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VJIK 681.5.09
I'VJIAH A. B., 3AHIIEB B. M.

HUPPOBAS TEXHOJIOI'USA CHEKTPAJIBHOT'O AHAJIM3A
MMAPAMETPOB KOJIEBAHUM
Benopycckuti nayuonanohvii mexHuueckuu yHueepcumem

Oppexmusnbim n00Xo0oM K uUCciedo8anuio UOPAYUOHHBIX NPOYECCO8 8 MAWMUHAX U MeXAHU3MAX sejiaemcs evinonnenue Dypve-
ananu3a 2apMoOHUYecKo20 cocmasa Koaedanuil. Imom memoo IKCnpecc-KOHmpOos OCMAemcs aKmyaibHblM U 60CMpedO8aAHHbIM 6 AKYCTUYECKOl
Oouaznocmuke mawiun 01a200aps ce0eil OMHOCUMENbHO 6bICOKOU uHGopmamusnocmu. Pacwiupenue e20 ananumuyeckux 603MOXCHOCHEl
NPOBOOUMCS 34 Cuem 8HeOpeHUs OONOTHUMENbHBIX CPeOCME YUPPoBoli 0OpadbomKU BUOPAYUOHHBIX CUSHANIO8, 8 MOM YUCIe UHMELIEeKNYAIbHbIX
cucmem. Llenvio nacmosueii pabomol A611emcs co30aHue Yuppogozo Memooa CneKmpaibHO20 AHAIU3A UOPAYUOHHBIX CUSHANOB, PeaNU3ayUs.
KOMOPO20 BO3MONCHA C NPUMEHEHUeM UHMEIeKMYAIbHbIX Npubopos. B pabome Ha 0cHOB8e a0OUMUBHBIX KOMOUHAYUT CUHYCOUOATLHBIX QYHKYULL
npeocmasnen Memoo noIUSapMOHUYECKOU annPOKCUMAYUU NAPAMEMPO8 CUSHAL08, 0OMobpaxcaloujux Konebamenvhvle npoyeccol 6 mawunax. C
ucnonvzosanuem meopemvl Penesi u pasencmea Jlanynosa — Ilapcesans peanuz08ana mexHono2us yceueHus: OUCKPemusupoBaHHO20 NO BPeMeHU
Paznodcenus YKa3anHvlx cueHanos 6 pao Pypve. Yempanenue uckaxcenutl 4acmomno2o Cnekmpa Kojiebanuil 8blnOIHAEMcs nymem nooasieHus
€20 OOKOBbIX 1€NeCmMK08 ¢ NOMOUbIO OKOHHBIX (Puibmpos. Jlis conocmasieHus 3hphexmusHocmu pasiuiHbIX OKOH UCNONb306AHbL CHEYUUTIbHbLE
napamempbvl: WUPUHA 2NABHO20 JeNecmKd YacmomHo20 CHeKmpa, Kod(PHuyueHm OomHOCUMETbHO20 DACUWUPEHUs 2NABHbIX NeNnecmKos,
MAKCUMATbHBIL OMHOCUMENbHBIL YPOBEHb DOKOBbIX JIeNecmKo8, KoIpduyuenm omHoCUmensHo2o ociabnenus snepeuu cueHanos. Ilpu smom
paccmompenwt okna Xonnuea, Hamonna, Xommunea, Bapremma, a 6 kauecmee 6a306biX 3HAUeHUll NPUHAMbL NAPAMEMPbL NPAMOY20TbHO0
OKHa. Buipabomanvl oepanutienus paspaoHoCmu aHai020-yughposwix npeobpazosameneti CUHaIO8 6 3a8UCUMOCIIU OM MpeGyemMoll MmoYHOCmu
cobn00enus snepeemuyecko2o baranca npu yceuenuu Ouckpemuwix Qypve-pasnoscenui. [lpuseden npumep peanrusayuu yu@posoi mexnHoiocuu
CNEKMPANbHO20 AHANU3A NAPAMEMPOE KONeOAMETbHbIX NPOYECCO8.

Knroueswvie cnosa: xonebamenvhwiil npoyecc, cneKmpaﬂthnZ aHanus,; uud)poea}z MEexXHONI02CUA.

BbinonHeHne  Dyppe-aHanuza  rapMOHMYECKOTO  COCTaBa
CUrHajoB BUOpauuu. DTOT METO[ KOHTpOIs BOCTpeOOBAaH
B aKyCTHYECKOM IMArHOCTHKE MallWH Oiaromaps CBOEH
OTHOCHUTENIBHO BBICOKOH HMH(OpMaTHBHOCTH. Pacumpenue ero
AHAJUTHYECKUX BO3SMOKHOCTEH IIPOM3BOIMTCS 33 CUCT BHEAPCHHUS
JIOTIOJTHUTENIBHBIX CPEICTB U(POBOI 00pabOTKN BUOPAIIOHHBIX
curtanoB. C ydeToM BBIIIEH3IOKEHHOTO HacTosias padora
MOCBSILECHA CO3AHUIO LU(PPOBOTO METOAA CHEKTPAIbHOIO
aHaMM3a BHOPALMIOHHBIX CHIHAJIOB, KOTOPBII MOXKET OBITh
peat30BaH C MCTIOb30BAHUEM HHTENNIEKTYalIbHBIX CPEZICTB.

BBenenue

Jlns OLEHKM TEXHMYECKOTO COCTOSIHMSL MAlMH U
MEXaHH3MOB, KOTOPBIC MOJBEPKCHBI BIMSHHIO TEX WM HHBIX
KOJIeOATENbHBIX ~ BO3ACHCTBHI, IPHUMEHSETCS 3HAYUTEIBHOE
KOJIMYECTBO  CIICLUAIM3UPOBAHHBIX ~ NPUOOPOB M CPEACTB
nporpamMmmHoro obecriewenus [1, 2]. Ilpm wmccnemoBanun
XapaKTepPUCTHK ~ KOJeOATEeNbHBIX — TPOLECCOB B MAIlIMHE
MOXET OBITh TOJIYYeH [OCTaToO4HbIH 00beM uHpOpMaLU 00
OCOOCHHOCTSIX €€ KOHCTPYKLHH, YCIOBHSX OKCILTyaTalluH,
HaJIMYHHU HeUCTIpaBHOCTel. OIHAKO CII0KHOCTH METOJIOB KOHTPOJIS
KosieOaHui B MaIlIMHAX, 00pabOTKH SKCTIEPUMEHTAIBbHbIX JAHHBIX,
aHaM3a Pe3yJIETaTOB KOHTPOIISI TpeOyeT BBEICHHS TEXHOJIOTHIT 1
AITOPUTMOB II(POBOI 00PAOOTKH M3MEPSIEMBIX CHTHAJIOB.

[ommrapmonnyeckas MojieJIb aHAJIN3A
NapaMeTpoB KoJie0aHuii

Ocoboe 3Ha4YeHHE B THHAMUKE MAIINH HMEET Ipobiema
aHamM3a ¥ IPOTHO3MPOBAHMS IAPAMETPOB  BHOPAIMOHHBIX
HPOLIECCOB, MPEJOTBPAIICHNS PAa3PYLINTENBHBIX MOCICICTBHIL
BuOparmu. HeoOXoaMMOCTh pelieHust JaHHO! POoOIeMbl IIpUBeIia
K (OPMHUPOBAHMIO CIICHUAIBHOIO pasjielia HAyKH W TEXHUKH,
OCHOBHOI 3a7adell KOTOpOrO SBJAETCS CO3IaHUE AKTHBHBIX
BHOPO3AIUTHBIX CHCTEM. D(GQPEKTHBHOCTh TAKUX CHUCTEM BO
MHOTOM OIpPEJIENSIeTCSl TOYHOCTBIO KOHTPOJIST HAOIIONAEMBIX
apaMeTpOB KOJIeOATEFHOTO IIPOIIecca M 00padOTKH TOTyYeHHBIX
SKCIEPUMEHTANIBHBIX JAHHBIX [3]. DTO MOBBIIIACT 3HAYMMOCTH
BBEJICHMS IU(POBBIX CHCTEM B TEXHOJIOTHHM KOHTPOJIS, KOTOPBIE
peaM3yIOTCS C LENBI0 CO3/aHNs BUOPO3AIIUTHl U TTOBBILICHHS
HaJIe)KHOCTH MallIVH.

TlepcriekTHBHBIM HalpaBJIeHIEM HOCTPOCHHS
1QPOBBIX TEXHOJIOIUH H ANNapaTHBIX CPEICTB UL peai3aliiy
aHaJIM3a M IPOTHO3MPOBAHMS IAPAMETPOB  KOJeOATeNbHbIX
NPOLIECCOB B MAalIMHAX M MEXaHW3MaxX  Pa3JIMIHOIO
(YHKIMOHAJIFHOTO ~ HA3HAYEHWs  SBJSCTCS  NPHMEHECHHE
MHTEJUIEKTyaJIbHBIX cucTeM [4]. C pa3BUTHEM METOIOIOTHYECKIX
Y QJITOPUTMHYECKUX OCHOB, SKCIICPTHBIX ITPHEMOB IIPAKTHIECKOTO
CO3/IaHMS M BHEAPEHHS MHTEIUIEKTHBIX TEXHOJIOTHI PaCIINPSETCs
TEHJICHIIUS MX MCIOJIB30BAHMS JUISl KOMIUIEKCHOTO PELICHHS
BaXHEHINX 3a7a4 HU(POBOH 0OpPabOTKM CHUIHAJIOB, HECYIINX
(haxTorpaduuecKyro HHPOPMAIIHIO O KomebaTeTbHBIX MPOIeccax.

Jocrarouto 2 HeKTHBHBIM ITOX0I0M K HCCIISIOBAHHIO
KoJie0aTeNbHBIX IPOLECCOB B MAIIMHAX W MEXaHHU3MaXx SIBISIETCS

KonebarenpHble POIIECCh, BOSHUKAIOIIME B MaIlIMHAX
107 ISWCTBUEM MEXAHMUYECKHUX YCHIINH 1 CITyJaitHbIX BO3MYILECHUH,
MO0 3aKOHOMEPHBI [UIsl TeX WM WHBIX KOHCTPYKTHBHBIX
MOCTPOCHUH M HCXOIHO COIYTCTBYIOT pabOTe MAaIlHH, JHO0
pa3BUBAIOTCS TPU BO3HUKHOBEHWH OIPEACIECHHBIX YCIOBHH.
OTH mpouecchl B NPHUHIMIE JOMYCKAIOT TOJMIapMOHUYECKYIO
aIPOKCHMAIIUIO C TIOMOIIBIO aIMTUBHBIX KOMOWHALMH HaOOpOB
CHUHYCOMIATBHBIX (DYHKIIHI:

XO=XO+X0O+XO+...+XO+...,

rne X (1) = A sin2nft + @) — Konebarenbubie nepe-
MEIEHHs], TIPECTABICHHbIE B BUJE KBa3UCTALMOHAPHBIX IapMo-
HUYECKUX COCTABJISIOUIMX C aMILTMTYIaMu A, yactoramu f . u
(azamu @, . OTa Mozenb J0CTaTOMHO SPPEKTHBHA IS SKCHIEPH-
MEHTAIBHBIX ¥ TEOPETUYECKUX HCCIIECIOBAHUI, HECMOTPSI Ha TO,
YTO peasbHbIC KoJeOaTeIbHBIE MPOLECCHI B OOJIBIIMHCTBE CIIy4YacB
(akTyecK He 00NIaIat0T BBIPAKCHHOW MEPUOIMYHOCTBIO U CTa-
[IMOHAPHOCTHIO.

[lepBocTeneHHoe 3HaYeHUE B aHAIM3E MApaMETPOB KO-
neOaTesbHBIX POLIECCOB UMEET dHEepreTudeckas teopema Penes,
COITIaCHO KOTOPOH CpefHee 3Ha4YeHNe SHEPTrUH HAa WHTEpBaJie Bpe-
MeHU T OTIpesieNsaeTcsi MHTETpaJioM OT KBajjpaTa aMILTUTY/Ibl KoJle-
0aTebHOTO MePEMEIICHUSL:

T o0
Ey =K, T [X’0)dt=K, [|[X(jo) do,
0 0
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5

e £, — cpejiHee 3HaYEHIE SHEPTHH HAa HHTEPBAIIE Bpe-
menn T; K, , K, — K0O((OUIMEHTI MACIITAOHBIX COOTHONIEHHH
(usnueckux Benuund [5]. [Tpu atom monaraercs, uto X(f) = 0 wis
t < 0; X(joo) — mpeobpazoBanne Oypre curnana X(¢), KoTopoe co-
OTBETCTBYeT PACTIPEIEICHHIO SHEPTHHU 0 YacTOTaM CHEKTpPallb-
HOT'O Pa3JIOKEHHMSI 3TOTO CUrHAJIA.

PasenctBo Jlsmynosa — [lapceBaitst mo3BossieT nepeitu
K JITHEHYaTOMy CIIEKTPY 9acTOT, IPH 3TOM

Ey=2""'4;+K; > 47,

n=1

e K, - KO3(D(UIHEHT MacIITAOHBIX COOTHOIICHUH
JUTSI aMILTUTYAHBIX TAPaMETPOB.

OueBHIHO, YTO MPAKTUUECKUI aHaIM3 TpeOyeT yceue-
HHSI TapMOHHYECKOTO PA3JIOXKEeHHsI, TIPU KOTOPOM YYHUTHIBAETCS
KOHEYHOE YHCII0 TApMOHHK 7. OOBIMHO IKCIIEPTHBIM ITyTeM yCTa-
HaBJIMBACTCsA BEPXHEE JIOITYCTUMOEC 3HAYCHUE OTHOCHTCHLHOﬁ 1o-
TPENTHOCTH J, 00ECTIEYEH s SHEPTETHYECKOTO Dananca

8= (Exre1 - ExnlExre]™' = (4, ~ AD[Ey,.\ 17",

kxotopoe cootBerctByeT 0,01-0,05. D10 MO3BOINISET BBI-
Ouparh ypOBEHb OTPAHIYEHHS 7 KOTMYECTBA UCIONB3yEeMBIX Tap-
MOHUK.

IIpoBenem mccrenoBanme KoneOATEBHBIX TPOIIECCOB,
KOTOpoe TpeOyeT IpeaBapUTEIbHON OIEHKU IIOJIOCHI YacTOT
(f; f,) ans n3Mepenuii 1 aHaIM3a CUTHAJIOB, A TAKKe BhIOOpa Ya-
CTOTBbI JMCKPETH3aLWMK F 1 KOJIM4ECTBA 3aMEPOB (hakTHYECKIX
3HAUCHMI CUTHAIOB M.

AHanm3 KOHCTPYKLMM MalldH U MEXaHM3MOB, UX KH-
HEMaTHYCCKHUX CXEM U JTHarpaMM Pa3BUBACMbBIX YCHIIHIA, MHEHHI
9KCIIEPTOB, KaK IPABHIIO, TIO3BOJISIET IIPOBECTH MPEABAPUTEIHHYIO
OLICHKY CIICKTpa CHTHAJIOB — QHAJIOTOB KOJIEOATEIbHBIX MepemMe-
IeHUi M 3aHMMaeMyro umu mosiocy 4actot (f; ). B coorser-
ctBun ¢ Teopemoit KorenbHukoBa — HaiikBucra yactora auc-
KpeTH3alyy CUrHaIoB F 1 1ar ucKkpeTusauuu no BpemMenn At
JIOJDKHBI YIIOBIIETBOPSTH CIIEAYIOLIEMY H3BECTHOMY YCIIOBHIO:

F,=(At) '>2f,

Ipn mpakTHYeckoM aHamM3e KoleOaTeNbHBIX MPOIec-
COB HEOOXOMMO BBITOIHEHHE JIOTIOTHUTEILHOTO TPEOOBaHHs, B
COOTBETCTBUH C KOTOPBIM CJIEyeT 00ECIeUnBaTh rapaHTHPOBAH-
HYIO BJIO)KCHHOCTB XOTSI OBl OIHOTO ITepHojia KOJIeOaHMI rapMo-
HMYECKOH COCTaBJIstoNIel HauMeHblel yacToTel f B MHTEpBas
HaOmronienust T, HauMHas OT HEKOTOPOTO HAYaIbHOTO MOMEHTA
BpEMeHH t 1 10 MoMeHTa Bpemenn t_ [6, 7]:

ar

-1
TH = tmax - tuaw z f; °

HpI/I YKa3aHHbIX YCJIOBHAX BL160p SHAYCHUS KOJINYC-
CTBa 3aME€pOB Ml HIOPOBOAUTCA HAa OCHOBE CJICAYIOLICIO O4YCBUI-
HOT0 COOTHOIICHHS:

M1 >Ant{F T} =Ant{2ff '}.

B nmannOM ciyuae B kagectBe M1 menecooOpasHo uc-
TOJIb30BaTh 3HAYEHMS (PyHKIMM AHTBE, KOTOpas 00ecrednBaeT
OIpEZIETIEHNE BEPXHEH 1IETI01 4aCTh apryMeHTa.

OrpaHuueHre KOJIM4ecTBa 3aMEPOB CHI'HAJIOB 3KBUBA-
JICHTHO TIPHIMEHEHHUIO TPSMOYTOJIBHBIX OKOH HAONIONCHHS, TPU
9TOM HM3MEPEHMS COMPOBOXKIAIOTCS 00pPa30BaHUEM B PEaTbHOM
CIEKTPE CHIHAJIOB KaK OCHOBHBIX (IVIABHBIX), TaK M OOKOBBIX
CIICKTPAJIBbHBIX JICTIECTKOB Ha TPAaHUIAX MHTEpBaIa HAOIMIONCHNS.
[upuHa mMaBHBIX JIEMECTKOB HAXOAUTCS B OOpaTHOM 3aBUCHMO-
CTH OT MPOMOJUKUTEBHOCTH HHTEpBasa Habmonerus 7, v B uie-
ajie CTaHOBUTCS TIPEHEOPEKHUTETBHO MAIIOH TOJBKO Mpu T — o,
BoxoBblIe NIenecTky B TOM MM MHON Mepe MOT'yT MaCKMpOBATh Ya-
CTOTHBIE COCTAaBJIIIONINE CIa0BIX CHTHAJOB. [l mpeoTBpaie-

HUSI HeTATUBHBIX ITOCIICACTBHI MCKAYKEHUSI YACTOTHBIX OTKIIMKOB
HEOOXOIMMO TOJIABICHHE OOKOBBIX JICTIECTKOB, YTO JJOCTUIACTCS
3a CYET JIOTOJHHUTEILHOTO MPUMEHEHUS CIICIUATbHBIX OKOHHBIX
TexHoorui. I1pn 3ToM nposiBIIsieTcst oHa U3 0COOCHHOCTEH JaH-
HOTO METOJIa — UMEET MECTO PAaCIIMPEHHE IVIABHBIX CIIEKTPallb-
HBIX JICTICCTKOB.

OxonHoe npeo6pazoBanne Oypoe FXq)(j(n) curHana X(7)
OIPEJIENSETCS CIELYIOIIMM BBIPAKCHHUEM:

FX,y(jo) = [ hy(t — D)X () /a1,

e h(b(t — T) — CIABHHYTAs 110 BPEMEHH UMITYJIbCHAS Xa-
PaKTEPUCTHKA OKOHHOTO (hUIIBTpA.

JIns comocTaBlneHHsT Pa3iINYHBIX OKOH HCIIOJB3YeTCs
TpyIa CHEIUATBHBIX MMapaMeTpoB, IPH STOM MapaMeTphl Mps-
MOYTOJILHOTO OKHA MPUHUMAIOTCS B KaueCTBE 0a30BBIX 3HAYEHHI
(B3). YkazanHas TpyIia mapaMeTpoB BKIIFOUACT: MIMPUHY TIIaB-
Horo nenectka (B3 F; ; =2 U1 HOPMHPOBaHHOH WIKAIIBI 9aCTOT
F =fT); x03)puIMEHT OTHOCUTEIHOIO PACIIMPEHHUS IVIABHBIX
nenectkop cnektpa (b3 K, =F, /F,, =1); MakCUMallbHbII OTHO-
CHTEIBHBIA yPOBEHb OOKOBBIX JIETIECTKOB (B3 v, =13 1B); K0o(-
(PMLIEHT OTHOCHUTENBHOrO ociabnenus sHeprun curHaios (b3
B,, = 0). Ilpu mmdposoit 06paboTKe BUOPAIMOHHBIX CUTHAJIOB
JIOCTaTOYHO YacTO NPUMEHSIOT Pa3INIHBIC «IIANKUE» W Hemps-
MOYTOJIbHBIC OKHA (Ta0i. 1). OTH U Apyrue TUIBI OKOH Moxoupa-
I0TCSI MHAMBUTYaJIbHO TS obecriedenust Harbomee 3(hQeKTHBHO-
TO MPIMEHEHNS CHEKTPATBHOTO aHAIN3a B PEIICHUH KOHKPETHBIX
3a/1a4 TEXHUYESCKON JUArHOCTHUKH [8].

Tabnuua /. [TapameTpbl OKOH HAOIOAEHNUS KOJIEOATEIIBHBIX IIPOIIECCOB

Tumn okHa N B ., | AHamuTHYECKOE IPEACTaBICHHE
F, K a, ,nb |Tuo . o

HaOmoIeHUs 5 fo fo nb KOHEYHOH UMITYJIbCHOM
XapaKTEPUCTHKH OKOHHOTO
¢unbTpa

OxkHO 4 2 -359 |-6 h,(#) =1+ cos(2mt)

XoHHHTA

OxHO \ 3

Harowra |8 |4 |-930 |-9 |WO-27ecsewm

(coBMmelIeH- a,=0,36358

HbIE KOCH- a, =0,4891775

HYCBI) a,=0,1365995
a,=0,0106411

OxHO 4 2 -42,0 |-538 h’p(t) = 1,85[0,54 + 0,46c0s(2n7)]

X3MMUHIa

B mporiecce uccnenoBanus CreKTp 4acTOT BUOPAIHOH-
HBIX CUTHAJIOB MIPUHATO Pa30UBATh Ha BIOKCHHBIC CTICKTPATBHBIC
0JIOCH! (TaK Has3blBaeMble MOATPYHIIB! T0J0c). ['apMoHNYeckue
COCTABJISIFOLIME KAKAOW OTIENBHO B3SITOW BIIOYKEHHOW TOJIOCHI
CHEKTpa TPHBOAATCS K HEKOTOPOMY CpemHEMY (CPEAMHHOMY)
3HAYCHUIO. YKA3aHHbIC CPEAHNE 3HAYCHUS B BUJIE CIIEKTPATIBbHBIX
munnit L, 0TOGpaaroTcst Ha COOTBETCTBYIONIMX JTMHEHUAThIX
crekTporpammax. ToYHOCTH TPEICTABICHHS CIIEKTPOB C TOMO-
LI JIMHEHYaThIX CHEKTPOrpaMM OIPENessieTCs] pa3peleHu-
eM R, kotopoe uMeeT pa3mepHocTh ['/munuto. [lpu 3amaHHOM
pasperieEnn R KoMM4decTBO JHMHHUN LF crekTpa (BIOKEHHBIX
YaCTOTHBIX TOJIOC) ONPEAEIISAETCS CIEAYIOIUM COOTHOIICHHEM
(3mech Ant — pyHKIMSA AHTBE):

LF=Ant{(f.— )R +1},

B coorBercTBum ¢ Teopueil paznoxkenus B pag Oypee
rapMOHMKA C HYJIEBOH 4acTOTO} f; = 0 COOTBETCTBYET HOCTOSAHHOM
COCTaBJIAIONIEH CHTHANA, & 9aCTOTA TEPBO FapMOHKKH f, OJIHO-
BPEMEHHO SIBJIACTCS YaCTOTHBIM IIaroM Af IMHEHTaToro creKrpa
W CBSA3BIBAETCS € JUIMTENBHOCTLIO HHTepBana Habmonenus T, co-
orHomenueM f, = Af'= T ~'. Takum oOpazom, JIMHUAM CEKTpa
COOTBETCTBYIOT OIPE/ICTICHHBIE aCTOTHI:

Ly >0 L, = fis L, >2f; Ly —>3fi5.5 Ly, = (LF —D .
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rie £, — cpejiHee 3HaYCHIE SHEPIUU Ha MHTEPBAIIE Bpe-
MeHH T;Ps1 HaOMoneHnit ¥ peruCTpanyii BUOPAIIMOHHBIX CUTHA-
JIOB, KOTOpbIH BKitoaet M1 orcueros X(¢),i=0, 1,2, ..., M1 -1,
TIOJUICKHT YCEICHHIO, TIPU 9TOM IS COOIEOICHUSI TPEOYEeMBIX yC-
JIOBHH SHEPreTHYECKOro OajaHca MPUMEHSETCS CIeAYIoLIee JI0-
THYECKOE MPaBHJIO:

r=LF—1, ecnu Juis pacueTHbIX 3Ha4eHUd LF — 1 >r;

LF=r+1, ecru 1y1s pacyeTHBIX 3HaueHU LF — 1 <r.

udposas TexHo0rusi 00padOTKU CHEKTPa
CHUTHAJIOB

JIMCKpEeTH3UPOBaHHOE TI0 BPEMEHU PA3NIOKEHUE B P
Dypre (JIBPPD) moxkeT ObITh 00ecrieueHO MyTeM IPOBEACHUS
I(POBEIX PAcUeTOB HEOOXOAMMOro Habopa CBEPTOK UIT TPaH-
CBEpPCABHBIX OKOHHBIX (DUIBTPOB ¢ KOHEUHBIMH MMITYJIECHBIMU
XapakTepHCTHKaMH 1 Ko duireHToB psia Pypbe Ha HHTEpBae
BpeMeHH [ ¢ ], a TakKe MOCIENYIOUEr0 IPUMEHEHHS TeX-
HOJIOTHH YMCIIEHHOTO MHTETPHPOBAHMS C MCIOIB30BAHUEM IIpa-
BOCTOPOHHUX IPSIMOYTOJILHUKOB (cxeMa beccers):

X,lt;=iAt,]= z':hq,[&Atﬂ]X[(i—ﬁ)Atﬂ],
£=0

mei=0,1,2,..., Ml + M2 — 1; M2 — mmpHrHa OKHa BO
BPEMEHHOH 00JIaCTH B BHE KOJIMYECTBA TOUEK JMCKPETHOTO 3a-
JTaHMsT UIMITYJILCHOH XapaKTepHCTHKU (ribTpa {4 Gp[q], q=0,1,2,
.., M2 —1}. BBOOMTCS IOMOMHUTEIBHBIN MapaMeTp ©, KoTopbIi
OTIPENIEISIETCSI CISIYIOIINM 00pa3oM:
e 20 = M1 + M2 s 4eTHBIX 3HAUCHUH CyMMBbI
M1+ M2,
o 20=MI1+ M2 -1 pis HedeTHbIX 3Ha4eHuil M1 + M?2.

[Toctpoum uroroBoe yceueHnoe pasznoxenue J[BPPD:
LF -1
DFX,(f)=ay/2+ Y A4,(no)sin(ro, t+9,);

n=1
4,(ne) ={la,(ne) +[b,(ne)I'}";

¢, =arctg{[a, (no))]b, (o)) '},
e o, = 2nAf=2nf,.
KoadduimeHTs! 1aHHOTO pa3ioXeHNs UMEIOT CIIETYyI0-

LIUH BU:
20-1

a=0" ;Xq;(ti);

a,2nnAf)=0"" 292;‘1)(4) (t,) cos(in i/ ®);

i=0

20-1

b,2nnA)=0 " Y X, (t,)sin(inm/O),
i=0

e n =1, 2, ..., (LF — 1). Orubaromieii JuHEYaTOro
CIIEKTpa SIBJISETCS MOMYITh CIIEKTPAIbHON IIOTHOCTH, 3HAYCHHE
KOTOpPO# (hopMHpyeTCs Kak pe3ysbTar okoHHOro dypee-mpeodpa-
30BaHus FX, (b(j(n) oTcueToB curHaina X(7).

