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TMAMATHA IOHOMAPEBA BAJJEHTUHA MUXAWJTTOBUYA

1 cenrsiops 2024 roma wcnonamioch 100 JIeT co AHS POXKICHUS
Banentuna MuxaiinoBuua IloHOMapeBa, AOKTOpa TEXHHYECKUX Hayk,
npodeccopa, co3marenss u rnepBoro aupekropa Cankr-IlerepOyprckoro
WHCTUTYTa WHPOPMATHKU M aBTOMAaTH3alMK Poccuiickoil akaleMun Hayk,
BBIAIOIIETOCS ~ yYEHOTro, TAJaHTIMBOTO  IeJarora, OpraHu3aTopa,
PYKOBOAMTENSl M ydYaCTHHKAa  KpymHeWmmx  (yHIaMeHTalbHBIX
U MPUKIATHBIX ~ HCCIEJOBAaHMM B  00JaCTH TEOPUUM  ONTUMAIBHOTO
YIpaBJIEHUsI, CO3/IaHMs U TOBBIIIEHHUS d(P(PEKTUBHOCTH CUCTEM YIPaBICHUS
KpPBUIATBIX W OaNIMCTHYECKMX  pakeT, KOCMHYECKHX  amlapaToB
1 MaHEBPHUPYIOIINX TOJOBHBIX YacTel, pa3BUTHS BBIYUCIUTEIBHBIX CHCTEM
U ceTel, aBTOMATH3WPOBAHHBIX CHCTEM HAYYHBIX HCCIEIOBAaHHH
1 MHTETPUPOBAHHBIX aBTOMAaTH3MPOBAHHBIX IPOM3BOACTBEHHBIX CHCTEM,
pe3ynbTaThl KOTOPBIX SIBWJIMCH B@KHBIM BKJIQJOM B OTCYECTBEHHYIO
1 MHPOBYIO HayKy, 3KOHOMHKY M 0Opa3oBaHME CTpaHbI, ee 0e3011acHOCTh
1 pa3BUTHE MEXIyHAPOIHBIX HAYYHBIX CBSI3€H.

K cemuaecsTeiM romaMm mpouuioro Beka B JIGHHMHrpaje BO3HHKIA
HEOOXOIMMOCTh  CO3JaHHA B TOpOJIE  HAyYHOTO  YYPESKICHHSA,
OpPUEHTHPOBAHHOI'O Ha pa3paboTKy (yHIaMEHTAIBHBIX MPOOIEM pa3BUTHUS
U TIPUMEHEHHS BBIYUCIUTENFHOW TEXHUKM B MHTEpecax IOBBIIICHUS
3¢ PEKTUBHOCTH MTPOM3BOACTBA M HAYYHBIX HccienoBaHnil. Hapsmy ¢ atum
TpeboBaa CBOEro peIICHHMS M KOHKpPETHas 3ajada paclIupeHHs
npumeHeHnss OBM M BBIYHMCIUTENBHBIX METOMOB B JIGHHMHIPAJICKUX
yupexnenusx AH CCCP. [{ns pemennst 31oit mpoOiieMbl TOCTaHOBIEHUEM
Ipesumnyma AH CCCP Obur opranmzoBaH JIeHMHIpaJICKMH HaydHO-
HCCIeI0BaTeNbCKUi BerancntenbHbId nentp AH CCCP (JIHUBIY).

ITonomapeB Banentun MuxaitnoBuu poawics Ha Xxyrope YepHbrit
CacoBckoro paiiona Pssanckoii obnmactu. Ilocie oxondanuss B 1942 .
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B ropone MBanoBo Crenmikonbsl BBC u KpaTKOCpPOYHBIX KYpPCOB JIETHOTO
yumnia B.M. TToHomapeB ObII HampaBJIeH sl MPOXOXKIEHUS BOCHHOM
ciyx0bl aBHaTexHukoM B dacTsax BBC, a 3arem B 1943 r. 6pu1 HanpasieH
B JICHUHTPAJACKyI0  BOEHHO-BO3IYIIHYI0  HHXKEHEPHYIO  aKaJEeMHUIO
(JIBBHA). ITocne oxonuanus akagemud B 1948-1949 rr. B.M. [Toromapes
cnyxknn B IIpukaBka3sckoM BOEHHOM OKpYre B JODKHOCTH HH)KEHepa
aBHALIMOHHOM 3CKaPUIBH.

HayuHno-nenaroruueckas aesrensHocts B.M. IloHomapeBa Hauanach
C JMOJDKHOCTH anbloHKTa BoenHoil akamemun umeHu A.D. Moxaiickoro
(BAum. A.®. Moxaiickoro), Tie OH 3aTeM 3aHUMal JOJDKHOCTU
npenofgaBarens  kadeapbl JUHAMUKM ~ TI0JIETa, CTapliero Hay4HOTO
COTPYJIHHUKA HAayYHO-HUCCIIEIOBATENIbCKOM 1abopaTopuyl CUCTEM YIpaBJICHUS
JIeTaTeNbHBIX ~alNapaToB, CTapIlero IpernojaBaTens Kadeapel cHucrteMm
YIIPaBIICHUS PAKET M KOCMUYIECKHX alllapaToB, HadadbHHUKA 3TOH Kadeapsl.

[locne yBoapHenuss B 3amac B.M. [loHomapeB Ha3HauyaeTcs
JTUPEKTOPOM JlennHrpanckoro HAy4YHO-HCCIEI0BATENBCKOTO
BBIUYHCIIUTEILHOIO uentpa AH  CCCP JIHUBII, CO3JaHHOT'O
nocranoBienueMm Ilpesuauyma AH CCCP, npu HemnocpeIcTBEHHOM
ydactuu u 6maronaps ycwinsaMm B.M. Tloromapesa, kotopsiit B 1985 1. Obu1
nmpeobpa3oBaH B JlenuHrpaackui AHCTUTYT UHPOPMATUKH
u apromatuzatun AH CCCP  (ceromus 310 Cankt-llerepOyprekuit
HHCTUTYT MH(POPMATHKHU 1 aBTOMaTH3anuu PAH).

ITox ero pykoBoiactBoM B 1980 r. OpIma pa3paboTaHa M co3gaHa
(mepBast ouepenp) PermonampHas BeMHCIHTENBbHAs moxaceTh «CeBepo-
3amam» Axanemcets. [IpooOpas HeiHemHero MHTepHeTa. CeTh OXBaThIBAJIA
30 nenunrpaackux yupexaenuit AH CCCP u npyrux Benomcts. brarogaps
9TOM ceTH yxe K 1985 r. BBIUUCIUTENBHBIMU U IPOrPAMMHBIME PECYpCaMU
JIHUBII nons3oBanuchk okono 2000 crnenuanuctoB u3 82-X opraHu3alui,
cpead KOTOPBIX OBUIM aKaJeMHUYeCKHe WHCTUTYTBHI, BY3bl M Hay4HO-
MIPOU3BOJACTBEHHbIE  opraHm3auuu  Jlemmnrpama. Ilpm  sTtom  psn
JICHUHTPAACKNX aKaJIeMUYECKUX HHCTUTYTOB OBLI IMOJKITIOUEH K CETH Yepe3
JIOKAIIbHBIE ABTOMATH3MPOBAHHBIE CHCTEMBI HAY4YHBIX HCCIEJOBaHUIA,
paspabortanasivu B JIHUBII,

B.M. IloHOMapeBbIM  OCYLLECTBISUIOCH ~ HAay4YHO-METOAUUYECKOE
PYKOBOJCTBO peanuzanueit T'ocynapcTBeHHOM TePPUTOPUATIEHO-
OoTpacieBOH HporpaMMoil pa3BUTHsS HApOAHOTO Xo3siiicTBa JleHuHrpana
n JleHnHrpaackoil o0acTM Ha OCHOBE aBTOMATH3allMd M  IIUPOKOTO
WCIIONIb30BAaHHUS ~ BBIYMCIUTEIBHOW TeXHUKH — VHreHcudpukauusa-90.
Ilo aror nmporpamme JIHMBI[ nox pykoBoactsom B.M. IloHomapesa
BBITIOJHWI  psif  (QYHAaMEHTAIBHBIX M HPUKIAAHBIX  HCCIEJOBaHMI
B OOJACTH  WHTErpajbHBIX  CHUCTEM  aBTOMAaTH3allMd W THOKHX
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aBTOMATU3UPOBAaHHBIX IIPOM3BOJCTBCHHBIX CHCTEM. Pe3ymbTaTel 3THX
HCCIIEJOBAaHMH ITHMPOKO HCIIONI30BATNCH B MPOMBIIIEHHOCTH.

brnarogaps akTUBHOM M yCIEIIHOW HAay4YyHO-OPraHU3aTOPCKOM
nestenbHocTd B.M. [loHomapeBa yuensle JIHMBIL] akTuBHO ydacTBOBaiIu
BpAAE€  BaKHBIX M  TEPCHCKTUBHBIX  HANPABICHUH  pPa3BUTHA
BBIUHMCIINTENIPHON TEXHUKM M TEXHOJOTMH €€ NpHMEHEHHs, B pabore
Hay4unbix coBetoB AH CCCP Takux, Kak COBET 0 KOMIUIEKCHOI mpobieme
«KubepHeTnka», coBeT 1O mpoOieMaM  yIpaBiE€HUs JIBI)KCHHEM
U HaBUTAllUH, COBET IO HUCKYCCTBEHHOMY HMHTEIUIEKTY, a TaKXke B TaKHX
MEXAYHAapOAHBIX ~ OpraHm3anmsax, Kkak MexayHaponHas —¢enepauus
o aBToMatuueckoMy  ymnpasineHmo (MDAK) wu  MexnayHapoaHas
denepanus o o6pabotke wuHbopMmarmu (MDOUIT), MexayHapo HbIi
MHCTUTYT TPHUKIAJHOTO CHUCTEMHOTO aHanm3a M 1p. [lox pykoBoacTBOM
B.M. [lonomapeBa, BIepBBIC B Halleld CTpaHe, OBUIM TOATOTOBIICHBI
U YCTICIIHO TpoBeAEHBI B JIeHWHTpaze psa MEXIyHapOJHBIX HayIHBIX
Meponpusatuii: | MexxayHapoaHOe COBEIIAHWE M0  HMCKYCCTBEHHOMY
HUHTEJJIEKTY (1977 1.) u II MexxnynapoaHoe COBEII[aHNE o
ucKyccTBeHHOMY uHTeIekTy (1980 r.), MexmyHapomHas KoH(epeHIHs
NOUIT/MDPAK 1o mnporpaMMupyeMbIM CHCTEMaM Jisi aBTOMAaTU3alliu
MIPOEKTHPOBAHNUSA M TEXHOJOTMYECKHMX IIPOLIECCOB B  IIPOU3BOJACTBE
(ITPOJIAMAT-82), mposenen 1 MexayHapomusiii cumnosuym HWOAK
10 UCKYyCCTBEHHOMY MHTEIJUIEKTY (TIPOMBINUIEHHOE NTpUMeHeHue). B pabote
9THX HAyYHBIX MEpOnpuATHH y4dacTBoBasno oT 150 mo 400 cmeumanucToB
u3 15 crpaH.

bnaropaps Hay4HBIM u MPAaKTHYECKUM JIOCTHKCHUSIM
B.M. IlonomapeBa B 00J1acTH BBIYMCIUTEIHLHON TEXHUKH W aBTOMaTH3aluN
B crpaHe O(OpPMHIOCH HayyHOEe HampasieHHe HH(OpMAaTHKa, YTO
oTpaswiach B Ha3BaHMM HoOBoro otaeneHus B coctae AH CCCP
(ITocranoBnenne Ne 12 or 3 mapra 1983 r.) — OTnenenuss nHPOPMATHKH,
BBIYHMCIIUTEIbHON TEXHUKN 1 aBTOMATH3ALUH.

