO MexXa-
HU3Ma B TIpOIECCE YIpaBICHMs, a TakXKe He-
CKOJIBKUX MPOLIECCOB YNPABICHUSI MEXK1Y COO00M
HeoOXouMa OIeHKa, 3aJlalomas Jisl UCIOJIHU-
TEJIbHBIX MEXaHM3MOB OTpPaHHYEHHSA, Ha KOTO-
pble OHHM OBl MOIJIM OPHEHTUPOBATHCS MPHU pea-
JIU3alKK yHpaBisiomux Boszaedcteuit [9, 10].
31ech 3TO OTpaHUYEHHUs MPH U3bATHH, BCTABKE
Rq B Qu, TpancnoptupoBke Rq, moaroroske Ba-
KaHCHUU WM HAa000pOT yCTpaHEeHUH BakaHCui Rq
B Qu. Mexay TeM OlLleHKa BepOsITHOCTH peaju-
3allMM TpPU  3aJaHHOM OCTaTOYHOM BpEMEHHU
oxufanun B, | Arg JUTS TIOCJIEAYIOIIETO €€ CpaB-
HCHUsI C fl; HE MMEET MIHOBCHHBIX H3MEPSCMBIX
3HayeHuil. [lonydyeHue ke B IBHOM BHJE 00Opar-
HOM oueHku Aty |Fy, npeacrapisomeii coboi
0CTaTOYHOE BpeMs oxuianus k-Mm Rq cBoeii pea-
mu3anuu B QuS 6e3 mpeBbIlIeHHs 3HaYCHHS Fy

u3 BelpaxkeHuit (3) u (4) AMA MOCIERYIOLIETO
CpaBHEHUs €€ ¢ AT JUIA pacCMaTpUBa€MOTO MO-
NIeTLHOTO TpuMepa, HeBo3MoxkHO [1, 3, 6]. Uc-
MOJIb30BAHME YHCIIEHHBIX METOJOB JUISl pacyeTa
Aty |PB YpPEBATO HU3KOH CKOPOCTBIO CXOAMMO-
CTH WJIH JIaXKe OTCYTCTBUEM PE3YyJIbTaTOB BBIYHUC-
JIEHUH, YTO HE II03BOJISAET CUYUTATh TAKOH METOJ
pacuera npu ynpasieHnus Rq B peanbHOM BpeMe-
HU yHHMBepcanbHbIM [1, 8].

3akjoueHue

Takum 00pa3zom, MOXHO KOHCTaTHPOBATh,
YTO HWCIonb3oBanue pacdera QT B mensx cu-
CTEMHOTO yTpaBIeHUs MpeaMeTaMu 00paboTKH
B YCIIOBHSX AMCKPETHOTI'O MPOU3BOJICTBA TEOpE-
THYECKH BO3MOXHO, OJHAKO OHO HE MOXKET
OBITH YHHUBEpPCATHHBIM U IPUMEHHUMBIM IS aB-
TOMAaTHYECKOM aJanTaluy CUCTEM yIpaBIeHUS
K M3MEHSIONMMMCS TTPOU3BOICTBEHHBIM YCIOBH-
am. Mcxons u3 storo, npumenenue pacyera QT
1[eJIeco00pa3HO OTPAHUYNTD JIUITb UMHTAIIUOH-
HBIM MOJEIMPOBAHWEM THIIOBBIX IPOU3BOJI-
CTBEHHBIX CUTYallli ¥ TUTIOBBIX CUTYaIMi yIpaB-
JIEHUS C TEJbI0 MX IMPOU3BOJICTBEHHOTO aHa-
nau3a.
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V. I. KUDRIAVTSEYV, O. F. ZIRKO

THE POSSIBILITY OF APPLYING CALCULATION BASED ON QUEUING THEORY
WITH THE AIM OF REAL-TIME CONTROL

Possibilities of using mathematical models of the theory of queues for the purpose of control of processes of discrete pro-
ductions modeled by it in real time are investigated. As a model example, a system for managing the rearrangements of service
items in queues was considered. For the analysis the methods of calculation of BMAP-controlled systems and the methods of
the theory of recovery on periods of employment for queues with vacancies of requirements were used.

As a result of research it is found out that mathematical modeling in the theory of queues can be used for simulation of
discrete production for the purpose of design and the production analysis, but cannot be used for management of the modeled
processes in real time.