Paccmorpennas TexHonorus 3¢(¢ekTrBHA, €CIU MPU
BBIOOpE Pa3psAHOCTH LU(PO-aHAIOTOBEIX IpeobdpaszoBarerneit
CHTHAJIOB JUIMHA PA3psITHON CEeTKU IpeoOpasoBareis /1 He 3a-
rpyOrsieT 3aJaHHyI0 TOYHOCTh OOECIEUEeHHs YCIOBHIl 3Hepre-
THYECKOro OanaHca rapMOHHK. [Ipu HCHONB30BaHUM B KauecTBe
QHAJIOTOBOTO BBIXOAHOTO CHTHAJIA CeHCOpa HanpspkeHust U OTHO-
CHTENbHAsI TTOTPEIIHOCTD [PE0OPa30BaHMsI B 3HAYUTEIBLHON Mepe
onpeziensercst 3Hadenrem 2~ V. Ecim 3Hauenne U cooTseT-
CTByeT HU(POBOMY Kofy mpeodpazosarens 2™ — 1, To mocie yce-
yerusi JJBPP® 1omkHO BRIMOMHATHCS COOTHOIIEHUE

Umaxz_('nﬂ)[Umax] ! S(Ar2+1 - Arz)[EX,r+1] _1-
Taxum 00pa3om,

m21-log, {(4],, - A)Ex 1] 7'},

TIPY 3TOM CJIEAYET yIUTHIBATh, YTO

Ing{(Ayzﬂ _Arz)[EX,r+l]_l}S0‘

B texnonormm @ypre-aHamisa pasokeHne oopasyer-
Csl C TIOMOILIBIO Ha0Opa OPTOTOHANBHBIX (DYHKLHMH KOCHHYCOB M
cunycoB. Curnan X(f) momkeH ObITh CTAIIMOHAPHBIM WITH TPHHH-
MaThbCs KBa3HCTAlMOHAPHBIM Ha HHTEpBase HaOmonenus 7, mo-
CKONBKY 11 nonydenus JIBPP® unu dypoe-npeodpazoBanust B
mo00# TOuKe BpeMeHH HEeoOXO/IMMa OIPEIeNICHHOCTh XapaKkTepa
TIOBE/ICHHSI CHTHAJIA B OyTyIieM, IIPH 3TOM KaK/IbIi K CHTHAIA
BO BPEMEHHOI 00I1aCTH «PacHpPOCTPAHSETCSH MO BCEM 4acTOTaM
criektpa. Pesynerar npeoOpa3zoBaHust MO3BOJISET CAENATh 3aKIIO-
YeHHe O HAIMIAHN HEKOTOPOH JaCTOTHOM COCTABILIIONIEH B CIICK-
Tpe CHI'Haja, HO BONPOC O MOMEHTE BPEMEHM MOSBICHUS ITOI
COCTABIISIIOIIEH OCTAETCSI OTKPBITHIM.

JIns yMEeHBIIIEHUsT Mepbl HEOIPENeNIeHHOCTH, CBS3aH-
HOM C HECTallIOHAPHOCTHIO PEANbHBIX CHUTHAIIOB, MPOBEICHHUE
CIIEKTPAIBLHOTO aHaM3a 1o Oypbe-TeXHOIOTHSAM B psijie CllydaeB
TpeOyeT JOMOIHUTENHHOTO MCHOIB30BaHMsI OKOHHOTO Tpeodpa-
30BaHUSI C ONPEIEIEHHON MUMITYJIIbCHOW XapaKTepUCTUKOW OKHa
hq)(t — T) U NOCJIEZ0BATEIILHOTO TTePEMEILCHHs] OKHA BJIOJNb OCH
BPEMCHHL.

INoBeneHne HEPreTUUECKHX MapaMeTPOB KoleOaTemb-
HOTO IIpOIiecca B YaCTH JBOJIOLMHU €ro OOIIel SHEeprHu M 3BO-
JTIOIH SHEPTUH OT/IENIBHBIX TAPMOHHK BO BPEMEHU MOXKET OBITh
OIICHEHO IMyTEM BBIMOIHEHHS PsAa IMKIOB M3MEPEHUH M COOT-
BETCTBYIOIIMX UM PAaciyeToB. ITO ITO3BOJISIET IIOCTPOUTH CUCTEMY
TPEH/IOB, BEIIOJHUTH CIIIAXKUBAHUE M SKCTPATIOIBIINIO HHTEPECY-
OIIMX SHEPTeTHYECKUX MapaMeTPOB Ha ONMPEAEICHHBI MOMEHT
BPEMEHH.

OOBIYHO MHTEPBAT BPEMEHH MEXKITy IMKJIAMH H3Mepe-
Hui 1 pacueros coctasnser (1-3)7 . TIpu OomblunX 3HAYEHMAX
BPEMEHH MEX/Iy [IMKJIaMH HaOJIFOIeHHI TOYHOCTH TIPOrHO3a Obl-
CTPO CHIDKACTCS U PE3yIIBTATHI TEPSIFOT CBOIO IPAKTHIECKYIO IIeH-
HOCTb. JlIst 9THUX Liesied NpUMEHMMa TEXHOJIOTUSI ONIEPATUBHOIO
OTCJIC)KMBAHUSI TPACKTOPUI MUTPALIU SHEPreTHYECKUX Tapame-
TPOB C TEYEHHEM BPEMEHH.

B kauecTBe mprMepa MCHOIB30BAHUS MPEATOKEHHOTO
criocoba MpoBe/IeHbI SKCIIEPUMEHTAIIBHBIE HCCIISIOBAHHST BUOPO-
TIepeMeIeHni KopITyca TYCeHHYHOI MaIMHBI, KOTOpast Ipe/JHa-
3HaueHa A7 TPAHCTIOPTUPOBAHUS PAIHOIIEKTPOHHOTO 000PyI0-
BaHMs. BHOpanroHHble PONECcChl PErHCTPUPOBAIIMCE BO BPEMst
CTOSIHKY TPAHCIIOPTHOI MAIlMHBI IPH OTKIIOYEHHOM MapIIeBOM
JBUTATENe U ABISUINCH CIEACTBHEM (DyHKIMOHHPOBAHHS HABEC-
HOTO MOTOp-T€Heparopa Il aBTOHOMHOIO SJIEKTPOCHAOKEHHUS
armaparypsl. [t koneOGaTeIbHEIX MPOIECCOB KOPITyca MAIIIFHEI
XapaKTepHBI CIEAYIOINE NCXOIHBIE 3HAYEHHUs] YACTOTHBIX Mapa-
metpos: f, = 10 T'; £, = 1000 I'm.

Ha puc. 1 mpuBenieH ¢parment, copeprkaruii 32 orctde-
Ta MEPHOAOTPAMMbI HCXOIHOTO CHTHANA BHOpONEpEMEIECHNUH,
KOTOPBIH OTpakaeT OOIIHil XapakTep pa3BUTHsSI BUOPALIMOHHOTO
nporiecca Bo BpeMmeHu. Illar muckpernsammu mponecca BEIOpaH
paBHpIM 10~ ¢; BeMUMHA CHIHAIA TOKA3aHa B OTHOCHTEIBHBIX
e/IMHULIAX.

X(t)
2

Puc. 1. @parment nepuogorpaMMbl HCXOIHOTO
BHOPAIIMOHHOTO CHTHAJIa

CUCTEMHBINA AHAJIN3 U TIPUKJIATHASI THOOPMATHUKA
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Puc. 1. @parmMeHT mnepHoIOrpaMMbl HCXOTHOIO
BUOPALIMOHHOTO CHTHAJIA

PesynbTartel pacuera aMIUIMTYIHO-4acTOTHOM W (a-
30-4aCTOTHOH XapaKTEPHCTHK KOJIeOAaHMI NPHBEIEHBI Ha pHC. 2.
‘VKazaHHBIE XapaKTEPUCTHKHU MPECTABICHBI B BUAEC TMHEHYATHIX

CIEKTPOB C 1aroM 1o yacrore 10 I'm.

|X(j2mf)|
0,4
) ‘ | ‘ ‘ ‘ ‘ ‘
0 n 1 Lisl | | | | | | | | |
0 40 80 120 150 200 240 ZSU AL
a
[¥(i2nf)]
0,4
) ‘ | ‘ ‘ ‘ ‘ ‘
o ' 1l | 1 | | | | | | |
0 40 80 120 150 200 240 280 S Tu

Puc. 2. AMmumityaHo-yacToTHas (2) 1 pa30-4acToOTHAS
(6) xapakTepHUCTHKH
BHOPALOHHOTO CHIHAJIA

AHanu3 yKa3aHHBIX XapaKTEePHCTUK TOKa3aj, YTO B BH-
OpaIMOHHOM TPOIECCe JTOMHHHUPYIOT TAPMOHHUKH B JIHANA30HE
yacTtoT 40-140 I'. MakcumanbHble 3HaY€HUs] aMIUTUTY/bI KoJle-
Oanuit HaOmomarores Ha yactorax 80; 90 I'1, 3HAYMTEILHO HIDKE
amruTyza konebanuii Ha yactorax 40; 100; 130 I'n. Munumanb-
Hasl HHTCHCUBHOCTB KojeOaHMi XapakTrepHa Junst gactot 30; 150;
170; 180; 200; 230; 270 I'u. Pesynbrarsl CHEKTPaILHOTO aHATM3A
KOJICOaHMIT MOTYT YUHTBIBATHCS B MPOLIECCE POSKTUPOBAHHS 000-
PYAOBaHUS, KOTOPOE TIOJBEPraeTCsl BUOPAIMH, HAIPUMED, TIPH €ro
TpaHCIOpTHpoBaHUK. Kpome Toro, usydeHne cnekrpa KoiaeOaHuii
HEOOXOMMMO TIPH CO3/IAHUK CUCTEM TallICHHsT BUOPAIUiA C LETbI0
TOBBIIICHHST HAJIGKHOCTH M JIOJITOBEYHOCTH MAIlIMH U MEXaHH3-
MOB.

3akiroueHue

PaccMOTpeH MeTox MOMHrapMOHHYECKOH arlpoKCHMa-
LMY BUOPAIMOHHBIX CHTHAJIOB MAIIMH M MEXaHW3MOB C HCIONb-
30BaHMEM aJUTUTUBHBIX KOMOMHAIMI CHHYCOMIAIBHBIX (DYHKIHIL.
Ha ocnose Teopemsl Penes u paserncrsa Jlamynosa — [apceBanst
peann30BaHa TEXHOJIOTHSI YCEUEHNsT IUCKPETH3UPOBAHHOTO TI0 Bpe-
MEHH Pa3JIoKEeHHsI CUTHAIIOB B psit Dypbe ¥ 1poBast TEXHOIOTHS
aHaTM3a BHOPAIMOHHBIX TporeccoB. C HENbio MPeroTBpaIeHHst
HCKKEHHH YacTOTHOTO CHEKTPa TIPH MCCIEIOBAHIN KOJIeOaTeNb-
HBIX TPOLIECCOB MPE/IOKEHO HCTIONBb30BAHUE METONMKH TTO/IaBIIe-
HUST OOKOBBIX CIIEKTPAIBHBIX JIETIECTKOB C TOMOIIBIO OKOHHBIX
(unsTpoB. BripaboTaHk! OrpaHUUEHNS pa3psAIHOCTH aHATOTO-IU (-
POBBIX MpeodpasoBareneil B 3aBUCUMOCTH OT TpeOyeMOi TOYHOCTH
COOITIONICHMST SHEPTETHIECKOT0 OanaHca MU YCeUeHNH TUCKPETHBIX
ypbe-pasnokeHnid. [IpuBeneH mpumep peammszanui EpPOBOI
TEXHOJIOTMM MHTEJIEKTHOIO aHAIM3a MapaMeTpoB KoneOaTebHbIX
TIPOLIECCOB.
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Gulaj A. V., Zajcev V. M.
DIGITAL TECHNOLOGY FOR SPECTRAL ANALYSIS OF OSCILLATION
PARAMETERS

Belarusian National Technical University

Performing the Fourier analysis of the harmonic composition of oscillations is an effective approach to the study of vibration processes
in machines and mechanisms. This method of express control remains relevant and highly demanded in the acoustic diagnostics of machines due to
its relatively high informativeness. The expansion of its analytical capabilities is implemented by introducing additional means for digital process-
ing of vibration signals, including smart systems. The objective of this work consists in creating a digital method for spectral analysis of vibration
signals, the implementation of which would be possible with the use of smart devices. This work presents a method of polyharmonic approximation
of the parameters of the signals reflecting oscillatory processes in machines based on the additive combinations of sinusoidal functions. The tech-
nology of truncation of the time discretised decomposition of the above signals into a Fourier series is implemented using the Rayleigh theorem
and the Lyapunov — Parseval equality. The distortion of the frequency spectrum of oscillations is eliminated by suppressing its side lobes using
window filters. To compare the efficiency of different windows, the following special parameters are used: width of the main lobe of the frequency
spectrum; coefficient of relative expansion of the main lobes;, maximum relative level of side lobes; coefficient of relative attenuation of signal
energy. In so doing, the windows of Hanning, Nuttall, Hamming, Barlett were considered, and the parameters of a rectangular window were taken
as basic values. The limitations of the digit capacity of analog- to-digital signal converters depending on the required accuracy of maintaining the
energy balance when truncating the discrete Fourier expansions have been determined. An example of implementation of the digital technology of
spectral analysis of the parameters of oscillatory processes is given.

Keywords: oscillatory process, spectral analysis, digital technique.
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yHauBepcutera. OkoHum MUHCKHN paguoTexHrndeckuid MHCTUTYT (1971), 3ammTiil AMCCepTalio Ha
COHMCKaHHE y4EeHOH CTereHN KaHauaaTa TexHuueckux Hayk (1982), maypear [ocynapcTBeHHOM npemun B
obnacty HayKu ¥ TeXHUKH. O0JIacTh HAYYHBIX HHTEPECOB: METOAOIOTHYECKHE TIPOOJIEMbI HHTEIUICKTHBIX
TEXHOJIOTHI; MHTEIJUICKTYaJbHbIE CHCTEMbl (DOPMUPOBAHHUS 3HAHUMH; MOCTPOCHHE HHTEIUICKTYaJIbHBIX
TEXHUYECKUX CHCTEM.
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LAKE DETECTION ALGORITHM IN POINT CLOUDS OF THE LIDAR IMAGE
BASED ON THREE-DIMENSIONAL CONVOLUTIONAL NEURAL NETWORK
Belarusian National Technical University

An algorithm for detecting lakes in a point cloud of a lidar image based on a three-dimensional convolutional neural network is pro-
posed. The contours of the lakes were extracted from the point clouds of the lidar image and their geometric characteristics were determined using
the chain code algorithm. The accuracy of the proposed algorithm for identifying lakes from clouds of laser scanning points was 96.34%. The
proposed algorithm can calculate and analyze information about the shape of lakes.

Keywords: laser scanning data; three-dimensional convolutional neural network, lake detection; chain code, outline description

Introduction

Real-time and accurate detection of the evolution trend of
lake water surface area is an important means to understand the
change law of lakes. Currently, there are several methods to extract
lakes!!!, for example, by analyzing bands and setting thresholds.
These methods require a manual parameter-setting process. An
object-oriented method can be used to segment and extract bod-
ies of water by analyzing high-resolution remote sensing images.
Thereafter, considering the spectral features, spatial shape, texture,
and context of various ground objects, the method classifies the
extracted bodies of water based on different parameters'®®. Com-
pared with traditional methods, this method has a high accuracy,
can effectively distinguish water and shadow, and suppress the
phenomena of salt and pepper. However, this method requires
more background information, and the parameters are highly de-
pendent on the scene. The strategy of “global local” distribution
iteration has been used to classify plateau lakes by analyzing multi-
source remote-sensing data. The advantages of this method are as
follows: it does not require any manual intervention operations
such as sample collection and parameter input, and it automatically
extracts the target water area. However, it is difficult to gather lo-
cal information with this method, hence, it is difficult to deal with
small rivers.

The optimal lake segmentation threshold is determined
by assessing the characteristics of lakes in two-dimensional im-
ages. Although the above methods can effectively extract lakes,
there is no method to analyze the geometric information of lakes.
During recent years, laser scanning data have been accumulating.
With a high scanning spatial accuracy and short acquisition cycle,
three-dimensional (3D) information of objects can be effectively
obtained to solve the problem of data occlusion in remote-sensing
images. Herein, we propose a new 3D convolutional neural net-
work to extract target objects from laser scanning data.

2 Lake detection in laser scanning data based on
the 3D convolution neural network

2.1 Pretreatment of network input

The preprocessing step includes three processes: regional
location of candidate lakes, voxel organization of point clouds,
and expansion of sample data. In the extraction of candidate lake
regions, the plane with the largest area in the point cloud was con-
sidered as the candidate lake region. Water is affected by gravity,
and the water surface area tends to be horizontal. The problem of
lake detection is transformed into the problem of plane extraction
in the laser scanning point cloud. Because the normal vector of the
water area is known to be (0, 0, 1), the random sample consen-
sus (RANSAC)!' algorithm was used to fit the plane in the point
cloud. The purpose of RANSAC is to estimate the parameters of

the constructed mathematical model from a set of observation data
containing “external points.” RANSAC has the advantage of high
robustness. Its disadvantage is that the number of iterations does
not have a clear upper limit, but only the target model is calculated
with probability. Moreover, the probability is directly proportional
to the number of iterations required by the algorithm. The normal
vector required by this model was determined, which greatly re-
duced the number of iterations required by the algorithm. After
extracting the candidate lake areas, these areas were divided into
voxels, the value of each voxel was 1 or 0; 1 indicates that there
is a point in the voxel and 0 indicates that the voxel is empty. The
input samples of the depth network must have the same size. In this
study, a linear interpolation algorithm was used to normalize the
input region to the same size.

2.2 Network structure design

The constructed deep learning network includes the input,
convolution, sampling, full connection, and output layers. The
sampling and convolution layers appeared alternately in the net-
work. Finally, the identification results were output through a fully
connected network. The designed network structure is shown in
Figure 1.

Lyx16 L6 L3 L=l Lx1? 2

(Cinpur_ =

MaxPooling Conv
(LL,1) (13,13,13)

—

MaxPooling Conv  MaxPooling Conv Full
222 (LILID (222 G33) couti Output

Fig. 1 Structure of the 3D convolutional neural network

There are several feature maps in the convolution and
sampling layers. Each feature map is connected to the feature
map of the previous layer. The number of feature maps in each
layer was recorded as L, in which the subscript i is the layer
mark, and the number of feature maps is set by the user. In
the convolution layer, the characteristic map of the previous
layer is convoluted with a learnable kernel. Once the convolu-
tion result passes through the activation function, the neurons
of this layer are output, and the characteristic map of this layer
is formed. The calculation formula for the convolution layer is
as follows:

fForor0
IDIDW A

where, 1 represents the layer, w, is the convolution kernel
of this layer, and each characteristic graph can have different con-
volution kernels with a size of f x f x f. Each layer has a unique
offset B,. The main function of the convolution layer is to make the
feature displacement invariant. If a neuron X, * in the feature map
on layer / has to be obtained, the neurons near the previous layer

X"t =B, +
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X177 kneed to be convoluted with the help of a convolution check.
The sampling layer is relatively simple, and its main func-
tion is to reduce the spatial resolution of the network. Generally,
the sampling methods include Max-Pooling, Min-Pooling, and
Ave-Pooling, which mean that the sampling results are the max-
imum, minimum, and average values, respectively. In the full
connection layer, the conventional Softmax function!'! is used
to output the network results. It should be noted that after each
convolution layer, the linear rectification function, also known as
the modified linear unit (ReLU)!"?, must be used to enhance noise
resistance of the network. The calculation formula is as follows:

FX), =X"=max(0, X) (2)

ReL.u
If the input sample size is 44 x 44 x 44, the processed size of
samples in each layer is shown in the upper part of Figure 1. The
parameters in the functions maxpooling (f, £, f) and Conv (f, f, f)
represent the size of the sampling kernel and convolution kernel,
respectively. Finally, the output of the network is lakes or other
areas. In summary, a 3D convolutional neural network includes in-
put, sampling, convolution, full connection, and output layers. The
input samples are input to the network from the first layer (input
layer). After feature extraction through the sampling and convo-
lution layers at intervals, the results are output to the output layer
through a full connection layer. In this study, three convolution and
sampling operations were used to complete the construction of the
network. Although adding more sampling and convolution layers
can result in the expression of more complex features, it substan-
tially increases the algorithm complexity and learning time.

The complete process of lake extraction and analysis in this
study, it includes the input of the point cloud scene, extraction of
all plane regions in the scene based on the flatness information
described above, and consider them as candidate lakes. Because of
the unorganized nature of the point cloud, before input to the 3D
convolutional neural network, in this study, we used the voxeliza-
tion technology mentioned above, that is, the candidate lake area is
divided into 1 cm in size * 1 cm X 1 cm voxel, and each region is
interpolated to the same size as the input of the network.

The 3D convolutional neural network is a classifier, and the
network structure is shown in Figure 1. Both training and test sets
were obtained from manually labeled lakes. Because more samples
are often needed to complete the training in machine learning and
the number of samples in a 3D lake is relatively small, it is neces-
sary to expand the number of training and test sets when training
the network. The expansion method is based on the rotation of the
X-, Y-, and Z-axes. The range is [0, 7] and the interval is 7/18. The
expansion operation used here is only to translate and rotate the ob-
ject, and it does not involve scaling. Therefore, the shape features
of the original dataset were saved. The output of the network can
be divided into two types: the target lake and other areas. w, and
B, in equation (1) can be obtained by learning samples through 3D
convolution neural network. At this time, when a new sample X to
be tested appears, equation (1) is used for calculation and network
transmission until the output layer outputs the category. If it is a
not a lake, it is filtered out; otherwise, the next step is to extract the
contour and analyze the geometric properties of the lake.

3 Experiment and result analysis

The effect and accuracy of this method in laser scanning
data will be tested. Firstly, the data to be tested is described; Then,
the detection accuracy of Lake based on the proposed convolution
neural network is given; Finally, the analysis results of Lake geom-
etry information are displayed.

Six airborne point cloud data are selected to verify the al-
gorithm. Figure 2 shows the satellite image corresponding to the
lake in each point cloud data. The airborne point cloud data cor-
responding to lakes in this paper are downloaded from the public
dataset website opentopograph.org (HTTPS: / / www.opentopo-

graph. ORG).

(a) Barker

(b) Eleanor (c) Cherry

(d) Henry Hagg e) Bull Run (f) Lost

Fig.2 Satellite images in testing data

Corresponding to (a) to (f) in Figure 2 gives the coordinates, area,
corresponding airborne point cloud density and acquisition time
of the lake.

In the 3D convolutional neural network experiment, a total
of 8 different network structures were tested. Among them, the
highest accuracy is Test#3, and the corresponding program opera-
tion is shown in Figure 3. The program language is Matlab, which
is based on the toolbox MatConvNet, the hardware configuration
is Intel Core 17 8086k (16 GB memory, 2 NVIDIA geforce GTX
1080 Ti graphics cards), the operating system is windows 10, and
the training takes 598.65 seconds. Due to the small number of
samples, the training samples need to be expanded, there are 30
Lake training sets in the experiment, and 30x18%3 samples are
obtained after expansion, 80% of which are the training set and the
rest are the test set.

! j Epoch 500
A Wia : Reraton 500
F Mt o RMSE 030

MCR  ood

Teta 135303

f Abort framing

:N“ruhmn';‘(’!‘ﬁ |MW:. Hessian Wl‘l:ﬂhmo’wﬁ‘;l 0
Fig.3 Execution interface results of test#3 ( CNN training pro-
cess, Hessian calculation process)

Through the accuracy evaluation of this paper, it can be
seen that the accuracy of the lake recognition algorithm proposed
in this paper can meet the requirements of three-dimensional ob-
ject recognition. Then, based on the proposed chain code method,
each boundary extraction result is obtained in the detected Lake
area, as shown in Fig. 4. Among them, the size of Barker Lake in
Figure 4 (a) is 2158 M x 1209 m, 230000 points in total; In Figure
4 (b), the size of Lake Eleanor is 4807 M x 3 199 m, 2.05 million
points in total; The size of Cherry Lake in Figure 4 (c) is 6465 M
x 2745 m, 2.22 million points in total; In Figure 4 (d), the size of
Lake Henry Hagg is 12362 M x 11597 m, 1.07 million points in
total; The size of Bullrun Lake in Figure 4 (E) is 9436 M x 7570
m, 1.29 million points in total; The Lake Lost in Figure 4 (f) has a
size of 5912 M x 4870 m, 140000 points in total. As can be seen
from Figure 4, the algorithm in this paper can effectively extract
the boundaries of each lake and accurately describe the complex
concave convex areas in the lake. Next, the extraction accuracy
will be analyzed.

The lake shape information calculated according to the
chain code, the method based on chain code calculation is differ-
ent from the above point cloud extraction shape analysis method,
the length of chain code calculation refers to the longest distance
between two points in the horizontal direction, and the width refers
to the longest distance between two points in the vertical direction;
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The length described in Fig. 4 refers to the horizontal span of the Conclusions
target object, and the width refers to the vertical span, the method
adopted is to use an external rectangle to roughly describe the gen- Herein, we proposed a 3D convolutional neural network
eral situation of the object. When calculating the area, this paper  to identify lake areas, and a chain code extraction algorithm
uses the chain code method to accurately describe the lake area. was designed to analyze lakes in aerial laser scanning data. The
o experimental results showed that the shape features of objects in
3D point clouds can be learned using the proposed convolution
neural network; the 3D convolution neural network proposed in
this paper can effectively filter non-lake areas with an accuracy
_— — e 0f 96.34%. In addition, the lake boundary can be accurately
(a) Barker (b) Eleanor (¢) Cherry described using an eight-direction chain code. The length, width,
=

the aerial laser scanning point cloud, such as streams, canals,
estuaries, and seaports, and detect their changes by extracting
their contours.

i

[ and area of the lake can be calculated using the chain code. Final-
ly, the area of the lake was accurately calculated by linear fitting.
\ The next step was to extract and analyze other water bodies in

(d) Henry Hagg (e)Bull Run (f) Lost

Fig.4 Results of lake detection
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CIO ILIAHBIIIAHD
AJITOPUTM OBHAPYXEHMUS O3EP B OBJJAKAX TOYEK JIMJAPHOT O
MN30OBPAKEHUS HA OCHOBE TPEXMEPHOW CBEPTOYHOMW HEMPOHHOM
CETU
benopycckuii nayuonanvueiii mexuuyeckuu ynueepcumem

Tpeonazaemcs ancopumm odHapysicenus o3ep 8 0onaKe movex UOAPHO20 U300PANCeHUs. HA OCHOBE MPEXMEPHOT CEEPIOYHOL HEUPOHHOU
cemu. Konmypor osep Goiiu useneuenvl us 00NAKo8 MOUEK MUOAPHOLO U0OPANCEHUs, A UX 2eOMEMpPUUEcKUe Xapakmepucmuky Onpeoeiensl ¢
UCNOTB306ANHUEM ANCOPUMMA YENHO20 K0OA. TOUHOCHIb NPEONOJNCEHHO20 ANeOPUMMA UOEHMUDUKAYUL 03ep NO OONAKAM MOYEK IA3EPHO20 CKAHUPOBAHUSA
cocmasuna 96,34%. Ipeonazaembviii ancopumm noseoiaen paccuumuléans U aHausuposans UHGopMayuio o gopme osep.

Kniouegvle cnosa: Oanmvie 1a3epHO20 CKAHUPOBAHUA, MPEXMEPHAS CEEPMOYHAS HEUPOHHAS cemb; ODHApYXCeHue 03ep; YenHou Koo,
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OFF-LINE BEPUOHUKALIMA PYKOITMCHOM MOJNNUCHA C TPUMEHEHUEM
CBEPTOYHOM HEHPOHHOM CETH
Tocyoapcmeennoe nayunoe yupescoenue « ObveounenHvlli UHCIMuUmym npoonem
ungopmamuxu Hayuonanvnotl akademuu nayk berapycuy

Hannas cmamos noceésujena paspadomke memooa o6Hapyscenus NOOOeIKu pyKonuchvlx noonucei. Iloonuce 0o cux nop ocmaemcsi
OOHUM U3 CAMBIM PACHPOCMPAHEHHBIX Meno0008 udeHmugurayuu ruyHocmu. [loonuce Ha GUHAHCOBBIX U OPYyeUX OOKYMEHmMax modicem Ovins
nO00eNana, nodMoMy GulsigIeHUe NOOOCKU AGIAEMCS AKMyaIbHou 3a0adei. Dmo 3a0aua OGUHaApHOU KIAcCuurayuu: onpeoenums s6u1emcs

nOONUCH NOOTUHHOU UTU PATBUUUBOLL.

B cmamve onuceisaiomes pesyrbmamol pacnosHasanus. pyKONUCHuIX NOONUcell, 8blNOTHEHHbIX Ha Oymadxchom nocumene. Jlus
IKCNEPUMEHMO8 UCNONb308AACh 0A3a pYKONUCHbIX noonucell 10 uenosek. /s kaxcooeo uenosexa oviio cooparo 10 noorunusix u 10 noooenvhvix
noonucet, 6bINOIHEHHBIX Opyeumu 1o00vmu. [loonucu 6vliu oyugposansvl 6 ude yeemuvix uzobpasicenuil ¢ paspewenuem 850%550 nukcenei.
3amem popmuposanoce bunapnoe npedcmasgienue kaxcoou noonucu. s Kiaccugpurayuu ucnonb308aiucs mpu 6apuaHma ymeHbuleHus noonucetl
00 pasmepos: 128%128, 256%256 u 512 %512 nukceneii. Imu uz06paxcenusi CAyiuCunU UCXOOHLIMU OAHHBIMU OJisl C6EPMOYHOU HEUPOHHOU Cem.

Bpesynomame mecmuposanusi  npeoiazaemo2o nooxoda CpeoHsisi MOYHOCHb KOPPEKMHOU  KAACCUDUKAYUU  OOCMUSHYMA HA

uz0bpasicenusx cpednezo pasmvepa u pasusemcs 93,33%.

Knrouegwie cnosa: Pacnosnasanue, sepugpurayusi, pykonuchas noonucw, kiaccugurayus, FRR, FAR.