3a 3aciyru U poctmwkeHuss B.M. [ToHoMapeB HarpaxiaeH Menaibio
«3a mobeny Han I'epmanumeit B Benmukoit OtedecTBeHHOH BoiiHe 1941-
1945 tr.» (1946 1.) 1 Mmenanbio «3a 6oeBble 3acmyru» (1953 1.). 3a HayuHBIE
JOCTHXKCHUSI W IEJarorHdecKue 3aciyrW HarpaxIeH MeAablo OpJeHa
«3a3acoyru nepen OteuectBom» | cremenn (2003 r.) m opmeHOM «3HaK
moueTa» (1986 r.), eMy IpUCykJieHa y4eHas CTEICHb JOKTOPA TEXHUYCCKUX
Hayk (1964 r.), npucBoeHo yueHoe 3BaHue npodeccopa (1966 r.).

ITon pyxoBoactBoMm B.M. IloHoMapeBa moAroToBieHsl 18 1oKTOpoB
u 47 kauaunatoB Hayk. OH sBJsieTcss aBTOpoM Oosiee 300 HAyYHBIX TPYIIOB,
B TOM 4ncie 14 MmoHorpaduii, y4eOHUKOB U Y4€OHBIX TOCOOHH.
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brnarogapst mmpokomy HayuHomy kpyrozopy B.M. Ilonomapesa, ero
BBIJAIOIIMMCS OPTaHH3aTOPCKUM CIIOCOOHOCTSAM HAIll HHCTUTYT CTaJl OJHUM
W3 BEAYIMX HAYYHBIX YYpPEeXICHMH B 00macTh MHPOPMATHKH
n apTomatm3anuu He Toibko B AH CCCP u B Jlemmnrpame — CaHKT-
ITetepOypre, HO ¥ B LIEJIOM B CTPaHE U 3a €€ MPEIEIaMH.

Hayunas gesarensHocts B.M. IloHOMapeBa U HaMEUEHHBIE UM, €O
yUYEHHKaMM M TIOCIEAOBATEIsIMHU LEIH U IyTH Pa3BUTUS KOMIIBIOTEPHBIX
TEXHOJIOTUIl BO MHOTOM O0ECHEeYMJIM pa3BHTEE HOBOTO HANpaBiICHUS —
nHpopmarun3zanus odecTsa.

VYuenuku B.M. IloHomapeBa U €ro KOJUIETM B HOBBIX YCJIOBUSX
u Bb130Bax XXI Beka CTaparoTCs BHECTU CBOM BKJIAJ B IIOJYYEHHE HOBBIX
JIOCTH KEHUIT B obnactn MH(OpPMaAMOHHO-KOMMYHHKAIIHOHHBIX
TEXHOJIOTHI 1 MHPOPMATH3AIIH O0IIECTBa.

Kuzee BamentmHa Muxaiinouda I[loHomapeBa oOopBanach
27 mapra 2009 rtoma. Emy Oputo 84 roma. Ilpax B.M. I[loHomapesa
Haxogurcst B KomymOapunm CMOJIEHCKOTO IPaBOCIABHOTO KiagowWina
B Cankr-IletepOypre.
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IMAMSATH ATEKCAHIPOBA BUKTOPA BACHJIBEBHYA

10 centsiOps 2024 r. uwcmomHWIOCH 85 JET CO JHSA POXICHUS
Buxropa  BacunbeBuua — AnekcaHApoBa, OnecTsIero  y4eHOro,
3acoy’KeHHOro Jnestenss Hayku Poccuiickoit ®enepanuu, gokropa
TEXHHUYECKHX HayK, Ipodeccopa.

Buxtop BacunbeBud He NpOCTO CTOST Yy HCTOKOB CO3JaHHUA
Cankr-IlerepOyprckoro mHCTUTYTa HHPOPMATHKU W aBToMaTtm3anmu PAH
(CITMMPAH), Toe nonrue TOABI BO3TIIABILLII 1a00paTOPHIO aBTOMATH3ALUT
HAaYYHBIX HCCIEIOBAaHWH; €CIM OBITH TOYHBIM, OH OYKBAJIBHO ITOCBSTHI
MHOTHE TO/IBI )KU3HH (Yepe3 BEK M THICAUEIIETHE) CO3/IaHHIO, CTAHOBIICHUIO
Y Pa3BUTHIO Halllel HAyYHOU OpraHu3aluy.

OxkoHunB B 1954 1. cemb kiaccoB mkoibl Ne 196, JI3ep>KUHCKOTO
paiiona Jlenunrpazna, Ha MoxoBoll ynune, nocrynun B JleHuHrpaackuit
(U3UKO-MEXaHUYECKUIT TEXHUKYM, 3aKOHYMaI ero B 1958 T. m Havan
paboTats B JlenuHrpaackom HayYHO-HMCCIIEJ0BATEIECKOM
paanorexundeckoM uHctuTyTe (JIHMPTH). OTHOCHICA KO BCEMYy HOBOMY
C HETIOJICNBHBIM ~ SHTY3Ma3MOM, HalpHMep, Yy4JacTBOBaJ B JIETHBIX
UCTIBITAaHUAX ~ PaJMOdJIEKTPOHHOM  ammaparypsl —  JONIIJIEPOBCKUX
1 aCTpOMHEPUHAIBHBIX cHUcTeM. [Ipomomkan ydutbess 0e3 OTpbIBa OT
pOU3BOJCTBA U B 1964 r. moJiydns IUIUIOM C OTJIMYUEM JIEHUHIpaacKoro
MOJUTEXHUYECKOTO ~ MHCTHTYTa 10  CHENHAlBbHOCTH  ““ABTOMAaTHKa
u TeneMexanuka”’. C 1965r. mo 1967 r., craB HHXEHEPOM, OCTaICs
B coctaBe JlaGoparopun Owonuku JIHUPTU, paspaboran uudpossie
METONbl KIAacCH(pUKALMK M Ppaclo3HaBaHHsS HAa OCHOBE aIrOPUTMOB
OBICTPBIX ITpeobpa3oBaHuii Anamapa - Youa.

Bonpmas dacte xu3HM Bukrtopa BacunbeBuua TECHO CBs3aHa
CHAayKoil W paboTOM B HaydHBIX OpraHm3ammsax. B 1972-1975tr. om —
yCHenTHbIi TOoeHT kKadeapsl onomenummael JIDTHU; ¢ 1975 r. — 3aBenyromuit
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nabopaToprell BHOBb CO3IaHHOW opraHm3anmuu AxkaaeMuu Hayk: ¢ 1975 r. —
sto JIBLL (otmen ®TU um. Hodde), ¢ 1978 r. — JIHUMUBL AH CCCP,
¢ 1985 r. — JIMMAH AHCCCP, ¢ 1991 r. — CIIMNPAH.

C 1966 1. — mo 1975 T. OH BO3TJIABJISI HANpPAaBIICHUsS, CBA3AHHBIC
¢ pa3paboTKoif HH(POBEIX METONOB KIACCH(UKAIIMA ¥ PACIIO3HABAHUS
n300pakeHMi Ha OCHOBE aJITOPUTMOB OBICTPBIX IIpeoOpazoBaHuil AxaMapa,
BIIOCJICAICTBMM JIETIIUX B OCHOBY TEXHOJIOTHMH LM(PPOBOH 00paboTKn
MHOTOMEPHBIX ~ CHUTH&JIOB, a Takke paspaborkoit CAIIPoB s
IIPOEKTHPOBAHUS PACHO3HAIOLINX ONTOAIEKTPOHHBIX YCTPOICTB, ONTPOHOB
A BOJOKOHHO-ONTHMYECKOM JIMHUM CBSI3M, BEJN aAKTHUBHYIO HAy4HO-
NeIarorMYecKyro esTeNbHOCTh (Kadeapa OnoMeauHel JISHMHTpaIcKoro
INEKTPOTEXHUUECKOTO HHCTUTYTA).

3a BBIHaromuecs ycmexu B HaydHou cdepe B 1990 r. Bumkrop
BacunbeBnu O ymoctoeH npemun LlentpamsHoro Komurera KIICC,
aB 1993 r. — noueTHoro 3BaHUA «3acily’)KCHHBIH JesTenb Hayku Pd»
u [Ipemynn [)xoHa ¢on Hefimana mo muHpopMmaruke. Harpaxxaen menansio
«B mamsate 300-netus Cankr-IlerepOypra» u Menaipio opaeHa «3a 3aciIyru
nepen OredectBom» 11 crenenn. 3a pa3paboTKy U CO3JaHHE HOBOHM TEXHUKU
B 2011r. emy mnpucyxnena IIpemus IlpaBurensctBa Poccuiickoit
Oenepanuu B obnactu Hayku u TexHukd. B 2013 1. [IpaButensctBom PO
OTMEYEH 3HA4YUTEeNbHBIM Bkiaa  AJjekcannpoBa B.B. B  co3naHue
NIPOPBIBHBIX TEXHOJOTUMH M TEXHOJIOTMH JBOMHOIO Ha3HA4YEHUS B paMKax
TocymapcTBeHHBIX MporpamMM pa3paboTku coBpeMeHHbIX 00pasioB BBCT
U TIPUCYXJICHA CTUIICHANS Ha OCHOBaHWM npukasa [Ipesnnenta PO.

Hayunsle nccnenoBanus Buxropa BacuibeBnua ObuiM CBs3aHBI
IPEUMYLIECTBEHHO C  HOBBIM  TOAXOJOM K  INPOCTPAaHCTBEHHBIM
peoOpa3oBaHUsIM  CTPYKTYp JaHHBIX. OTOT TIOJIXOJ OCHOBaH Ha
NIPEI0KEHHOM M Pa3BUTOM MM arapare caMoroJ0OHOr0 HepapXuiecKoro
pa3BepTbIBaHUSA N-MEPHBIX MPOCTPAHCTB, HCHOIb3YIOIEM IPUHIIUI
3aMOTHIIOMMX MPOocTpancTBO KpuBLIX (3I1K), 94TO MOCITYXKHUII0 OCHOBOH IS
pa3pabOTKM  aJanTHBHO-AMHAMUYECKOW  CTPYKTYphl  JAaHHBIX  Kak
KOMITBIOTEPHOTO aHaIora JEKapTOBOH CHCTEMbI KOOPIHHAT, OpPraHW3alun
ACCOIMAaTUBHOM aJipecalniuy U Moucka nHpopManuu B DBM u moctpoeHus
crenranu3upoBaHHbIX DBM mupamuianbHO-peKypPCHBHON apXUTEKTYPHI.