Keywords: demand; real-time control; discrete event mathematical modeling; queue; process control system, engineering
approach; permutations, jobs; BMAP-system.
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YAK 621.383

A. M. THUMO®EEB, KAH/]. TEXH. HAVK, JOLJEHT

BAUSAHUE BPEMEHU OAHO®OTOHHOM NEPEAAYM
UHOOPMALUU HA AOCTOBEPHOCTb EE NPUEMA
B KBAHTOBO-KPUNTOIPA®UYECKOM KAHANE CBA3U

bBenopycckuii cocyoapcmeennwiti ynugepcumem unghopmamuxu u paouodnieKmpoHuKy

Ionyueno vipasicenue 015 OYyeHKU 00CMOBEPHOCIMU UHGOpMAyUuU npu ee nepeoave no Keanmogo-Kpunmozpagu-
YeCKOMY KAHALY C653U, COOepAucaujemy cuemiux homonos c mepmevim epemenem. Ilo pesynomamam mamemamuue-
CKO20 MOOENUPOBAHUSL YCMAHOBACHbI 3ABUCUMOCU OOCMOBEPHOCTIU NPUHSAMBIX OAHHBLX OM CPEOHe20 8peMetu 0OHO-
@omonnotii nepedauu ungpopmayuu. Beinonnennvie ucciedosanus nOKA3auu, Ymo ¢ poCmom cpeonezo pemeru 00HO-
Gomonnoii nepedauu ungopmayuu dmu 3a6UCUMOCIU pacmym, Ooocmueds Hacviyenus. [Ipuuem npouux pasnwix
napamempax ¢ pocmom cpeometl ONUMenbHOCIU MEPMBO20 8PEMEHU NPOOLEBAIOUe20Cs MUNAd HACLIUeHUe NPOUCX0-
oum npu GONLUUX 3HAUEHUSAX CPEeOHEe20 8peMeHU 0OHOGOMOHHOU nepedadu UHPoOpMayu.

Knroueswie cnosa. Cuemuux qbomouoe, mepmeoe epems, KgaHmoeo-KpunmozpaqbuquKuﬁ KdaHal CeA3U.

BBenenune

[Ipu co3maHMK COBPEMEHHBIX CHUCTEM CBS3U
CTPEMSITCS MOBBICUTh HAJEKHOCTb UX (YHKIIHO-
HUpoBaHUA [1]. DTO 0OCOOEHHO Ba)KHO, KOTJA CH-
CTEMBI CBSI3M NPEJHA3HAUCHBI AJIS1 Iepeiadll KOH-
(uneHIMaNIbHBIX NaHHBIX. Tak, HampuUMep, B CH-
CTeMax KBaHTOBO-KPHUNTOIpaUuecKoil CBsI3H 10-
CTaTOYHO YacTO B Ka4eCTBE NMPUEMHBIX MOAYJIEH
HCTIONB3YIOT c4eTYnKH POTOHOB [2]. O0ycIoBIeHO
3TO TEM, YTO B TAKHX CHCTEMax Iepeaada HHGop-
MalU{ BBIIOTHSACTCS] MAJIOMOILTHBIMH ONTHYECKHU-
MH UMITYJIECAMH CO CPETHUM YHUCIOM (POTOHOB HE
Oosiee mecATH Ha KaKOblil mepenaBacMblii OUT
(nmu cumBon). CueTunky POTOHOB XapaKTepH3Yy-
IOTCSI JJOCTAaTOYHO BBICOKOM YyBCTBUTEIHHOCTHIO
[3-5], 4TO MO3BOJIET C BBICOKOW [1O0CTOBEPHO-
CTBIO PErHCTPUPOBATh MpeNesibHO cinaboe OnTH-
YEeCKOE U3Ty4YEHHE.

[lox nocToBepHOCTHIO OyeM MOHUMATh BEpo-
SITHOCTh TOTO, YTO HPUHSTHIE JAHHBIE COOTBET-
CTBYIOT II€pEeIaHHBIM.

W3BecTHBIE METOABI OLICHKH JOCTOBEPHOCTH
NPUHATHIX JaHHBIX [1] HE y4MTHIBAIOT HaJu4ue
MEpTBOI'O BPEMEHHU cdeT4yuka (oToHOB. B Teue-
HHUE 3TOTO BPEMEHHU CUETYUK (POTOHOB HE UyB-
CTBHUTEJICH K IaJAI0IIEMy Ha HETO ONTHYECKOMY
M3IydeHuro [3, 5], 9To MPUBOINUT K OMIMOKAM TIpU
nepenaye JaHHBIX U K TIOTEPSIM IepeaBaeMoi HH-
hopmarym.