BBenenne

PacniosnaBanne 00pa3oB MIMPOKO MPHMEHSIETCS B
TaKUX 00JacTsX, Kak IU(poBasg 00paboTKa H300paKEeHHH,
KOMIIBIOTEPHOE 3peHue, Ouomerpust CO3/1aHne
WHTEIUIEKTYaJIbHBIX CHUCTEM Oe30IacHOCTH, KOHTPOJIS
goctyna u T. . OfHOW W3 aKTyalbHBIX 3a/a4 SIBJISCTCS
pacrio3HaBaHHE  PYKOMHCHBIX  TEKCTOB,  ITOJNHCEH.

TepMuH «pacriozHOBaHME» OOBEIMHSCT JIBA
MOHATHSL — «BepUDUKAIMS» W «UIACHTU(DUKALID.
Bepugpurkayus — 51O TIOATBEPKACHUS COOTBETCTBUS
TIPEICTAaBICHHOH  OMOMETPHYECKOH  XapaKTepHCTHUKA
YEJIOBEKa OINPENENICHHOMY HACHTH(HKATOPY, KOTOPBIH
yKa3bIBaeT MOJb30Barelb. [Iporieaypa BBINOIHIETCS yTeM
CpaBHMBaHMs Kojia (M3 MpEe/ICTaBIeHHON OHOMeTpHYeCKOr
XapaKTePUCTUKH) C KOMaMH, XpaHsanmMucs B 0Oase
maHHbIX  (BJI) ¥ COOTBETCTBYIOIIMMH  OMpEIeTICHHOMY
uneHTnuKaTopy  nonp3oBarens.  HMoemmugpuxayus
— 9TO CpPaBHEHHWE BBIYMCIEHHOTO II0 OMOMETPHUYECKOH
XapaKTepPUCTHKE YesIOBeKa KO/ C KOJIaMH, XPaHSIIUMUCS
B B, c¢ wuenbto aBropuzauuu mnojb3oBarens [1].

Cawmprii pacIpoCTpaHEeHHBIH crocod
MEPCOHANBHON ayTeHTH(HKAMKA B OMOMETPHH SIBIISIETCS
pykonmcHass moanuck. OH MIMPOKO HCIIONB3YeTCsl BO
MHOIMX OaHKaX, NETOBBIX ONEPAIMAX M JIOKYMEHTaXx,
KOTOpBIE ~ YTBEP)KNAIOTCS € TIOMOIIBIO  TOJITUCEH.

Wnentndukaniio pyKONMMCHOM MOIINCH MOXHO
BBITIONHSATH CTATHIECKH B pexkuMe online M qUHaMHYECKn
B pexxume off-line.

Crarmueckoe wm  off-line  pacrozHaBaHmne
MOJIIMCH BBINIONHACTCS TOCNE TOro, Kak €€ oOpa3 Ha
Oymare ObL1 olppoBaH. 3areM HU(POBbIE N300pAKEHHS
mpeoOpasyroTes ¥ aHammiupyoTes [3]. B auHamirgeckux
wn online cucTeMax pacro3HABAHWS AHATN3 HAYMHACTCS
B Tporecce e€ coszmanus. JoMoOMHUTENBHO coOMpaeTcs
nH(pOpMaIK O TIOCIIEIOBATEILBHOCTH KOOPAMHAT X U Y
TOUYEK TOATHCH, NH(OPMALHST O CHIIC HaXKaTHsl, CKOPOCTH
HalMCaHMs U T.JI.

CIIOKHOCTh ~ 33/1a9M  WCCIICJIOBAHMSI  TIOITUCH
OTIpeNeNsieTCs CASAYIONMMHE (akTopamu [2]:

— MOJIIIMCh — 3TO KPATKUH 1 MaJIo MH(OPMATUBHBIH
HA0Op TAHHBIX;

— OHa MOXET OBITh CKOITPOBAHA C MPHIMEHEHHEM
TEXHHUYECKHX CPEJICTB;

— Ha TPOBEPSIIOIIEr0 MOTYT BO3JEHCTBOBAThH CON-

Batorye (hakTopsr;

— TIOYEPKH pa3HBIX JIIOJEH €CTeCTBEHHBIM 00pa-
30M OBIBAIOT CXOXH;

— MOJIUCh YEJIOBEKA BCEIIa BAPUATHUBHA.

Jnst pemieHust  JaHHOM — mpoOnemMbl  ObLIO
TIPEITIOXKEHO MHOXKECTBO Pa3iIMYHBIX MTOAXO0/I0B. TouHOCTD
X paclo3HaBaHMUS IPOBEPSUIACH HA OOIIENOCTYIHBIX
Habopax naHHbBIX, Takux kak GPDS960, GPDS-4000,
MCYT u CEDAR wu np. Bce 3t HaOOpHI IaHHBIX
cofep Kar TPH IPYIIIbI TOANMCEH, TO/UTMHHbIE, CITyJaliHble
1 KBAIM(HUIIMPOBAHHBIE MTOJIEIKH.

PacriosHaBaHMe PYKOITMCHOW TOAIHNCH IIHPOKO
HCCIIEIYIOTCS TIOCIEAHUE JIECATUIIETHE, HO OCTaeTCs
OTKPBITO# Mpo0IieMa Co3/1aHus TEXHOJIOTHH, KOTOpast MoIvIa
ObI 1TOKa3aTh BHICOKYIO TOYHOCTh PACTIO3HABAHNS TIOATIHCH.

Ilenbto cucteM NPOBEPKH TIOAIMCH SBISIETCS B
pazinyueHre NOUIMHHBIX MOIIUCEH OT MOUIEIBHBIX. JTO
CIIOJKHAsI 3a/1ada, OCOOCHHO B CTAaTMUECKOM METOZIE pac-
M03HAaBAHMS, UCIIONB3YIOLIEM H300paXKeHHUs! TOTyYEHHBIX
myteM QortorpagupoBaHus WM CKaHMPOBAaHHS, TIJe
JMHAMHWYECKasi MH(OpPMAIs O Tpolecce IMOMITHCaHUs
HEZIOCTYIIHA.

[Tpumenenue HEeHpPOCETEBBIX TEXHOJIOTHH
TIOMOTaeT BEPUHIMPOBATh IMOANNCH OojIee TOYHO. DTO
00yCJIOBJIGHO TEM, YTO HEUpOHHBIE CceTd 3((PEKTHBHO
CTPOSIT HEJIMHEHWHBIC 3aBHCHMOCTH, KOTOpPBIE TOYHEE
ONMCHIBAIOT JJAHHBIE, OHU 0O0JIee YCTOIUYMBBI K IIIyMaM BO
BXOJIHBIX JAHHBIX W aJaTUPOBAHBI K MX H3MEHEHHSM.
OO030pHI JaHHBIX PabOT NpHUBEEHBI B padoTax [3-6].

B crarpe [7] mpuBeneHsI (hOPMYITBI BBIYHCTICHHS
76 ¢yakuumit, a B [8] ommcansl 44 (QyHKIMH OLICHKH
pesynsraToB  OnHapHOM Kiaccudukanmu. B cratbe [9]
JaHbl  OpMyNBI TIATH HamOosiee PacrpoCTPaHEHHBIX
(YHKLNI OIEHKH PE3y/IBTaTOB OMHAPHOMN KiTacCH(HKALIH,
NIPEICTABICHHBIX MaTpulieil OmMOOK, M HCCIIEZI0BaHBI
HEKOTOPBIE CBOICTBA ATHUX (PYHKITHIA.

B OOJIBIIHCTBE Clly4acB PE3YIBTAThI
KJ1acCH(MKAaTOpPOB OIEHUBAIOTCSI 110 MaTpPHI[AM OLINOOK
(confusion matrix). B Tabn. 1 mpencraBieHBI OOBEKTEHI,
BEPHO, OTpENIEIEHHBIX KJIACCOB (true) m OmMOOYHO OIpe-
JieNeHHbIX KiaccoB (false) B Bue Takoid Marpupt [10].

CUCTEMHBII AHAJIN3 U ITIPUKJIAJHAS HHOOPMATHUKA
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Tabmuma 1 — Matpuna ommbok OnHApHOH Kilaccu(UKaIuU

WcTunHas kiaccudukanms

IIpencka3anuslil knacce

Knacce 1 Knacc 2
Kinaccl True Positive (TP) False Positive (FP)
Kiacc 2 False Negative (FN) True Negative (TN)

TP + FN = o0riee
4UCII0 00BEKTOB
Kimacca 1

Yuciio 00beKTOB
B KJIacce

FP + TN = o61iee unciio
00BEKTOB Kitacca 2

Jis  oueHkM 3(QEKTMBHOCTH pacrlo3HaBaHUS |
BepU(HUKAIMK HCIIONB3YIOT TaKHe II0Ka3aTesd, Kak OIIMOKa
niepsoro poxa FRR (oTHoIIeHME unciia ommOOYHO OTKIOHEHHBIX
TIOJUTMHHBIX MOAMICEN K 00IIeMy UHCITy MOUTMHHBIX MOMHUCEH),
ommbka Broporo poma FAR (oTHomieHue umcia OMIMOOYHO
MIPUHATHIX MOICNIOK K 00IIeMy Jucity momienok) u mepa EER -
YPOBEHb PaBHOI BEPOSITHOCTH OIMOOK, Tipr KoTopoM FAR 1 FRR

paBHsbI [1].
FAR u FRR ompenensrorest o hopmyam:
FAR = FPR = _fP
FP+TN , tme FPR = noxHOIOMoXu-
TENBHBIN KO3 PUITUEHT;
FN

FRR=FNR=——
FN+TP |, FNR = 10XHOOTpHIIATEb-

HBIHA KO3 uLHeHT;
FP (False positive) — T0XHOTIOIIOKUTEIEHOE PEIICHHUE,
TaKoke HaszplBaeTcs ommoOkoit 1-To poma. Mozens mpenckasaia
TIOJIOXKUTEIIBHBIN PE3yIIbTaT, @ Ha CAMOM JIEJIe OTPULIATEIbHBII;
TP (True positive) — ICTHHHONIONIOKUTETEHOE PEIICHHUE.

IMoaroroBka JaHHBIX /ISl PACIIO3HOBAHUS
JJIs1 IA(POBBIX U300paKeHmit

B kavecTBe SKCIIepIMEHTATBHBIX JAHHBIX IS 00y ICHUS
CHCTEMbI PACIIO3HABAHUSI PYKOITHCHOM MOITUCH HUCIOIb30BAIACH
6a3a, coneprkaruas 200 H300pakeHni pyKONUCHBIX moamuceit 10

Mopzens Tpenckazana IOJIOXKUTEIBHBIN PE3yNbTar, IIPOTHO3
COBITAJ C PEATbHOCTBIO;

FN (False negative) — n0O)XHOOTPHULIATENILHOE PEILICHHUE,
TaKKe HasbpIBaeTCsl ommOKod 2-To poma. Mozjens mpezckasana
OTPHIIATEIILHBIN PE3yIIBTAT,  Ha CAMOM JIEJIe MTOIOKHTEIbHBIIH;

TN (True negative) HUCTHHHOOTPUIIATENILHOE
pemenre. Moyenb Tpencka3ana OTPHI@TENBHBIA  PEe3yNIBTaT,
MPOTHO3 COBIIAJ C PEATBHOCTBIO;

s oueHKH — KiaccHMUKAIMM  HAIled — MOJeH
ucnons3oBay (GyHKIMIO (Accuracy). Aropsl crareu [10] cum-
TaroT, YTo (YHKIHS Accuracy OMNpEAeNseT OO MPaBHIbHBIX
OTBETOB M KPAaTKO MOXKHO TEPEBECTH KaK IPABHUJIBHOCTb HIIA
TOYHOCTb. [IpM paBHOM 4YHCIO OOBEKTOB OOOHMX KJIAcCOB JTY
(YHKIMIO MOXKHO HCIOJB30BaTh Il OLCHKH PE3yJIbTaToB
KiacCU(UKAIHH.

TP +TN
TP+TN + FP+ FN

Accuracy =

B Tabnure 2 mpeacTaBneHbl pe3yIbTaThl PaCIIO3HABAHNUS
0 MeTpuke Accuracy.

u puc.3) H300paKeHbI IPUMEPbI PyKOIMCHBIX roanuceii 10 gero-
BEK JIO U IIOCJIE IIPE/IBAPHUTENIBHOIM 00paboTKH.

W3o0paxkenns PYKOITUCHBIX TIOJIITHCer
NpeoOPa3OBHIBATIOCEH B TIOTYTOHOBEBIA BHJ, a 3aT€M B OMHAPHBIH.
st aToro ucnons3oBancst Mmeton Otiry. C MOMOIIBIO JAHHOTO

§ s

“

= @
m m
- £

0

m

g QEE
¥ ¥

] D &

gEEEEy
gEEEE .

W om0 W a0 wa aw

wa an wr Lo wa &0

Puc.2 — IIpumepst 00pasion

yesoBeK pazmepom 850x550 mukceneit. B 6ase Oputo 10 mommma-
HbIX U 10 nmoaaenbHbIX MOANMCEH Kaxkioro yenoseka. Ha (puc. 2

BEE

HMCXOJHBIX MOAINCEN

METOIa BBIUHCISACTCS HOPOr t, MUHUMH3UPYIOIIUH CPEIHIOI0
OomMOKy CErMEHTAlMH, T.€. CPEIHIOI OMMOKY OT NPUHATHSL
pelIeHHs O IPUHAUICKHOCTH ITUKCENeH H300paXkeHUst K 00BEKTY
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T

Puc.3 — IIpumeps! 06pa31oB pyKOIUCHBIX MOAMHUCEI! TOCTe MpeBapUTEIbHOI 00padoTKH

baza nmaHHBIX ObUTa COOpaHa C TIOMOIIBIO CTYICHTOB
Oepranckoro ¢umana TalIKeHTCKOro YHHBEpCUTETa HWMEHH
Myxammaza aj-Xope3Mu.

IIpumeneHne cBepTOpUHOI HEHPOHHOH ceTn

Jlnst pactipenieneHust KiIaccoB M300pakeHHs! CO3aBaId
KaTaJory, B K)KIOM KaTaJore CO3JAIOTCS II0 JBa MOJKATaJora,
B COOTBETCTBHHM C Ha3BaHMSAMH KJIACCOB: genuine (TIOJIMHHBIE) U
forced (mommenbHbIC).

OKCIepUMEHTHl  BBIIONHSUINCH € YMEHBIICHHEM
nozurceit 1o pasmepoB 128x128, 256x256, 512x512 mikceneit.

ApXUTeKTYpa CBePTOPYHOil HelipOHHOM ceTH

Monens mryGokoro oOydeHHs, WCHONb30BAaHHAs [UIS
TMOTyYEHNUs] PE3YIIBTATOB, OMHCAHA HIDKE:
1.  Cnoii ceeprku, pa3Mep sapa 3x3, KOIMYECTBO
KapT MPU3HAKOB - 32 INTYKH, (PyHKIUS aKTHBA-
i RelLU.

2. Cnoii nonBeIOOPKH, BEIOOP MAKCHMAJIBHOTO 3HA-
YeHWs U3 KBajpara 2x2.
3. Cnoii cBepTku, pasMep saapa 3x3, KOIMYECTBO

10.

KapT MPU3HAKOB - 32 mMTyKH, (QYHKIUS aKTHBa-
muu ReLU.

Cr1o#1 otBEIOOPKH, BEIOOP MaKCHMAaJIBHOTO 3Ha-
YeHUs U3 KBajpara 2x2.

Croii cBepTky, pa3mep sAapa 3x3, KOIUYECTBO
KapT NPHU3HAKOB - 64 mTykn, QyHKIMS aKTHBa-
muu ReLU.

Crio#i oBBIOOPKH, BEIOOP MaKCHMAaJIBHOTO 3Ha-
YeHUs U3 KBajpara 2x2.
Crnoii  mpeoOpasoBaHus U3
OIHOMEpPHOE IIPE/ICTaBICHHUE.
IMonHocBs3HEIN c0i, 64 HelpoHa, (yHKIUS
akTuBauu ReLU.

Cnoii Dropout. D10 MeTox HpOpEKUBaHUS,
KOTOpBIH ~ HMCIONIB3YeTCS UL yCPEXHEHHS
TIOJTy9YeHHS Pe3YABTaTOB O0yUCHHS.

BeixomHoii ciiold, 1 HelipoH, QYHKIMS aKTHBALH
sigmoid.

JIByMEpHOTO B

Cron ¢ 1 mo 6 UCTIONB3YIOTCS IJIsT BBIACIICHUS BAYKHBIX
MPU3HAKOB Ha M300pakeHHH, a ciaou ¢ 7 mo 10 - i oueHKu
pe3yiibrara KiacCH(HKaIUH.

100

150

00

50

-2

200 300

a)

400 500

00

300

6)

400 500

Puc. 5 — Ilpumeps! noanucu

a) nOONUHHAsL NOONUCHL 6) NOOOeNbHAS NOONUCD

Ha puc. 6. a) u 0) npuBeaeHbl TpadUKU TOYHOCTH OOYUCHHUSI M BAIUAAINH, @ TAK)KEC U3MCHCHHE TOYHOCTH U TOTEPh
BO BpeMsi oOyuenus. Ha mpumepe NpoBEpOUYHBIX JAQHHBIX OJHOTO YelOBeKa IS M300pa’keHUH IMOAINcell ¢ pa3pemeHueM
n300pakeHuUst MOANUCH 256X256 MuKcemen.

To4HOCTE 0by4eHua n Banudaunm

10
039
08
07

a)

0.6
®  DfyueHne

05

— Bannpauws

00 125 150 175

08

0.6

0.4

0z

0.0

W3MeHeHe TOYHOCTH W MOTERL BO BpEMA Oﬁ}f‘leHMH

® NoTepU NpW ofyyeHun
—— MoTepu NpY BanMaaLuK

0.0 25 5.0 75

oo 125 150 175

Puc.6 — Ilpumep oO0ydeHus HelipoceTn (METpUKE accuracy) AJist OIHOTO
YeJoBeKa:
a) - I'pagpux obyuenus u sanuoayuu, 6) - I pagux gynxyuu nomepo

Ha srane oOyueHust Habop noanuceit 3-ro YesnoBeKa nokasajl HanxXy/AIUK pe3ysbTaT BaIMAALK U TECTUPOBaHUS. BeposTHO nmoanmck 31oro
YeJIOBEKA MMEET HeTHITNYHBIE OIPECIIIONINE TTPH3HAKH.
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Ha puc. 7. moxa3aHsl 00pa3isl TOTHHHOMN MOIMUCH IS 3-TO YeIOBEKa.

oth oo
b= et

Puc. 7 — nomMHHBIE TTOAMUCH

Ha puc 8. npuBezieHbI rpa)uKn TOYHOCTH 00y HEHHs 1 BATUIALINH,  TAKKE U3MEHEHHE TOYHOCTH 1 IIOTEPh BO BpeMst 00y 4eHHSI.
OO0yd4eHne ¥ TOYHOCTh Ha HabOpe IPOBEPOUHBIX JAHHBIX JUIS 3-TO YeNIOBEKa C pa3peleHreM H300paXeH st MomicH 256x256.

ToYHOCTE 0OY4EHMA U BaAWAaLMK M3MeHeHMe TOYHOCTH W NoTepk Bo BpeMA oby4eHns
10 1 . .o sc e 070
e 09 00 L] L]
L] [ ]
091 065
L]
0.8 -
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L]
0.7 .
) ) 055
0.6 1
[}
™ ®  DfoyueHne 050 ®  noTepd Npu oSyYeHnn
05 4 —— Banngauus ) = NOTEDPH NPK BANMOALWK °
T T T T T T T T T T T T T T T T
0.0 25 5.0 15 00 125 150 175 00 25 5.0 75 00 125 150 175

Puc.8 —Ilpumep oOydeHwst HEUPOCETH MO METPUKE accuracy Juist 2-ro delioBeka
a) I pagpux ob6yuenus u eanudayuu;, 0) I pagux ¢hynkyuu nomeps noonuceti ¢ paspeuteHuem

Mornernb 00ydarack Ha PyKOITHCHBIX MOIHCSX 1151 BeeX 10 4enoBek, a Takke MHANBHYATIbHO [T KaKI0TO YeIOBeKa.
Ha puc.9. noxazansl rpaduku oOydenust 11 Beex 10 uenosek ¢ pasmepamu 128x128, 256x256, 512x512 nukceneit. U3 puc.9.
BH/THO, YTO TOYHOCTBH OOYUEHHMS MOJIEIM BO BCEX CIIy4asX MOKa3aja MaKCUMAaJIbHBIN Pe3ysibTaT 00ydeHust

To4YHOCTE 0BYy4eHNA M BanMoauum To4HOCTE 0by4eHna u Banngauum
10 L] . 10 L L] L L
® OGyuenue et L] L] P . P .
—_— L]
Banugaumna .
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07

06

al

0.5
®  0OSyyeHue

04 04 — Banunaums
0.'0 1:5 5.‘0 7.'5 ld.O ]2' 5 15‘.0 17' 5 00 25 50 75 00 125 150 175
TouHoCTb ofydenus u Banuaaumum V3MeHEHUE TOYHOCTH W NOTEPR BO BPeMS oby4eHnA
101 e Obyuesue st a® .. 08 . ® noTepu npu obyuerun
— Banupaums «*"* . —— MOTEDH NPW BaNMAZLHK

0.9
08
07
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05 d e) 02

L]
04 00 *ee0see

00 25 50 75 100 135 150 175 00 25 s0 75 100 125 10 s
Puc.9 — [Ipumep o6yuenus netipocemu oz 10 uenosex:

a) [padux oOyuenust u Banumanuy cpaspeniennem nzoopaxenus 118x118;
0) ['paduk oOydeHus U BaTHIANU Cpa3penieHneM n3oopaxenus 512x512;
B) ['pacduk oOyueHns u BaIuaaiy cpa3penieHneM n3oopaxkenus 256x256;
r) I'paduk GpyHkIMK noTeps noanuceii ¢ pazperieHnem 256x256.
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AHa/IM3 pe3yJIbTaTOB OMHAPHOI KiIaccupukanuu
HaHHBIX

Jlns oOyuenus, BaquJalMU M TECTHPOBAHMS MOJAEIN
6bu10 Mcnob30BaHo 200 M300paKeHHIT PYKOIMCHBIX TOAIHCEH
B mponopuyn 8:1:1 coorBercreeHHo. IloroBuHa U3 HHUX ObLIa
M300pXKEHUAMH TTOITMHHBIMY MOJITHCSMHU, a BTOpasi TIOJTOBHHA
— TMOJIETBHBIMA.

BbrMuciuTeNnbHBII  OKCHIEPUMEHT — TIPOBOMIUICS — Ha
KOMITbIOTEpE, C IMCKpeTHBIM Buaeokaproit Intel (R) HD Graphics
5500 (1 I'b BuneonamsTn).

Jlns co3maHus CHUCTEMBI PAcHO3HABAHMS PYKOMHCHON
noxnucy ObUIO0 pa3paboTaHO HECKOIBKO MPOrpaMM Ha S3bIKE

Python ¢ wucnomp3oBaHMeM Mozeneld DTyOOKOro OOyYeHHs.
PaboTy 1TaHHOrO IIPOrPAMMHOIO 00ECIICYEHHSI MOXKHO Pa3AeInTh
Ha HECKOJIBKO JTaloB: MOJTOTOBKAa Habopa MaHHBIX, cOOp
M300paKEHUI ¢ OTHOBPEMEHHOH MpenoOpaboTKoi, o0ydeHHe
Ha COOpaHHBIX JIAHHBIX MOCPEICTBOM IOATOTOBJICHHOH MOJENH
00yUCHUS.

B pesynerare TectupoBanuns mogenu TP =85, TN = 83,
FP=7,FN=5u

85+83
85+83+7+5

OO6y4eHHast MOJIENTb HEHPOHHOM CeTH JTyUIINH pe3ysbTar
TMOKa3aa MpH pa3perieHHH PyKOITUCHBIX TTOATIHCeH 256X256 MuK-

Accuracy = =0,9333

ceneii (Tabmuma Ne 2).

Tabnuna 2 — Pe3ynberarsl pacrio3HaBaHUs MOJIMUCEH OTACIbHBIX JTHOCH

Ne xaxxgoro IIpaBuiiHOCTH [IpaBuiHOCTH IIpaBuiiHOCTH
YyeoBeKa pacro3HOBaHUs | pacmo3HOBaHUSI | PAaCIO3HOBAHMS
C pacillepeHUuEeM | C pacuiepeHHeM | C pacllepeHHueM
128x128 256x256 512x512
Yemopek Nel 90,5 95,2 91,1
YemoBek No2 98 100 94,2
Yenmosek Ne3 75,2 76,2 75,3
Uemobek Ne4 91,2 96,4 90,1
Yenmosek Ne5 80,4 93,5 87,5
Yenosek Neb6 85,8 92.1 89,8
Yenosek Ne7 93,5 94,6 92,7
Yemosek Ne® 88,7 95 96
Yenosek Ne9 79,8 90,3 89,5
Yemopek Nel0 100 100 96
Cpennee 88,31 93,33 90,22
3akirouenue u pasuserca 93,33%. B  panbHelilmeM  1utaHMpyeTcs
YCOBEPUIICHCTBOBATH AJIMOPUTM u IIOBBICUTH TOYHOCTH

Off-line BepuduKays TOAMUCH YCTYIAET B TOYHOCTH
TexHoJornu on-line. Pe3ynmbrarsl AKCIEPUMEHTOB, OMHMCAHHBIX
B CTaTbe, MOKA3aId, YTO ITOAXOJ K BEepH(MHKAIMH PYKOIHCHOM
TIO/IITHICH SIBIISIETCSI IEPCIIEKTHBHBIM HAIIPaBICHUEM.

Cpennsis  TOYHOCTh  KOPPEKTHOH  KilaccUUKanum
HOJIICEH, TOCTUTHYTa Ha H300paeHMsX pasmepa 256x256,

pacrno3HaBaHus, a TaKKe C(HOPMHUPOBATH BBIOOPKY OOIBIIETO
o0bema ¢ PIMEHEHNEM ayrMEHTALMH JaHHBIX Ha 9Tare 00yueH s
cerd. OCHOBHBIM HaIpaBICHUEM ITOCICIYIOIIIX HCCIIETOBAHMIT
Oyzer BblIeseHHe MH(OPMATHBHBIX MPHU3HAKOB, MO3BOJISIOIIMX
JIOCTHYb BBICOKOTO TOYHOCTH PACIIO3HABAHHE.
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V.V. Starovoitov, U.Yu.Akhundjanov
VERIFICATION OF A STATIC (OFF-LINE) SIGNATURE USING A
CONVOLUTIONAL NEURAL NETWORK

This article is devoted to the development of a method for detecting forgery of handwritten signatures. The signature still remains one of
the most common methods of identification. The signature on financial and other documents can be forged, so detecting forgery is an urgent task.
This is the task of binary classification: to determine whether the signature is genuine or fake.

The article describes the results of recognition of handwritten signatures made on paper. A database of handwritten signatures of 10 people
was used for experiments. For each person, 10 genuine and 10 forgery signatures made by other people were collected. The signatures were
digitized as color images with a resolution of 850x550 pixels. Then a binary representation of each signature was formed. Three variants of
reducing signatures to sizes were used for classification: 128 %128, 256%256 and 512%512 pixels. These images served as the source data for the
convolutional neural network.

As a result of testing the proposed approach, the average accuracy of the correct classification was achieved on medium-sized images and is equal
to 93.33%.

Keywords: Recognition, verification, handwritten signature, classification, FRR, FAR.
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VIIK 629.056

B.B. JIETKOCTVYII

METOJAUKA OINPEAEJEHUA CTATUCTUYECKUX XAPAKTEPUCTUK OLIEHKH
JAJIBHOCTH 11O JOIIVIEPOBCKHUM CMEIIEHUAM YACTOTbI
OAO «AJIEBKYPII», Munck, Pecnyonuxa berapyco

B oannou pabome npusedena mMemoouxa NOAYHeHUs. OCHOBHBIX CINAMUCMUYECKUX XAPAKMEPUCUK OYeHKU OdIbHOCIU 00 00beKma
10 08yM OONNIEPOSCKUM CMEUJCHUSM YACMOMbL HABULAYUOHHO020 CUSHANA. Jlannas 3a0aua 603HUKaem npu paccMompenuu npoyecca HageoeHus
HeKomopo2o 00ekma Ha yeib 600b 2UNepoolbl ¢ NOMOWLIO OUCMAMUYECKOU PA3HOCIHO-0AIbHOMEPHOU HABUZAYUOHHOU cucmembl. Hecmompsi
Ha Mo, Ymo KOHmyp HasedeHus 00beKma 3aMKHYm O Pa3HOCMHO-OWIbHOMEPHOU UHGOPMAYUL, 8 aN20pUmMm 8blpabomKU KOMAHO YNpAGieHus.
HE0OX00UMO 8600UNMb OANLHOCHL MENHCOY 00BEKMOM U YEeHMPOM HABULAYUOHHOU CUCIEMbL C Yelbl0 CMAOUIUZAYUU YACTOMHOU XAPAKMEPUCTUKU
KOHNYpA ynpasienus u KOMNeHcayuu OUHAMU4eckol ouwubku. B dannoil cmamee paccmomperivl Cmamucmuyeckue Xapakmepucmuku OYeHKU
OQILHOCMU, NONYYAEMOl HA OCHOBAHUU UBMEPEHULl MPEeX 3HAUEHULl CKOPOCIU 00beKma: COOCMBEHHOU CKOPOCMU OBUICEHUS U O8YX NPOCKYULL

amoul CKopocmu HA JTUHUU, coe()uHmomue o0bvekm ¢ HasUu2ayUuOHHbIMU NO3UYUAMU.