Bripatrommiics yuensiii B.B. AnekcanzipoB co3ziain HaydHYIO LIKOJY
B oOJyiacTn 00pabOTKH JTaHHBIX, N300paKeHUH M CUTHaNIOB. VM npesiokeHo
U pa3BUTO HOBOE HAy4YHOE HAINPaBJICHHE MMUTALIMOHHOTO MOJETHPOBAHUSA
Pa3BHBAIOIINXCS CHUCTEM, METOJABl PEKYPCHBHO-(PAKTaJIBHOTO CHHTE3A.
Pa3zpaboTaHbl TeOpeTHUECKHE OCHOBBI IMPOTPAMMHPYEMOIl TEXHOJOTHU
00pabOTKN JaHHBIX M CEMaHTHYECKOTO aHaln3a ayIuo- U BUJICONOTOKOB
JTAHHBIX.
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Buktop BacwibeBuu co3gman M Bed TOCTOSHHBIM MHCTUTYTCKHH
cemuHap: «baHKM HaHHBIX, WHQOPMAIMOHHBIE M JKCIIEPTHHIC CHCTEMBI»,
KOTOPBI MHOTO JIET OBIT BeCbMa HOMYJISIPEH, MPHUBJIEKA YIEHBIX U3 MHOTHX
HayyHbIX ydpexneHuil Poccun u He Tonbko. Bukrop BacunbeBuu akTHBHO
pabotam B psme HAYYHBIX ¥ OKCIHEPTHBIX COBETOB, HE OCTaBajiCA
PaBHONYITHBIM K OPHUTHHAIBHBEIM HICAM; B HEM ECTECTBEHHBIM 00pa3oM
COYETAINCh  BBICOKAas  TpeOOBaTENBHOCTh K  KOJUIETaM,  JIpY3bsiM
W JJOCTYITHOCTb, ~ O€30TKa3HOCTh, TOTOBHOCTh  IOJJIEPXKaTh  YeJOBEKa
B TPYIHOI NpoQecCHOHAIbHOW WM XKM3HEHHOH CHTyalMH. DTH KadecTBa
TaKKe CHOCOOCTBOBAIM M YCIELIHOMY pPa3BUTHIO IPO(ECCHOHATIBHBIX
KOHTAKTOB C yueHbiMU U3 Benrpuu, bonrapuu, [Tonbum, ['epmannu, CIIA,
Kananpr, Mekcuku, Wopnannn, ®panuny, Ounnsnum, BenmukoOputanum
U JIp., K KOTOPBIM TIOAKJIFOYAIaCh TBOPUECKAS MOJOAEKD. Y CTAHOBUBILIHECS
C YY9EHBIMH OTHOIICHHS OBLTH HaJIC)KHBIMH, TIOAICPKABAIIIICE MHOTHE TOJIBL.

Bukropa BacunbeBnua Bcerma BICKIO HEW3BEIaHHOE, a OHO €CTh
HE TOILKO B HayKe, HampuMep, OyAydd HCTUHHBIM ITyTCIICCTBEHHUKOM,
OH Bceraa ObLI TOTOB OTIPAaBUTHCS B HOBBIE Kpasi, Tak B 60-¢ romsl XX Beka
cyMeJ MpoexXaTh Ha MOTOLHKIIC Yepe3 CPEIHIOI A3HIO, a MO3JHee yXKe Ha
«3amopoxIe» U B COMPOBOXKICHHH CEMBbH 00BE3IMII I0KHYIO U 3aMaJHYI0
gactu CCCP. CtpemiieHHe OTKpBIBATh OBUIO HEHCKOPEHUMBIM; OH CHITpal
3aMETHYI0O pOJb B  CO3JAaHWM  CEKIMH  IIOJBOJHOTO  IJIABAHUSA
Jlenunrpaackoii  oOmacté,  ObUT  pa3pabOTYMKOM  CIIEIHATIBHBIX
TYPUCTHIECKUX MAPIIPYTOB U OPTaHU3aTOPOM CJIETOB.

He ocramuce HEMOKOPEHHBIMU M TOpHBIC BepnHBl KaBkasa, TsHbB-
[laHs, MOMOMHUTOBEIX AJNBI HW 0CO00 JIFOOMMEIC CEBEpHBbIC XHOWHEI;
m000Bb Y HUX ObliIa ¥ OCTaIach B3aUMHON, HECMOTPS Ha TO, YTO OJTHAXKJIBI
OH C APY3bsIMU HOMNAJ O] CXOIAIIYIO JIABUHY, K CUACTBIO, BCE 3aKOHYMIIOCH
XOPOIIO — UCHBITaHHE TOpaMU Ha MPOYHOCTH MPONLIO yCHEIHo, a Bukrop
BacunbeBud HaBcerja ocTancs HEYTOMUMBIM TOPHOJIBIKHHUKOM.

PesynbTarel mccnenoBannii Bukropa BacunmbeBnua AmekcaHapoBa
onyOimKoBaHbl B 25 MoHorpadusx u Oojee yeM 300 HaydHBIX CTaThsX,
9acTh KOTOPBIX OmyOJNMKoBaHa W B kypHaie «MHpopmarmka
u apromarm3anus» (panee «Tpyast CIIMPAH»).

Komrern mnomusT Bukropa BacuibeBuua Kak BBIJAIOLIETOCS
y4eHOro, OJecTAIero JeKTopa, (QyTyposiora, MpEABHIACBIIETO HAayJHBIC
U cOLMalIbHbIE M3MEHEHHs, U B TO JX€ BpeMs JOOpPOro M OT3BIBUMBOTO
4eJ0oBeKa.

Kusup Bukropa BacunbeBuda AsekcanapoBa o0opBajiachk 2 HOSOps
2020 rona. Emy 6611 81 rog.
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WCKYCCTBEHHbBII MHTEJJIEKT, MTHXKEHEPUS JIAHHBIX U 3HAHUI

YIK 004.832 DOI 10.15622/ia.23.5.1

A.A. 3YEHKO, 10.A. OJIEMHUK
COCTABJIEHUE PACIIUCAHUI KAK 3AJTAYA
YVIOBJIETBOPEHU A OIrPAHNYEHUN (HA IIPUMEPE
IIJNIAHUPOBAHMU S OTKPBITBIX 'OPHBIX PABOT)

Byenxo A.A., Osneiinuxk FO.A. CocraBjieHHe pacHHCaHHil KaK 3a/iada yIOBJETBOPEHHSI
orpaHHYeHuii (Ha NpuMepe IIAHHPOBAHNS OTKPBITHIX TOPHBIX PadoT).

AnHoTtanus. OrmnucsBaeMble B CTaThe UCCIIEIOBAaHNS HANIPaBJICHbl HA Pa3BUTHE METOIOB
COCTaBJIeHUs pacniucaHuil. I[IpUHLUITHAIBHBIM HEIOCTATKOM CYIIECTBYIOIIMX METOJOB CMEIIaHO-
L[EJIOUHCJICHHOTO JINHEHHOTO IIPOrpaMMUPOBAHKSA B IIPUMEHEHUU K PacCMaTPUBAeMBIM 3a1a4aM
SIBJISIETCSI TO, YTO OHH CJIMIIKOM TpeOOBaTeIbHBI K 00beMaM onepaTUBHOM mamsaTu. CIOKHOCTh
e MPUMEHEHHs MPOLIEAY P JOKAIBHOIO TIOUCKA K MOAOOHBIM 33/1auaM BBICOKOI pa3MEepHOCTH
COCTOHUT B pa3paboTke 3(pheKTUBHOrO criocoda HaX0oxkJeHHs IPHEMIIEMOro IepBOHAYAILHOIO
HpUOIIIKEHHs ¥ Olpe/ie/ieHN (DyHKIMH TIepexofia B coceIHee COCTOSIHIE, KOTopast Obl IO3BOMMIA
JOCTAaTOYHO OBICTPO AOCTHYh ONTHMyMa. B Teopum mccienoBaHus omepanuii JoOaBieHHe
K 3ajaye JONOJHUTEJbHbIX YCJIOBUI MOXET NPHUBECTH K NPHHIMIIMAIBHOMY W3MEHEHMIO
UCIIONIb3YeMOil CXeMbl pelleHus1 3afaud. Ilpeiiaraemele B CTaTbeé METOHbl PEalM30BaHBl B
paMKax IHapajurMbel IPOrpaMMHPOBAHHS B OTPAHMYCHHSIX, YTO ITO3BOJSIET OoJiee SKOHOMHO
C TOYKHM 3pPEHUsI ONEPaTHBHOIN MaMSATH MPEACTABJIATh 3aBUCUMOCTH MPEAMETHOI 00JacTH, a
TaKXe 00ecCIeunBaeT BO3MOXHOCTb IOITAITHOTO y4eTa Pa3sHOPOIHBIX YCJIOBHI 3amaun Oe3
NPUHIUIKAILHOIO U3MEHEHHUs CXeMbl IIoMcKa penieHuid. CylecTBeHHas yacTh UCClleJOBaHUi
MOCBSIIIIEHa UCTIONB30BAHUIO METOJOB JIOTHIECKOTO BBIBOJA HA OTPAHMYEHUSX IS CHIDKCHUS
Pa3MepHOCTH IIPOCTPAHCTBA NTOMCKA U yCKOPEHHUs npoliecca Bhiuncaennid. [loaxon k cocTaieHHIo
pacnucaHuil IPOMJUTIOCTPHPOBAH Ha 3a/aue ONTUMU3ALIUY IIAHUPOBAHHUS OTKPBITBIX TOPHBIX
paboT, KOTOPYIO BIIEPBble NPEJIOKEHO pellaTh Kak 3a4avy yJOBJIETBOPEHHUsI OrpaHIeHuiA. [1is1
HAXO0X/IEHH IIEPBOTO JOIyCTUMOIO PELICHHs IIPEJIOKEH METO «XKAJHOr0» IIOUCKA, PE3YIbTAT
MPHMEHEHNs] KOTOPOTO 3aTeM MOXET OBbITh YJTyUIlleH C HOMOLIBIO pa3pab0TaHHOTO THOPHIHOTO
meroga. Ob6a MeTozia OMUPAIOTCs Ha OPUIMHAJIBHBIC MPOLEJYpPbl BBIBOJA HAa OTPaHUYCHMSIX.
IIpepioxkeHHBI HOAXOM A0KA3aJl CBOIO 3(p(PeKTHBHOCTH AJIsI OJIOUHBIX MOJesIell pa3MepHOCTLIO B
JECATKU U COTHH ThICSY OJIOKOB.

KuroueBble cj0Ba: 3agaya yHOBIETBOPEHHs OrpaHMYEHHII, NPOrpaMMHUpOBAHHE B
OrpaHUYEHUSAX, PACIIPOCTPAHEHUE OIPAaHUYEHHUI, JIOKAIbHBIN IOUCK, CMELIAHO-1IeJI0UNCIIEHHAS
OINTUMH3ALMS, ITIAHUPOBAHUE OTKPHITBIX TOPHBIX PAa0OT.

1. BBenenne. MeToasl COCTaBJICHHS PpACHHCAaHUII B TIOCJIEIHEE
BpeMsl 3HAYUTEJIbHO NPOJABHHYJIUCH Oyiarogapsi NPUMEHEHUI0 METOIOB U
UHCTPYMEHTOB YJOBJIETBOPEHUs OrpaHuyeHuii [1].

CocraBjieHue paclMCaHUil — 3TO 3aJada Ha3HAUYEHHS MHOXKECTBA
onepauuii (aefcTBUil) MHOXECTBY pabOYMX PecypcoB, Ha KOTOpBIe (Kak
Ha OINEepaluy, Tak M Ha PECypChl) HAKJIAABIBAETCA PAL OrpaHUMYECHMIA.
COBOKYIHOCTh ACWCTBUI 3apaHee M3BECTHA M TPeOyeTCsl OTHICKATh JIMIIIb
UX TOPSIOK W paclpejesieHue 1Mo pabouuM pecypcam. MHorue 3anauv
COCTaBJIEHUS paclucaHuii ABsTca NP-TpynHbMu.
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[TpuHIMNUATBHBIM HEJOCTATKOM CYILECTBYIOIIMX METO/IOB CMEIIaHO-
LEJOYUCIICHHOTO JIMHEHHOrO MpOrpaMMHMpOBAaHMsS B TPUMEHEHHH K
paccMarpuBaeMbIM 33/1a4aM SIBJISIETCSI TO, YTO OHH CJIMIIKOM TpeOOBaTeIbHbI
K oOpemaMm orepatuBHOU mamsata [2]. CHOXHOCTh ke TPUMEHEHUS
npoLeyp JIOKATbHOTO MOUCKA K MOJ0OHBIM 33/1a9aM BBICOKOH pa3MepHOCTH
COCTOMT B pa3paboTke 3(p(eKTUBHOTO criocoda HaXOXKASHHUS IPHEMIIEMOTO
MePBOHAYAJILHOTO MPHOJIMKEHUsI M ONpejeieHrd (yHKIMU Tepexoaa B
cocejlHee COCTOsIHME, KOTopasi Obl IO3BOJIMIIA JIOCTATOYHO OBICTPO OCTUYD
ontumyma [3, 4].