ITockonbKy /10 HACTOAIIETO BPEMEHH OIleHKA
BJIMSTHAST MEPTBOTO BPEMEHH CYETYHKa (POTOHOB
Ha JIOCTOBEPHOCTh MPHUHATHIX JIAHHBIX KBAHTOBO-
KpUNTOrpaduuecKiX KaHAJIOB CBS3M HE BBIIIOI-
HSJIaCh, TO 3TO SBISUIOCH ENBI0 JAHHON paOoTHI.

OOBEKTOM HCCIIEOBAHUS SBISIICS ACUHXPOH-
HBI KBaHTOBO-KPUNITOrpaUIeCKUil KaHAT CBS-
3H, B KOTOPOM B Ka4€CTBE ITPHEMHOTO MOJLYJIS HC-
MOJTb30BAJICSL CYETYMK (DOTOHOB C MEPTBBIM Bpe-
MEHEM IPOJIEBAIOIIETOCS THITa. MepTBBIM Bpe-
MEHEM IPOJIEBAIOIIETOCS THUTIA XapaKTePHU3YIOT-
cs cueTynKku (POTOHOB Ha 0a3e JaBHUHHBIX (POTO-
MIPUEMHHUKOB, BKITFOYCHHBIE IO CXeME MTaCCHBHOTO
raiieHust JJaBuHsl [2, 3].

IIpenmerom uccnenoBaHus SBISETCS YCTAaHOB-
JICHWE BIUSHUS BPeMEHHU OHO(OTOHHON nepena-
yu HH(pOPMAIUHN Ha JOCTOBEPHOCTH €€ MpUeMa.

Bblpame}me JIs OEHKHU TOCTOBEPHOCTH
NPUHATBHIX JAaHHBIX

B nHavane mosryuuMm BbIpa’keHHE Uil OLICHKU
JOCTOBEPHOCTH NPHUHATHIX JaHHBIX. JlanpHemne
paccyxzueHust OyayT OCHOBAaHbI Ha TOM, UTO KaHAJ
CBSI3U IOCTPOCH Ha 0as3e MpHueMOo-IepeNaroIero
obopynoBaHus [4], B KOTOPOM JTaHHBIE TIEpEIAIOT-
csl ABOMUYHBIMHU cuMBoJaMH («0» n «1») B Teue-
HHUE JAJHUTENBbHOCTH BpeMeHHU T,. 11 mepenmauu
cuMBOJIOB «0» 1 «1» HCHONB3YIOTCS ONTHYECKHUE
CUTHaJIbl MOIIHOCTBIO W[ 1 W, COOTBETCTBEHHO
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(W, < W,), conepxaiue He Oonee aecstu GoTo-
HOB Ha KaxJiplif OuT (cumBou). [lpuyem TpaHcs-
LMl 9TUX CUTHAJOB B KaHaJl CBSA3M OCYIIECTBIISA-
eTcs B T€UCHHUE JJIUTEILHOCTH BpeMeHH oiHO(do-
TOHHOW mepenaun At = T, /2. CnenoBaTenbHO,
B TEUCHUE BPEMCHU t, = T, /2 JaHHBIC B KaHAI
CBSI3U HE MEPEJATCH, T. €. MEXKIY KaXKI0U Mapoit
CHUMBOJIOB HAaXOAWTCS TaK Ha3bIBAEMBbIM «3alllnT-
HBII» BpeMEHHOW uHTepBal. [I0CKONBKY CUMBO-
7e1 «O» 1 «1» mepegaroTcs UMIYIbCaMU pa3iny-
HOW MOIIHOCTH, TO Ha BBIXO/IE CUETYHKA (DOTOHOB
3a BpeMsi Af QopMHUpyeTcsl pa3TUuHOe KoJude-
CTBO DJIEKTPHUYECKUX UMIYIIBCOB, KOTOpoe Oyaer
MpsIMO  TIPOTIOPIIMOHAIBHO MOIIIHOCTH OITHYE-
ckoro m3iydeHusi [4]. Bcemu norepsimu uHbop-
MallHH, 32 UCKIIFOYCHHUEM TMOTepPh B CYETUHKE (O-
TOHOB, TpeHeOperaem.