Knrouesvie cnosa: paS’HOCmHO-()LUleO.MepHaﬂ Hasuzcayus, bucmamuyeckas cucmema,

O0ONIEPOBCKO20 CMewenusl Yacmomul, Usmepenue OarbHOCU.

BBenenne

B [14] paccmarpuBaics BONPOC  HABEACHUS
GecrmtoTHoro JierarensHoro ammapara (BJIA) na miockoctn
B IIEJIEBYI0 TOYKY C TOMOIIBIO Pa3HOCTHO-JAILHOMEPHOMH
OucTaTMYecKol HABUTALMOHHOW cucTeMbl. Ilpum 3ToM B
paccmoTpeHHBIX B [1] anropurmax HaBepeHus Qurypupyer
BeJIMUMHA JajbHOCTH MexX Ty BJIA m HaBUTAIIMOHHOI cUCTEMOi,
KaK OJHOM M3 KOOpAMHAT UIMITHYECKOW cucteMbl. [laHHas
BEJIMYMHA AaHAJIOTMYHA 3HAYCHHMIO [JAIbHOCTH, BXOJLILIEMY
MPAKTUYECKH BO B aTOPUTMEI HaBeeHust BJIA, B ocobeHHOCTH
KOHTYypbl ~ HAaBEJGHWs  3CHUTHBIX  YNPAaBIAEMBIX  PAKeT,
QHAJIOTMYHBIX II0 CBOGH CTPYKType KOHTYpPY, IOJyYCHHOMY
B [1]. Hcnonp3oBaHue OambHOCTH B cOocCTaBe KodddmireHTa
YCUJICHUs KOHTypa HaBeICHHUs CTaOWIM3UPYET MOJ0Cy pabodmx
YacTOT KOHTYpPA B YCJIOBHSIX TOCTOSIHHOTO M3MEHEHHS! JATbHOCTH
MeXTy OOBEKTOM HaBe[ECHMS W Ienbio. JIpyruM BaKHBIM
ClydaeM HCIOIb30BaHUS JadbHOCTH SIBIAETCS KOMITEHCAIHS
MHAMUYECKOM OMIMOKHM, HEMHHYEMO IPUCYTCTBYIOIIEH B
OOJIBIIMHCTBE CUCTEM HABEJICHHUSL.

B [4] nmomydeHs! BbIpaKeHUS A1 OLEHKU JaTbHOCTH
B OHMCTarM4eckoll HABUTAIMOHHOM CHCTEME IOCPEICTBOM
M3MEpEeHHs. TPEeX 3HAYCHUH CKOPOCTeH — COOCTBEHHON CKOPOCTH
IBIDKCHUSI OOBEKTa HABEACHUS M IBYX MPOEKIMH 3TOH
CKOPOCTH Ha PaJiyC-BEKTOPBI, COCAMHSIIONINE OOBEKT C JABYMS

zunepﬁoﬂa noaootcenus, usmepenue

HABUTAIMOHHBIMU TO3HUIMSMH. JIaHHbBIEC IPOSKIINH BEIYUCIISIOTCS
MyTeM U3MEpeHHs JOIJIEPOBCKHX CIBHUTOB YacTOTHI JIBYX
MPUHUMAEMBIX HABUTAIIMOHHBIX CUTHAJIOB.

JlanHas paboTa MOCBSIIEHA KPaTKOMY PAacCMOTPEHHUIO
OCHOBHBIX CTaTHCTHYECKUX XapAKTEPHCTUK OLEHKH JAIbHOCTH,
MOJTy9aeMON TOCPEACTBOM H3MEPEHHsSI COOCTBEHHOM CKOPOCTH
nBwkenust bJIA u 1Byx ee MpoeKLuii, 4TO MO3BOJIUT CHEIaTh
BBIBOJIBI O 11€J1€CO00Pa3HOCTH MPUMEHEHHUSI HA IPAKTHKE TAaHHOTO
TTOJTXO/1A.

MeTO)II/IKa MOJIyJ4€HHUsI OLCHKH JTHITHYECKO
AAJTBHOCTH IO USMEPECHUAM NOIVIEPOBCKUX

CABHUI'0B YaCTOTHI

Paccmotpum OUCTaTHIECKYIO Pa3HOCTHO-
JaJTbHOMEpHYI0 HaBHramoHHyto cuctemy (HC), o6pasoBanHyto
JIByMsl CHHXPOHM3HMPOBAHHBIMH IO BPEMEHH HepeIarOIINMI
THO3ULIUSIMU Hl, H2 C U3BECTHOH JUTHHO 0Ga3bl, paBHOM 2¢.C
nomorntpio nanHoi HC ocyecTisieTcs: HaBeieHHE TTOABIKHOTO
OecrnmnoTHOrO JeTarensHoro anmapara (BJIA) b Brons Hekotopoit
runep6onsl. BITA nmBmkeTcss B CTOPOHY 0asbl co CKOPOCTBIO V)

(pucynok 1). Kuaemaruka JaHHOTO IBIDKEHHS OImicaHa B [2-3].

Pucynok 1 — PazHocTHO-anbHOMEpHAs! HABUTAIIMOHHAS CHCTEMA
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r7ie ¢ — (oKycHOe paccTOsHHE WK H0y0asa; d,, d,
IO OTHOLIEHHIO K 0ase; V), V,

— JIAJIBHOCTH OT HAaBUTAlIMOHHBIX MO3MUIIHNI 10 BJIA; @1, 9, —
— IPOEKLMHU BeKTOopa ckopocTu BJIA Ha TMHKMH JabHOCTH; O, O,

yribl BusupoBanus BJIA
— YIJIBI MEXKy BEKTOpOM ckopoctH BJIA u ero

MPOCKLUSMH Ha d,, d, COOTBETCTBEHHO. IIITpHxoBoii miHKell 0603HaYeHa THIIEp6OIIa nostokerus BJIA.
Hemxenne BJIA paccmatpuBaeTcst B JIUIMITHICCKON CHCTEME KOOP/IMHAT, OMUCHIBAEMO BbIPayKEHHAMH [3]

p=d1+d2
2¢
d,—d

= 2,
2c

rac p — KOOpAuHaTa, OMMCBHIBAIOIIAS JJUIMIIC ITOJIOXKCHHUA BJIA (;(anee — SJIIIMNTUYCCKasA

JAIBHOCTB);

T — KOOpJMHATA, ONKCHIBAIOIIAst THIepOoTy mooxeHus BIIA.

TakuM 00pa3oM MO 3SUIMNTUYECKON JaTbHOCTBIO
TIOHUMaeTCst Oe3pa3MepHast BeJIMYMHA, paBHas CyMMe JalTbHOCTEN
OT ABYX HABHTAIMOHHBIX TTo3unuii o BJIA, oTHeceHHas Kk amHe
0a3pl WM HOPMUPOBAHHOE PACCTOSTHUE OT JIMHKM 0a3bl 10 BJIA,
TIPOJIOXKEHHOE BJIOJIb THIEpOOITBI roniokeHust BJIA.

B nponecce nonera BJIA ocyuectisier namepeHus
Pa3sHOCTH BPEMEHHBIX 3a[€PXKEK T PACIPOCTPAHEHHS JABYX
HABUTALIMOHHBIX CUTHAJIOB JI0 HETO, U3JIy4aeMbIX O3ULIUSIMU
IT,, I, , a Takke COOCTBEHHOH CKOPOCTH g, M IBYX JOTIICPOBCKHX
CIIBUTOB 4acTOT Af, Af, NpUHMMaeMbIX curHajoB. CraBuTCs
3a7a4a OLEHUTh KOOPAUHATY P ,ONUCHIBAIOLIYIO UIMITUYECKYIO
nansHOCTh BJTA B JaHHOM HaBUTal[MOHHOW CUCTEME.

W3amepsiemble Ha Gopry BJIA nmoruiepoBckue caBuru
4YacTOT CBs3aHbl € MpoekuusiMu ckopoctd BJIA Ha pammyc-
BekTOphI JanbHocTed BII, m BII, ¥ BeIpaxeHusvMu

Af, =L

V
Ay =2,
Vo=

rJe A — HEeCyllasi YaCTOTa HABUT'AIMOHHOTO CHTHAJIA.
B cBoro ouepenb T 3aBUCHUT OT Pa3sHOCTH JAIBHOCTEH B
COOTBETCTBHH C BBIPAYKEHHEM

dl — d2
Co 2

T=

e €, — CKOPOCTb PacTpOCTPaHEHHs HABUIAIMOHHOTO
CHTHaIa.

13 pucynka 1 BuaHO, uTo nansHOCTh 10 BJIA cBsi3aHa ¢ yriom
packpsiBa QL , O KOTOPEIM Habmonaercs 6asa I1;, I,, co cropons! BJIA,

OTPE/IENIAEMOrO CyMMOMH JIBX YITIOB:
a=0;+0o
1%, (1)
rie O, 0., — yIibl Mek1y BeKTopoM ckopoct BJIA u ero
MPOCKLMAMU Ha BeKTOpbI BIT; u BII, 1 COOTBETCTBEHHO.
B cBoro ouepestb, ymibl O, OL, ONPEIENSAIOTCS CIETYOIUMH
OTHOIICHUSAMHU:
Vi £
7 Teosoy, —m=cosd,. ()
0 4

Kak ykazano B [4], yros 0L cBsi3aH ¢ KOOpAUHATOU P
CeIyIOIUM COOTHOIIEHUEM:
. Tcosp —1

LN ©))

T—COSQ;

riae cosq)l=%[1+cosa+\/§sgn'rsin% T%—cosa—l] _

YTOJI OTHOCUTEIIBHO JIMHUU 0a3bl, TOA KOTOPbIM Habmonaercs BJIA
¢ no3unuu I1,.

Ioy4yeHne 0CHOBHBIX CTATHCTHYECKUX
XapaKTEePUCTUK OLIEHMBAEMOMH TN TUYECKOI
JAJIbHOCTH

Kak yka3plBanoch BbIIIe, i1 OLEHKH mapamerpa P BJIA
JIOIDKEH TIPOM3BOIUTL M3MEPEHHS CKOPOCTeid V,, Vi, V,. Bynem monarar,
YTO IIyMbI JAHHBIX OLCHOK CTAI[HOHAPHBI M PACIIPENEICHBI 110 3aKOHY
Taycca: .
o~ N(My,,07.);

Y;

1~ Ny, O'V );

"N(MVZ: GVZ)’
e My, My, My, — Matemariieckue oKuianus v,, v, v,

2 2 2 > 1
Sy,,07,0y,, —macniepcu Vo, V1, V5.

Jlns  Hauama  ONpeNeNMM — OCHOBHBIE — CTAaTHCTHYCCKHE
XapaKTepPUCTUKM yIia O, 3aj1aBaeMoro BeipaskeHueM (1). Kak usBectHo
[5], MaTemaTruecKkoe OXXUIaHUE M, U IUCIEPCHsI G, BEINIHUHBL O,
SABJISAIONIEHCS CyMMOH JIBYX CITy4yaifHBIX BEIMYHH OyIyT ONpenensThcs
BBIPAXKCHUSIMHU

M, =Mcll +Mm2’ 4)

2 2 2
Oy =0g, +0‘az + ZCOV% a, (5)

e M, ,M, —MareMaTH4ecKue OKUIaHUS YIIIOB O, Oy}
, — [WCIICPCHH YIIIOB O, Oy
€OV, o, ~ KOPPEIIAMOHHBIH MOMEHT YTIIOB  COOTBETCTBEHHO.

OnpenenuM CTaTUCTHYECKUE XapaKTEPUCTHKU Oe3pa3MepHBIX

BeMUMH b u b, 06pa3yeMbIX CJIEIyFOIMMH OTHOIIECHHAMHU:

2 2
Og,» O,

l;l—ﬁ;
Vo

h="2
Vo

[1n0THOCTH pacnpeieNieHus BeposTHOCTe b, b, 06pasyioTcs
YACTHBIMH OT JIeTIeH sl HOPMATTHHO PACTIPEIETEHHBIX CITyIaifHbIX BEITHHHH.
PaccMOTpUM CHadania MUIOTHOCTb PACTIPEIENeHHsl BEPOSTHOCTH by mpn
YCJIOBHH, UTO JIENTMOE 1 JIETHTENh MeXTy coboii He KOppeTHpoBaHb! (B
TOCIIE/ICTBUHM JIAHHOE YCJIOBHE OYIET CHATO), OMHCHIBACTCA BHIPAKEHUEM

(6]
(b)) g5(B) & (b) &) 1 &
b)= £,15) &5 (IJ(Z l]_m[_zlj} (__c]
P Jﬁgﬁ(bl)cylc,,n[ &) a®))] gty oo, T\ 2) (D
e ‘I)(t) Iwrexp(—luzjdu -
HOPMAJIBHOTO PaCIIpEIC/ICHHS;

1 1
g (k)= O__leero__z; 2 (b)= Vlb %

n Vo V1 Vo

]

(GyHKIHMS  CTaHJAPTHOTO

_ gzz(bl) ‘gcglz(bl) . _MIZG M’%o
() exp| LT T
2g; (bl) Sy, o,
Bemmunna 152 pacrpezeneHa o aHAJIOTHIHOMY 3aKOHY.
Ecnu koo duimeHT BapHaiyu 5V, BeTHIUHBI ¥ Oyner Gmisox
K eIMHHIE W GOJTBIIE ee, TO CIyuaiHbIe BEMIMHE by, b, Gy/yT NMeTh
pacrnipezienenue, Ommskoe k Korm, He MMelolee KOHEUHBIX MOMEHTOB.
B nmamHOM ke cmydae, OygeM Honararb, YTO CKOPOCTH [IBIDKCHHS
yrpasisieMoro oobekra ¥, 3HauntensHo Oombiie CKO ee oneHku, 4to
HAKJIaJbIBAaeT KAK OTPAHUYCHHUS HA MUHHMAIBHYIO CKOPOCTD JBIDKCHIHS
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o0beKTa B paboueM Auana3oHe M3MEHEHUsSI CKOPOCTH JBIDKEHUS, TaK W
Ha MaxcuMaibHyto BemmunHy CKO oneHkn ckopoct o0bekTa. B Takom
Cllydae 3aKOH pAcripesieleHns BeIMUMHbI b MOXHO aIpOKCHMUPOBATH
HOPMAJIBHBIM [7] ¢ MaTeMaTHYeCKUM O’KUJIAaHUEM

M 1
b~ M,
0

U cnepeueit
o, =M, * (847 +317) | (8)

" o
e 8Vy=—", 8¥;=—- _koaduuments! Bapuammii s Vy, ¥
My My
0 1
COOTBETCTBEHHO.

VuursiBast BbIpaxkeHus (2), JUIs OIYYEHHs! OLEHOK G, 6y BETMUYUHBL
by, b, TOMKHBI GBITH TIOBEPrHYTH HETHHEHHOMY MPEOoGPA3OBAHMIO
¢dyHkimen  apkkocuHyca. IlostomMy — HEOOX0#MMO, YTOOBI — OHM
pacnionaraimcs B auarnasoxe [-1;1]. C 9Toi neibro 3HaYCHHs BEIMIHH
by, by, BBIXOISILIAE 32 TPE/IENTBI YKa3aHHOTO Uara3ona 0TOPaKOBBIBAIOTCS,
MOpOXKIAsi BETMYUHBI b],bz, MMEIOIME 3aKOH pacIpelesieHus] B BUIE
YCEUEHHOro HOpManbHOro. [LIOTHOCTL  pacnipenencHust BepOsSTHOCTH
BEJMUMHBI b B COOTBETCTBIM C [8] 3a1€TCs BRIPAKEHHEM

o1 [H-M, M, -1-M,
PB)=—1¢ : -|-o S )
b, by b, b,
1 1,
e o(x)= N €XP| =5 % | — TIOTHOCTH pacmpeeNeHns BEPOATHOCTH

CTaH/IapTHOI HOPMaJILHOM CTyuaifHOM BETMUMHBI X;

@(x)= %[Herf (%D — ee (YHKIWSA pacrpesiesieHus;
erf (x ) — (pyHKIMST OLIHOOK.

Maremarnueckoe 0KulaHue 3aKoHa pacripezneneHue (9) umeer Buja

o()-0(=1)

M,.=M, —
")

b (10)

a Jiucrepeus

2 o 1= ¢(1)+¢(_1) _[ ¢(1)_¢(_1)J (11)

5 =% ) —a(-1) (@()-o(-1)

Tlocne HenuHe#HOTO TPE0Opa3OBAHUS

*
o =arccos (b1 )

(12)

IUIOTHOCTB PAacIIpe/IeNICHNs] BEPOSITHOCTHU CITy4aiHON BEINYMHbI O

IpPHMET BUJ
-1
cosal—Mq- 1_Mh' —1-M,.
“’[ o J‘D[ vl i el | PN CE)
b b b
AnanornvHo BbIBoy BblpaxkeHust (13) mmst o, IWIOTHOCTH
pacpeieNneHust BEPOSTHOCTH yIia Ol IpHMeT BUJ

-1
sino. cos oy =M. 1-M,. -1-M,.
“2)3”’[ P e I
; 5 5

b; b
Marematiueckue OXULAHIA M, , M, yIIIOB &y, G, onpenessi-
TCSI BBIPKSHUSIMHU

sin oy

P(al)—

p( 14

M, =arccos(Mb:),

15)
M, = a.rccos(Mb-2 ),
a UX JUCHEPCUH TIPUMYT CIIELYOLIMI BUL:
o2

2 b: .

Gﬂ.| 1 Mz 2
l

o2 (16)
o2 = b

[ 2
:1-M 5,

Ha pucynke 2 mpuBeneHs! BbIOOpouHOE cpenHee M, yria O,
Toy4eHHoe MeTojiom MonTe-Kapiio 1 ero MaremaTndeckoe oxuiaHue,
BBIYHCIICHHOE 110 (hopmyrie (4), B 3aBUCHMOCTH OT COOTHOLICHUS U3MEPsi-

eMbIx ckopocteit ¥; /¥y iuist pasznuunbix ko3 GuimenToB sapuaimu 8V,.
ITpu sToM npejnonaraercs, uyroV, = V.

0 0.2

0 0.2

Pucynok 2 — 3aBUCHUMOCTh MaTEMAaTHYECKOro Oskuaanus M, (KpacHbIM)
1 BBIOOpOUHOTO cpeHero M, (4epHbIM) yria OL OT COOTHOLICHHUSI
ckopocreit ¥y /¥y juist 8V, = 0.01 (a),
&%, =0.1 (6).

TpuBeeHHbIe Bbile crarucTHYeckre MomeHThI (15) u (16)
MO3BOJISIIOT HANTH MareMaruyeckoe oxumanue (4) u aucnepeuto (5) as
Ciy4asi HeKOPPETMPOBAHHBIX YITIOB Gy, &,, IPH KOTOPOM €OV, o =0.
Onnako, yuutbiBasg TOT (akt, uyto B (OPMMPOBAHMM W yIIa O, U
yria O, y4acTBYET OJlHA M Ta e BEJIMUYNHA V, BXOJIAIIas B 3HAMEHATEIN
BhIp&KeHUH (6), 1enecooOpa3Ho pPacCMOTPETh CIy4ail KOppessiyu
Mexy co6oii yrios Gus Gz, PaccMOTPHM 5Ty CBA3b B IIPETIONOKEHHH,
YTO IUIOTHOCTH PACHPENENCHHs] BEPOSTHOCTEH BENIMUMH  ONM3KH K
by, b, HopmabHBIM. J[TST BEIBOJIA KOPPEJIAIIHOHHOTO MOMEHTA c
COVy, o, LIETIBIO MOBBIICHUS HAITIAAHOCTH BBeIEM (yHKIUH

f=f(V1,V0)=arccos(§)’
an
f=/;(Vz,Vo)=arccos[ﬁ],
Y

Vickomelit yron O siBisiercst cymmoit GyHkimii (17). KoppesiuoHHbi
MOMEHT €OV, o, ONIPEAEIACTCS N3BECTHBIM BbIpRKEHHEM [S]:

COVy o, = M, a0y

+M“|M°-1 (18)

e M, ,, —MareMarnieckoe OXMIaHNe POM3BENCHHS YINIOB Oy, O, .

Jlnst Berumcnienus: BeipaskeHust (18) ucronp3yem pasioxeHue
¢ynximit (17) B psan Teitmopa B OKPECTHOCTH MaTeMaTHYECKHX
OXKUTAHUI M,,O ,M,,],M,,z C COXpaHEHHEM BEIMYHUH 10 BTOPOIO IOPsIKaA

BKJIFOUUTEIIBHO:

o= S+ £y (VMg V4 Sy (Vo= My, Vo5 i (4

=My, (=M, );

MVl)

1.
3 (=) + 5 5 (1
. - 1 (19
L5 zf*‘fy (Vz MVZ)+an (V()_MVO)-"EfVZVZ (VZ_MVQ) +
1 - 2 1 ~u
+§fV0VD (Vo _MVO) +EfVOV2 (Vo _MVO)(Vz —My, )
COOTBETCTBEHHO NMPHUOIMKCHHbIC 3HAYCHUST MaTeMAaTHYECKHX
oxuIanui yrioB (19) paBHst

1o 5 1,0
Mo, = f+2 JunOn + 5 JyOn 20)
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= Tan 5 lau
Mo, = S+ I, %% * 5 Jryn, 9%, CO) 0.8
A2 O
IIpoussenenue ynios o, o, pasnoxum B psj Teitnopa — Ug !
AHATIOTHYHBIM 06Pa3oM: 061 |—o -0l I

0100 = S Fo Sy P (R Mo} £ 7 (Vo= Mo, )+ (157 + 7 ) Vo= M )+

wy T (oM ) 3 7 (=) 4

+%(f,,;',,uf+2f,,;f,,; +ﬁ;”af)(V0_Mao)z'

TOI‘I[a 1T] I/IGJ'II/I)KCHHOC 3HAYCHHUC MAaTEMAaTHYCCKOIO OKHJaHUs
P 0 0.2 0.4 0.6 0.8 1
TIPOM3BE/ICHUS YITIOB O, OL, MPUMET BHJ

~ 2 ~ " 2 ~ 2 ~a ~ " o~
M"-laz sz+0-71ff”1Vl+c;_szyzy2+c;_0(ff’/o”o +ffVoV0+fVofVa)- (21)

Cootnorenue (18) npu noacranoske (20) u (21) nepenuiercst

B BHJIC
a 2 ~ a
COVg,q, = Jy A bt %% . (22) PucyHOK 4 — 3aBHCHMOCTb BBIGOPOUHOI criepeHn 62
, (4epHBIM) U TeopeTHUECKOl aucniepcnn &5, (KpacHbIM) yriia oL OT
- 1 2 v .
YWUTHIBAs IIPOM3BOIHEIE /7, = h=—"TF>— u non- COOTHOIICHUS CKOpoCcTer It §V, = 0.01 (a), 6V, =0.1 (6).
Y pousBONHbIe S =Ly =07, fu = pa=r W mon P f (@ 87, 6)

CTaBJIsIsl BMECTO BEIMYUH V), V), V, HX MareMarn4eCcKue OXKUIaHus,
Hcnonb3yst yroi ¢, MOXKHO OLIEHUTh NapaMeTp P B COOTBET-

TIOIYHM OKOHYIATCIIBHOC BLIPAMKCHUC UL KOPPEILIMHOHHOIO MOMCHTA  rpyy ¢ pripaskerneM (3). CTATHCTHYECKHC XAPAKTEPHCTHKH BEIIHHBI P

Oy, Oy .
YIOB &> ®a MOKHO TAKIKe TTOTBITAThCSI HANTH METONIOM JIMHeapH3alnn P Kak (yHK-
My My, ) LUK OT yIIa O C TOMOUIBIO pa3oxkeHus B psaa Teitopa B OKpecTHOCTH
1
cov, = o
wee =0 \/MZ 2 \/MZ Y Vo (23) MaTeMaTH4ECKOTO OXKHIaHus M, C COXpaHEHHEM IIEPBBIX TPEX UWICHOB
" Yo " ) " paznoxenus [5]. BeipaxkeHne MaTeMaTHIeCKOTO OXKHUAAHUS IPUMET BHJ
3aBUCUMOCTb €OV, . OT yIia ( IPHUBEACHA HA PUCYHKE 3. | T 2
192 Mp~p(Ma)+5pw(M Jo.. (24)
04 ———3V,=0.001 Jlucriepcuio MOXKHO OLIEHUTD TOCPEACTBOM BBIPA)KCHHS
' % 0V, =001 . :, 1 . 2 , "
0 2 _ 2 4
6 6V =005 GP_[pa(Mﬂ)] °“+Z[pua(Mu)] (”4_°ﬂ)+pu(Ma)Pau(Ma)Hs (25)
s] D 0 .
SC 021 o GV =0.1 o Y Lo .
S rae Hs— TpeTHil HaYAIBHBII MOMEHT CIIy4aiiHOH BETUYHHBI OL;
e J H4— 9eTBepTHIi HEHTPANIbHEI MOMEHT CIIy4aifHOH BETMYUHBI OL.
S X
0r & s e XXX
Ecnm cpenath NpeAnoNoKeHHE O TOM, 4YTO ILUIOTHOCTB
. . . , pacmpezeNeHHs BEPOSTHOCTH HMEET rayCCOBCKUII BH, TO BEIPAKCHHUE

0 50 100 150 200 (25) ynpocturbes:

a, ®

2 [ R 2 4
PucyHok 3 — 3aBUCHMOCTB KOPPEIJISLIMOHHOTO MOMEHTa (23) %= [p“ (M“ )] Ot 2 [p“‘l (M“ )] %« (26)

OT YT O, Np¥ PAsIHEIX Koo(umpenTax sapuant 57, Ha pucynke 5 mnpuBeseHBI TMCTOIpaMMBbl paclpeseeHus

YaCcTOT JUIst BEJIMYMHBI QL, HOTy4YeHHbIe MeTonoM MonTe-Kapiio.

Moment koppensuuu (23) Mo3BojisfeT HaiTH AMCIIEPCHIO 8000
yIia o JUis Cllydasi KOppeJInpoBaHHOCTH OLEHOK yriioB &, &,. Ha
PHCYHKE 4 PHBE/ICHBI 3aBHCHMOCTH BBIGOPOUYHOM /IMCTIEPCHU G 6000

OLICHKH yIlla Ol 1 Teope’mqecmix’[ JUCTIEPpCUHN (Ayi OT COOTHOIICHHA

U3MEPAEMBIX CKOpocTel V[ /¥, [ pasnmMuHbIX Kod(QQULIHEHTOB
BapHalLuH 3V 4000

2000

a,
a
15000
10000
5000
a
0

1, 2022 SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



24

YHPABJIEHUE TEXHUYECKUMU OFbEKTAMUIU

15000
10000
5000
0
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Pucynok 5 — ['ucrorpamMmsl pacrpezieneHus 4acTor (Cu-
HFM) YIJIa ¥ alllpOKCHMAIIUS TayCCOBON KPUBOH (KPaCHBIM) JUTS
PasIYHBIX 3HAYCHUI M, : M, =40° (a); M, =120° (6); M, =180° (s).

Bauty rpoMo31K0CTH POU3BOHBIX BhIpaXeHus (3) 1o yrty
O, BXOZSIIIMX B (24) 1 (25), mpeyiaraercst NepeiTr K BBIYMCICHHIO TIPOU3-
BOJHbIX BEJIHUYUHBI p*, anpokeumupyrolieii (3) kak GyHkio p = p(a,t):

p"=p"(a,7) =k coth [kz o+ at’ } —kysin(ksa) @7)

e k, =1.576; k,=0.7848; ky = 0.5213; k,=0.5922; k;=0.5445 .

TTpu 5TOM BBIP@KEHMA [J1s [IEPBBIX JBYX IIPOM3BOAHBIX P (01, T)
IO YDy O BBEINBIAAT CIIELYIOIIIM 00pa3oM:

pa(a)= 7csch|:a(k2 +7%ky )T K (k2 +t%ky )+ ke ks cos[ouks |;

Paa ()= ZCoth(a(kz +7%k, ﬂcsch |—oc(k2 +7%k, )-|2 k (kz +7%%k, )2 —ky e sin[atks ).
(28)

J11st rovicKa anmpoKCUMUPYIOLIETrO BbpaxkeHust (27) UCIolb-
30BaIaCh MHOKECTBEHHAsI PErPECCHsI 110 [TapaMeTpaM (., T, IIPHYEM Tapa-
MeTp T BapbupoBaiics B auanaszone [0, 0.5], a yron a B auanasone [40,
180] rpazycoB. ONTHMAIEHOCTS aIIIPOKCUMAINH OLIEHUBAIACKH I10 CIISTY-
FOLLHM TOJTy4EHHBIM XapaKTepPUCTHKAM: KOI(Q(HUIMEHT JeTepMUHALINN
R? =0.9999, CyMMa KBaJpatoB perpeccionnbix ocratkoB SSE =2.008, a
UX CPEeHEKBAPATHICCKOE OTKIOHEHHE Cgr = 0.014. 3aBucumoctu p(a,
T) 1 p’ (0, 7) IPUBE/ICHBI HA PUCYHKE 6.