AKTyasbHOCTh pa3paOOTKM HOBBIX METOAOB pEIICHWs 3ajad
COCTaBJICHUs paCIIMCAaHHi, 00YCIIaBIMBAETCS BO3PACTAIOLIEi HOTPEOHOCTHIO
B CPEJCTBaX MOAJEPKKU NPUHSITUSI PELCHUIi, 00eCIIeUMBAIOIIUX CHIKEHNE
MPOU3BOACTBEHHBIX 3aTpaT M MaKCHUMHU3alMI0 TPUObLIM TIpH aHaIN3e
MPOCTPAHCTBA aJIbTEPHATHB BBHICOKOW pa3MepHOCTH. B Teopuu nccnenoBanus
oTieparii OCHOBHOE BHIMaHME ITOUTH BCETa yAEAeTCs] METO/IaM peleH s
3a/la4 COCTaBJICHWS PACMMCaHMiI KOHKPETHOTO THIIA IUIM ONPEAETICHHUIO
X CJIOKHOCTH, a He pa3padoTke OOIIero IoAaxoda K COCTABJICHHUIO
pacrnmcanmii. MHorga, moOaBjieHMEe K 3ajadye JIOTOJHUTEbHBIX YCJIOBHIA
MOXET NMPHUBECTU K NPUHIMIINAILHOMY U3MEHEHMIO MCIIOJIb3YeMOIl CXeMBbl
petenus 3aaun. B pesyabrare co3gaHo OrpOMHOE KOJMYECTBO aITrOPUTMOB
UL OOJIBIIOTO KOJIMYECTBA KOHKPETHBIX 3a7ad. DTO CHJIBHO OTJIMYaeT
COCTaBJICHUE PACMMCAaHUI B PaMKax TPaJULIMOHHOTO MOAXOAA OT MOAXOAa
C UCTIOJIb30BaHUEM TEXHOJIOTHH MPOrpaMMHPOBAHUS B OTPaHUYCHUSIX, IIe
OCHOBHOE BHHMaHHE yaeJsieTcsi pa3paboTKe OOLIMX METOJOB pEelIeHHs
CJIOXKHBIX KOMOMHATOPHBIX 3a/1ad.

[TporpaMMUpOBaHUE B OTPAHUYCHHSIX 0OECIIEUMBAET XOPOLIYI0 OCHOBY
JUIs MHTETpalui MEeTONOB HCCJIeJOBaHUs omnepaluuii 1 Oojee oOIMUX cXeM
pelieHust KOMOMHATOPHBIX 3a4a4. [10100Has MHTErpalys OCHOBaHA Ha MTOHATUY
r100anbHOr0 orpaHuyeHusi. [Jo0asibHBIE OrpaHWYEHHs] HHKAIICYJIUPYIOT
OIpeJlesIeHHYI0 4YacTh 3aaud Y/IOBJIETBOPEHMS] OrpaHHYEHUIl U, BMECTO
TOTrO, YTOOBl KCHOJB30BaTh HAOOp OrPaHUYCHWIl Ui MOJAEIUPOBaHHMS
KOHKPETHOI To[3afayn, NpPUMEHSeTCsl ClielualibHoe «Oojee KpyIHOoe»
OrpaHMYEHUE, KOTOpPOE IMO3BOJISAET JIydllle aHAIN3UPOBATh CTPYKTYPY
noxzaaayu. [obasbHble OrpaHUYeHus peaau3yioT 3(P(PEeKTUBHBIE AITOPUTMBI
JUISL PEIIeHNs] YeTKO OIpeJIeNIeHHBIX 1Mo3aaad. MIX MOXXHO KOMOMHUPOBATH C
JPYTMMH OTpaHMYEHUSIMH, MOJIEIMPYIOIMMIA HEKOTOPBIE AOTOJHHUTEIbHbIE
YCJIOBUSI.

[Mapagurma nporpammupoBanus B orpanndeHusix (I1I10) sensercs
MOIIHBIM CPEJICTBOM [IJIsl pellieHnsI KOMOMHATOPHBIX 3anady. B He€ Bxoaut
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IIMPOKHIA CHIEKTP METOJOB MCKYCCTBEHHOIO MHTEJIIEKTa, NH(POPMATUKH U
WCCJIeJOBaHUs omepanuii [S, 6].

I'maBubie npuHLMITB 1110, KOTOpHIE MO3BOMMIIM aBTOPaM OCYIECTBUTH
BHIOOp B IIOJIb3Y JAHHOW IMapaJurMbl KaK METOIOJIOTMH pelleHUs 3aaad
COCTaBJICHHMs] PACHVICAHUII BBICOKOW pasMEpPHOCTH, 3aKJI0YalTCSA B
CIIeYIOIEeM:

— IOnsa npumenenuss IIIIO pemmaemas 3amavya  JO/DKHA OBITh
MpeJCTaBlIeHa B JEKJapaTUBHOM BHJE Kak 3ajada YIOBJIETBOPEHUS
orpannuenuii (3YO, Constraint Satisfaction Problem), TO ecTb IOJIXKHbI
ObITh 3aJaHbl MHOXKECTBA: MEPEMEHHBbIX, OO0JIACTell OIpelesieHus] ITUX
MEPEMEHHBIX (JOMEHOB), & TAKKE 3aBUCUMOCTEN Ha IEPEMEHHBIX, HA3bIBAEMBIX
orpanndyeHusMU. Peuteruem 3YO sBisieTcs Takoe NMPUCBaVBaHUE 3HAYCHUN
BCEM IIEPEMEHHBIM, KOTOPOE HE HapyllaeT HU OJHOIO OrpaHuyeHus [7].

— Topsnok 3a1aHust OrpaHUYEHUI HECYITIECTBCHEH.

— OfecrieunBaeTCsi BO3MOXHOCTh YHHU(PUIIMPOBAHHON 00pabOTKU
Pa3HOPOIHBIX orpaHudeHuid. OrpaHUYeHUsI MOTYT 3aaBaThCs C TIOMOIIBIO
apu(PMETHUYECKUX BBIPAKEHUIA; JIOTHYECKUX (POpMYJI; TabJIMIl; BHIPAKEHHIA,
¢dopMyIMpyeMbIX Ha SI3bIKE CHEUAIM3UPOBAHHBIX TEOPHil; a Takke C
MIOMOIIIBIO YK€ YIOMHHAEMOr0 MEXaHU3Ma IJI0O0AJIbHBIX OIPaHUYESHUI.

— JIro6oiif MeTon yIOBJICTBOPEHUS OTPAHUYCHHIA TOJKEH COIEePKaTh
JiBe 00s3aTesIbHBIX KOMIIOHEHTBI: a) KOMIIOHEHTY, PEeaM3YIOIyI0 BBIBO[
(pacripocTpaneHue); ©0) KOMIIOHEHTY, peaau3yIollyl0 [OUCK. BbIBOI
(pacnipocTpaHeHue) peaTn3yeTcs Kak IieJIeHarpaBiIeHHOoe CyKeHre obacTeit
orpefesieH!s TIepeMEeHHbIX. DBPUCTUKHU, UCIIONb3yeMBbIe B IPOLIEAYpax MOUCKa,
¥ METO[BI BRIBOJIA Pa3padaTHBAIOTCS He MO KOHKPETHYIO 3aa4y, a IO [eJTbIi
KJIACC 3a/1a9 ¥ 3a9ACTYIO SIBJISIOTCS YHUBEPCATHHBIMH.

— ObecnieunBaeTcst BO3MOKHOCTb COITPOBOXK/IATH MOJIEIIN, OTKPBIThIE
JJIS. OTIepaTUBHBIX MOAU(MUKAINN, TO €CTh pa3BuBammuecs moaeau. [Ipu
JnoOaBiIeHUH/yoaleHn W3 MOJEM OTPaHWYeHWil HEeT He0OXOOUMOCTU
MPUHIUIHAATEHO U3MEHSTh CXEMY pEIlleHHUs 3a/1auu.

B craTthe mpemMyimecTBa MOAXOHAa K COCTaBJICHUIO PACTIHCAHWIA
HA  OCHOBE TEXHOJOTMM TIPOTPAMMHPOBAaHHS B  OTpaHMUYCHHSIX
MPOMJTIOCTPUPOBAHBI Ha TAKOM KJIacce 3a7ad MCCIIeT0BaHM OIepariiil Kak
ONTUMHU3ALMS TUTAHUPOBAaHUS OTKPBITBIX TOpHBIX pador (Open Pit Mine
Production Schedulling Problem). Bniepeele npeasioxeHo pemats 3ajadd
JAHHOTO KJIacca Kak 3aJa4d¥l yIOBJICTBOPESHUS OT PAHUICHHIA.

2. ITocranoBka 3agaun IIOI'P. [ MonempoBaHust 1 OTOOpaXeHUs
nporecca pa3padoTKu Kapbepa Ha KOMITbIOTEPE YaCTO UCIIONb3YeTCs OI0YHAs
MoJiesib Kapbepa (B), npeacTapisionias coooi Habop 6JI0KOB OAMHAKOBOTO
pasmepa (b; € B), Ha KOTOpbIe pa30uTa MOpPoJa, IIAHUPYeMasi K BhIEMKE
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3a 3ajgaHHoe KomuuecTBOo mepuopoB (1) [8]. Kaxawlii 650k oGnagaer
HaOOPOM CBOICTB, TAKUX KaK: KOOPAUHATHI, IPOLIEHT COfICPXKAHUSI MTOJIE3HOTO
MCKOIIaeMOr0, a Takke 0a30Bas IIEHHOCTh OJI0Ka. 3HaueHue 6a30Boii IEHHOCTU
MO3BOJISICT OTHECTH OJIOK MO0 K 6JI0KaM ¢ moJie3HbIME HcKomaembivu (ITN),
6o K 6yiokaMm co BCKpbiHbiME Topogamu (BIT), Ha ocHOBe 3TOro xe
napaMeTpa pacCUMTHIBAETCS] HTOrOBas LIEHHOCTD OJIOKA, 3aBUCSIIAS TAKXKe OT
nepuopa ao0sruu 6J10Ka [9].

CopepxatesipHast moctaHoBka 3aaauu [IOI'P cocTouT B TOM, YTOOBI
OTpeIeNIUTh TaKKe MOJOKEHHsT padounx OOPTOB MO TepruogaM OTpadOTKH,
yTo0B 00BeMbl 1M m BII, 3akimodyeHHBIE MeXIy MOCIeIOBATEILHBIMU
TOJIOKEHHUSIMH, COOTBETCTBOBAJIM 33/JaHHBIM C TOYHOCTBIO JO JOITyCTUMOM
norpeutHocTy. [Ipy 9TOM NPUOBLIb (CyMMapHast UTOTOBas LIEHHOCTh OJIOKOB)
OT pa3pabOTKH Kapbepa T0/KHA ObITh MakcuMabHO# [10, 11].

PazButre kappbepa (ero yriayOJieHHMEe W paCIIMpPEeHHE) OJIKHO
MPOUCXOAUTD C COOJIOICHUEM TpeOOBaHuil (OrpaHUYEHHUH), PE/ICTABISHHBIX
Jasee.