Ucxons u3 omnpenesneHus, BIPAKEHUS IS
OLIEHKH JIOCTOBEPHOCTEH MPUHSATHIX CUMBOJIOB «0»
CUMBOJIOB «1» 3aMuIIyTCs COOTBETCTBEHHO KakK:

P(0/0)
"~ P(0/0)+P(0/1)

_ P(1/1)
- P(1/1)+P(1/0)

(1

1

% [+ mo) (81 =20)]" exp[ (o +10) (1=,

rae P(0/0) u P(1/1) — BepOSTHOCTH PErHCTpalliy
Ha BBIXOJI€ KaHaJa CBsA3M CUMBOJIOB «0» U CUMBO-
J0B «1» TpH HaJIMYUM Ha BXOJle KaHaja CBS3U
cumBoiioB «0» u «l1» coorBerctBeHHo, P(0/1)
u P(1/0) — BEepOsSITHOCTH PETUCTPALIMU Ha BBIXOJIC
KaHala CBsI3U CUMBOJIOB «0» ¥ CUMBOJIOB «1» Tipu
HaJIMYUHM Ha BXOJIe KaHaja CBSI3U CHMBOJIOB «1»
1 «0» COOTBETCTBEHHO.

IIpennonoxxum, 4To Ha BBIXOJE KaHaja 3ape-
THCTPUpPOBaHa CilydaifHas JTBOMYHAs IOCIJIE0Ba-
TEIBHOCTB, JIJIs1 KOTOPOI BEPOSITHOCTH MOSIBIEHUS
cumBoJIoB «0» P (0) paBHa BEpOSITHOCTH TOSIBIIE-
Hus cumBoJIoB «1» P (1). Toraa 1ocToBepHOCTH
MIPUHSTHIX JAHHBIX PABHA:

D=0,5(Dy+D,)=
P(0/0) P(1/1)
+

P(0/0)+P(0/1) P(1/1)+P(1/0)
)
ITepexonubie BepositHoctu  P(0/0), P(0/1),
P(1/1) u P(1/0), Bxoasiye B BeIpaxkeHue (2), st
paccMarprBaeMoro KaHalia CBSI3U IOJTyYeHbI B pa-
0ote [6] HA OCHOBAaHMM CTAaTUCTHUYECKHUX pacrpe-

I[eJ'ICHI/Iﬁ 4uciia UMITYJIbCOB Ha BBIXOAC CUCTUHKA
(hOTOHOB:

b

P(0/0)=N§N Vi : €)
P(O/1)= NZ; [(nt +nsl)(At—Td )] e;)\?/)[—(nt +ns1)(At—Td )], @
P =1 i [(nt +ng )(Ar -1, )] exp[—(nt +ng )(Ar -1, )], )

N=0

P1/0)=1-3

%2 [ o) (8= 5)]" exp[ () (A1)

N!

; (6)

N=0

rae Ny u N, — HIKHUI ¥ BEPXHHUH MOPOTOBBIE
YPOBHH PErucTpali COOTBETCTBEHHO, 11, — CPEJI-
HsIl CKOPOCTh CY€Ta TEMHOBBIX HMITYJIbCOB Ha BBI-
XOJIe CUeTYMKa (POTOHOB, 7y U 11| — CPEAHHUE CKO-
pOCTH cUeTa CUTHAJIBHBIX UMITYJIbCOB Ha BBIXOZE
cueTyrKka (POTOHOB NpH Mepeaade CUMBOJIOB «0»
1 «1» COOTBETCTBEHHO, T, — CPEIHSA AIUTETBHOCTh
MEpTBOI'0 BPEMEHH NPOAJIEBAIOIIETOCA TUIIA.
Hunxuuii 1 BepXHUI MOPOroBBIE YPOBHU pe-
THUCTpPAllM — 3TO COOTBETCTBEHHO HAaWMEHbILEE
U HauOOoJbIIeE YHUCIO 3aperdCTPUPOBAHHBIX Ha

N!