101

=% = p(a)
8 —O—p*a)

20 40 60 80 100 120 140 160 180

Pucynox 6 — 3asucumoctu p(o) (uepubiv) 1 p (o) (KpacHbIM)

Taroke BbIpaKEHHUs! JUIsl MaTeMaTH4ecKkoro oxuianus (24) u
nucriepenn (25) MOKHO YTOYHUTE, €CJIM YYECTh CITyYaiiHbIi XapakTep ap-
rymenra T, Bxozsuiero B (3) u B (27). Torna MateMariyeckoe OKHUaHue
BEJTMYMHEI { = p( &, T ) ONMIIETCS BEIPAKEHHEM

1 2 1 . 2
M, ~p(M,,M,)+ >Paa (My,M,) o, +Ep” (M, M,)o: (29)
e M, — maremariueckoe oxunanue ;
o? —wcnepens 1.

Ha pucyrke 7 NpUBEICHBI 3aBUCHMOCTH MAaTEMAaTHYCCKOIO

oxunanust M. » 1 BBIOOOUHOIO CpeIHero M o OT yIIa Q.

Pucynok 7 — 3aBucumocTr BeI60podnoro cpennero M o (4epHBIM) H
MareMaTudeckoro oxkuaanus M. o (KpacHbIM) yIiia oL Jist PasJIMYHbIX
3Hadenuil 3V, = 0.01 (a), 8V, = 0.1 (6)

OKoHYaTEIbHOE BBIPAXKECHUE I TUCTICPCUN BEIIMINHBI ﬁ((l,’[) B ClIy4yac
OTCYTCTBHUA CTAaTUCTUYECKOH CBS3U MEKAY O 1 T OPUMET BUI

o2 =[pn (M,.00) ] 0% +[p.(M.01,) [ 02+

N 1 " 2 4
%[pm (M) ot +5[pe (MM )] o2+ (30)

+Poc (Mo, M, )5l07

Ucnonbyemsie B (29) 1 (30) mpousBojiHbie BemmunHbl p =p (o, T) UMeroT
CIIeLyIOIINH BUT:

p. (o, 7) =2k ky ot csch[a(kz + Tzkg):r ;
Pue (a,7) =2k k0 csch[ ky+ Tk, )]2 (4k3 ot coth [a(kz +7k, )]—1);

o
(
Pac (@, 7) =2k ks T csch[oc(k2 +7%ky )]2 (2(1 coth [a(kz +7%ks )](kz + ’Csz)—l).

Ha pucyHkax 8 a—TI' CHHUM L{BETOM IIPHBEJCHBI THCTOIPAMMBI
pachpesie/icHisi  9acTOT OLCHKH P, KOTOPBIE JIOCTATOYHO —TOYHO
xapaktepusyrotcs pacnpezesenrem bepa (Burr distribution, Burr, (1942))
wmn Cunrx-Manana (Singh—Maddala distribution, Singh, S.; Maddala,
G. (1976)), uTo OTpaXKEHO HA PUCYHKAX 8 B BHJIC KPacHOW Orubaroien.
JlaHHasi CTAaTHCTHKA IIPOBEPSUIACh METOIOM XH-KBApar C YpPOBHEM
3HaunmMoctu ¢ =0.01.

x10*

4

0
1.04 1.045 1.05
p

1.055 1.06
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x 10*

x 10*

x 10*

Pucynok 8 — ['mcrorpamMsl pactipeie/ieHHs YacTOT OLEHKHU p (CHHUI) 1 alIpoKcUMarus 3akoHoM bepa (kpacHslii): a, B — uist
koddduumenta papuarmn 8V, =0.01 (a); 6, r — nyg kodpdunmenTa Bapuaiu ¥, = 0.1 (6);

. 2 o 2
Ha pucynke 9 npuBezieHbI 3aBUCHMOCTU TEOPETHIECKON AUCTIEPCHH & ol BBIOOPOYHOM AUCTIEPCHU G  OT 3HAHCHNS NATBHOCTH p.

0.4 r

0.3

0.2

0.1

—x—0

T oD o

150

200

Pucynok 9 — 3aBUCHMOCTB BBIOOPOYHON AUCTIEPCHI c?) (4epHBIM) U TEOPETUYECKON AUCTIEPCHI cf’ (KpacHBbIM) OT TAJLHOCTH P TIPU

W3 pucyHka 9 BUIHO, UTO TP YBEIIMYCHHH TAILHOCTH p ObI-
CTPO BO3PACTACT JWUCHICPCHS € OLCHKH G . bonee Toro, paccmarpuBast
NPOM3BOIHYIO p , () KaK (QYHKIMIO TyBCTBHTENBHOCTH JAIBHOCTH P K
M3MEHEHHIO yIJIa 0. MOXKHO 3aMETHTb, YTO €CIIH YTOJI 0 yCTPEMHTB K HYITIO,
10 p'y(c) YCTPEMHTCS K MUHYC GECKOHEUHOCTH, UTO B YCIOBHSX Jieii-
CTBYIOIMX MOIPEIIHOCTEH OLECHKH 0. JIe7aeT HeMH()OPMATUBHOI OLCHKY
JAIBHOCTH P IPH OONBIINX €€ 3HAYCHISIX. Y UNTHIBASI aCUMMETPHIHOCT
3aKOHA PACIPE/ICIICHUsI BEIMUMUHBI P, MOXKHO TOTIBITAThCS MOTy4HTh Oonee
TOYHYIO OIICHKY, HCHIOIB3YsI 0000IICHIE HOPMAILHOTO 3aKOHA pacIpesie-
JICHUS Ha CITy4ail aCCUMETPUYHOTO Pacipe/ieIeH st CITydaiHON BEITMUMHbL
P U HAJIMYHS TSDKENIBIX XBOCTOB [10].

3akiouenue

Ha ocHOBaHMH pE3yJIbTAaTOB JAHHOIO HCCIIEIOBAHHS MOXHO
3aKJIFOYHTB, YTO OLICHKA JATBHOCTH 10 BJIA B pa3sHOCTHO-IaIbHOMEPHOI
HABUTALMOHHOW CHCTEME MOKET IMPOM3BOAUTBCS KOCBEHHO IO HM3Me-
PEHMSIM COOCTBEHHOM CKOpOCTH IBMKeHWS BJIA M IByX IOILUIEPOBCKHX
CIIBMTOB YacCTOTBI IPUHMMAEMbIX HABUTAIMOHHBIX CHrHAoB. [TomyueH-
HBIC BBIPAKCHHS JUTSL MATEMATHYECKOTO OKUJAHHS U IUCIICPCHH TTOJTyda-
€MOHl OLICHKH JaJbHOCTH COITIACYIOTCS C PE3y/IbTaTaMH KOMITbIOTEPHOTO

8%, =0.1 (6)

MozenupoBanus. [IpuBeeHHbIe TpadHKH TOKA3BIBAIOT, YTO yBEIMICHIES
JIUCTIEPCUU M3MEPEHUH CKOPOCTH TIPHBOAMT K PAcCOITIACOBAHUIO MO-
MEHTOB OLICHUBAEMOI1 JATbHOCTH, MOJyJaeMbIX aHAMTHIECKH H ITyTeM
CTaTHUCTHYECKOr0 MOJICTHPOBAHMS, YTO OOYCIIOBIICHO IVIABHBIM 00pa3omM
OTKJIOHEHHEM €€ INIOTHOCTH PACIIPE/IeIICHISI BEPOSTHOCTH OT TayCCOBOIA,
BO3HMKHOBECHHEM aCHMMETPUYHOCTH U SKCIECCa.

JlaHHEIT c1IOCOO OLCHMBAHHS MOAXOIHUT TONBKO JUIS CIIydast
CKOPOCTHBIX OOBEKTOB IPU HIU3KOM YPOBHE IITyMOB M3MEPEHHs COOCTBCH-
HOH CKOPOCTH O0BEKTa, 4TO SIBJIETCS OIHUM W3 OTPAHMICHHI METOxa.
JlpyruM orpaHuuCHHEM SIBIACTCS HEMH(DOPMATUBHOCTb OLICHKU JIAlIbHO-
CTH IIPH 3HAYUTENBHOM yraneHud bJIA or nuHum 6a3bl HABUTAIIMOHHON
crcTeMsl (Gonee IBYyX—Tpex 0a30BBIX PACCTOSHHUI) B PE3yJIbTaTe MOSIBIIE-
HUS 3HAYUTETBHOTO CMEIICHHS OLICHKH JaTbHOCTH C POCTOM PaCCTOSHHS
mexy BJIA u 6a30it HC, a Taioke ¢ pocToM OIIHOKH H3MEPEHHUsI CKOPOCTH
BJIA. MOXHO TIOIBITAThCS PEa30BaTh ATOPUTMBI OLICHKH JaTbHOCTH,
UCTIONB3Yst 0000IIEHHEe HOPMATILHOTO 3aKOHA PACIPE/ICIICHHUS Ha CITyyait

Tem He MeHee, B 3ajaue HaBeJEHUs CKOpPOCTHBIX BJIA Ha
1EJTb BJIOJIb THIEPOOIIbI MOXKET OBITh HCIIONB30BaH PACCMOTPEHHBIH CIIO-
€00 OLEHKH JAIbHOCTH, €CIU He MPEABABIIOTCS JKeCTKHE TPEeOOBaHHs
K TOYHOCTH I0JTy4aeMoi OlleHKH. Harpumep, eciu 31a oleHKa sSBISeTCst
4acThI0 KO3 (DHIMEHTa yCHICHNS] KOHTypa HABEICHHS M HE MPUBOAUT K
3aMETHOMY TTOBBIIICHHIO ()TIOKTYalIHOHHO OIIMOKY HABECACHNS.
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Legkostup V. V.

METHOD FOR DETERMINING OF STATISTICAL CHARACTERISTICS OF
EVALUATED DISTANCE OBTAINED FROM MEASUREMENTS OF DOPPLER
FREQUENCY OFFSETS
JSC «ALEVKURP» (Minsk, Republic of Belarus)

This paper presents a technique for obtaining of the main statistical characteristics of the distance estimation between the flying object
and a hyperbolic navigation system using two Doppler frequency shifts of the navigation signal. This problem arises when the guidance of the
object at a target point along a hyperbola using a bistatic hyperbolic navigation system is considered. Despite the fact that the object guidance
loop is closed according to the time difference of arrival information, it is necessary to enter the distance between the object and the center of
the navigation system into the algorithm for generating control commands in order to stabilize the frequency response of the control loop and
eliminate dynamic errors. This article discusses the statistical characteristics of the estimated range based on the measurements of three values of
the object’s speed: its own speed and two projections of this speed on the lines connecting the object with the navigation positions.

Keywords: hyperbolic navigation, bistatic navigation, position hyperbola, Doppler frequency shift, range measurement, TDoA.
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VK 623.462.22
JIOIIVXOB A.B.

YCOBEPIHIEHCTBOBAHHBIII KOMBMHUPOBAHHBIN CITIOCOB CO3JAHUSI
YHPABJISIIOHIUX CUJI U MOMEHTOB JIUIS1 BECIIMJIOTHOI'O JIETATEJIBHOT'O
ATIITAPATA
Yupeosicoenue obpasoseanus «Boennas akademus Pecnyonuxu Benapyco»

Llenbro cTaThy SBISETCS PELICHHUE 3aa4y CHHTE3a M MCCIICAOBAHUS CHCTEMBI YIIPABICHHS OCCIIMIOTHOTO JIETATEIBHOTO alapara ¢
6a30BBIM U yCOBEPLICHCTBOBAHHBIM KOMOMHUPOBAHHBIM (29POANHAMUYECKUH U Ta30{HHAMHYECKHI) CIIOCOOOM CO3/IaHUsI YIPABISIOLINX CHIT 1
MOMEHTOB.

3ajiauy MCCIEIOBAaHUs 3aKIIOYAIOTCs B aHaiu3e 0a30BOil MOJENM KOMOMHHMPOBAHHOTO CIIOCO0A YNpaBJICHHS M BO3MOKHOCTH
HCIIOJIB30BAHNS YCOBEPIICHCTBOBAHHOM MOJIEIH KOMOWHHPOBAHHOTO CHOCO0A YHPABICHHUS, IPH KOTOPO# OyleT MOCTUraThCs HEH3MEHHOCTh
MAacCOBBIX M TabapUTHBIX XapaKTEePUCTHUK MOJCPHH3UPYEMOro OOBEKTa YIPABICHHUS C OJHOBPEMEHHBIM ITOBBIIICHHEM LIEJIEBOrO KayecTBa
(YMEHBILICHUH KOHEYHOTO IIPOMaxa).

HcenenoBanusi OCHOBBIBAIOTCS Ha NPUMEHEHHH YCOBEPIICHCTBOBAHHOIO CIOCO0A CO3JAaHMs YIPABISIONIMX CHJI M MOMEHTOB, IJie
[POM3BE/ICHA ONTHMU3ALMS MACCOBBIX XaPAKTEPHUCTHK, 3a CYET MCIOIb30BAHMS MEHBIIETO KOJIMYECTBA MUKPOUMITY/IBCHBIX ABHIATelCH (TOIBKO
Ha JTarax pasroHa M TOPMOXKECHHs), a NPU YCTAHOBKE OaJaHCHPOBOYHOTO MOJIOKEHHs (IIOJICp)KaHHe YCTAHOBUBIIEIOCsS YIVIa aTaku) BMECTO
HMITYJIbCHBIX JBUTATEICH HCIIONB3YeTCsl PYJICBON MPHUBOJ IITATHON OOPTOBOII CHCTEMBI CTAOMIN3AMH OECIMIOTHOTO JIETATEIBHOTO anmnapara
A’POAMHAMUYECKOTr0 KaHajla YIpaBlieHHs. YTo B MTOre MO3BOJIMIO COXPAHHTh HEM3MEHHOCTh MAaCCOBBIX XapaKTEPUCTHK MOJICPHU3HPYEMOIO
JIETAaTEIBHOTO aliapara W IOBBICUTh TOYHOCTH €r0 HAaBEACHMs. Pe3ylabrarhl 9KCIEPHMEHTAJIFHOIO MATeMaTHYeCKOrO MOJCITHPOBAHHUS

HOATBEPKAAIOT 3P (PEKTUBHOCTD TIPEJIIAraeMOro CHHTE3a.

Knrouesvie cnosa: cunres, 6ecMIOTHBIIN JI€TATENIBHBII alapar, ynpaBieHHe, CHIBI 1 MOMEHTBI, MAHEBPEHHOCTb, OOPTOBAst CHCTEMA

CTaOMIIM3ALUH.

BBenenne

Jlnst obecriede s HaJIeXKHOTO TIepexBaTa COBPEMEHHBIX
U TepPCHEeKTUBHBIX CpeACTB Bo3mymiHoro HamaneHus (CBH)
HEOOXONMO HCIIONIb30BATh Ta30IMHAMHYECKHI CII0C00 CO3aHus
YIPaBISIOIINX CHJI ¥ MOMEHTOB, KOTOPHI OyleT OCHOBaH B
BUIE JIOTMONHEHMSI K KJIACCHIECKOMY a’pOMHAMUYECKOMY
ynpasnenuo. OHAKO HE MaJIOB)XHOE 3HAYEHWE HMEET THII
HCIIONB3yeMOro0 razofuHamMuueckoro yerpoiictsa (I71Y), kotopoe
MOXET OBITh Kak MOMEHTHOE, TaK U TIONIEPEIHOE.

MoMeHTHOE peajn3yeTcst C IIOMOIIBIO «CTaHIAPTHOTO»
AOPOIMHAMUYECKOTO  YIPABICHUS COBMECTHO C  CHCTEMOH
PEaKTHBHBIX JBHTAaTelel, KOTOpBIE pPACHONaraloTCsi BOIM3H
neHtpa Macc OecrmiiotHoro JerarenbHoro armmapara (BJIA).
Kotopsle B cBOr0 ouepenp yBENIMUMBACT YIIOBYIO CKOPOCTH
BpallleHUs IUTaHepa, 11 MUHIMH3AlHM BPEMEHH BBIXOJA Ha
TpeOyeMBblif YTon araky, 3a CUeT PEeakTHBHOHM TATM. A 3a cuer
cxopoctd u ymia araku BJIA cosmaercst TpeOyemoe OokoBoe
YCKOpEHHUsI OOBIYHBIM A3POANHAMUYECKUM CIIOCOO0M (PyJIeBBIM
npuBofoM). [IprMeHeHre MOMEHTHOTO YIIPaBJIeHHUs OrPaHUYEHO
o0macTeio yMepeHHBIX BRICOT (0 20000 M), Tak kak TpeOyemast
Heperpy3Ka 00eCeunBaeTCst TOBKO PYIEBBIM IIPHBOIOM.

IMonepeuHoe ympaBineHHe peaqM3yercs 3a  CUeT
WCIOJIB30BAaHUsI JBUTaTeliel, KOTOPBIC PAcHoJaraioTcsi BOIM3H
HEHTpa MacC JieTaTelbHOro ammapara. IIpuHrmm  paboTs
3aKJTFOYAETCs! B CO3/[aHNH MTOTIEPEYHBIX CHII M IIEPET Py30K, KOTOPbIe
CO3JAeTCS 32 CUCT PEaKTHBHOW TSATH JBUTATENILHOH yCTAHOBKH,
a 3HAUWT, TaKas peanu3alys MPaKTHIECKH HE OTPaHHYMBACTCS
MPUMEHEHUEM IIPH JIF0OOM BBICOTHOM JIHara3oHe.

KombunupoBaHHOMY
YTIpaBIeHHS TIOCBSIIIICHBI
[1-5] B KOTOpBIX ONMUCHIBAETCS:

MOCTIe/IOBaTeNbHAsT  paboTa  adPONHHAMUYCCKOTO U
Ta30JMHAMUYECKOTO CHOC00a CO3JaHMS YHPABISIONMX —CHII
U MOMEHTOB Ha OCHOBE DPEXHMMHOIO TMEpeKIovaress Wi B
JICKPETHOM PEKHME;

paboTa a’pOAMHAMMYECKOTO KaHala Ha BBICOTAaX, HE
npesbiatronmx 10000 M, a cabie 10000 M — coBmecTHast pabora
APOIMHAMUYECKOTO M Fa30{HHAMUYECKOTO KaHAIIOB.

Kasxplit 13 mpuBeIeHHBIX CIOCOOOB YIIPABICHHS HIMEET
CBOM psii HEIOCTAaTKOB, KOTOphle NpuBoasATcs B [1-5]. B cBssu
C 9TUM IIpeJIaraeTcsi UCIONb30BaTh TAKOH KOMOWHMPOBAHHBII

croco0y

psn pador

crioco® ympaBieHus, TJe Ta30JMHAMUYESCKHI KaHal HIpaeT
BCIIOMOTATEIBHYIO POJTb Ha BCEM YYacTKEe HaBEIEHUS Ha IIeIb,
0COOCHHO Ha KOHEYHOW (haze. /I MOBBILICHHS CKPBITHOCTH
paboTbl MH(MOPMALMOHHBIX CPEACTB HA HAYaILHOM y4acTKe
ronieta OyJieT MCTIONb30BAaThCS MHEPIHUAIBHOE HAaBEJECHUE, a Ha
KOHEYHOM — CaMOHABEICHHE.

Peanu3zanus KOMOWHHPOBaHHOTO
crocoba YTIpaBIICHHS 3aKJTF09AeTCst
B TMOBBIIIEHUN BEPOATHOCTH MOPAXKEHHUs MaHEBPUPYIOIIEH IIEIH,
JUIS JIMKBUJIALIMKM KOTOPOH HEoOXoIuMo OTpadoTarh Ooiblne
nieperpy3kd (20. . .40 eauHNUIT), BO3HUKAIOIIIIE ITOCIIE ONIPEICTICHAST
TIOJIOXKEHUs 1IeNH IS yCTPaHeHUs MMeroIerocst nmpomaxa. Ilpu
9TOM OyZieT MCHOJIB30BaThCsi MOMEHTHOE yIpaBlieHHe. Tak Kak
TIPHHIIUIT CO3aHNSI YTIPABISIOMINX CHII 1 MOMEHTOB MIMITYJIECHOIT
nsurarenbHoil yeranoskoit (M1Y) 1Y mano yem ommmuaercs
OT a’poJMHAMHUYEcKoro crocoba. Ommume 3aKiIodacTcs
TOJBKO B TOM, uto MY co3maer HeoOXOAMMBIE YIIPaBIISIONIHE
CHJIBI M MOMEHTHI 3a Oonee KOPOTKHMI TMPOMEXYTOK BPEMEHH

(0.016 cex.) TO CpaBHEGHHIO C  adPOIMHAMHYCCKUMH
pyIsIME (Gornee 0.1 CeK.). Uro
B CBOIO Oyepelb II03BOJSIET  CYLIECTBEHHO  IOBBICHTH
MaHEBPEHHOCTb, OCOOGHHO Ha OOJIBIIMX  BBICOTAX, INE

a3POIMHAMHUYECKIE PYITH OBICTPO TEPSTIOT CBOIO S(P(HEKTUBHOCTE.

Br16op momenTHoro 1Y ofycnosneH TpeOGoBaHUSIMH
HEU3MEHHOCTH IUIaHepa U KOMIIOHOBOYHBIX XapaKTepPUCTUK
BJIA. Ilpaktnueckoe npumenenue [J1Y 3aBUcHT OT MHOXKeCTBa
(hakTOpOB: OOMHUK, KOIMYECTBO PEAKTUBHBIX MHKpPOJIBHTAaTENeH,
Macca-rabapuTHbIie XapakTepucTHKU [ JTY 1 MecTo NX BKITFOUCHUSL.
[Ipu >TOM OCHOBHBIM (hakTOpoM TIpu MoxepHu3amyu bJIA
SIBIISIETCS] COXPAHEHHUE MACCOBBIX XapaKTEPUCTUKH U BEPOSITHOCTU
TOYHOTO HaBeJEHWs Ha Ienb (oOecreyeHrne MHHHMAIILHOTO
KOHEYHOTO Tpomaxa) [6].

Js peanuszanum [ 1Y Ha nnanepe ¢ aspoanHaMUUECKOn
CHCTEMOM YIpaBlICHUs PAcCMATPUBAIUCH HECKOJIBKO OCHOBHBIX
BOIPOCOB OIMCAHHBIX HIKE.

1. YTouHeHHAas IOCTAHOBKA 32/1a4H
MOJIepHH3AHA

D eKTHBHOCTS MOpAKEHUS LU ONpEACISIeTCsl B
OCHOBHOM MAaHEBPEHHOCTBIO O0OBeKkTa ympasieHus [7]. OmHako
MOCTOSHHBII POCT JIETHO-TEXHUYECKUX XapakTepuctuk CBH

1,2022

SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



28
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(YBenMUeHHE CKOPOCTEH ¥ BBICOT MOJIETA) CO3TAIOT TPYIHOBBI-
TMOJHUMBIE YCIIOBHSI MO OOECIICUCHHIO HEOOXOIMMON TOYHOCTH
HaBEJICHUS.

ITosTOMy 3TO MPHBOANUT K HEOOXOAUMOCTH MOBBIIIIE-
HHs1 MaHeBpeHHOCTH. C 3TOil 11eNbI0 BBIOUpAETCsl TaKoi Bapu-
aHT MOJCPHU3ALUY CO3aHUsl YIPABIIAIOIMINX CUI U MOMEHTOB
(B CIOXHBIX yCHOBHAX MHOyeTa (MPH MAaKCHMAaJIbHOH BBICOTE
1 MHHUMAaJIbHOH MaJbHOCTH CaMOHABEICHHS HA KOHEYHOM
ydJacTKe HaBe/ICHHUs)) KOTOPBIi 0OecrieunBaeT MOBEIIICHIE Ma-
HEBPEHHBIX CBOMCTB M KaK CIIEJCTBHE IOPaKCHHE IIENIHU C Be-
POSITHOCTBIO TpPEBBIMIAONINIT 0a30BbIi (a9pOIUHAMUYECKHIT)
BapHaHT KOMIOHOBKH.

IleneBoe KkadecTBO OTpakaeT OCHOBHOE IIETIEBOE
npeHa3HAYCHUEe TEXHUYECKOH CUCTeMbI (TIOpaKEHHE IIEIH).
DTy COCTABIAIONIYIO KadyeCcTBAa OOBIYHO HA3BIBAIOT IIEIEBOH d(h-
(hexTrBHOCTHIO. OHA TIPECTABISACT COO0I 3aBUCHUMOCTD MEXK-
Iy CBOICTBaMM (TE€XHHUYECKUMHU MapaMeTpaMM) U pe3ysibTaTa-
MH eT0 (pyHKIIMOHUPOBAHUSL.

IleneBoe kadecTBO, TPEACTABIAIONIEE pPE3yIbTaT
(YHKIMOHMPOBAHHS, PACCUMTHIBACMbII HA €IUHUILy Ha4ailb-
HOU MaccChl OIpeNIeNIIeMOE BbIPAXKEHUEM:!

]'/]'/;4 :&, (1.1
My

e P — BepOSTHOCTD MOpaXKeHus ueiu [6/p];
M, — macca nonesHoro rpysa [kr];
L — manbHOCTS nostera [M]; M1, — HadasbHas Macca [Kr].

IlemeBoe Ka4ecTBO OLEHUBACTCS KPHTEPHAIBHBIM Me-
TOZIOM, JAHHBII METOJ PECTABIET COOO0H CPeCTBO M3MEPEHHS
KaueCTBA TEXHUUYECKOM CHCTEMBI U JaeT eil KOMIUIEKCHYIO KOJH-
YECTBCHHYIO OLICHKY KOTOPOE OIpelessieT TeXHUYECKOe COBEp-
IICHCTBO, T.€. MOKA3bIBAaeT HACKOIBKO Y(P(HEKTUBHOCTH MOJICPHH-
3MPOBAHHOTO 00pasiia MPEeBOCXOAUT OAa30BbIH.

BepositHOCTS TIOpaKeHMS LIETM CHIDKACTCS Ha OONb-
MIUX BBICOTAX M MalOi JadbHOCTH CAMOHABEJCHMUS, TEM CaMbIM
YMEHbILIAeTCs LIeJIeBOe KauecTBO. B3auMOCBsA3b MEXIy JanbHO-
cThi0 camoHaBezienust BJIA u p npu HaBeneHUN 00ObeKTa yrpas-
JIEHNSI Ha [eJTb, ONPEJIEIIETCs] CPEICTBAMH HaBSCHUS «PacXOmy-
eMBIMI» Ha JIMKBUIAIMIO HadaiabHoro npomaxa (IY u «mones-
HbIi rpy3» (I117)) 1 HemocpenCcTBEHHO Ha MOPAYKEHHS LIEITH:

M 6
(mnz + mzdy) > My s (1.2)

6

., —Macca [1I" 6a30B0ro u MoJIepHU3MPOBAHHOTO

e m ”1”2 Um
BJIA [xr];
M5, —macca cuctemst LT1Y MOZICPHU3HPOBAHHOTO 0OBCKTA

yIpaBiaeHus [Kr].

Jlns paccmarpuBaemoro BJIA TITM siisiercst sHeprus,
KoTOpyto HeoOxomMo goctaButh kK CBH (uemm) [6, ¢.30]. Mo-
nepuusais BJIA ocHOBBIBaeTCs He TONBKO HA PHUMEHEHUH KOM-
OUHUPOBAHHOTO CIIOCO0A YIIPABJICHYSI, HO ¥ Ha 00eCTIeYeHUH -
(heKTMBHOTO MCIOIB30BAHUSI MAcChl — TaK HA3bIBAGMOH BECOBOI
a¢dexTuBHOCTH.

J171s1 KONMYECTBEHHOM OIICHKH MOJICPHU3UPYEMOTO 00-
pasua BJIA ckaxewm, 4to sHeprus siBisercss Gpynkmmeit [T, Tak
KaK B COOTBETCTBHH C (1.1) Mpu yBenudennu m1,,, yBENMIMBAETCS
U LIeJIeBOE Ka4eCTBO, OJJHAKO TIPU STOM HEOOXOIMMO 00ECIeUnTh
BBITIONTHEHNUS ycnoBus (1.2).