K TakuM oOrpaHuuYeHHSAM OTHOCATCS OrPAHMYEHHUS Ha TOPSAAOK
U3BJICYCHUs OJIOKOB: JJII M3BJCUCHHUSI KAKOTO-TO OINpPESSICHHOro OJIOKa
HE0OXOIUMO, YTOOBI HEKOTOPBIE JIpyTHe OJIOKH ObLIM U3BJICYCHBI B TOT Xke
TIEPUO[I WM paHee. DTH OrpaHUICHUS HOCSAT TEXHOJIOTHUECKUIl XapaKTep U
OTIpe/IETISIOTCS CBOMCTBAME TOPHBIX MTOPOJ, COCTABIISIONINX Kapbep. MIHoTIa
Mo0OHbIe OrpaHUYEeHHUsI 33/1aI0TCsI C TIOMOIIBIO TaK HAa3bIBAEMOTO 11a0JI0Ha
BBIEMKH, B KOTOPOM yKa3bIBaeTCs HEKOTOPBII «KJIIOUEBOI» OJIOK M OJIOKU
HErnoCcpeCTBEHHO MPeINIeCTBYIONIEr0 eMy YPOBHS, MOJIEeKAIINE UIBATHIO 10
HEro.

[MoMrMO TEXHOJIOTMYECKUX B 3a/1a4e CJIEAYeT TaKKe YIUTHIBATH PSIJT
SKOHOMHYECKUX OIpaHUYEHUit, KOTOpbie 00YCIIOBIIEHBI IPOU3BOAUTEILHOCTHIO
J0ObIBAIOLIEH TEXHUKU U IepepadaThIBAIOIINX MOIIHOCTEH.

IpuBenem ¢opmammszaiio 6a3zoBoit 3amaun [IOT'P ¢ momorsio
JIMHEMHBIX YpaBHEHUH, Kak 3T0 npejioxeHo B [12]. [Ipeanomnaraercs, uyto
6JI0YHasT MOJIENh 3a4a49U COCTOUT U3 N GJIOKOB, ITAHUPOBAHKE TPOU3BOIUTCS
Ha T  TIepro10B JOOBIYH.

Insa kaxporo Gnoka b;, rme ¢ € {1,..,N} cosmaercsi HaGop
nepemennbix X;; € {0,1}, e j € {1,...,T}. X;; = 1 o6o3nauaer, 4o 610K
1 1006wIT B iepuof j. [lepemeHHbIe X;; JOJKHBI YOBJIETBOPATH OrPAHUYEHHIO:

T
> Xij=1, Vie{l,.,N} (1)
j=1
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[TpubbLIL OT JOOBIUM KakAOro OJOKAa ¢ B OMNpe/AeIeHHbIA Mepro[
3a7aeTcs ABHO, 00pa3ysl MHOXKECTBO KOHKPETHBIX 3HaueHuit C;j, rae j €
{1,...,T}.

IleneBast (PyHKIMA C yYETOM BHIMIEHAMMCAHHOTO TPEICTABIISETCS
CJIeYIOIINM 00pa3oM:

(Cij * Xi5). (2)

T
=1

i=1j

DKOHOMUYECKHE OrpaHUYCHUA Ha 00BbEMBI IIO6I)I'~II/I MPUHUMAIOT BUI:

ijin g Z Xz'j g W]ma:r’

i€elv v] € {17 "'7T}a (3)
Oy <30 Xy <oper, IITC {11,
iel°

raoe I¥Y — MHOXECTBO MHIEKCOB OIOKOB ¢ BII, /° — MHOXECTBO MHAEKCOB
6s10k0B ¢ T11, WJW” 1 W% — HIKHSS ¥ BEPXHSASL TPAHMLIBL HOPMBI 100bIYM
BCKPBILLIY B IIEPUOL J, O;’”” 1 O] — HIKHSIS M BEPXH31s TPAHULIBI HOPMBI
J0OBIYM Pyl B IEPHO], j .

st kaxgoro 6yioka b; GJIOYHOIN MOJIENH OTIpeIe UM MHOKECTBO {bp},
rie p € P;, Kak MHOXeCTBO OJIOKOB, U3BJIEKAEMBIX HENOCPEACTBEHHO [0
6710Ka b; coracHo madJIoHy BhleMKHU. TeXHOIOrHYeCKUe OrpaHUYEHNU S B TAKOM
[IPEJICTaBJICHUU Pa3BOPAuMBAIOTCS BO MHOXKECTBO JIMHEMHBIX YPaBHEHUI:

t
O - Xpr—Xi) 20, Vie{l,. . N}hVte{l,..T},Vpe P (4)
k=1

VpaBHEeHHUsI TAKOrO BUA YKa3bIBAIOT, YTO OJIOKM M3 MHOXECTBa P
JOJDKHBI OBITh JIOOBITHI He TO3xke Oyioka b;. Eciam mpennoioxuTh, 4TO
1a6JI0H JOOBIYM OIMUCHIBACTCS ¢ MOMOINBI0 V] OJIOKOB, TO IIJIST OMUACAHUS
TEXHOJIOTMYECKUX OrpaHnueHuil motpedyercs B cpereM N x M T’ ypaBHeHuil.
Tak, HanpuMmep, AJisi OpocTeiiero madioHa u3 5 GJIOKOB Ha 5 MepHOIOB
TUIaHUPOBAHMUsI, OrPaHUYEHHE Ha MOPSJOK AOOBIYM MOPOAMT B cpeaHeM 20
JIMHEWHBIX YpaBHEHMIA Ha KaX bl OJIOK, YTO NpH pa3MepHocTH 3agaun B 5000
6J10K0B, mact yxe 100000 ypaBHEHMIA TOIBKO /IS OMIUCAHUSI TEXHOJIOTHUYECKUX
orpannueHmii. C yBeJIMUeHUEM pa3MEepHOCTH 3a/1a9d, KOJTMIECTBA TIEPHOIOB
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TUIAHUPOBAHUSI M CJIOXHOCTH IA0JIOHA JNOOBIUM, OJHO TOJBKO XpaHeHHe
MOPOXKJCHHBIX JIMHEMHBIX YPABHEHUIA B IAMATU NIPEACTABIIAET CYLLECTBEHHYIO
CJIO)KHOCTB, HE TOBOPSI YKe O JasIbHEelIel npolielype peleHusl.

Takum 00pa3oM, WCIIOJIB30BAHME METOJOB  IIEJIOUMCIIEHHOTO
MPOTPaMMUPOBAaHUS HE TO3BOJSAET pellaTh 3aJavyd TpeOyemMoro ypOBHS
JUICKpETH3alMi OJIOYHON Mofenu (COTHH ThICSY — MHUJUIMOHBI OJIOKOB).
JobGaBieHue JOMOMHUTENIBHBIX OTPAHUYEHHI TOJILKO YCyryOuisieT JIaHHYIO
CUTYAIUIO.

B omimume ot 6a30BOii, B paccMaTprBaeMoOil B HACTOSIIEH padorte
noctaHoBke 3amaun IIOI'P B KadecTBe emie OOHOIO SKOHOMHYECKOTO
OTpaHWYEHHUs BHICTYIAaeT OrpaHMYEHIE Ha CpedHee 3HAUCHHUEe COACPKAHUA
MOJIE3HOr0 KOMITOHeHTa B 0j10kax ¢ [11, uzBiekaembix 3a nepuof. JanHoe
OrpaHUuYeHUe MPeICTABISETCS C TOMOIIBIO JIMHEMHBIX YPaBHEHUH CJie1yIOIUM
obpazom:

rae:

gi — CoAepX)aHue MOoNe3HOr0 KOMIIOHEHTa B OJIOKE 4;

G;’”" u G;-”‘”“ — HW)KHAA U BEPXHsAA IPaHULIbl 32JJaHHOTO Hara3oHa
JIOIYCTHMOT'O CPEJJHETO COZIepKaHus MOJIe3HOT0 KOMITOHEeHTa B 6ytokax ¢ [T1
W3BJIEKAEMBIX B [IEPHO] j.

3. IIpenaaraemblii mogxon K pemenuro 3amgau IIOI'P. B xoxe
WCCJIeIOBaHMI pa3paboTaH HOBBIM MOJAXOJ K MPEACTABICHUIO U PELICHUIO
3aga4 [IOI'P Ha ocHoBe I1I10. OcobeHHOCTh MOIX0a COCTOUT B IPHIMEHEHUN
NpoLeSyp paccyskJeHHs Ha OrpaHMYEeHHsX Ha OOJBIIMHCTBE TANOB pPEIICHNUS
paccMaTpuBaeMoro Kjacca 3aaad. Ilpouenypsl, peaymsyiomue NogoOHbIe
paccyXJeHHs, OIMPAIOTCsl Ha METO/IBl yCEUeHHs IOMEHOB IIEPEMEHHBIX.

s npeacrasnenus 3agaun [IOI'P kak 3YO kaxkimomy OJ0Ky b;
Kapbepa COIOCTaBJAETCS COOTBETCTBYIOIIas MHOTO3Ha4yHasl INepeMeHHas
3Y0 X;. B xauecTBe 3HaueHMII JOMEHOB MIEPEMEHHBIX BBICTYIIAIOT HOMeEpa
BO3MOKHBIX ITepHOIOB pa3padoTku (0T 1 1o T7). PaccyxneHus Ha orpaHUYCHUSIX
MPEIJIOKEHO PEATM30BBIBATh C MCIOIB30BAHUEM HE TOJBKO THITOBBIX, HO U
aBTOPCKUX METOIOB JIOTHYECKOTO BbIBOAIA, TIPEAHA3HAUEHHBIX 15 TOBBILIICHNU S
3(pheKTUBHOCTH yHU(PHUIIMPOBAHHON 00paOOTKK Pa3HOPOAHBIX TPeOOBaHUMI
K MPOBEEHHIO TOPHBIX paboT. B wacTHOCTH, 11 aHaNIM3a OrpaHUYEHUil Ha
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MOCJIEI0BATEILHOCTD M3BJIeUeHUsI OJIOKOB (TEXHOJOTHUECKUX OrpaHIYCHHIA)
pa3paboTaH METO[ BISIBJIEHUS] HECOBMECTHBIX 3HAUCHHI NepeMeHHbIX «Block
sequencing», KOTOPBII MOAPOOHO omvica Huxe [13].

DKOHOMHYECKUE OTpaHMYeHUs 3anadn (hopMaaM3yloTcs B BHUJE
THUIOBBIX TIOOABHBIX orpanuueHuit global cardinality constraint, KOTOpbIe
MO3BOJISTIOT  OTPAHMYMBATH KOJMYECTBO TIEPEMEHHBIX, MPUHUMAIOIIIX
onpeneneHHoe 3HaueHue [14]. B paccmarprBaeMoii 3ajaue UCIONIL3YIOTCS
2 takux orpannyenus: gee( XY, U, YY) u gee(X°,U,Y°), onuchBarommx
HOpMBI 10ObrIH 1151 6710K0B ¢ BIT 1t [TU cooTBeTCTBEHHO, TIIE:

X" u X° — MHOKecTBa mepeMeHHbiXx OnokoB ¢ BIT u IU
COOTBETCTBEHHO;

U ={1,...,T} — BO3MOXHbIE HOMEPa [IEPHOIOB TIAHUPOBAHHST;

Y nu Y° - HaOOpBHl TEpEMEHHbIX, HMMEIOUIMX JOMEHBI:

Y e {W]mm,...,WJm“}, Yy e {O;-m'", ...,O;-’W”}, vje{l,..,T}.

VYrpasisiss JoMeHamMu iepeMeHHBIX Y 1 Y °, MOXXKHO OrpaHIYNBATh
KOJIMYECTBO TepeMeHHbIX 3 X u X°, IpUHUMAIOIUX OIpe/IeiCHHbIC
3HAYEHUSI.