BBIXOJIE CUETYMKA (JOTOHOB UMIYIIBCOB, MPH KO-
TOPOM JIeNIaeTCsl BBIBOJ, YTO IEpelaH CHUMBOII
«0». Ilpu TpEeBBINIEHUU 3apErUCTPUPOBAHHBIX
WUMITYJIBCOB YKcia IV, 1enaercs BbIBOJ, YTO Tiepe-
JIlaH CUMBOJ «1», a IPU PETUCTPALIUU UMITYJIHCOB
B KOJIMYECTBE, MEHbIIEM, YeM N|, MIPUHUMAETCA
pelIeHue, YTO CUMBOJ OTCYTCTBYET [4, 6].
OtMeTuM, 4TO AJI1 OLEHKU MEPTBOTO BpeMe-
HU TIPOJUIEBAIOIIETOCS TUTIA HCIIONIB3YIOT CpeiHEee
3Ha4YeHHE, T.K. €r0 JJIUTEIbHOCTh 3aBUCUT OT HH-
TEHCHUBHOCTH ONTUYECKOro u3inyueHus [3].
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TeMHOBBIE M CHUTHAJIBHBIE HMITYJIBCHI — 3TO
UMITYJIbCBI, KOTOPbIE MOSBIIAIOTCS] HA BBIXOJIE CUET-
4yrKa ()OTOHOB COOTBETCTBEHHO B OTCYTCTBHH OII-
TUYECKOTO CHTHAJla U B Pe3yJibTare BO3/AECHCTBUS
(hOTOHOB perucTpUpyeMoro uanydeHus [2, 3].

Taxum o0pa3oM, paccuuTarh JIOCTOBEPHOCTh
MPUHATHIX JAHHBIX MOYKHO IyTE€M IOJICTAaHOBKH
B (opMmyiy (2) COOTBETCTBYIOIIUX BBIPAKEHUI
(3)—(6) mpu 3a7aHHBIX TOPOTOBHIX YPOBHIX PErH-
crpauuu N; u N,, CpeIHUX CKOPOCTSX CUETa UM-
IyJABCOB 7, Ny U Ny U JIIUTETBHOCTAX BPEMEHHU
T AT U T,

Pe3yabraThl MaTeMaTHY€CKOTO
MO/IeJTUPOBAHNS U UX 00CY:KIeHHe

Brruncnenne 10CTOBEPHOCTH MPUHATHIX AaH-
HBIX BBITIOJTHSIIOCH JJISi KAHAJIOB CBSI3H, COZIEpIKa-
[IMX B KQ4eCTBE PUEMHOTO MOIYJISI CYETYHK (O-
TOHOB C MEPTBBIM BPEMEHEM MPOJICBAIOIIETOCS
THUTIA TIPU PA3THYHBIX 3HAYCHUSIX Ty, g, Mg U AL

Ha puc. 1 mpencraBieHsl 3aBUCHMOCTH J0-
CTOBEPHOCTH TMPHUHATHIX JAHHBIX OT CPEIHETO
BpeMeHH OJHO(OTOHHOHN Tepenadn MHPOpPMaLUU
JUTS PA3INIHON CpeHEeH JUTUTEIbHOCTH MEPTBOTO
BPEMEHH MPOAJIEBAIOIIETOCS THIIA.

[Ipu moctpoenun 3aBucumocteit D(Af) cpen-
HUE CKOPOCTH CYETa CHTHAIBHBIX UMITYIIECOB 71
U Ny U AMAIa30Hbl 3HAYE€HUH Af BBIOUPAIUCH 110
METOIINKEe, OMHMCAHHOW B paboTe [6], ¢ ydeToM
TOTO, YTO T; HE MOXKET MpEeBBIIIATh Af, KOTOPOE,
B CBOIO OYepellb, JIOJDKHO ObITh MEHbIIIE CpeIHei
JUTATETEHOCTH TIepefadu OHOTO OuTa (CHMBOJIA)
T, Ha BEIMYMHY 3aIIUTHOTO BPEMEHHOTO WHTEp-
Baja. B mMpoTHBHOM cily4yae MCIIONBb30BaHHUE CUET-
YUKOB (DOTOHOB ISl PETUCTPAINH JaHHBIX CTAHO-
BUTCSI HEBO3MOXHBIM [4, 6].