Taxk kak Macca sHepruu Ha 6opty BJIA 1 nmpomax, koTo-
polii otpabdotaet BJIA 3a cueT mpumeHeHHs Haxomsmiics Ha 60p-
Ty SHEpPTHH, MEXTy CO00MH CBS3aHbI, TO CTAHOBUTCS OUEBUJTHBIM,
gro (1.2) orpaxkaer cymHocTs orpadoranHoro BJIA mpomaxa, B

CBSI3U C 3THM JAJIBHOCTH monieta L B BoIpaxkeHHH (1.1) MokHO
MPEACTABUTH KaK:

L=h™, (1.3)

TAC he™ = h(m,, +m,,) — OTPaOOTAHHBIN IPOMaX.

Torna Beipaxkenue (1.1) npumer BUI:
W, - p-(m;, +me(,y)h.
my

[1pu 9TOM CMBICIIOBasI TIOCTAaHOBKA 3aja4l MOJICPHH3a-
LMY CBOJIMTCS] K HAXOXK/ICHHIO TAKOTO BapHaHTa YIIPaBJICHUS, TIPU
KOTOpOIT 00ecIieunBaeTcsi MaKCUMaJIbHOE YCTpaHEHHe HadalbHO-
TO TIPOMaxa, T.€. MOBBIMIACTCSI BEPOSITHOCTH MOPAXKEHHS LIEHN 3a
CUET CPEJICTB HAaBEJICHNS OTNMCAHHBIX BBIIIIE.

B xauectBe nzmepurens snepruu cucrems! LY u I1I7
MIPUMEM CyMMAapHYIO BETUYUHY TIpOMaxa hZ .

Maremarnueckast 3a1a4a CBOIUTCSI K HAXOXKICHUIO Ta-
KOTO BapuaHTa MOJICPHU3AINH — PALMOHAIEHOE PACIIPENeIICHUS
maccsl [II' MozmepHH3MpyeMOro oOBEKTa YIPaBICHHUS M MAacChl
cuctemsl [J1Y, mpu HEOThEMIEMOM BBINOTHEHHH ycinoBus (1.2),
00ecreunBarOIIUi MAKCHMYM LIETICBOM (PYHKIINH, T.€. COXPaHEHHE

Ha4YaJIbHOM MacChI.
2. Be10op THNA ra3oAMHAMH4eCKOro YCTpoiicTBa

KomOuHMpOBaHHBI cOCO0 CO3MAHUS YIPABISIOIIMX
CHJI 1 MOMEHTOB IT03BOJISIET CYIIECTBEHHO MOBBICHTH MaHEBPEH-
HBIE BO3MOKHOCTH TIPH NCHOJIb30BAHU MOMEHTHOTO HUIH TIOTIe-
peunoro ympasnenus. [IprMeHeHne TOIBKO a3pOANHAMIIECKOTO
criocoba yrpasJieHust SIBISETCS ManodpdeKTHBHBIM [8-9].

CpasnuBas 1ga tuna [ /1Y, MoxxHO ciienarh ciemyronye
BBIBOJIBL:

— IPUMEHEHHE HONIePEYHOTr0 Criocoba Co31aHus YIpaB-
JSTIOIUX CHJI M MOMEHTOB yCTAQHOBKA Ta30HHAMHUYECKOTO JBH-
raresns TpeOyeT 3HaUMTeIbHON MOJEPHU3AIK 00pa3ia BOOpyKe-
HHS1, TaK KaK OH UMeeT OOJIBIIYI0 MacCy ¥ rabapHThI;

— TMPUMEHEHHE MOMEHTHOTO CTIoco0a CO3MaHUs CHI 1
MOMEHTOB CO371aeT Oonee ONaronpusaTHBIC YCIOBHS IS BBIION-
HeHust TpeboBanuid yciosus (1.2), tak kak tan [J1Y nmeer He
Gombryro (110 cpaBHEHHIO ¢ TToriepedHsM [/]Y) Macey 1 pocTyro
KOHCTPYKIIUIO, PAcTIONaraeMblii BOIM3H PyIeBOTO IIPUBOAA a3PO-
JIMHAMUYECKOTO Crocoda yrpaeieHus (BIajM OT IEHTpa Macc
BJIA).

3. AHau3 U BBIOOP MOJ€J T MOMEHTHOTO
ra3oMHAMHYECKOT0 YIPABJICHHS

[MocTpoeHre MOMEHTHOTO crioco0a yIpaBIeHus! U I1po-
BEJICHHE ONTHMM3AI[MI MAcChl IUIaHepa JIeTaTeNbHOTO anmapara
OCYILECTBIISIETCS] HA OCHOBE TMITOTE3BI: MAcCa HA PEANTH3aLIII0 MO-
mentHoro /Y npenmonaraer ontnmusanuio wianepa bJIA, npu
HEOTHhEMJIEMOM BBINTOTHEHHUH yCIoBHid (1.2).

baszoBas (u3BectHast [6]) MOIEAb MOMEHTHOIO Ia30-
JIMHAMHUYECKOTO YIpaBJICHUsI Tpe/icTaBlieHa Ha pucyHke 3.1., B
KOTOPOI! YIIPaBIISFOIINE MOMEHTBI PEAT3YIOTCS He PYIISIME a3p0-
JMHAMUYECKOTO YIPABIEHHUS, @ 32 CUET MHUKPOUMITYIIbCHBIX JABH-
raresieit /1Y, noatomy Ha pucyHke 3.1 HCKIIIFOUEHO HHEPLIUOHHOE
3BEHO PYJIEBOTO IIPHUBOIA.

CUCTEMHBINA AHAJIN3 U IPUKJIAJTHASI THOOPMATHUKA
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h, h o

min

th
—-(IV (2), (ny) -

Pucynoxk 3.1 — CTpykTypHas cxeMa MOMEHTHOTO Ta30JHHAMUYECKOTO
YIpaBICHUS

Jlns nanexnoro nepexsara CBH HeoOxomiMo 9To0BI
BoIpaxkeHue (3.1) obecrieunBano KOHEUHBIH IpoMax ONM3KUH K
HYJISL, JUTSL 3TOTO Ha BXOJ CTPYKTYPHOH cXeMbI (puCyHOK 3.1) mo-
JTaeTcsl BXOHAs KOMaHa A Ha OCHOBAaHHHM KOTOpOo (opMupyeTcs
CHTHAJI MOMEHTHOTO Ta30IMHAMHYECKOTO YIIPABIEHUsI O , KOTO-
Pl HOPMUPYETCS CUTHANIOM O . COOTBETCTBYIOIIMH 3HAYEHHUIO
YIVIOBOM CKOPOCTH BPAILEHHS (U, CO3aBa€MBI MHKPOMMITYIIb-
CHBIM JIBUTATENIEM JUIl MUHHUMH3AIUH BBIXOZA HA TPeOyeMbIit
YTOJ aTaku ¢, 3a CYeT NPUMEHEHHs PEaKTUBHOH TATH. B cBOrO
ouepens &' / O pyin OTIPEZIENISET HEOOXOMMMOE KOJIMIECTBO JIBU-
raresei, HEOOXOIUMBIX BKJIFOYUTh B MOMEHT yrpasieHus. IIpu
atom MJIY, co3gaer ymioBoe yCKOpPEHHE COM3MEPHMOE CO Bpe-
MeHeM paboThl OJJHOTO MMITYJIECHOTO JIBUTATEIIsI HAXOSIINMCS B
WJTY. Baronapst uemy 6sictponeticteue BJIA yBemunBaercs 60-
nee ueM B 5 pa3 [9]. Co3naHHbIE YIPABISIONINE MOMEHTHI TOBOpa-
ynBaroT BJIA Ha HeoOXxomMMBIi (TpedyeMblii) 0, 3aTeM MPOLECCh
(hopMHPOBaHUS YHPABISIOLMX CHII, HOPMAJIBHOTO YCKOPEHUS 1
JIMKBUIAIMH HAYaIbHOTO MpOMaxa /iy TPOUCXONUT aHATOTMYHO
Kak MpH a3pOIMHAMUYECKOM criocobe yrpasnenus [7, 8].

VrpasJstronye CHITbl 1 MOMEHTBI (DyHKIIMOHUPOBAHHS
Ta30IMHAMUYECKON Mozl 00O0OIIEHHO MOXKHO INIPEICTAaBUTH B
BHIIE:

h=hy {8sas 8,, D, (O} = By {001 (1), (2), (), Wiy (8),7,,,}
(3.0

rae /1 — KOHEYHBIH mpoMax [M];

O, — MAKCHMAITbHAS OIIMOKA OTIPEIENIEHHS KOOPAMHAT [M];

6, — MaKCHMaJIbHasl OLIMOKA ONPE/ICIICHIS KOOPMHAT LENH [M];
D, (f) — 1aNbHOCTD JeHcTBUS Len [M];

h,,, — 0TPabOTaHHbIi 1pomMax [M];

ne, (t) — YIVIOBOE YCKOPEHHE BpAILlEHHsl KOpPIyCa, CO3[aBaeMoe
€IMHIYHBIM MHUKpPOJIBUTATENEM [pam/c2];

(t) — ymosas ckopocts BJIA [pag/c];

a(t) — yron ataku [rpaj (pan)];

Wy, () — pacroaraeMoe HOpMaJIbHOE YCKOPEHHUE, CO3aBaeMOE IPH
oTtpaboTke npomaxa [m/c2];

7,, = AT+ 17, — BpeMsl caMOHaBeeHuU [c];

A7 — UTATETBHOCTB OTPaOOTKU HAYaJIbHOTO IpoMaxa [cl;

Ty — OCTaBILIEECsI BpeMs CAMOHABECHHUA [C].

L4
)

Ha xoneunoit ¢ase wnaBenenmn bBJIA Ha nems
BBINOJHSIOTCS ~ CIICAYIOIIME PEKUMBI, TPEICTABICHHBIC Ha
pucynke 3.2: oTpaboTKa Ha4alIbHOTO TPOMAaxa /i, M YCTaHOBKA
0aaHCHPOBOYHOTO MTOJIOKEHUSL.

W, () A
ycm.6an. Ao
AW,
'y
H
; ‘\ 0.85a(2)
0 . N v
= e T, e
2 o1 Tp2 Loarn,
T, AT
T
z.

Pucynok 3.2 — ®opmupoBaHue Heperpy3Kd Wi HOPMaJIbHOTO
YCKOPEHHSI IIPY a3POANHAMHIECKOM (IITPUXOBAs JINHUS) U
ra30/IMHaMHYECKOM (CIUIOIIHAS JIMHNUS) YIIPaBICHUH

B cratee mpencraBieHa  yCOBEpILEHCTBOBAHHAS — MOIENb
MOMEHTHOTO ra30IMHAMHIYECKOTO criocoba CO3/1aHUsL
YIIPaBISIOMIUX CHIJI 1 MOMEHTOB, OTJIMYAIOIIAsCS OT MOMEHTHOTO
MPECTaBICHHOTO0 Ha pucyHke 3.1 crmocoOoM co3maHus cuil U
MOMEHTOB H KOJIMYECTBOM HCIIOJIB3yEMBIX JUIS 3TOTO HMITYJIBCHBIX
JIBUTATENICH, UTs 00ECTIeUeHHS BEIONMHEHHs yemoBust (1.2).

MU/ BKIIOUarOTCS HA KayKA0M CTauu PETYIUPOBAHUS:

— Ha dTane BBHIXOJA HA HY)KHBII Yroll aTaku Uil ee
PpasroHa U TOPMOJKEHUs1 BKITtodarotest (ny +n,) MU,

— Ha orane  JAeMH(HUPOBAaHUSA  OTHOCHTEIBHO
YCTaHOBHBILIETOCs yIUIa araku ucronbsyercst (ny) MU/

Taxum obpazom, kommdectBo MUJL B omHO# cramnn
perynuposanus cocrasisier (M + 1y +1y). VipasieHue 10 TakoMy
cnoco0y (cM. pucyHok 3.1) OCyIIECTBISICTCS JHINb 32 CYET
npumenenus IJ1Y, ipu 5ToM pyseBoit IpUBOJL a3pOJMHAMUYECKOH
KOMITOHOBKHM OCTA€TCs HE 33/1eHiCTBOBAH.

B ycoBepleHCTBOBaHHONH  MOAENM  MOMEHTHOTO
YIIpaBIIeHUsI, MOKA3aHHOI Ha PUCYHKe 3.3 HCIONB3yeTcs HHas
cxeMa (PyHKIIMOHHPOBAHUS (110 CPABHEHHIO CO CXEMOM Ha PHCYHKE
3.1), rie NMITyJTBCHBIE IBUTATENH HCTIONB3YIOTCS HA STarle BEIXOIA
Ha HYKHBI YTON aTakk UL €e pasroHa W TOPMOXEHUS, T.e.
BKITFOYAtOTCs (1, + 1, ) IMITYJILCHBIX JBHTATEICH.

min

e
Y
R
Y

Y

kom
W), (n,)—T

Pucynok 3.3 — CTpykTypHas cxema yCOBEpIIEHCTBOBAHHOI'O MOMEHTHOTO KOMOMHHPOBAHHOTO CIIOCO0a
YIIpaBIIEHHS JUIsl TMKBUAAIIMN Ha9aIbHOTO IIpoMaxa
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OYHKIIMOHNPOBAHUE TaKOTO Crocoda 0000IEeHHO
MOXKHO MPE/ICTABUTH B BUJIE:

1= ho {8202 8,2 Dy (O}~ homp {nin (6),5(0),0(0),x(O). Wi 1), 7y}
3.2)

7€ J(t) — pyAEBOI PUBOI A3POANHAMHYECKOTO criocoda co3ma-
HHSL CHJT 1 MOMEHTOB.

Ha stane nemnduposanust BJIA ucrnons3yercst pyjieBoil PUBOLI
APOIMHAMUYECKOTO YIpaBieHus. Takas MOJENIb JaeT 3HauM-
TEJIBHBIN BBIUTPHILI MAaCCOBBIX XapaKTEPUCTHK M 0OECIeYrBaeT
BomonHeHue (1.2).

4. Ilocrpoenne U1Y monepuusupyemoro BJIA

‘YcoBepILIeHCTBOBAHHBI KOMOMHUPOBAHHBI MOMEHT-
HbII CrIoco0 yIpaBIeHUs BXOAUT B cucteMy ympasieHus BJIA,
KOTOpasi B UTOre Oy/IeT ColepKarh:

— adpONMHAMUYECKUN KaHall yNpaBICHHUsS B CHUCTEME
CTaOMITM3aINH 1 UCTIOTHHUTEIIBHBIN YIEMEHT — PYJICBO IIPUBOJ;

— Ta30[MHAMHWYECKUH KaHal YIPaBICHUS B CHCTEME
CTaOMIM3alMKM W UCTIONHUTENBHBIN AmmemeHT — WJ1Y, coorBert-
CTBCHHO.

Benmnuuna &' / o, Ha pUCYHKe 3.3 ompeessieT Koiau-
YEeCTBO F; WMITYJIbCHBIX JIBUTATEIIEH HA STare pasroHa, KOTopbie
«uepenator» BJIA yrnoBoe yckopeHue na;(t) U CKOpoCTh na, (t),
KOTOpasi ONPENIETIAETCS BEIPAXKEHUEM: @) = @), - T,,. llocie
Xo71a Ha TpeOyeMbIi o, Ha HEero ISUCTBYET YINIOBOE YCKOPEHHE
na, (t), CO3MAHHOE PYJIEBLIM MIPUBOIOM a3POAMHAMHYECKOTO CIIO-
coba ymnpasnenus, 6e3 ucrionb3oBanust Y. Ilpu atom, yriosast
ckopocTh BJIA MoXkeT UMETh OTPHLATENBHYIO IPOU3BOIHYIO:

_o(m —my)
T-2-7,

BBI-

0= > 4.1)
e T — Bpems mepexoaHoro npouecca [c]; 7,, — Bpems paboThI
OJTHOTO UMITYJIbCHOTO JIBUTraTesst [C].

J1nist pacuera HEOOXOIMMOTO KOJMYECTBA HMITYJILCHBIX
JIBHTATENCH Ha OTHOM dTalle PeryInpoBaHus OylieM UCIIONb30BaTh
MAaKCUMAJIbHBIE 3HAYEHUS Opyax (1) B Ty » TAK KAK TIPU PA3INIHBIX
3HAYEHMSIX yIUla aTAKW U YCTaHOBHMBLIETOCS BDEMEHU UX KOJIMUe-
CTBO U3MEHUTCSI.

KomruectBo M1 B 01HO# cTauu perynnpoBanus 0y-
JIyT PaBHBI:

— Ha JTarie BBIBO/IA Ha HY KHBIN yroi ataku a(T) u o,

D =0 Ty,
4.2)
mtn, 2
a(T)= 2 .a)l(T_Tut))5

e @ — ymioBas CKOPOCTb co3maBaeMasi equHuIHbIM MIJ{
[pan/c]; @, — yroBoe ycKopeHHE BpalleHHs KOPITyca, CO3/1aBae-
Moe equHIgHBEIM MU/ [pan/c2], onpenernsemMoe Ha OCHOBE JUHA-
mudeckoro ko3 dunmenta sdpdexrusnocta MY, st ciyyast ero
HIepEHEro pacnonoxenus [6, ctp.383] .

n=E x-a(l) 5
Tuo (75 = 7,) -A—n2/nd)
g = Cwo
ANET 2-(T-7,)
rae E — onepanust OKpyIJIeHHs] YUClIa HAXOAIIEroCs: BHYTPU

CKOOKH;
X — BpeMst BbIX0JIa Ha TpeOyeMBIil yroi arak [c];
Tz —TpebyeMoe BpeMs peakiuH [c].

ITpu sToMm fust yrpaBneHust 6e3 a3pOANHAMHYIECKNX CHIT
WK JUIsL OTKJIOHEHUS a9pOIMHAMUUECKUX pyJIel IIpu Nnepexose B
0aTaHCUPOBOYHBIN PEXKUM n, = n, U IPHU cilydae BKiroueHus MY
TOJBKO /ISt pasroHa (6e3 TopMOXKeHHs) n, =0 u3 (4.3) cnemgyer:

T
n=n,= o) H
o, -(T-7,)
2-a(T
n=E 2-a@) , n,=0.
o)
— Ha oJrame JAeMI(HUpOBaHMS aBTOKoIeOaHWi [0,
ctp.430]
o-min 1 ;
AT=—T Two — oy " T, (44)
@, kbyc kbyc

e Omin — CpelHEe 3HAYCHHE YIIOBOH CKOPOCTH BpALLCHUS,
co3naBaeMoii omaum MU/ [0/p];

ksye — KOP(UIMEHT yCHIIEHNsT KOHTYpa JaT4MKy YIJIOBOM MO
CKOPOCTH [C];

L, — PACCTOHHE yCTAHOBKH JaT4HKa JIMHEHHOTO YCKOPEHHs OT
LEHTpa Macc 00BEKTa YIPaBICHUS [M];

k5, — KOO OUIHECHT YCHICHILS 10 AATHHKY JTHHEHHOTO YCKOPCHHS
[c2/m];

AT — nieproz aBToKoNeOaHwit [c];

@, — YIIOBOE YCKOPEHME, CO3[aBaeMas a’pOIMHAMHYECKUMH
citamu [pa/c2].

k=E AAt_T+1 5 A=At -k

@ , (4.5)
3 T,
n,:E[ﬂ-&} ,,3=E|:ﬂi|.ni
Two @ Az

rie k—KpaTHOCTB perynupoBanus [0/p];

At,, — IMCKPETHOCTB YIIpaBieHus [C];

T,,,— BpeMs TIOJUIEPKaHMs yCTaHOBUBILIEIOCs peskumMa [c];
13 —ancio MU/L B pexxiMe eMIipupOBaHIS;

n;—uucno MU/, BKitouaeMbIX B OTHOM IIEPUOJIE.

BBoj TpeGOBaHMIt M HCXOXHBIX
JIaHHBIX

v

Pacuyer mapamMeTpoB KaHAIOB
GOpTOBO# CHCTEMBL
crabunuzanum

v

JTHHaMHYecKHe Kod¢ GpuumeHTs! [6, crp. 84];
TIEPENATOIHEIE (hYHKIMM: CHCTEMBI
CTabHIM3aLMH, 10 HOPMATEHOMY YCKOPEHHIO,
KHHEMAaTHIECKUX 3BeHBeB [6, cTp. 388].

Bei6op Taru eqpHIIHOrO

pucysok 4.2 - -
HMITYTbCHOTO JIBHIaTeNs
dopmysr (4.1-4.5), KOHCTPYKTHBHEIE g
napameTpsl M1V, sHepreTudeckue napamMeTphl Pacger mapamerpoB )
o - - =
WMITyIbCHBIX JBHTaTeneii u HIY MMITyIbCHBIX BUTaTenei u MY g
OTIPENEIIOTCS COrTIacHO GopmynaM B [9] E
o
) g
o
&
PHCYHOK 4.3 ~<4— Onrrmusamst Macesl [T u Y i'i
&
+ 3
Iposepka (1.2)

» G
(my, +my,) > my,,

po

Br1Gop Moxens MOMEHTHOroO
ra30HHAMHUYECKOTO YIIPaBIeHHs

Pucynoxk 4.1 — O0umit anropuT™ HCCIeA0BaHUS
pean3yeMOCTH IpeularaeMbIX MojieIeii MOMEHTHOTO
ra30IMHAMHYECKOTO YIPABICHUS
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Tlo pesynbraram oNTHMH3ALMN KOIMMYECTBA UCIIONB3Y-
embix MUJI, TpeOyeMbIX is BKIIOUCHHUS Ha JIBYX ATarax pery-
JIMPOBAHMUS OTHOM CTAJMM PEryIUpPOBAHUsI, MPEACTABICHHBIX HA

nl (n2) A
R

>

80
60
40,
20

pucyske 3.3, 1o Tsare eaunraHOoro MIAJI, 6bu1a onpeseieHa onTu-
ManbHas Tsra, paBaas 4500 krc.

0

10000

a) BBIBOJ] HAa HEOOXOAMMBIN ©) aTar remMrndupoBaHus
Pucynox 4.2 — OnpeneneHne onTUManbHON TITU

‘YcoBepIieHCTBOBaHHAsT KOMOWHMPOBAHHAS — MOJIETb
ynpaBieHus peanusyercs ¢ Taroi pasHoit 4500 H u cexyHmHbIM
pacxozom 2,0 kr/c, Gmaromapsi MeHblIIei Tpedyemoit macce (Tpe-
Oyet MeHbInee konnuectBo M]1), a ucrons3oBanue 6a30Boi Moze-
JIM C TAKOM K€ TATOHM M CEKyHJTHBIM PAcXOJIOM TOILINBA OBUIO OBl
HEBO3MOYKHO, 0€3 YBEIMUCHHUS MACCOBBIX XapakTepucTUK bJIA.

B coorBercTBUM € yTOUHEHHOHN MOCTAHOBKOM 3aauu
MOJICPHU3ALMY ONTUMAIIbHOE pactpeneneHud maceel [N 6azo-
BOW MoJienH (ClieioBaTesIbHO, Onpe/iesieHue 3HadyeHui Maccsl [117
MOZIEPHU3UPOBAHHOIN Mozenu 1 Maccel /1Y) Haxomurest mytem
MAaKCHMH3aIIX CO3/[aBaeMOr0 IIpOMaxa IIpHU BBITOIHEHUH YCIIO-
Bus (1.2), ompenensemMoe mpoMaxom:

_ 7,200 M M
Py = By (1, ) + e (), 4.6)
20
0,6
o
=
0,48 =
N o
5 g
0,36 23
RS
0,24 RS
S
2
0,12
0 2| .'I 1
0 40 60 M., K2
60 40 20 0 m,, K2

a) 6a30Bast MOJICIIb

ekl —npomax cosnaBaeMsiit IJIY u 3arpathl Ha ero 10CTH-

KEHUS M, [m];
h —npomax cosziaBaeMslil MofepHu3upoBaHHbM LI [M].
Berauciienust CyImecTBeHHO YHPOIIAIOTCS, €CIN TPU PEIIeHHI
JIAHHOM 3aja4dl OIEpHpOBaTh HOPMHUPOBAHHBIMH 3HAUYCHHSIMU
mpomaxos [9]:

By =20 + b (4.7)

cym ne >

20y hM

e hyy =", b =—"—cos™ § — HOPMHPOBAHHBIC (DYHKIIH
20y e

VALY u T [].

L26F 12 10
P
\\
1,127 S
~
~
0,98, o

peanusyemas

obnacme

.
60 M, K2
0 m,, K2

.
40
20

L
20
40

60

0) YCOBEpIIICHCTBOBAaHHASI MOJICIh

Pucynox 4.3 — BecoBas ¢yHKIus, onpeaessromas onTuMaibabie Macesl [T u Y

BecoBas 3¢ dexkruBHOCTb, MOTyueHHas Onaromapsi
YCOBEpPILIEHCTBOBAHHOMY KOMOMHHPOBaHHOMY CHOCO0Y yIIpaB-
JICHUsI, KOJIMYECTBEHHO OIpEeNeNsieT ONTHMAJBHYI0 Maccy
BJIA, 1 moka3pIBaeT Hepeaan3yeMyr 00IacTh N3MEHSIOICHCS
Macchl, KaK IMOKa3aHo Ha PHCYHKeE 4.3.

CormacHO Hepeanu3yemoil o0macTd, HpUMEHEHHE
6a30B0ii MOJIETIM BO3MOXKHO JIUILB B CIIy4ae, KOIZa BbIICJICHHAS
Mmacca it /1Y MomeHTHOTO yrpasieHus 0ombie 20 Kr, a st
YCOBEpIIEHCTBOBAHHOTO KOMOMHHPOBAHHOTO crioco0a ympas-

JIGHUSI COOTBETCTBYIoIIasi Macca — cBbime 10 kr. Yto siBisier-
Csl CyIIECTBEHHOW pa3HUILEH B JIBYX HCCIIEIyeMBIX CIIoco0ax
ynpasieHus. B ycnoBnsx monepHu3anuu 6a3oBasi MOIENb CO
CBOCH OCOOCHHOCTBIO OKa3bIBACTCS TPYAHO PEATH3yeMOW II0
CPaBHEHUIO C yCOBEPILICHCTBOBAHHOM.

Ha pucynke 4.4 moka3aHo U3MEHEHHE HAyaJIbHOTO,
0TpabOTaHHOTO U KOHEYHOTO ITPOMAXOB B 3aBUCHMOCTH OT BBI-
cOTHI TosieTa U ObicTponeiicTBus 3YP mpu 6a30BoM U ycoBep-
MICHCTBOBAHHOM KOMOMHUPOBAHHOM YIIPABICHUH.
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hO,M A
{lem’..)'f-
12,3 15000 a) mpu 7, =2,0c,
8050 ' h0=7655M,hamp =61M,
7% R Ih|=15,5u,
] e o ol
", 6) mpu t, =3,0c,
37,5 a) Tt 6) ",
........ hy =80,55,k,,, =65,
. . | T |n|=15,5u.
5000 8250 11500 14500 18000 H,m
a)
oM
L
112,% 17800 a)mpu 7, =2,0c,
hy=79,3M,h,,, =73,1m,
|h| =6,2M,
) 0) opu 7, =3,0c,
37,5 e,
hy=83m, Pop =74,59 M,
0 . . . , |h|=8,41m.
5000 8250 11500 14500 18000 H,m
0)
a) 6azoBast MOJICITb 0) ycoBepIIeHCTBOBaHHAS MOZECIH

Pucynok 4.4 — [Ipomax B 3aBHCHMOCTH OT BBICOTHI TIOJIETA B OBICTPOJCHCTBIS

PesynbraTel MOmenTHpOBaHUS, MpEICTABICHHBIE HA  JIEBYIO 3(()EKTHBHOCTH pacCMaTpHBAEMOTo 00pasiia BOOpyke-
pucynke 4.4, moka3bpIBalOT, yTo BpeMs peakuuu 3YP mpu oT-  Hus.
paboTke mpoMaxa yMEHBIIMJIOCH MOYTH B 5 pa3 M ocTaercs IpenioxeHHbI  YCOBEPILICHCTBOBAHHbBIH  KOMOH-
HEM3MEHHBIM Ha BCEM JIMalla30He BBICOT, a TAKXKE NpH (UKCH-  HUPOBAHHBIN croco® ontummusanmu napamerpoB MY, a B
POBaHHOM 3HAYE€HHHU BHICOTHI M BPEMEHH caMOHaBeleHHs Ha-  dactHocTu III" oObekra ynpasieHus, B koTopom padora MI/J]

0JI0/1aeTCsl yMEHBIIICHHUE KOHEYHOTO TIPOMaxa. 3aKJII04aeTCs TOJIBKO Ha ATallax pasrOHAa M TOPMOXKCHUS, a 3a
CUeT PYJIEBOTO MPUBOJA a3POTMHAMUIECKOTO CHOCc00a ympaB-
3aKioueHue JICHHUS IITATHOM OOPTOBOH CHCTEMOH CTaOMIM3alUH — dTarl

neMiQupoBaHusi, YTO MO3BOJIMIO 00SCHEUNTh 3HAYUTEIIbHBIN
[Ipeanaraemas MOJEPHM3ALMUS IO3BOJIAET MOBLICUTH MaHEB-  BBIMTPBIII MACCOBBIX XapakTepucTUK BJIA.
PEHHBIE BO3MOXHOCTHU BHA, M KaK CJICACTBUEC ITOBBICUTH ILIC-
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LOPUHOV A.V.
AN IMPROVED COMBINED METHOD OF CREATING CONTROL FORCES AND
MOMENTS FOR AN UNMANNED AERIALVEHICLE
Military academy of the Republic of Belarus

The purpose of the article is to solve the problem of synthesis and research of the control system of an unmanned aerial vehicle with a
basic and improved combined (aerodynamic and gas-dynamic) method of creating control forces and moments.