Oco0y10 CJIOKHOCTh TPEJACTABIISIO MOJAEIMPOBaHUE TpPeOOBaHUS
Ha cpeJHee 3HaueHHe I0JIe3HOr0 KOMITOHEHTa 3a repuoj Jo0bun. B xone
WCCclieOBaHMi HaiiieHa Takas (hopMa NpeICTABICHUS JaHHOTO OTPaHUICHHUS,
TP KOTOPO# HE IPOMCXOIUT CHIDKEHHE TIPOM3BOIUTEIHOCTH BEIUHMCICHUN
[0 CPaBHCHMIO C BApUWAHTOM 3a/1ayd, HE BKIIIOYAIOIIMM 3TO YCIJOBHE.
HopwMmel cpeanero coaepxaHus IOJIE3HOTO KOMIIOHEHTa OMNMCHIBAIOTCS,
Mapoil orpaHudeHwii linear Ui Kaxjaoro mnepuoma aooderuu [13]. Dt
OTpaHWYCHUs TIPENICTABJISAIOT IO CYTH JIMHEHHbIE ypaBHEHWS, KOTOpHIS
HECKOJIbKO OTJIMYAIOTCS OT YypaBHeHWil (7) W3 TpelICTaBICHHOU paHee
popmanm3zanym 321244 ¥ UMEIOT BULL:

N
> (g0 x Xij) S N xGjee,
i]:\ll VJ S {17 '~'7T}7 (8)

> (gi % Xij) = N« Gpm,
i=1

uto 3amuchBaetcs Kak linear(g, Xj, «<», N x GJ'*%) wu linear(g, X;,
«>», N« GJ*'") nna kakgoro nepuoa j € {1,...,T}.
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3HaueHne 1eNeBOl  (PYHKIIMM B  [aHHOM  IpeJCTaBJICHHU
paccuMThIBaeTCS KakK:

XN: Fe;, 9)

rae F'C; — uroroBasi LIEHHOCTh OJIOKa ¢, KOTOpas 3aBUCUT OT 0a30BOM
CTOMMOCTH OJIOKa M NeproJa ero JOOBIYH, T.e. MOKET ObITh BBIYMCJICHA C
HOMOIIBI0 HeKoTOopoit pyHKuMH cost(X;, C;). 3navenns F'C; ucnons3yorcs
JIOCTATOYHO YacTO B MPOIIECCE MOMCKA, TTOITOMY KakK/Ablil pa3 BBIYUCISTH
ux HeueslecooOpas3Ho. [TonoOHy0 (hyHKIHMOHAIBHYIO 3aBUCUMOCTb MOXHO
orucaTh ¢ TIOMOIIIBI0 TAOJIMYHOro orpaHnyenus (tabanna 1), rae Bo BTopomM
cTONOLIEe HAXOASTCS 3HAYCHUS (PYHKLIUHU COSTt, BBIYUCIISIEMBbIE €IMHOKIBI IPH
NOCTPOSHNH JaHHOIO OrpaHWYeHus. Bce miarm pemeHus 3afayd MOXKHO
pa30UTh Ha TPU OCHOBHBIX 3Tala, KOTOpbIe MOAPOOHO W3JIAralioTCsl HUXe:
a) mpenaBapuTesibHass 00paboTKa AaHHHIX (TpeIBapUTENbHOE YIPOIICHUE
3aJa4m); b) MOMCK HEKOTOPOTO AOMYCTHMOrO PELICHHS; C) yIIydIlIeHHe IEPBOro
HOJIYYeHHOTO PEIlIeHUS].

Ta6simua 1. 3aBUCUMOCTH UTOTOBO CTOMMOCTH OT NEproja pa3paboTKU
(X[ FC |

1 cost(1,C})

2 cost(2, Cy)

T | cost(T,C;)

ITpu dopmymmposanun 3agauu IIOI'P B Buge 3VO npumensercs
MpeIBapUTeIIbHBIN aHAN3 OJOYHOI MOJEIH, MO3BOJISIIONINI B HEKOTOPBIX
CIy4asix 3apaHee COKPAaTHUTh JOMEHb HEKOTOPHIX MEpPeMEHHBIX O Havalsa
OCHOBHOTO TIpollecca pelIeHUsl, yMEHbIas, TakuM o0pa3oM, oOiiee
MPOCTPAHCTBO MOUCKA.

JLJ1s1 HaXOK IeHK S 32 TIOJIMHOMUAILHOE BpEMsI OJTHOTO U3 JIOMYCTUMbIX
pemennit 3agaun [TOI'P, To ecTh pelieHus, yIOBIeTBOPSIOIIETO OJHOBPEMEHHO
BCEM OTrPaHUYEHUSIM, MIPEJIOKEH METO]] «KaTHOT0» MOUCKA, UCTIONb3Y I
paspaboTaHHble MpOLEAYpPH BbIBOJA Ha orpaHuuyeHusx. ObecrieueHa
BO3MOKHOCTh ~OJHOBPEMEHHOTO IIOMCKa JOIMYCTUMOIO pelleHus1 B
pa3/MUHBIX  BBIUMCJIMTENIbHBIX TOTOKax. JlanbHelas onTUMHU3aus
neaeBoil (hyHKIIMM peaau3yeTcs pa3padOTaHHBIM THOPUIHBIM METOIOM
[15], coveralommmM npeumMylecTBa cucTeMaTuueckoro [16] u JokajbHOrO
noucka [17]. KommoHeHTa, ocyliecTBIsIOIIAs JIOKAJIbHBIA IOWUCK, Ha
OCHOBE TEPBOHAYAJIBHO HANAEHHOTO JOMYCTHMOTO PEIICHHS BBITOIHSET
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(popmupoBaHUe MOANPOCTPAHCTB BAPUAHTOB (AIbTEPHATHUB), TJie NPUMEHSIETCS
y’Ke cUcTeMaTH4YeCcKUi MOoKCK peleHuii 3ajaun ontumusanyu IIOI'P. B xone
CUCTEMATUYECKOTO IMOUCKA TAKKe UCTIONB3YIOTCS YIOMSHYTHIE BBIIIIE METOJIbI
paccykJIeHuil Ha OrpaHUIECHHSIX.

4. TIpeasapurejbHas 00pa0d0TKa JAHHBIX (AMPHOPHOE YIPOIIEHHE
3Y0). B xoae mnpeABapuUTEeNbHOTO aHaiM3a Ui Kaxjaoro Ojoka b;
BBIYUCIACTCA MHUHHUMAJbHOE KOJIMYECTBO PYAHBIX W BCKPBIIIHBIX 6J'IOKOB,
KOTOpbIe HEOOXOIMMO U3BATh U3 Kapbepa fepe]] HUM. 3aTeM MPOU3BOIUTCS
yTOYHEHHUE JMAMa30Ha MEPUOJIOB, KOTJla BO3MOXKHA BhleMKa 0110Ka b;. Eciu
JUIsL TOOBIYM KAaKOro-TO OJIOKa HEOOXOAMMO MpeBAPUTENILHO U3biTh N,
PYIOHBIX GJIOKOB U N, BCKPHIIIHBIX, IPU 3TOM BEpPXHsisl HOPMa J00bIYM 32
niepuop 1o pyae paBHa O,,q,, @ 0 BCKpbiiie — Wy, ., TO HUKHSS TPaHULA
JIOMEHA COOTBETCTBYIOIIETO OJIOKAa COKPATUTCS JJO MEHBIIIETO U3 3HAYCHUI
14 (No/Omaz) 11+ (Ny/Winas ) (I€7I€HHE IETOYUCTIEHHOE C OKPYIIEHHEM
B MEHBIIYIO CTOPOHY). [lis mosydyeHus Ajisi Kaxaoro 0yoka b; 3navenuit N, u
N,, HEOOXOUMO paccCMOTPETh OJIOKH, 3aBUCSIINE APYT OT Ipyra COrIACHO
111a6JI0HY, UTEPAaTUBHO NepeOupas CJoii 3a CJI0eM BBEpX.

Hpumep 1. [Ina wumwmoctpanuu ynpoimenuin 3YO, peann3yeMbix
B paMKax »3Tana IMpeBapUTEeIbHONA OOpabOTKH, PacCMOTPUM MOJIEb,
npeCcTaBIeHHYI0 Ha pucyHKe 1. PynHsle 010ku Mojie M 0003HAYEHbI 3eJICHBIM
[IBETOM, BCKpBIIIHbIE — OEJIbIM, BHYTPU KaXJOro OJIOKa yKa3aH JOMEH
COOTBETCBYIOIICH MEPEMEHHOM, HMKE MOJENIM CXEMAaTUYHO Ipe]CTaBJIeH
3aJIaHHBIA B paMKax MpuMepa a0 IoH J0ObIYH.

[ [ O ] e e [l [ e Y e et 11131130131 [1.3]]
1231131131131 .3 303 .20 . 11.3]12..31][1..3]
[r.31|12..3] 1221 [..30][1.3]
[1..31[11.3]]

Puc. 1. [IBymepHas 6J04Hast MOJEIIb Kapbepa M a0JIOH U3BJIEUEeHHUs

Hopwmbt 10014 1J1s1 IPOCTOTHI OyAyT 3aJaHbl HE B BUJIE JUANa30HA
3HAYCHUH, & KOHKPETHBIMU 3HAYECHUAMHU: 3 PyAHBIX OJ0Ka 32 1ieprof (Oy,qz) U
12 BekpbiHbIX (W,,0,). s Kaxaoro 6Jioka Mojaean ObUIM BBIYKCIICHBI
3HayeHust N,, u N,, pe3yabTaThl 3TUX BbIUMCJICHUN MPEACTABICHb Ha
pUCYyHKe 2, rie nepBoe 3HaueHue CooTBeTcTByeT N, BTopoe — IN,, cam
OJIOK TaKKe YUUTHIBAIOTCS TIPH MOACUYETE STUX 3HAUCHUIA.
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1 2 3 4 5 6 7 8 5 10 1 12 13 12 15 16 17
a [10]10]10]10 10 120 1010 10][10]10]10]
|60 6060 60]60]60
150[150]150[ 141
262|242

60

m o 0 m

Puc. 2. Pacyer 00beMOB JOOBIUM [IJIs U3BJICYEHU KAk I0r0 OJIOKa MOJEN

Hanpumep, nyist 610ka Bs MHOXECTBOM OJIOKOB, aHAJM3UPYEMBIX
COIIAaCHO IMa0JIOHy J0O0bYM OJIOKOB, fBJIAETCS MHOXeCTBO Sp, =
{Bs, A1, A2, A3, Ay, A5}, nns Onoka By, — wMHOkXectBo Sp, =
{By, Ay, A3, Ay, A5, Ag} wu T.0. Hna Gmoka Cs  MHOKXECTBO
aHAJIM3UPYEMBbIX ~ OJIOKOB MOXKHO [MOJYYUTh CJIEAYIOIIUM  0Opa3om:
Se, ={Cs} U Sp, USE, USp, USp, USE,.

Torza, Ha OCHOBE aHAJIM3a MHOXECTBA S, , SICHO, YTO IIPH U3BJICUYCHUN
Oyioka B3 MHHUMaJIbHOE KOJMYECTBO BBHIHUMAEMbIX BCKPHIIIHBIX OJIOKOB
paBHo 6, a pyaHbix — 0. B pe3yibTarte aHaJIOMMYHBIX MOACYETOB [T OJI0KA
B, nomydatorcs uncna 6 u 0, a mnsa 6moka C; — uucna 15 u 0. Iocne
BbluKCIieHust 3HaYeHuit N, 1 N, JUTst Kax/10ro 6JI0Ka Kapbepa, OCYIIeCTBIISETCS
COKpaIlleHIe JOMEHOB HEKOTOPBIX MIEPEMEHHBIX 3a/1au (PUCYHOK 3).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
A (.31 303113113112 311231 [1..3]]2..31]12..3]]
B 12..3]12..31{[2..31|12..3112..3] [1.3]
c 12..3]|12..31][2..3]
D
E

3

Puc. 3. Cokparenye JOMEHOB NIepEMEHHBIX B Pe3y/IbTaTe apHOPHOTO YIIPOIIEHNUS
3Y0

BbluncrieHusi, peaiu3yemMble B XOJ€ ITama IMpeJBapUTEeSIbHON
00paboTKK JaHHBIX, TIO3BOJIIJIM COKPATHTh HAYAIBHOE [IPOCTPAHCTBO IIOUCKA
JIEMOHCTPAIMOHHOM 3a/1auk C Pa3MepPHOCTH B 3*° BO3MOXKHBIX TIPUCBaMBaHHil
1o pasmeproctu 330 * 212 npucpaupanuii, T.e. Gosnee yem B 3500 pas. s
3aj1a4 GoJIbLIeH Pa3MEPHOCTH C JOMEHAMH ITePEMEHHBIX OOJIbIIEil MOIHOCTH
3¢ deKT OKa3bIBaeTCA ellle 3HaYuTeIbHEe.