Pacuer 3aBucHMOCTEl, MOKa3aHHBIX Ha PHC.
1, mpoBoIMIICS IS ONMHAKOBBIX 3HAYEHUH HIK-
HEro M BEPXHETO MOPOTOBBIX YPOBHEH perucrpa-
uun Ny = 1 u N, = 7, cpenHeil ckopoctu cuera
TEMHOBBIX HMIIYJIbCOB 1, = 103 ¢! u cpenHen
JUTITETEHOCTH TIepefadu OMHOTO OWTa (CHMBOJIA)
T, = 100 Mxc. HeoOXonumo oTMeTHUTh, 4TO IOPO-
TOBbIE€ YPOBHH PETHCTpAallMd MOXKHO BBIOMPATH
Y APYTUMH, OTIIMYHBIMU OT 1 U 7, HO TIpU CpaBHE-
HHAU 3aBUCUMOCTEH D(Af) Afid pa3inudHbIX Cpel-
HUX JUIITEIHHOCTEH MEpPTBOTO BPEMEHHU MOPOTO-
BBIE YPOBHH peructpauu Ny u N, ciexyet Gpuk-
CHUpPOBATh MOCTOSHHBIMH, KaK M CPEIHEE 3HAUCHUE
CKOPOCTH CYETa TEMHOBBIX UMITYJIECOB #; U CPEI-
Hee BpeMs Iepeadd OAHOTO OuTa (CHMBOIIA) T).

69
D A
0,70 T
O,IOH— 4
0,00 , At~104,=c

020 025 030 035 040 045 050
Puc. 1. 3aBUCUMOCTb 1IOCTOBEPHOCTH MPHUHATHIX JAHHBIX
OT BpeMeHH oJHO(MOTOHHOI mepenaun: N; = 1, N, = 7,
n, =103 ¢!, 1, = 100 MKc; cpenHss AIUTENLHOCTH MEPTBO-
ro Bpemenu: / —x 1;,=0; 2 —+1,= 5 mMkc; 3 — 0O 1, = 10 MKc;
4—01y;=15MKc

OTmeTHM, 9TO TPHU APYTUX 3HaueHUsX N; u N,,
OTHOIIEHUSX T, /At, n/ny m n/n, M BBITIOJIHEHUN
YKa3aHHBIX BBIIIE OTPAHUYCHHUN MPOsBICHUE (-
(ekTa MEpPTBOTO BPEMEHH IPOJICBAIOIIETOCS
TUTIA JUI pACCMaTPUBAEMOTO KaHalla CBS3HM aHa-
JIOTUYHO TIPEICTAaBICHHOMY Ha pHC. 1.

W3 monmy4eHHbIX pe3ynbTaToB BUIHO, UTO C yYBE-
JUYEHUEM CPETHETO BpeMeH! OAHO(OTOHHOM T1e-
penaun uHbopManunu At 3aBucuMmoctu D(At) pa-
CTYT, JAOCTUTas HACBHIIICHHS, YTO WMEET MECTO
JUTSL BCEX MCCIIeMyeMbIX 3HaYeHUH T, (cM. puc. 1).
[Ipu mpounx paBHBIX MapaMeTpax ¢ pOCTOM Cpe/l-
Hel UIMTEeIHHOCTH MEPTBOTO BPEMEHH TPOJIJIeBa-
IOIIETOCS] THIA T, 3TO HACHIIIEHUE MPOUCXOIUT
pu O0NBIIKUX 3HAYCHUSIX At: ipu At > 44,6 MKc
st T, = 0; mpu At > 45,1 MKe U1 T, = 5 MKC; TIpH
At > 45,8 mxc s t; = 10 Mxc; ipu At > 46,3 MKC
s t; = 15 Mmke. [Ipu 3TOM yBenuueHue t,; npu
MPOYHX PaBHBIX MTApaMeTpax MPUBOIUT K yMEHbIIIe-
HUIO JIOCTOBEPHOCTH TIPUHATHIX JAHHBIX. Tak, Ha-
npumep, Tipu At = 42 MKC JOCTOBEPHOCTH TPUHS-
THIX JJAaHHBIX paBHa 98,46-1072 ms 1;=0; 98,30-102
IS T; = 5 MKC; 98,02-1072 must t,; = 10 MKkc;
97,59-107 st T, = 15 MKc. YkazaHHBIE 0COOEHHO-
CTH TTOBEACHMS 3aBUCUMOCTEH D(At) 0OBICHSIIOT-
Csl XapakTepoOM M3MEHEHHUS TEePEXOIHBIX BEPOST-
nocreit P(0/0), P(0/1), P(1/1) u P(1/0) c yBemmde-
HUEM CPEIHETO BPEMEHH OHO(POTOHHOM mepera-
91 HHGOPMAIINU Af, 9TO HIUTFOCTPHPYETCSI puC. 2.