The objectives of the study are to analyze the basic model of the combined control method and the possibility of using an improved
model of the combined control method, at which the invariability of the mass and dimensional characteristics of the upgraded control object will
be achieved with a simultaneous increase in the target quality (reduction of the final miss).

Research is based on the use of an improved method for creating control forces and moments, where the optimization of mass
characteristics is made, for using of a smaller number of micropulse motors (only at the stages of acceleration and braking), and when setting
the balancing position (maintaining a steady angle of attack), instead of impulse engines, a steering drive is used standard onboard stabilization
system of an unmanned aerial vehicle aerodynamic control channel. Which ultimately made it possible to preserve the invariability of the mass
characteristics of the aircraft being upgraded and to increase the accuracy of its guidance.

The results of experimental mathematical modeling confirm the effectiveness of the proposed synthesis.

Keywords: synthesis, unmanned aerial vehicle, control, forces and moments, maneuverability, airborne stabilization system.
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UDK 621.349

VISHNYAKOU U.A.,
SHAYYA B.H.

IMPLEMENTATION OF THE INTERNET OF THINGS NETWORK FOR
MONITORING AUDIO INFORMATION ON A MICROPROCESSOR AND
CONTROLLER
Belarusian State University of Informatics and Radioelectronics, Republic of Belarus

The subject of research is the development and implementation of Internet of Things (IoT) network structures for monitoring and
analyzing audio information based on Raspberry microprocessor (MP) and an Arduino controller. The purpose of the article is to detail the pro-
cess of developing an IoT based audio information monitoring network and evaluate the results. The authors have developed two variants of IoT
structures for monitoring and analyzing audio and voice information. The IoT network includes a sound sensor (microphone), a unit for analyzing
the information received from it and a decision-making module. A diagram of the first IoT structure for assessing the sound level based on the MP
and controller is given.

The algorithm of IoT network functioning for the analysis of voice information is detailed. It includes receiving information from the
microphone, transmitting this information to the MP, processing it according to certain rules, forming a solution by the controller and issuing
recommendations to a user. The algorithm is implemented in the IoT network, which includes a microphone, Raspberry MP, Arduino controller,
software, applications for the operator.

A prototype of the IoT network was created for the analysis of voice information and experiments were conducted to test its functioning.
The audio recognizer was trained using various audio samples. The voice sound analysis system was tested in four scenarios: with a large and small
amount of background noise, loud and quiet voice. Analysis of the results of the experiment showed that the voice sound analysis system works

better when the voice is loud, as well as in a place where the situation is with minimal background noise.

Keywords: network structure, sound sensor, microprocessor, controller, software.

Introduction

According to the World Health Organization, the global
population has increased dramatically in recent years, with most of
this growth occurring in urban areas and cities. As a result, cities and
urban planners are now facing new challenges. Monitoring cities is a
new necessity for monitoring the well-being of residents, CO2 levels,
water quality and noise levels, to name just a few.

The psychological well-being of people is one of the
most important aspects of urban life, and noise pollution ranks first
on this list. Excessive noise levels or annoying sounds that disturb
people and animals in their homes, recreation areas or workplaces
are called noise pollution. This type of pollution has various physical
and psychological consequences for human health. A large number of
vehicles, construction areas and human-generated noises, such as the
sounds of nightlife, are the main causes of noise pollution.

Noise levels usually differ during the day and at night. In
residential areas, restrictions are accepted that do not exceed 65 dBA
during the day and 55 dBA at night [1]. The accepted standards of
the recommended permissible exposure time for continuous time-
weighted noise state that for every 3 dBA more than 85 dBA, the
permissible exposure time to possible damage is halved, for example,
85 dBA is associated with an acceptable exposure time of 8 hours; 88
dBA for 4 hours, 91 dBA for 2 hours [2].

The authors propose the implementation of two IoT
structures based on the previously developed multi-agent system for
sound environmental monitoring [3]. The first variant of the proposed
structure evaluates the level of environmental sounds. The second [oT
structure recognizes the sound commands of the human voice. The IoT

Internet l

L

DC Power

Raspherry Pi

auoydosap

network is a good implementation of the proposed options for a multi-
agent system for analyzing audio information.

Multi-agent system for monitoring sound
information using IoT

This system consists of a small Raspherry Pi 3
microcomputer packed on a single board and small enough to fit in the
palm of hand. Despite all this, Raspherry Pi 3 has sufficient power to
process complex computer projects [4, 5]. It contains enough tools to
run the full version of Raspbian OS.

Raspberry Pi 3 is a useful device that is well suited for
creating an IoT network in the form of wearable and embedded
implementations to reduce their size. Raspberry Pi 3 is equipped with
a smaller mini HDMI connector that provides access to a smartphone,
iPed and other external devices.

Raspherry Pi 3 is connected to a solar battery, which provides
its power 24/7. It will also be connected to the wireless Internet using
the Wi-Fi protocol (can use other communication). The sound device
is also connected to the Raspherry Pi 3 to detect and analyze sound
from the environment. Raspherry Pi 3 is connected to the Arduino Uno
system, which is an open source microcontroller board based on the
Microchip ATmega328P microcontroller and developed by Arduino.
cc [6]. The board is equipped with sets of digital and analog 1/O pins,
which can be connected to various expansion boards (screens) and
other circuits (fig.1) [4, 5].

On the Arduino side, a solar battery and a global mobile
communication system (GSM) can be connected to communicate with
the operator [6].

a-.ﬁ—OO‘b

I

GSM

Arduing

Uno

Figure 1. Multi-agent system for monitoring sound information using loT
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Algorithm and structure of a multi-agent
automatic voice detection system

The sound detection algorithm based on the median
filter is highly reliable even in conditions of significant background
noise. At the recognition stage, two statistical classifiers are
compared using Gaussian Mixture models (GMM) and Hidden
Markov Models (HMM), respectively. It can be shown that a
fairly good recognition rate can be achieved (98% at 70 dB and
above 80% at a signal-to-noise ratio of 0 dB), even with a strong
deterioration in Gaussian white noise.

The steps of the proposed algorithm are as follows.

1. The sound (audio) is received by the sensor
(microphone).

2. The Google voice API is used to convert audio to text.

3. The text is compared with other commands in the
command configuration file, that have already been recognized.

4. The bash command interpreter works, if the text

corresponds to any command previously recognized.

5. The recognized command from Raspberry Pi as an
interactive response system is sent to the Arduino controller.

6. Based on this message, the Arduino will interact with
the GSM connected to it.

7. The GSM system sends a message to the desired
destination to the operator.

The block diagram of the IoT system implementing
the operation of this algorithm, using the appropriate software for
processing voice sound, based on the Raspberry Pi MP and the
Arduino controller is shown in the figure. 2.

A prototype of the proposed system was created and
experiments were conducted to test the proposed system and
determine its correctness of its functioning. The audio recognizer
was trained using various audio samples (in the format.wav). After
that, the voice of the same person, who was registered in system,
was used in various situations to assess the accuracy of the IoT.

Below the data on the results shell be given.

Google Voice AP
(Speech to Text)

Arduine + GSM

Compare text with
configration file
> Compare voivee command l
Sound Detector with command configration file —_—
Perform defined
l bash command
Perform defined l

bash command

Send Message

|

with location

7’
i

Send command to
Arduino

Figure 2. Block diagram for automatic detection of a sound command

Structure of 10T voice detection system

The complete detection and recognition system is
described and evaluated based on an audio database containing
more than 800 signals distributed across six different classes. The
emphasis is on reliable methods that allow using this system in a
noisy environment [7].

A Raspberry Pi single-board computer and an Arduino
were used to create a sound detection module, which is mainly
based on software. All hardware components are ready-to-use
peripherals that are connected directly to Raspberry Pi and Arduino
and configured according to the needs of the project.

There are various Raspberry Pi models, but the project
is working on Model B. It has eight universal inputs/outputs, two
USB ports; high definition multimedia interface (HDMI) output
and other non-project related functions. In addition, the Raspberry
Pineeds an operating system that is stored on a secure digital (SD)
card. Choosing an operating system was not easy due to their large
number; the most relevant are Raspbian, Pidora and RISC OS.

Raspbian was chosen for the current project because
of the wide variety of tutorials and information available online.
Raspbian is a Linux operating system with a free license, based on
Debian and optimized for its use with Raspberry Pi hardware [4, 5].

The approach used for speech recognition

Speech recognition is the process of identifying a
voice based on a spoken word by performing signal conversion
[7], which is captured by an audio device (voice input device).
Speech recognition — it is also a system used to recognize verbal
commands of the human voice, and then convert them into data,
that can be influenced by a computer. Sound is something that can
be heard and has certain signal characteristics, while speech is a
sound consisting of spoken words. Voice or speech recognition —
this is one of the efforts needed to make the sound recognizable or
identifiable so, that it can be used. Voice recognition can be divided
into three approaches, namely the acoustic-phonetic approach, the
approach using artificial intelligence and the approach with pattern
recognition [8]. The approach to pattern recognition for speech
recognition can be explained using a flowchart, it is shown in
figure 3 [9].

Machine learning is part of Googlers cloud platform
for creating applications that can hear, see and understand the
world around them. In pre-prepared machine learning models, the
Google Translate API and the Cloud Vision API were integrated
into the Google Cloud Speech API.
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Learning
Sound Model
Feature Extraction —_— Pattern Learning —_—
(a) Block diagram of Pattern Learning
Test Sound . Recognized Sound
Match with model o :
—_—> Feature —> patterns —> | Decision LogiC |m—w

(b) Block diagram of voice recognition Learning

Figure 3. Speech recognition flowchart

With such a complete APIL, developers can develop
applications that can view, hear and translate [10]. The Google
Cloud Speech API allows developers to turn audio into text by
applying neural network models using the API. The API can
recognize more than 110 languages and variants to support a
global user base. You can also write custom text by dictating using
the microphone of the application, enable voice control or record
audio files, among many other use cases, recognizing downloaded
audio on demand, and integrate with the audio storage in Google
cloud storage [11].

Evaluation of sound detection using an automatic
detector

A prototype of the proposed system was created and
experiments were conducted to test the proposed system and
determine its correctness. The audio recognizer was trained using
various audio samples (in the format.wav). After that, the voice of
the same person who was registered was used in various situations
to assess the accuracy of the system. The voice sound detection
system has been tested in various scenarios, such as.

1. An environment with a lot of background noise.

2. Quiet environment with minimal background noise.

3. An environment where the voice is not loud (quiet).

4. The situation when the voice is loud.

Figure 4 shows the results achieved.

m Successful

background noise

Voice is not too Quiet Voice is loud Busy
loud environment environment
with minimal with a lot of

m Unsuccessfull

background noise

Figure 4. Sound detection in various environments results

Figure 4 shows the results of how the system worked
on 150 test samples of the audio voice, after the audio voice was

previously registered in the module database. Table 1 shows the
statistical data obtained.

Table.1: Success Rate of Automatic Sound Detecting System

S/No. Test Condition Number of Accuracy Percentage (%)
1 Voice is not too loud 90/60 60.00
2 Quiet environment with 120/30 80.00
minimal background noise
3 Voice is loud 130720 86.67
4 Busy environment with a lot 100/50 66.67
of background noise
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The analysis of the data in Table 1 showed that the voice
sound analysis system works better when the voice is loud, as well
as in a place where there is minimal background noise.

Conclusion

1. Sound detection and analysis is implemented in the
form of an IoT system, including a sound sensor, a Raspberry
Pi single-board computer, an Arduino microcontroller with the
appropriate software, a notification to the operator.

2. Developed structures and tools for the analysis of
sounds and the human voice. For the second structure, an algorithm
is presented, that includes the conversion of voice into code, the
identification of an analogue and its processing with sending a
notification to the operator.

2. A study of the implementation of [oT network for
voice analysis on 150 examples was conducted. From the tests
conducted and the results it can be concluded, that the voice sound
analysis system works better when the voice is loud, as well as in
a place where there is minimal background noise.
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Buwmnaxos B.A.,
Caiia b.X.

PEAJIM3ALIMS CETU UHTEPHETA BEIIEHX 111 MOHUTOPUHTA 3BYKOBOI
NHO®OPMAIIMA HA MUKPOIIPOIIECCOPE U KOHTPOJIJIEPE
KBenopycckuii cocyoapcmeennulii ynugepcumem uH@OpMamuKu u paouod1eKmpoHUKU,
Pecnybnuxa Berapyco

IIpeomemom uccrnedosanuil seniemcs paspaboma u peanusayusi cmpykmyp cemu Humepnema eeweti (UB 1oT) ona xonmpons u
aHanuza 38ykosoll uH@opmayuu Ha 6aze muxkponpoyeccopa (MII) Raspberry u koumponnepa Arduino. Llens cmamvu — demanusuposams npoyecc
Paspabomxu cemu MOHUMOPUH2A 36yK0601 undopmayuu na ocnose IoT u oyenums pesynomamol. Aemopul paspabomanu 06a 6apuanma Cmpykmyp
1oT 015 monumopurea u ananusa 36ykoeoii u 2onocosou unghopmayuu. Cems loT sxnouaem 6 ceds damyuk 38yka (MUKpOGhHOH), O10K Ol aHanuza
NONYYeHHOU Om He2o uHGopmayuu u MoOyIb npuxamus pewenu. Ilpusedena cxema nepeoi cmpykmypuvl B 0ns oyenku yposnus 36yka na o6aze
MII u xonmponnepa.

Hemanusuposan aneopumm QyHKYUOHUPOBAHUS cemu UHMeEpHema eeujeil O AHAnU3a 2010c060u ungopmayuu. On ekaOuaem
nonyuenue uHgopmayuu ¢ MUKpoghoua, nepedaua smoi ungopmayuu Ha MI1, o6padbomky ee no onpedenreHHbIM NPABULAM, POPMUPOBAHLUE peule-
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HUSI KOHTPOJUIEPOM M BbIJa4a PEKOMEHJAIMI MOJb30BaTeN0. AITOpUTM peanu3oBaH B cetu UB, Briouaromieit mukpopon, MIT Raspberry,
KoHTposutep Arduino, IporpaMMHoe obecredeHne, TPUIIOKEHHS [UIs OTlepaTopa.

Brun cozman mpotorun cetn VB 1 amanmsa roxocoBoit HH(GOPMAaIUK U MPOBEJCHBI SKCIICPHMEHTH! I IPOBEPKU €€ (hyHKIMOHUPOBAHU.
Pacrio3HaBatensb 3Byka ObIT 00y4eH C MCHOIB30BAHUEM PA3NIMYHBIX ayAuocaMILIoB. CHcTeMa aHaIn3a ToJI0COBOTO 3ByKa Oblla MPOTECTHPOBAHA
B UETHIPEX CLECHAPHAX: C OONBIINM U MalbIM KOTHIECTBOM (DOHOBOTO IIymMa, TPOMKHM H THXHM TOJIOCOM. AHAIN3 Pe3yIbTaToB dKCIEPUMEHTa
nokasai, uto cucrema MB ananmmsa ronocoBoro 3Byka paGoTaeT Jydie, KOTJa ToJIOC TPOMKHIA, a TakKe M B TOM MecTe, Ilie 00CTaHOBKa C
MHHHMAJIBHBIM (JOHOBBIM IITyMOM.

Kniouegvie cnoga: CTpykTypa CeTH, JaTIUK 3ByKa, MUKPOIIPOLIECCOP, KOHTPOILIEP, IPOrpaMMHOE 00eCIIeUeHNUE.

BumnskoB Biaagumup AnaroabeBu4, A.TH., npodeccop npodeccop BI'YUP, xap. UKT. Obmacts
HAayYHBIX MHTEPECcOB: HH(OPMALIOHHOE YIpaBlieHHE U Oe30I1acCHOCTb, OJICKTPOHHBIN OW3Hec,
MHTEJUICKTyallbHble CHCTEMbI ynpaBieHus. WieH 2-x pokropckux COBETOB MO 3alllUTe JUCCEPTaIdid.
Agrtop Gonee 450 HaydHBIX paboT, B TOM uncie 6 MoHorpadwmii (1 Ha aHITHHCKOM SI3bIKe), 4-X YIeOHBIX
nocobuii ¢ rprihom MuHKCTEPCTBA 00pa30BaHus, 8-U TOMHOTO y4eOHOTo KoMIuiekca « HpopMaImoHHbIi
MEHEDKMEHT», 165 Hay4yHBIX cTaTell.
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EXACT AND GREEDY ALGORITHMS OF ALLOCATING EXPERTS TO MAXIMUM
SET OF PROGRAMMER TEAMS
Belarusian National Technical University

The allocation of experts to programmer teams, which meet constraints on professional competences relat-ed to programming technol-
ogies, languages and tools an IT project specifies is a hard combinatorial problem. This paper solves the problem of forming the maximum number
of teams whose experts meet all the constraints within each team. It develops and compares two algorithms: a heuristic greedy and exact optimal.
The greedy algorithm iteratively solves the set cover problem on a matrix of expert competences until can create the next workable team of remain-
ing experts. The paper proves that the allocation greedy algorithm is not accurate even if the set cover algorithm is exact. We call the allo-cation
algorithm as double greedy if the set cover algorithm is greedy. The exact algorithm we propose finds optimal solution in three steps: generating
a set of all non-redundant teams, producing a graph of team's independency, and searching for a maximum clique in the graph. The algorithm of
generating the non-redundant teams traverses a search tree con-structed in such a way as to guarantee the creation of all non-redundant teams
and absorbing all redundant teams. The edges of the non-redundant team independency graph connect teams that have no common expert. The
maximum clique search algorithm we propose accounts for the problem and graph features. Experimental results show that the exact algo-rithm

is a reference one, and the double-greedy algorithm is very fast and can yield suboptimal solutions for large-size allocation problems.

Keywords: programmer, team, competence, expert, allocation problem, optimization.

Introduction

In the rapidly developing information technology industries,
there is need to assemble teams of growing complexity to tackle
problems on a larger scale than ever before. Agile is a set of values
and principles of developing software and finding solutions over
joint efforts of development teams and customers [1, 2]. Agent-
based evolutionary optimization methods [3] aim at performing
the management of teams.

The process of allocating tasks to teams has not received much
attention. In [4], the authors describe the process of task allocation
as including three mechanisms of workflow across teams and five
types of task allocation strategies. In [5], the authors emphasize
that a successful software development team has to be made up of
competent developers. Competency is the ability of a developer
to perform a job properly. It is a combination of knowledge, skills
and attitudes used to improve performance. In [6-8], the authors
proposed platforms that increase team’s productivity and efficien-
cy for various tasks and projects. In [9], a method for formalizing
and evaluating the competency of individual programmers and
entire programmer teams was proposed. Since the programmer
allocation problem is combinatorial, the goal of works [10 - 12]
was to develop a genetic-algorithm-based meta-heuristic approach
for finding acceptable solutions of large-size problems at different
requirements to competences of programmers.

In the paper, we formulate a combinatorial problem and pro-
pose a heuristic greedy and an exact optimal algorithm of allocat-
ing experts to a maximum set of programmer teams, assuming that
two teams may not share the same expert. The contribution of the
paper is as follows:

1. An algorithm of generating feasible non-redundant teams
of experts is proposed;

2. A graph of non-redundant teams independency is intro-
duced; the experts allocation problem is solved by searching for a
maximum clique in the graph;

3. The experimental results obtained show that the heuris-
tic greedy algorithm is very fast and gives good enough solutions
against the exact algorithm.

Combinatorial problem formulation

Let C= {c,,..., ¢} be a set of competences Joseph Sijin pro-
posed in [13] in order to create the programmer competency ma-
trix and to estimate the qualification of candidates to IT projects.
He introduced four predefined competency levels L0, L1, L2 and
L3, and formulated requirements for each of them regarding all the
competences.

LetP= {p,,...p,} be a set of programmers who desire to work
on an IT project and have evaluated the competency level on
each of the topics. Table 1 describes a sample of 12 programmers
characterized by 12 competences. It indicates the competency
Level(p, ¢) of each programmer p for each competence c.

Usually, each IT project establishes a constraint Level(p, ¢) > A
for the level of each competence ¢ € C at least one programmer p
of the team must have. We also use notation A for the overall com-
petence: A=A forallceC.

Table 1. Competence level of twelve programmers (case study)

Pro- Competence
gram
mer |0 |1 (2 |3 (4|5 |6 |7 |89 ]10]11
0 3 /0 |3 ]33 ]2 ]2 (3 ]0(3]0 |2
1 3|1 (201 |1 ]31]2 3|3 1]60 3
2 3 /2 (3 ]3(0]J1]11]01]0¢(2]3 3
3 1 |2 |1 ]0 2 ]3|0]2]0]([3]3 2
4 1 [3 (1 ]33 1]3]01]2 |13 ]0 |2
5 313 (3 ]2 (01 3|13 (2]1 1
6 1 |1 (0 ]2 2 ]33 |2 |3 1]1 2
7 0|3 (2 ]0f0 ]2 ]2 |1 ]2 1 ]2 |2
8 1 [3 (2 ]0 (3 1]01]21]01]2 1 0]1 0
9 1 |1 (0 ]2 [0 ]1 |3 |01 |3 ]2 |2
10 012 (1 ]0f0]J2 3|01 21 0
11 1 (3 /0]J0f0]JoO 2 |1 ]1 (3 ]3 0
Table 2. Matrix A of expert competences at A > L2 (case study)
Competence
Expert
o|1|2|3|4|5]|]6|7|8]|9]|10]11
0 + + + |+ | + + +
1 + + + [+ 1+ [+ +
2 + |+ [+ |+ + |+ | +
3 + + | + + + | + +
4 + + |+ |+ + + +
5 + |+ + [+ + + | +
6 + |+ [+ [+ [+ ]+ +
7 + | + + | + + + | +
8 + | + + + +
9 + + + |+ | +
10 + + | + +
11 + + + [ +

We qualify a programmer who meets the constraint on at least
one competence as expert. The working team must have an expert
for each competence. Applying the constraint of A = L2 to Table
1 generates Table 2, which describes a matrix A[nxm] of expert
competences. Symbol “+’ indicates competences the experts have.

Definition 1. A team ¢ is a subset of programmers ¢ < P such
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that

UA,=C M
pet

Definition 2. A team s is redundant if at least one programmer
r € s exists such that team #= s\ {r} meets (1).

Definition 3. A team ¢ is non-redundant if for any programmer
r € t inequality (2) holds.

u A #C )

pet\{r} 4

Definition 4. A team t absorbs team e if z C e.
Definition 5. Teams ¢, and £, are independent if £, n L=0.

Let Q be a set of feasible allocations of experts of P to a set 7'
of workable teams, assuming that size |T'| is not defined in advance.
Our objective is to solve the following combinatorial problem:

max | 7'
TeQ 7] )
subject to

UAP=C forallt,eT @)

PEL;
A is a set of competences of expert p. Equation (5) estimates
an upper bound of the team count.

upper(|T |)= 22“{2%} )
peP

where BPC =1if A= According to Table 2, upper(|T]) = 4.

Greedy algorithm of solving the problem

The greedy Algorithm 1 we propose heuristical-ly allo-
cates experts to teams and finds a subopti-mal solution in general
case. The algorithm itera-tively solve the well-known set cover
problem [14], which is NP-complete, until the next worka-ble
team cannot be created of the remaining ex-perts. Initially set R
consists of all experts of set P, and set 7 of teams is empty. Each it-
eration of the loop forms a feam of minimum size, which covers all
competences, by solving the set cover problem. Then it removes
experts of team from R and add the team to 7. If feam is empty, the
algorithm ter-minates its operation.

Algorithm 1: Greedy allocation of experts to teams

Input: A set P of experts
Input: A set C of competences
Input: A matrix A of expert competences
Output: A set T of workable teams represented by subsets of experts
R«P T« nextteam < true
while next_team do
team < SetCoverProblem (C, R, A)
if team = & then
next_team <« false
else
T« Tu{team} R« R\team
return T

Algorithm 1 does not guarantee obtaining the accurate solu-
tion. Table 3 describes matrix A, which proves the assertion. Figure
1a shows three non-redundant teams that can be generated from A.
Algorithm 1 selects team ¢, at the first iteration and returns 7'= {7}
after the second iteration. Figure 1b shows that the maximum-size
solution is 7' = {¢,, ¢,}, which represents a maximum clique of a
team independency graph G. As Algorithm 1 is a heuristic one,
it is reasonable to solve the set cover problem by the greedy algo-

rithm [15]. In this case, Algorithm 1 becomes the double-greedy
heuristic algorithm.

Table 3. The matrix A proves that greedy algorithm
can give suboptimal solution

Competence
Expert
Co Ci C2 C3 C4
o + + +
D + + +
P2 +
ps +
)2} +
Ds +
to= {po, p1}
= {PO,P2>P3}
©= {p1, ps, ps}
2

b)

Figure 1 — Non-redundant teams of experts from Table 3:
a) team members; b) team independency graph Gp

Generation of feasible non-redundant teams

A team search tree depicted in Figure 2 is a directed labeled
acyclic graph supporting the generation of redundant and all
non-redundant workable teams. All nonterminal vertices (without
fill) of the tree correspond to programmers. There are four types of
terminal vertex: a redundant workable team (in red); a non-redun-
dant team (in green); a non-workable team which does not cover
all competencies of C (in black); and a tree’s branch represented
as single vertex (in grey). There are two types of edge in the tree:
on-edge (right outgoing solid line) and off-edge (left outgoing dash
line). A path from root to a leaf 4, determines the team members. If
the path includes an outgoing on-edge of vertex p, then p, € ¢,, if it
includes an off-edge then p, € ¢,.

Algorithm 1 does not guarantee obtaining the accu-
rate solution. Table 3 describes matrix A, which proves
the assertion. Figure 1a shows three non-redundant teams
that can be generated from A. Algorithm 1 selects team ¢,
at the first iteration and returns 7'= {¢} after the second
iteration. Figure 1b shows that the maximum-size solu-
tionis 7= {¢, t,}, which represents a maximum clique of
a team independency graph G . As Algorithm 1 is a heu-
ristic one, it is reasonable to solve the set cover problem
by the greedy algorithm [15]. In this case, Algorithm 1
becomes the double-greedy heuristic algorithm.
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Figure 2 — Non-redundant teams search tree

Algorithm 2 uses four operation modes: FOR-
WARD, BACKWARD, SUCCESS, and FAILURE. In
mode FORWARD, it switches to mode SUCCESS if
the programmers collected in stack SS have set C of
competences. If the depth of stack SM is equal to n, the
mode switches to FAILURE. Otherwise, the algorithm
keeps the mode, pushes the topm programmer in stack
SS adding programmer’s competences to the current
team, and passes from programmer topm to program-
mer topm + 1 through on-edge. In mode SUCCESS,
the algorithm gener-ates new team, possibly absorbs
the previously created teams of set 7, adds the new
team to 7, and switches to mode BACKWARD. In
BACKWARD, the algorithm performs backtracking
while SM has off-edge at top. If the depth is equal to
0, the algo-rithm terminates operation returning T. If
a record with on-edge found, the algorithm replaces it
with off-edge and switches to the FORWARD mode.

Algorithm 2: Generation of non-redundant teams

Input: A set P = {0,..., n-1} of experts
Input: A set C of competences

Input: A matrix A of expert competences
Output: A set T of non-redundant teams represented by expert subsets

SM(0) « true  SS(0)pr < 0 SS(0).cs ¢ A(0)
mode < FORWARD

go<+true topm<« 1 tops+— 1 T« @
while go do

if mode = FORWARD then
if SS(tops - 1).cs = C then
mode + SUCCESS
else
if topm = n then
mode < FAILURE
else
SS(tops).pr < topm
S8(tops).cs < SS(tops - 1).cs w A(topm)
tops < tops + 1
SM(topm) <« true
else if mode = SUCCESS then
team « &
for i < 1 to fops do team <« team U SS(i).pr
T < Absorption (team, T)
T« Ty {team}
mode < BACKWARD
else if mode = BACKWARD then
if SM(topm - 1) then

topm « fopm + 1

SM(topm - 1) « false
mode + FORWARD
else
if topm > 0 then topm < topm — 1 else go « false
else if mode = FAILURE then
while ropm > 0 and SM(topm - 1) do
SM(topm - 1) « false
topm < topm —1  tops < tops — 1
if tops = 0 then
go « false
else
topm «— SS(tops).pr+ 1
SM(topm - 1) « false
if tops = 0 then
SS(taps).pr « topm
SS(tops).cs < A(topm)  tops < tops + 1
SM(topm) < true  topm < topm + 1
mode < FORWARD

tops « tops - 1

tops < tops — 1

return 7

In mode FORWARD, the algorithm switches to FAILURE. if
it has generated an unworkable team passing through on-edges.
In mode FAILURE, it performs backtracking over on-edges
using both stacks to find a vertex, which allows the traversal of
alternative paths in the search tree and allows the generation of

alternative teams in the FORWARD mode.