Jlajiee HAYMHAETCST STAIT IOMCKA EPBOTO PEIIECHNSI 3a/1a4H, 38 KOTOPHIM
HOCJIeAyeT 9TaI ero yirydmieHus. O6a 9TUX ITana B 3HAYUTEIBHOMN CTEIeHN
OIHMPAIOTCSI HA ABTOPCKUI METO[, BHIBOZIA HA OTPaHMICHHSIX, Ha3BaHHbIi «Block
sequencing».

5. TnodannHoe orpanmyenune «Block sequencing». B peajbHbIX
3ajlavyax KOJMYECTBO OrPAaHUYECHHH OYCHb BEJIMKO, U HE3HAYMTEJIbHOE
U3MEHEeHHe [OMEHa paclpOCTPaHHUTEIEM KaKOro-Tu00 OrpaHUYeHUS
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3aIyCcKaeT IeJIblil KaCKaJ BBI30BOB aJITOPUTMOB PACIPOCTPAHEHUS IS JPYTUX
orpannuenuii. [loaTomy LienecooOpa3HO MaKCMMH3HUPOBATb COKpPAIICHUS
JOMEHOB MMEHHO Ha 3Talle paclpOCTPaHEHHs OTIEJIbHBIX OrpaHWYeHHi
(pumpTpanmm) myTeM NpecTaBlIeHusT Habopa OIHOTUITHBIX OTPaHUICHUIT B
BHUJIE OJIHOTO [JIOOAIBHOrO OrPaHUYEHHUS], IJIS KOTOPOTro pa3padaThiBAOTCs
3(peKTUBHBIE AJITOPUTMBI paclpocTpaHeHus. Tak, HalpuMep, OHHO
robanbHOe orpanudenue alldifferent nns N 1nepeMeHHBIX, KOTOpOe
NpeANUChIBaeT, 4TOOBl BCE 3HAYCHUsI TEPEMEHHBIX OBbLIM Pa3IMYHBIMH,
3amensier N (N — 1)/2 npocTefilmx HepaBeHCTB. AHAIIOTUYHAS TEHICHIIUS
MPOCJICKUBAETCSA U [UIsl APYTMX [IOOAJIbHBIX OrpaHuueHuil. [1obaibHbie
OTpaHMYEHUs [TOMHUMO YCKOPEHHsI MPOLIecca pelleHus elle U yMpoIIaiT
ommcanue 3Y0.

Jist oBbieHus1 3(p(PEeKTUBHOCTH pellieHrsI KOMOMHATOPHBIX 3a]a4
ITOI'P B pamkax ITIIO pa3paboTaH HOBBIII METOJ aHAJIM3a HECOBMECTHBIX
3HaYEHUII MepeMeHHbIX (MeTO[] BIBOJA Ha orpaHnueHusix) Block sequencing.
MeToz MO3BOJISIET COBMECTHO aHAJIM3UPOBATH YCIIOBUS Ha MIOCJIEI0BATEIHHOCTh
M3BJICUCHHUSI 1JIs1 COBOKYITHOCTH OJIOKOB, MCKJII0Yasl, TAKMM 00pa3oM, OoJibliiee
KOJIMYECTBO HEMPUEMJIEMBIX 3HAYEHHMIT U3 IOMEHOB TiepeMeHHbIX. [IprmMeHenue
OrpaHUYEHUsI CYIIECTBEHHO CHIKAET TPEOOBAHUS K ONIEPATHBHON MaMsITH, 4TO
MO3BOJISIET PelaTh 3aJJa9d ¢ TpeOyeMBbIM YPOBHEM QUCKPETHU3AINH MOJEITN
MECTOpPOXKICHHUS.

[MosicauM wmcronb3yemble Aanee obosHauenus. IlepemenHas X
¢ JgomeHoM D; — 3To mepeMeHHas 00O3HAYalomlas «KIOYEBOH» OJIOK,
OTHOCUTEJIbHO KOTOPOTO BbIIIIE 10 IIA0JIOHY BBIEMKU JiexkaT Ojoku X; , rae
im € {i1, ..., ip}, IOIJIEKALIUE BHIEMKE HELIOCPEICTBEHHO O «KJIOYEBOr0», a
HIKE 110 mabyoHy Haxonstes ook Xy, , rae k; € {kq, ..., k, }. OueBuaHo,
4qTO {il, ...,’L'p} n {kh ceny kr} = .

Anroputm pacnipoctpanenus Block sequencing cocTOUT B CleIyIOIIEM:

[Tar 0. MI3Ha4yaspHO BCe MepeMeHHbIe MOJIENH, TIOMEIIATCs B oYepe/b
pacripocTpaHeHus (). 3aTeM IMKJINYECKU BHIIONHSIOTCS Taru 1-7.

Mar 1. Eciim ouepenp nycta, To Ilar 8. Ecau ouepenp He mycra, TO U3
Hee U3BJIeKaeTcs nepeMenHas X ;.

Mar 2. [{ns nepeMenHsix Xy, , rae k; € {ki, ..., k, }, BoruncisieTcs

a= {min }{right_bound(Dkl)}, TO €CTb MMHHMAJbHASI BEPXHsIsl
ki€{ki o kr

rpaHuIa JJist BeeX UX JOMeHOB Dy, .
[lar 3. B COOTBETCTBHMM C HAiiICHHBIM 3HAYEHHEM G Ype3aeTcst
JoMeH nepeMeHHOi X; (ecM 3TO BO3MOXKHO) — YTOUHSAETCA €ro
. * . .
BepxHsas  rpammma: DY ={t:(t € D;j)A(t <a)}. Bouucnsercs
a’ = min{right_bound(D}), a}.
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ITar 4. Y TOUHAOTCS BEpXHUE TPAHHLIBI JOMEHOB IlepeMeHHbIX { X;  }:
Df ={t:(te D, )A(t<a)},tmein € {i1,...,ip}. Te us nepemMeHHbIx
{X,,, }, MOMeHBI KOTOPBIX U3MEHUIINCH, IOMEIIAIOTCS B 0Uepesib ().

IMar 5. Insa nepeMenHsIX X, , T iy, € {i1, ..., ip}, BHIUUCIACTCS
e=  max }{l eft_bound(D;, )}, TO ecTb MaKCUMalbHAasl HYIKHSSI

im
i €{01,..0p
TpaHuLa Ul BCEX UX JIOMEHOB D; .

Ilar 6. B cooTBeTcTBUM C HallleHHBIM 3HAYEHHEM € Ype3aeTcs
JoMeH TnepeMeHHoi X; (ecaM 3TO BO3MOKHO) — YTOUHSETCA €ro
HukHAA  rpammma: DY ={t:(t € Dj)A(t > e)}. Bouncnsercs
e’ = max{left_bound(D}*),e}.

[Mar 7. YTOYHAIOTCS HUKHUE IPAHUIBI JOMEHOB MepeMeHHbIX { X, }:
Dy, ={t:(t € Dy,) N(t = ¢€')}, tne ky € {k1,..., k. }. Te u3 nepemenHbIx
{X}k,}., mOMEHBI KOTOPBIX W3MEHWINCH, TIOMeINATCs B odepens (). Cama
nepeMeHHas X ; ynansdercs u3 odepenu (). Bosspar k mary 1.

IIIar 8. Kownerr.

[Mpy mombITKE W3MEHEHWsl [IOMeHa J00O0l TNEepPEeMEeHHOU MOXKEeT
BO3HUKHYTb CUTYallUs, YTO JOMEH OKAXKETCs MyCTHIM, TOIa COOOIIAeTCs O
MPOTUBOPEYNH, U PACTIPOCTPAHUTEb 3aBEpIIaeT padoTy.

Ecniu  pacnpocTpaHeHHe — 3aBepIIMIIOCh  0e3  MPOTUBOPEYMI,
MPOM3BOAMTCS MPOBEpKAa [OMEHOB IMepeMeHHbIX. Ecim BcTpeueHa
XOTs1 Obl OJHA TMepeMeHHas, B JOMEHe KOTOpOil ocTayoch OoJblie 1
3HAYCHUA, TO paClpOCTPAHCHUE AOCTHUITIO HCHOHBM)KHOﬁ TOYKH, T.C. IJIA
JaJIbHEHIIero peleHus 3aja4uu TpedyeTcs 3allycK pacIpoCTpaHUTelIeld ApyTrux
OrpaHNYeHHi1 WK BeTBJIeHHe. Ecii JoMeHbl BceX IepeMEeHHbIX COKPaTHIINCh
JI0 €JMHCTBEHHOTO 3HAYEeHHS, TO OTPAaHUICHHE CUNTACTCS YIOBJIETBOPEHHBIM.

6. JTan MOMCKa MEPBOro JONMYCTHMOIrO PelmIeHHs: <« KaIHbIi»
MOMCK PpelleHuil 3aJa4d INIAHHUPOBAHHUS OTKPLITBIX FOPHBIX padoT.
ITpennaraemslii MeTOA «kaJHOro» Moucka peutenus 3agauu [TIOI'P peamusyer
LieJIeHaITpaBIeHHOe (C HCIMONIb30BaHUEM CHELNAIN3UPOBAHHBIX IBPHCTHK)
JBIKEHHME 110 TIPOCTPAHCTBY MOKCKA. JJaHHOE ITPOCTPAHCTBO COKPAIAECTCS B
MpoIiecce ABMKEHNUS C TIOMOIIBI0 MEXaHIN3Ma PacpOCTPAHEHHS OTPAHUICHUIH.
Ha xaxaoMm 1mare OCyLIECTBJSETCS BBIOOD HEKOTOPOil NEpeMEeHHOH u
IpUCBalBaHKeE eil ONpe/eIeHHOrO 3HAUeHHs U3 COOTBETCTBYIOIIETO JOMEHa ¢
MOCJIEAYIOIINM 3aITyCKOM pacripoCTpaHUTe el orpaHiueHuii 3agaun. Takum
00pa3oM, U3 IOMEHOB IIepeMEHHBIX, KOTOPBIM ellle TIPEACTOUT NPUCBAaNBaHHE,
MCKJTIOYAIOTCS BBISIBJICHHBIE PACIIPOCTPAHUTEISIMU 3aBEJOMO HENPHEMIIEMbIE
3HAYCHUS.