C yBenmWYeHHEM CPETHETO BpeMEeHH OgHO]O-
TOHHOW Tepenadn mHbopManuu Af TepexoaHbIe
BepostHocTtr P(0/0), P(1/0) u P(1/1) pactyr,
a mepexonHas BeposaTHOCTh P(0/1) ymMeHbIIaeTcs.
D10 HaOmIoOmaeTcs Kak MPU HATHIUH MEPTBOTO
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P(0/0Y} . . . . ] P(I/Q)“ /it PO/
1,00t F 020 1,00r ‘ , ' ' : = 10,50
0,80} 0,016 0,80} 10,40
0,601 Ho,012 0,601 10,30
0,40} 0,008 0,40} 10,20
0,20t 0,004 0,20F 10,10
0,00 concageis . . 0,000 At-10% ¢ 0 ‘ ‘ . Sotusace, [0.00 A-10%, ¢
020 025 030 035 040 045 0,50 020 025 030 035 040 045 0,50 '

a

o

Puc. 2. 3aBucumoctu nepexonusix BepostHocteit P(0/0), a, [-4, P(1/0), a, 1'-4°, P(1/1), 6, -4, P(0/1), 6, 1'—4’, oT BpeMeHH
onHodoToHHOH mepenaun: N, = 1, N, =7, n,= 103 ¢!, 1, = 100 MKc; cpenHAs ATUTETEHOCTH MEPTBOTO BpeMeHH: / i /'— X T,
=0;2u2 —+1;=5Mkc; 3u3’—o1,;=10Mkc; 4 u 4’— 0 1;=15 mMxc

1/0) + PO/LY
FR(IT : :

0,40

0,301

0,201

g At'104, c

L Il
20 0,25 0,30

o8

L
0,35

| A 1
040 045 0,50 N

Puc. 3. 3aBucumocts otnortrenus [P(1/0) + P(0/1)] / [P(0/0) + P(1/1)] ot Bpemenu onnodoTonHOM nepenauu: N; = 1, N, =7,
n,=10% ¢!, 1, = 100 MKc; cpeaHss ATUTENBHOCTh MEPTBOTO BpeMenu: [ — X T,=0; 2 — + 1, =5 Mkc; 3 — 0 1, = 10 MKc; 4 —
o 1;=15 MKc

BpPEMEHH MpOJIeBaloIerocsi tuna (CM. puc. 2,
KpuBble 2—4 u 2'—4’), TaKk ¥ TIPH €r0 OTCYTCTBUU
(cm. puc. 2, kpuBble / U [’) u 0OBSACHSIETCS CMe-
LICHUEM CTaTUCTHYECKUX PACHpEACICHUN cMecu
YHUCJIa TEMHOBBIX M CHTHAJbHBIX HMITYJIbCOB
Pyo(N) u Py (N) npu nepenade cuMBOJIOB «0»
1 «1» COOTBETCTBEHHO C U3MEHEHUEM Af U T, UTO
JIOCTATOYHO TIOIPOOHO TOSCHSETCS B padote [6].
Crenyer TakKe OTMETUTb, YTO MPU MPOUYHUX PaB-
HBIX MapaMeTpax npruemMa HHPOPMaLUH B Pe3ylib-
TaTe TAKOTO CMEIIEHHS C POCTOM T,; IIEPEXOJHbIC
BepositHoct P(0/0), P(1/0) u P(1/1) ymensbia-
1oTcs, a mepexognas BepostTHocTs P(0/1) — pac-
teT. Tak, Hanpumep, npu Az = 45 MKC epexoiHbIe
BepositHoctu P(0/0), P(1/0), P(1/1) u P(0/1) paBHBI
coorBeTcTBeHHO 93,94-102, 1,28-1072, 98,87-102
u 1,13-1072 ana t; = 0; 93,84-102, 1,20-1072,
98,73-102 1 1,27-1072 1 1, = 5 Mkc; 93,70-1072,
1,10-102,98,51-102 u 1,49-1072 nnst T, = 10 MKc;
93,50-102, 0,99-102, 98,23-102 u 1,77-10 s

t; = 15 Mkc (cM. puc. 2). OTMETUM TaKXke, 4To
JUTSL BCEX MCCIIEeyeMbIX TUama3oHoB Af HAUOOIb-
mee 3Hadenne P(1/0) He mpeBbIIaeT HAWUMEHB-
meit Benmmaunsl P(0/0).