The search tree generated by Algorithm 2 is de-picted in
Figure 2. Totally, the tree includes 237 terminal team-vertices that
represent 190 redun-dant (in red) and 47 non-redundant (in green)
teams. The figure shows only part of generated branches, grey
leafs represent tree branches con-taining other teams.

A path from tree root to team-leaf determines the team mem-
bers. For instance, the path to #, includes nonterminal vertices
0,...,7. Vertices 0, 1,4, 5 and 7 have outgoing on-edges (solid line).
Vertices 2, 3 and 6 have outgoing off-edges (dash line). Therefore,
ly= \Pp P> Py Py Py

In the search tree, dot-line edges show absorbing one team
by other team. For example, team ¢, has outgoing dot-line edge
pointing to team ¢, = {p, p,, P> P> P> P} - Therefore, £, absorbs ¢,
because 1, t,.

The search tree has properties as follows:

1. In any path from root to leaf, the competences of predeces-
sors does not include all competences of successors.

2. The competences of successors may completely include the
competences of a predecessor.

3. As a result, a team may only absorb other redundant team
located to right in the search tree.

4. Algorithm 2 finds all non-redundant teams for the given set
of programmers and absorbs all redundant teams.

Figure 3 depicts a set of 47 non-redundant teams Algorithm 2

CUCTEMHBINA AHAJIN3 U IPUKJIAJTHASI THOOPMATHUKA

1,2022



DATA PROCESSING AND DECISION-MAKING

43

has generated over the tree from Figure 2. The rows correspond
to teams, and the columns correspond to programmers. Value 1

indicates including a pro-grammer in a team.

Exact algorithm based on non-redundant team
independency graph

In the undirected non-redundant team independency graph
G, = (T, D), Tis a set of non-redundant teams, and D is a set of
edges (z, t.) such that . ~ t. =&. Figure 4 depicts an adjacency ma-

. ) 1 J .
trix of the graph generated for teams from Figure 3.

To allocate exactly experts to maximum number of teams, we
find the maximum clique of graph G . Algorithm 3 we propose
takes into account the graph features. Its inputs are matrix A and
graph G, and its output is a maximum set A/locate of indepen-
dent teams. It calculates an upper bound of the set size using (5)
and calculates a lower bound by running the greedy Algorithm 1.
Then, it orders the graph vertices by vertex power descending, and
modifies G to G’

Algorithm 3: Search for maximum clique in non-redundant team
independency graph

Input: A matrix A of expert competences
Input: A graph G, = (7, D) of independency of non-redundant teams
Output: A subset Allocate = T of independent teams representing
problem solution
UpperBond <Equation5 (A)
LowerBound < GreedyAlgorithm (Gp)
T < Ordering (T) G’n « Modifying (G, T")
Allocate < LowerBound
if |LowerBound| = |UpperBond| then
return Allocate
else
for CliqueSize < |LowerBound) + 1 to |UpperBond| do
G’y < GenerateSubgraph (G’ , CliqueSize)
Cligue < SearchClique (G "', CliqueSize)
if Clique = & then
return Allocate
else
Allocate < Clique
return Allocate

Algorithm 4: Search for clique of required size in sub-graph

Input: A sub-graph G, = (T, D")
Input: A required size CliqueSize of clique
Output: A subset Cligue — T of required size

fori«<1to|T| do
if |T°| —i < CligueSize then
return &
else
Stack(0).team «<— t;  Stack(0).count « 1

Stack(0).neighbours < neighbourhood(t,)
while top >0 do
if top = CliqueSize then
return GenerateClique(Stack)
if Stack(top—1).count > |Stack(top—1).neighbours| then
top < top—1
if top = 0 then
Stack(top—1).count < Stack(top—1).count + 1
continue
nb <« Stack(top—1).neighbours(Stack(top—1).count)
flag « true
for j <« 0 to top-1 do
if nb & Stack(y).neighbours then
flag < false break
if flag then

top « 1

Stack(top).count < FirstNext(nb)
Stack(top). neighbours <— neighbourhood(nb)
Stack(top).team <—nb  top < top+1
else
Stack(top—1).count < Stack(top—1).count + 1

The algorithm checks the equality of the lower and upper
bounds and returns Allocate as optimum. Otherwise, it organizes
a loop to find the largest team size from |LowerBound| + 1 to Up-
perBond). To speed up the search, function GenerateSubgraph re-
duces G’ to G, of smaller size, CliqueSize, and function Search-
Clique finds a required clique.

Algorithm 4 searches for a clique of the required CligueSize
in sub-graph G” . It forms the clique by selecting a vertex from
1 to |T’|-CliqueSize+1 and adding other mutually adjacent verti-
ces. To perform combinatorial search, it uses a Stack. All vertices
pushed in the Stack are mutually connected. When the stack depth
reaches CliqueSize the search is over and the clique is extracted
from the stack. Otherwise, the algorithm checks if it has visited all
neighbors of the vertex assigned to record fop — 1. If yes, it pops
the top record and returns to the previous vertex. If no, it passes to
the next neighbor nb. If nb is adjacent to all previous vertices in the
Stack, the algorithm pushes 7b in the next record and repeats the
described steps.

In Figure 4, the filled four rows and four columns describe the
maximum clique that represents an optimal solution including four
teams as follows: ¢, = {p, P, }, £y = AP1s P Pos Py} » g = \Pop Pp Py}
and ¢, = {p,, p}.

™

?

Pz P P P B BB

=

=

=

Figure 3 — Non-redundant teams of experts from Table 2
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0 1 2 3 4 5 & 7 & 9 10 11 12 13 14 15 1§ 17 18 19 20 21 22 23 24 25 26 27 28 20 30 31 31 33 34 35 36 37 3 30 40 41 42 43 44 45 45
o 1:1 1:1:1:1
1 1) 1:1:1:1 1 1 1
0 1:1:1:1:1:01:1¢41 1 1
0 1:1:1:1:1:¢1:1:1:1 1:1
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g o 1 1:1 1:1 1:1 1
o 0 1:1:1:1:1:31 1 1 1 1 1:1 1:1:1
10 0 1:1:1:1:1:1:1:1:1 1:1:1 1:1:1:1 1:1:1
11 0 1:1:1 1 1 1:1 1:131:1:1 1:1 1
12 o 1Ti1i1:0 101 11101 1 1B 1:1:1
13 0 1:1 I | 1:1 1 1i1:1 1 1:1 1:1:1 1:1 1:1
14 0 1101 1101 1 1 1 1 1 1101 111 111 1
15 g1 1Ti1:101:1 1 1 1 111 1i1i1:01 11
16 o 1111011
17 o 1 11111
12 0 1 111 1:1
12 0 1i1:1i10 10101
0 o 1 11131
1 a 1i1:1 1:1:1
n a 1:1:1:1 1 11 1
3 0 1 1:1 1:1
24 0 1:1 1:1 1 1
235 a 1i1 1311 1i1
28 a 1
7 a 1 1 1
28 0 1i1 1 1 1:1
% 0 1 1:1 1:1 1
30 o 1:1:1:1:1 1:1 1
3l o 1110101 11131
32 o 1 111 1 1
33 [ 11 1111 111 1
3 0 1:1 1:1
5 0 1i1i1i1i1:01
36 a
37 1} 1 1:1
38 o 1 1:1:1
E D:1:1:1:1
40 i}
4l a
42 a
43 o
“ 0
45 0
48 ]

Figure 4 — Adjacency matrix of non-redundant teams independency graph G

Experimental results
. optimal solution has increased from 0 (run 1) to 4 (run 6).The
We have developed a computer program that implements both  greedy solution is one team less on average, although it is opti-
the greedy and exact algorithms of allocating experts to teams.  ma] for run 2. The number of generated non-redundant teams has
Table 4 reports experimental results obtained on six runs of the  jpcreased from 665 to 930 and then has decreased to 204. The
program on various expert samples of 20 programmers and 20 yymper of all teams (redundant and non-redundant) has been larg-

competences. The samples differ by minimum (upper bound of ¢ gyer the number of non-redundant teams by 70.8 downto 3.5
teams count) and average number of competences per expert (third  (jeg.

and fourth parameters in the table). The increase of upper bound
from 4 to 14 causes the growth of the maximum team count (exact
solution) from 4 to 10, the greedy lower bound from 3 to 9, the
competence count per expert from 5.8 to 15.8. The difference be-
tween the upper bound and the

Conclusion

The paper has formulated a combinatorial problem of allocat-
ing experts to maximum set of programmer teams accounting for
professional competences. In our work, to tackle the problem we
have developed two algorithms: greedy heuristic and exact opti-

Table 4. Experimental results of allocating 20 experts to pro-
grammer teams for 20 competences and various matrix A

Parameter 1 3 3 Run 2 3 3 mal. The first algorithm is fast and solves the problem using set
Greedy lower bound 3 5 4 3 3 9 cover problem solutions. Although the second algorithm is slow,
Maximum team count 4 5 6 7 9 10 it is a criterion for the evaluation of heuristic algorithm quality.
Upper bound 4 6 3 10 12 | 14 The developed software allocates experts to teams and allows for
Competences perexpert | 5.8 | 7.6 | 10.0 | 12.0 | 13.8 | 15.8 obtaining experimental results on various-size input data. The fast
Non-redundant teams 665 | 930 | 857 | 513 | 377 | 204 double-greedy algorithm slightly loses to the exact algorithm by
All teams (times) 70.8 | 23.8 | 185 | 149 | 62 | 3.5 quality, but is applicable to large-size combinatorial problems.
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Tpuxoorcuii A.A.
TOYHBIN U )KAJTHBINA AJITOPUTMBI PACITPEJIEJIEHUS SKCITEPTOB HA
MAKCUMAJIBHOM MHOXKECTBE I'PYIIII ITIPOT'PAMMUCTOB

benopycckuii hayuonanvHulli mexHuuecKul yHugepcumem

Pacnpedenenue 5kcnepmog no npoepamMmucmcKum Spynnam, omeevaioujee mpebosanusam npopheccuo-1anbHoll KoMnemenyuu  cghepe
npoepammuposanus, cheyuuyuposanrvim 6 UT-npoekme, a8iaemcs ClLOMCHOU KOMOUHA-MOPHOU npobremol. B oannoll pabome pewaemcs
3a0aua GopMuposanus MaKCuManbHO20 YUCIA SPYRN C 6KIIOYEHUeM 6 HUX DKCNepmos, 00ecnequsarouux 6blNoNHeHUe Kajxicool 2pynnou
mpebosaHull K KomnemeHyusm. B cmamoe paspabamol-6aromcs u CpagHUBAIomMcs 08d ai20pummd peuteHus 3a0a4u.; 38PUCMUYeCcKull HCaoHblll u
MOUHbLI ONMUMATbHBLL. IKAOHBIL aneopumm umepamueHo pewiaem 3a0ady 0 NOKPelmul Ha Mampuye SKCREPmHbX KOMnemeHyuil 0o mex nop,
nOKa He CMO-dicem co30amb pabomocnoCcoOHyIo ZPYRNY U3 OCMAGUIUXCS IKCNepos. B cmampe 0oKkazano, 4umo smom aneopumm He On-mumaieH,
oadice eciu 3a0a4a 0 NOKPLIMUL petaemcs, ONMUManbHo. Aneopumm Ha3Havenus SKCNePIMos ABIAemcs 08axiCObl HCAOHIM, €l OH UCTIONb3Yem
JHCAOHBIIL ANOPUMM NOKPLIMUS. MHOXcecmad. [Ipednazaemuiil MOYHbIL AN2OPUMM HAXOOUM ONMUMATILHOE PeUeHue Ha mpPex wazax: co30anue
Habopa ecex He u30bIMOUHbIX 2PYNN, NOCMPOEHUe 2PAda He3ABUCUMOCTIU 2PYRN U NOUCK MAKCUMATLHOU KAUKU 2pagha. Aneopumm cenepayuu cpynn
00x00Um 0epeso NoUcKa, NOCMpPoeHHoe MAK, YModbl 2APAHMUPOBANb HAXONCOCHUE BCeX He U3DbIMOYHBIX 2PYNN U NOZIOUjeHUE 6CeX U3DbIMOYHBIX
epynn. Pebpa epagha nesasucumocmu epynn coeouHsion eepulliHbl-epynnbl, He umeioujue oouux skcnepmos. B cmamove npednoicen anzopumm
NOUCKA MAKCUMATIbHOU KUK, Y4UMbl8aruuil 0cobeHHoCmu epagpa u peuaemotl 3a0auu. IKCnepUMeHmabHble pe3yibma-nol NOKA3bI8aom, ymo
MOYHBLI ANCOPUMM ABNAEMCA ONMUMATLHIM SMANTOHHbIM, A AN2OPUMM OBOUHOU HCAOHOCMU AEIA-€MCs ObICMPBIM U MOJCEN 0ABaAMb peuieHie
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48 NHOPOPMALINOHHBIE TEXHOJIOI'MA B OBPA3OBAHUN

CA. JKVKOBUY

VIIK 37+(517.977.52)

MHNPUHIUII MUHUMYMA TAMUJIbBTAHUAHA ITPU OIITUMAJIBHOM
YHPABJIEHUH ITPOUHECCOM JUCTAHIIMOHHOI'O OBYUYEHMUSA
Quauan benopyccko2o HAYUOHATLHO20 MeXHUYecKo2o ynueepcumema «bopucoeckuti
20Cy0apcmeeH bl NOAUMEXHUYECKULL KOMLEONCH

Ilpeonodxcena mamemamuueckas Mmooelb 00VUeHUs HA OCHO8e Meopul YnpasieHus 6 6ude HeOOHOPOOHO20 JUHEUHO20
ouppepenyuanvrozo ypasnenus. M3 npunyuna MuHUMymMa 2amuibmanuana Ons deMOHOMHBIX CUCTEM NOTy4eHbl AHATUMUYecKue Qopmynsl u
2paghuk Ot ONMUMATLHO20 NPOSPAMMHOZ0 YNPAGTIEHUS U ONMUMALLHOU MPAEKMOPUL.

Knroueswlie cnosa: mamemamuueckas mooeib npoyecca 0ucmaHl4u0HH020 oﬁyquu}z, meopus OnNMUMalbHO20 ynpaejileHus.

BBenenne

B Hacrosiiee Bpems akTyajbHa IMCTAHIMOHHAs (opma
o0yuenus. OnHaKo mpu Takoi Gopme 00ydeHHs MpernoaaBaTeib
HAXOIMTCSl YAAJICHHO W HE WMEeT IOJHOW OOpaTHOM CBs3U C
00y4aeMbIM, YTO MOXKET HETaTHBHO OTPA3UThCS Ha KA4ecTBE
o0pazoBarenbHOI ycmyru [1].

IMosTomMy Tpebyercsi MOCTPOMTh MaTeMaTHYeCKyl0 MOJIEib
nporecca JMCTAHIMOHHOTO OOy4YeHHs M PELINTh 3ajady
ONTHMAJIGHOTO YHPABJICHHS, MAaKCHUMHU3UPYS YPOBEHb 3HAHMIi

00y4aemMoro Mpyu MUHUMHU3ALMN y4eOHOI Harpy3Ku.

1. MaremaTu4yeckasi MoJeJib npoiecca
AUCTAHIIMOHHOTO 00YUYeHHs HA OCHOBE TEOPHH
ylpaBjeHus

Iporecc 00ydeHHss HA UCTAHIMOHHOM Kypce MOXKHO
OMHUCAaTh C TOMOIIBI0 HEOAHOPOAHOTO TMHEHHOTO Aud hepeHnn-
aJIbHOTO ypaBHeHus [2]

S
9 _ 4z + ) ku, (1),
i=0

i (1.1)

e Z = Z(t) — Tekymwuid ypoBeHb (00bEM) YCBOCHHOIO
y4eOHOTr0o Marepraa (B akaJIeMHYECKIX Yacax),

k — xo>dduiment 3a0bIBaHMS, KOTOpBIA MOKA3bIBAET,
KaKyl0 4acThb OT TEKYILIEro YpOBHS YCBOGHHOIO Y4eOHOro
Mareprana Z o0yJaeMblif 3a0BIBaeT B CPETHEM 32 CYTKH.

U, — mporpaMMHOE YNpaBJIeHHE, 3a/aBAEMOE B BHJIE
3apaHee  3alUIAHUPOBAHHOM  HArpy3KH,  OCYILECTBIIAEMOM
Hpero/aBaTeNeM OHIaiH (B aKaJleMUYECKUX Yacax),

U, — mporpaMMHOE yTpaBieHUE B BHE HAIPY3KH IS
CaMOCTOSTEIILHOTO 00Y4eHHSI,

U, — mporpaMMHOE YNpaBlIeHHE HA UCTAHIHOHHOM
Kypce B BUJIE IPOCMOTPa 00y4aeMbIM BHICONEKIIHIL.

0 — KO3 QHUIMEHT yCBOEHHS y4eOHOTO MaTepuaa Ipu
00y4YEHHUH C TTIOMOILIBIO TIPETIOABATENIS;

U, — ynpaBiieHHe IPOIeCCOM MOBTOPEHHS MOCPEICTBOM
KOHTPOJIBHBIX M CAMOCTOSITCNIBHBIX PabOT TMocie OOy4CHHUS
npenofaarenem (U, sABIAETCA ympaBIeHHEM C OOpaTHOMH
CBSI3bI0),

1 — koo duumenT ycBoenus s ynpasieHus U ;
5 — k0o uumenT ycBoerus 1 ynpasienus U, ;

U, — ynpapnenue ¢ 0OpaTHOM CBA3LIO NPU MOBTOPEHUH
MarepHala, U3y4eHHOro 00y4aeMbIM CaMOCTOSTEIBHO,

3 — kK02 QHIHEHT yCBOCHMS 1A yIIpaByieHus Uy ;
4 — ko3 dunment ycsoenus 11s ynpasnenus U, ;

U — ynpapnenue ¢ 00paTHON CBA3bIO MPH MOBTOPEHUH

MarepHala, H3y4eHHOTro 00y4aeMbIM B BUJIC BHICOICKIIHH,

k 5 — KO3()DUIMEHT yCBOGHHS [71sl YTIPABIEHHUS U 5.
Pemenne ypasuenus (1.1) npencrasisiercs B BUIe

t L
[k 1, s k(v)dv
+e? Zkiui(z')e0
0 i=0
e Z, (¢ — Ha4aJbHBIH yPOBEHb YCBOEHHOTO y4eOHOTO
Marepuananpu [ =1,
st ycroitunBoro o0ydeHus He0OXOAUMO 0OECTICUNTD
TIepexo/l 3HaHWH y 00y4aeMbIX M3 KPaTKOBPEMEHHOH MamsTH B
JIOJTOBPEMEHHYI0. JTO 00ecredynBaeTcsl ITyTeM IPHMEHEHHUS
YIPaBJICHHS ¢ OOPATHOI CBA3BIO C IIOCTEHEHHBIM YMEHBIICHHEM
ko3 duirieHTa 3a0bIBAHKS k o 3aKOHY

k(n)=ke™".

—j k(v)dv

Z({t)=Zye ° dr,(12)

(1.3)

Taroke TIpH  TIOBTOPEHHMH  YBEJIMUMBAIOTCA MO
HEKOTOPOMY 3aKOHY Bc€ KOI((HIIMEHTHI YCBOCHHS, CTPEMSCH K
€IIMHHMIIE IPH JOCTATOYHO OOJIBIIIOM YHCIIe TOBTOPEHHUIA.

2. MareMaTH4eCKHii MEeTOJ ONNTHMAJILHOIO
NMPOrPaMMHOI0 YIPaBJIeHUS MPOLECCOM
AUCTAHUHOHHOIO 00yYeHust

PemmmM  3amaduy — ONTHUMAJbHOIO  MPOTPAMMHOIO
VIPaBIeHUs,  OCYLIECTBISIEMOTO  TOJBKO C  IIOMOIIBIO
npenonasarens ownaH (u; =0, u, =0,u; =0,u, =0,u; =0). 11
perueHus 3ana4qn OyneM NPUMEHSTh OJWH U3 Haunbonee 3¢dek-
TUBHBIX METOJIOB B TEOPHH ONTHMAIIBHOIO YIIPABICHUS — METON
Jlarpamxka-IloHTpsirvHa /Uil HENPEPBIBHBIX YNPaBISIEMBIX IPO-
1eccos. [4].

PaccmorpuM  yHKIMOHAI ~KadecTBa  yIIpaBIICHUS
o0ydyeHneM

Jw,,Z,t)= ].(uo(t) —Z(t))dt. @.1)

e 1 — xoHeuHbIit MOMeHT BPEMEHH (Cl1aua 3K3aMeHa UM 3a4€eTa).

JUist ONTUMAJIBHOTO YIIPABJICHHUS TIPOLIECCOM 00yUYeH s
¢dynkupoHan (2.1) NoDKeH NpHHAMAarh MHUHHAMAJIBHOE 3Hade-
uue Ha uHTepBaie [0, T]. Takum 0Opa3oM, ypoBeHb YCBOSHHOTO
y4eOHOro Marepuana MakCUMH3UpYeTCs, a ydueOHas Harpyska
MHHHUMHU3YETCSL.

l'amunbsroHnaH, cooTBeTCTBYOMMIA ypaBHeHHo (1.1) n
¢ynkuroHaiy (2.1)
H=[-kZ+kyu,lp+u,—-Z2)p,, (2.2)

e p = p(t), Py = Po(!) — nononHuTENLHBIE TIEPEMEHHBIE,
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k- K03 UITHCHT 3a0BIBAHYIS, SIBJISIOIIHNCS KOHCTAHTON
U3-3a OTCYTCTBHSL pEXHMa IOBTOPEHMSI TPH MPOTrPaAMMHOM
YIpaBIeHHH MPOLIECCOM OOyUCHHS;

0 — KO3 UIMEHT yCBOEHHS y4eOHOTO MaTepuaa Ipu
00y4eHHH C TOMOIIIBIO TTPETIOAABATENS, SBIIIOIIICS KOHCTAHTOM
U3-3a OTCYTCTBHSL PEXHMa IOBTOPEHMSI MHPH HPOTrPaAMMHOM
YIIPaBJICHUH IPOLIECCOM O0YUECHHUSI.

OOBIYHO paccMaTPHBAIOT ABA CIydas: p,(1)=0 H
po(#) #0. Ecmu Tpebyercs MUHUMH3HPOBATH ONPEIEICHHBII
(YHKIMOHAT KauyecTBa YNpaBJICHHUs, TO YacTO MOJaraloT
py(0=1 [5].

VYpaBuenue (1.1) aBTOHOMHO, TO €CTh HE cOIep-
JKUT B SIBHOM BHUJC BpeMs [, MO3TOMY raMuibTOHHAH (2.2)
B COOTBETCTBHM C IPHHIOUIOM MHHHMyMa [loHTpsruHa
(KOTOpBI 1O CpPaBHEHHIO C MPUHIUIOM MaKCHMyMa
[MoHTpsirnHa uMeroT 6ojiee TECHYIO CBS3b C BapHAI[HOHHBIM
WCYUCIIEHHEM, HPHHIUIIOM [aMmibTOHa B MEXaHHKE U
IUHAMUYECKUM MporpaMMupoBanueM bemnmana [5]) mns
ONTUMAJILHOT'O YIIPaBJIEHUs TOXKJIECTBEHHO PaBeH HYIO [4]:

H(p@®),uy(t),Z (t))=0, 0<t<T (2.3)
N3 (2.3) momydaeM BBIpaKeHHE [UISI HENPEPHIBHOTO
MPOTPaMMHOTO YTIPABIICHUS:

. Z (kp+1
ul(ty=2kptD), 2.4)
k, p+1
CocTraBuM cHUCTEMY KaHOHHYECKUX YPaBHEHUI
4z _oH
dt Op
dt oZ

U3 Broporo ypasuenws (2.5) u (2.2) nonydaem quddepen-
[MaJIbHOE YpaBHEHHE JUIs HAXOXKJCHHUS JTOTIONHUTENIBHON TIepe-
MEHHOH p

d
CP _kp+1. 2.6)
dt

O6umM pemeHreM ypaBHeHus (2.6) siBisiercst GyHK-
st

kt

11
p(?) = p(0) "' - e .7

Ilocrosuuyro wunterpupoBanuss p(0) HaxomuM u3
paBeHCTBA HYJIIO TAMHIIBTOHHAHA H B MOMEHT BPEMEHH / = ()

p)=—2"%O 2.8)
kouy(0)-kZ,
rae u,(0) — 3HayeHHe (DYHKIMH YNPABICHUS B MOMEHT
BpPEMEHH ¢ = ().
TakuM 00pazoMm, HOMydaeTcs CICOyloUias MareMa-
TUYECKast MOJIEIIb ONITUMAIILHOM TPACKTOPUH:

49
t
Z*(u;,t)=Zoe"”+e""J.k0u;(‘r)e’” dr. 2.9)
0
IJ1e JIOTIOJIHUTEbHAS [IEpEMEHHAS
_ ZO_uO(O) ekt 1 +lek1. (210)

T ku(0)-kZ, Kk k

IIycTs nMeroTCs KOHKpEeTHBIE TapaMeTpel IpoLecca:
T =128, Z, =26, k=0,03, k, = 0,9. Tora rpadguku onTHMaILHOTO
[IPOrPaMMHOIO YNpPAaBJICHUS M ONTUMAJILHON TPAaeKTOPHU JULL
Pa3HBIX HAaYaJIbHBIX YCJIOBUI IIPECTABIICHBI HA PUCYHKAX 1, 2.

Z"‘(r) 15

=0 "y 50 1m 150

Puc. 1. OntumansHoe

Puc. 2. OnTimanbHas TpaeKToOpHs
MPOrpaMMHOE YIpaBJICHHE.
Kpusas 1 — 7, =8, u,(0) =2,
kpuBast 2 — Z, =4, u,(0) =1

JUISL TIPOTPAMMHOTO YIIPABIICHHS.
KpuBas 1 — Z =8, u,(0) =2,
KpuBasi 2 — 7, =4, u,(0) = 1

Ilpu peanbHOM y4eOHOM MpoOLEcCe MPOrpaMMHbIC
YHIpPaBIeHUs U, U,,u, 3aPAHEE 3a/laHbl U SABISIOTCS KyCOUHO-
HENpephIBHBIMU. IIpH 3TOM 00y4aeMblil yCBaMBacT K KOHILY
CeMecTpa TOJbKO 4-7 aKaJIeMUUECKUX 4acoB U3 34 4acoB, TaHHBIX
TIPH NIPOrPAMMHOM YIIPaBJICHHH.

TakuM  00pazoM, 0O0ydaeMblii MOXKET YCBOHTH
HY)XHBIH 00beM y4yeOHOro Marepuajga IpHd MPOrPaMMHOM
YIIPaBJICHUH TOJIBKO B TOM CIIy4ae, €CJIM OH UIMEET O4eHb BEICOKHE
ko3 duIreHTH! ycBOCHHS (OIM3KHE K CIMHUIIC) H OYCHb HU3KHI
ko3¢ durreHT 3a0biBanus (OIM3KUIT K HYITIO).

Bo Bcex ocranbHbIX cilydasx TpeOyercs MOIKII0YaTh
yIpaBieHHe ¢ OOpaTHOW CBS3bI0 B BHIC INOBTOPCHHS paHee
H3YYEHHOTO y4eOHOTo Marepuaa.

3akjroueHue

ITpouecc  0oOy4eHHs Ha JAMCTAaHLIMOHHOM Kypce
MOXHO OMNHCaTh C MOMOLIBIO HEOMXHOPOIHOIO JIMHEHHOIO
T PepeHIATEHOTO YPABHCHUS

5
d—Z =—kZ + Zkiui(t).
dt i=0

OOy4aeMbIli MOXET YCBOMTb HYXHBIH 00bEM
y4eOHOro MaTrepuaia IpH MPOrPaMMHOM YIPABIEHHU TONBKO
B TOM CJIy4ae, €CJIM OH UMEET OYEeHb BBICOKHE KOA()GHUIIMEHTDI
ycBoeHus (ONM3KHUE K eUHULIE) ¥ OYeHb HU3KHI KO3 DULIUEHT
3a0bIBaHMUs (OJMM3KUHA K HYITIO).

Bo Bcex ocTanbHBIX Cilydasx TpebyeTcs MOAKIIouaTh
yIpaBJieHHe ¢ 00paTHOW CBS3BI0 B BHJE IIOBTOPEHMSI paHee
H3Y9EeHHOTO y4eOHOTO MaTepHaa.
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HAMILTANIAN MINIMUM PRINCIPLE FOR OPTIMUM CONTROL OF THE
DISTANCE LEARNING PROCESS
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A mathematical learning model based on control theory in the form of an inhomogeneous linear differential equation is proposed.
Analytical formulas and graphs for optimal program control and optimal trajectory are obtained from the principle of the minimum of the
Hamiltonian for autonomous systems.

Keywords: mathematical model of the distance learning process, optimal control theory.
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