Yka3zaHHbIE 0COOCHHOCTH U3MEHEHUS Iepe-
xomaHbeIX BepositHocteit P(0/0), P(1/0), P(1/1)
u P(0/1) ¢ poctoM At, B CBOIO O4epe/lb, IPUBOJISAT
K pOCTy 3aBUCHMOCTeH D(Af) BIJIOTh O WX Ha-
CBIIICHHS 3a cYeT Toro, 4yto oTHomenue [P(1/0) +
P(0/1)]/ [P(0/0) + P(1/1)] ¢ pocTom At ymeHbIIa-
eTCsl, TOXKE MEePEeXo/is B HACHIIIEHUE, KaK IMOKa3a-
HO Ha puc. 3.

Taxoke U3 puc. 3 BUIAHO, YTO MIPH MIPOYUX PaB-
HBIX IIapaMeTpax yBEIMYECHUE T,; NPUBOAMT K PO-
cry ornomenus [P(1/0) + P(0/1)] / [P(0/0) +
P(1/1)]. Tak, Hanpumep, npu At = 34 MKC 3TO OT-
HOILICHUE PaBHO 5,26-102 s ;= 0; 7,16-102
I Ty = 5 MKC; 10,58-1072 s 1, = 10 Mkc;
16,99-10*2 i T, = 15 Mxce. CriegoBaTensHo, IpH
IPOYMX PAaBHBIX IapaMerpax ¢ pocTOM T, J0-
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CTOBCPHOCTh HNPUHATHIX HJAHHBIX YMCHBIIACTCA
(cm. puc. 1).

3aKkJjoueHue

[TonyueHo BbIpaxkeHue JUIsl pacuera J0CTO-
BEPHOCTH JIaHHBIX, IPUHATHIX 110 ACHHXPOHHOMY
KBaHTOBO-KPHUNTOTpapUuecKkoMy KaHajJy CBS3H,
B KOTOPOM B KaueCTBE MPUEMHOIO MOXYJsS HC-
MIOJIB3YETCS CYETUHK (POTOHOB C MEPTBBIM BpeMe-
HEM IIPOJUIEBAKOLIETOCS TUIIA.

YCTaHOBIIEHBI 3aBUCUMOCTH JJOCTOBEPHOCTH
MPUHATBIX JAHHBIX D OT CpeIHEro BpeMEHH OJHO-

(doToHHOI mnepenaurt MHPOpMAIMH Af € y4eTOM
CpeIHEeH JUTUTENFHOCTH MEPTBOTO BPEMEHH TPOI-
JIEBAIOIIETOCS THIIA T, BbINONHEHHbIE HccIenoBa-
HUS TIOKA3aJIM, 4TO C POCTOM CPEITHEro BPeMEHH Of-
HO(OTOHHOM Tepeaayn nHGOpMaIUK 3aBUCUMOCTH
D(A?) pactyT, nocturast HacsieHus. [Ipiuem mpo-
YUX paBHBIX MapaMeTpax C POCTOM CpenHel u-
TENBHOCTH MEPTBOTO BPEMEHH IPOIJICBAIOIIEIOCS
THIIA Tz OTO HACBIILICHUE TIPOMCXOHT MPU OOJIBIITNX
3HaYeHUIX Af: tipu At > 44,6 mxc s t,; = 0; ipu
At > 45,1 Mxe s T, = 5 MKc; ipu Af > 45,8 MKC 17151
1, =10 MKc; npu At > 46,3 Mmke i 1, = 15 Mxc.
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TIMOFEEV A. M.

THE INFLUENCE OF THE TIME OF SINGLE PHOTON TRANSMISSION
OF INFORMATION ON THE RELIABILITY OF ITS RECEPTION IN A QUANTUM
CRYPTOGRAPHIC COMMUNICATION CHANNEL

Expression for estimating the reliability of information during its transmission through quantum-cryptographic communication
channel that contains a dead time photon counter has been obtained in this research. According to the results of mathematical mod-
eling, the dependence of the reliability of the received data on the average time of single photon transmission of information was es-
tablished. Studies have shown that with an increase in the average time of single photon transmission of information, these depen-
dences grow, reaching saturation. Moreover, with equal parameters with an increase in the average duration of the dead time of
a prolonging type, saturation occurs at large values of the average time of a single photon transmission of information.

Keywords. Photon counter, dead time, quantum cryptographic communication channel.
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