Jlanee omuieM KCIOJb3yeMble IBPUCTUKU BHIOOpa IEPEMEHHOI U
IPUIUCHIBAEMOro el 3HaueHWs. 3HAaYUMBbIM IIPU3HAKOM YNOPSAAOUYUBAHUSA
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6JOKOB  (COOTBETCTBYIOIIMX KM IIEPEMEHHBIX) SBJSIETCS [IyOMHA
3ajieraHusi OJI0Ka B Kapbepe, T.e. KoopauHaTa Z (OJIOKM pacCMaTpHUBAIOTCS
TOPU3OHTAJILHBIMU CJIOSMH, HAUMHAsI C HIKHETo ciosi). dyis obecrnievyeHus
MOJIHOTO TIOpsA/IKa Ha OJIOKAaX, OHM YIOPSIOOYMBAIOTCS TAKXKE W IO JABYM
OCTaJIbHBIM KOOPIMHATAM B PAMKAX OJHOTO TOPU30HTAIBHOTO CJIOSI MOLEIIH.
Bbut MPOTECTHPOBAHBI Pa3Hble CIIOCOOBI MOJOOHOrO YIOPSIOYMBAHUSI.
Ha psize TecTOBBIX 3a7ad Jiydille BCEro MOKa3aaM CJEAYIOIIUe SBPUCTUKH:
a) 00X071 6JIOKOB YPOBHSI 3Ur3aroM, b) BEIOOP 110 pacCTOSIHUIO OT MPOEKIIMH JTHA
U C) BBIOOP MO PACCTOSIHUIO OT CPEJHErO PYAHOTO OJIOKa B TOPU3OHTAIBHOM

cJioe (pUCYHOK 4).
b) c)

a)

Puc. 4. TecTupyembie IBPUCTHKHU «KaJHOTO» MOMCKA PELICHMIT: a) 00XO0/ 3Ur3arom;

b) BBIOOp MO PACCTOSHUIO OT NMPOEKLHUHU [HA; C) BHIOOP 110 PACCTOSHUIO OT CPEJHETO
pyaHoro 610ka

ITpu ucnonb30BaHUK BCEX TPEX IBPUCTUK, IEPEMEHHOM [TPUCBAUBAETCS
MaKCHMaJbHOE U3 JIOMyCTUMBIX 3HaUEHUI ee JOMEHa.

OmnmcanHasi IpoLeypa «KaJHOT0» MOUCKa NMOTPEOIIsieT CPaBHUTENIHHO
Majo MAIIMHHBIX PECypcoB, IO3TOMY JUJIs MOBBILEHUS BEPOATHOCTU
HAXOXACHUs JOIyCTUMOIrO PEIIEHUS OHA BBINONHAETCA B IapaljieIbHOM
peXrMe C HCHONb30BAHHMEM BCEX TpEeX OIMCAHHBIX BBIIIE 3IBPUCTUK
OJHOBPEMEHHO. B ciiyuae HaXoxJeHUs JOMYCTUMBIX PElIeHUI HECKOIbKIMU
9BPHUCTHKAMU BBIOMpaeTCsl JTyyulllee pelieHne U3 HalaeHHbIX. Ecim vy ontHa u3
9BPUCTUK «XKaJHOrO» MOKWCKA HE MO3BOJISAET HAWTH JOMYCTUMOE pEILEHHE,
TO 3aIyCKaeTcs Npoleaypa CUCTEMaTH4ecKoro mnowcka. Ilpu srtom s
BBIOOpa NEPEMEHHOM B XOJIe CUCTEMAaTH4YECKOro [OMCKa OyAeT UCHOIb30BaHa
Ta U3 TpeX IBPUCTHUK, C MOMOIIBI0 KOTOPOH «KaJHOMY» MOUCKY YyAAJIOCh
MIPUCBOMTH 3HAYEHUS OOJIbIIEMY KOJMUYECTBY MIEPEMEHHBIX 10 OOHAPY KEHUs
MIPOTUBOPEYMIA.

JLJ1s1 WIUTIOCTpALi IPHHLIMIIOB PaOOTHI «KaJHOT0» MOUCKA BEPHEMCS
K NPeJCTaBJIEHHON paHee JEMOHCTPAaLMOHHOM 3anade u3 npumepa 1. Ilycts
Il Hee yiKe MpoBeJeHa Npe/BapuTe/IbHas 00padoTKa JaHHBIX, pe3yabTaT
KOTOpOii ObUI TMoOKa3aH Ha pucyHke 3. IlockonbKy OJs0YHast Monesib B
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npuMepe sIBJISIETCSl JBYMEPHOM, TO B KayeCTBE IBPUCTHKH JJIsi BhIOOpa
6JIOKOB (COOTBETCTBYIOIIUX MMEPEMEHHBIX) OyIeT IPUMEHSITHCS CleayoIee
MPaBWJIO: OJIOKM BHIOMPAIOTCS CJIeBa HAIPaBO, HAUMHASI C HIKHUX cJioeB. B
pe3yiibTaTe IPUMEHEHHU S ITOM IBPUCTHKH 3aTIOJIHEHUE KJICTOUCK Ha PUCYHKe 3
HAYHETCsI CHU3Y, [IPUYEM CHavYaJla B KJIETOUKHU OyZIeT 3aliChBAThCS 3HAUCHHE
«3» (MakcUMaIbHOE 3HAUYEHHEe U3 JOMEHOB MepeMeHHbIX ). PactipocTpanenue
OTpaHUYEHUN BBI3BIBAETCS MOCTIE KaXJOr0 MPUCBAUBAHMS, OTHAKO 3HAUMMbIE
WU3MEHEHUS B IOMEHAX CTaHyT MOSBIISITHCS MOCJIe MPUCBAMBAaHUSI 3HAUEHUI
BCEM PYIHBIM OJIOKaM B HIDKHHX IBYX psnax (D u F), korga HopMa T0OBYA
PYIBL IUISL TPEThETO Tepuona OydeT MOJHOCTHIO BHITOJHEHA. DTO BICYET
yZlaJIeHHe 3HAUYeHUS «3» U3 JOMEHOB IEPEMEHHBIX OCTAJIbHBIX PY/IHBIX OJIOKOB, B
pe3ysbTaTe Yero B J0MeHax PyaHbIX 0JI0KOB psiga C' ocTaeTcs TONBKO 3HAYCHUE
«2». Takum 00pa30oM, MOJHOCTHIO BEIOpaHa HOpMA TOOBIYM PYIbI U JJIsI BTOPOTO
Mepuo/Ia, MOITOMY 3HAYEHHS OCTABIIMXCS PYAHBIX OJIOKOB B psiiax A u B
CTaHOBSTCS paBHBIMHA «1». Jlayiee Ha OCHOBaHMM aHANM3a OrpaHWYCHUN Ha
MOCJIeJOBATEILHOCTD BHIEMKH OJIOKOB C IOMOIIIBIO [T100AIbHOTO OrpaHUYeHHU S
«Block sequencing» yTOUHSIIOTCS IOMEHbI TIEPEMEHHBIX BCKPBIIIHBIX OJIOKOB
Ag — A11, A14 — Aqs, Bs — B11, B13, B14, HAXOOAIIUXCsI BHIIIE PYIHBIX
COIJIACHO UCIIOJb3yeMOMY Ma0JIoHy (PUCYHOK 5).

1 2 3 4 5 6 7 8 3 10 11 12 14 15 16 17
A [3)iss)s)s)in 2222 1 ] 1 1 [p.2).2)][1..3]]
B [11.31]12..3)[(2..3)[[1..31]11..3]11..21
c 12.3]|[2.31|[2.3]][2.3]
D 3 | 3
E

Puc. 5. CocrosiHue 3a1a4n nocjie Habopa PyIHbIX OJIOKOB ISl TPETHErO Nepruoaa u
pacnpocTpaHeHHs OrpaHUYeHUI

PacnipocTpaneHye orpaHM4YeHMi Ha TeKylleM Iuare OoJjblle He
MOXeT OBITh BHIIIOJIHEHO, IOTOMY MPOJOJKAETCS IPUCBAaNBaHUE 3HAUSHUI
MEepEMEHHBbIX COMIACHO IpUMeHseMol 3BpHcTHKe. Crenyoliee 3HaUUMOe
M3MEHEeHHUe MTPOM30MIET, Kora Oyaer BiOpaHa HopMa JOOBIYM BCKPBIITHBIX
6J10Kk0B 3a TpeTuil nepuona. [1pu sToM 3HaueHKe «3» yaanseTcs: U3 JOMEHOB
OCTaBIIMXCSI IEPEMEHHBIX C eIl He IPUCBOSHHBIMY 3HAYEHUSIMHE (PUCYHOK 0).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
A 222222 n.2r2me] 1] 1 1 [.2)][.2)][..2]]
[3 ] 3] 3 [m2n.2)n.2
33|33
3| 3

monNw

Puc. 6. Cocrosinue 3aga4u nocsie Habopa Bcex OJIOKOB st TPEThEro neproaa u
pacrpocTpaHeHNUs OTPAaHNIECHUI
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Janee, cornacHO NpUMEHSEeMON 3BPUCTHKE, BCKPBHIIHBIM OJOKaM
OyneT Ha3zHauyaThCsl 3HaUeHHE «2» 1O MOMEHTa, MOoKa He OyneT BhlOpaHa
HOpPMa BCKPBIIIM 32 BTOPOM MEPUOJ, IMOCJIE Yero OCTABIIUMCs OJOKam
PpacrpoCTpPaHUTENh HA3HAUMT 3HaueHne «1». [lonyueHHOe B pe3y/bTaTe Tamna
«KaJHOTO» IIOMCKA pellIeHHe IeMOHCTPAMOHHOM 3a/1a4H IIPEICTAaBICHO Ha
pUCYHKE 7.

WIN|- o

wlw|~

wlw (NP~
wlw [N |

mooN @ >

Puc. 7. [lonyyeHHOe AONYCTUMOE pelleHue 3a1auu

7. DTan yaydiieHHs] TOJYYEHHOTrO0 JONMYCTHMOrO pelreHust
3aga4n. [Toclie moaydeHus JOMyCTUMOTO PEIlIeH s 3ayCcKaeTCs Mpoleaypa
ruOpUAHOro NoKCcKa. B paMkax gaHHOTO dTamna HaiiIieHHOe pelieHHe 3aaun
MoauuIUpyeTcsl MyTeM OocnabIeHuss HEKOTOPHIX €ro INepeMeHHBIX, T.e.
BO3BpaTa MX B Ha4YaJIbHOE HENIPUCBOEGHHOE cocTosiHUe. [lonydyeHHoe TakuM
00pa3oM HOBOE CPaBHUTEJILHO HEOOJIBIIOE TTOAPOCTPAHCTBO HOUCKA 3aTeM
UCCIIeYeTCs CACTEMATUYECKUM METOJIOM C IIEJIbI0 BbISIBICHHsI HOBBIX PEIlICHHIt
¢ Oosiee BHICOKMM 3HaUYeHUEM IiesieBoil (hyHKIMU. CUCTEMaTHIECKHii IOMCK
B aHAJIM3HPYEeMOM IOINPOCTPAHCTBE OIPAHHUUMBACTCS 10 BPEMEHH W/WIIH
0 KOJIMYECTBY HalIEHHBIX TYIMKOBBIX BETOK JepeBa Norcka. PakTHyecky,
napaMeTp JOMYCTUMOrO KOJMYECTBA TYMHUKOBBIX BETBEH 3aqaeT CTEleHb
«TIIATEJILHOCTH» MCCIeJOBAHM TIOAIPOCTPAHCTBA OCIIA0IEHHOTO PEIeHHUs 1
MOKET BApbUPOBATHCS B 3aBUCUMOCTH OT Pa3MEPHOCTH 3a/1aUH.

B cityvyae HaXOx/IeHUs] HOBOTO pellieHusi ¢ Oojiee BHICOKUM 3HAYCHUEM
1eJIeBOi (DYHKIIMK, OHO MCIIOJIB3YeTCsI B KaUeCTBE OCHOBBI IS JaJbHEHIIero
HIOKMCKa BMECTO MepBOro HaiifieHHoro. Eciu Takoro peuieHus He 0OHapyKeHo,
TO MCXOJIHOE PEellIeHHe CHOBA 0CJIa0JIsIeTCsl MHBIM 00pa3oM, T.e. BLIOUPAIOTCS
Jpyrue MepeMeHHBIe JUIsl OCIa0JIeHNsI.

[Tpr3HAKOM OCTAHOBKH IpOLiecca PelleH sl BHICTYNAET OTBOAUMOE Ha
TIOMCK BpeMsl, & KOHEUHBIM pellIeHUeM 3a/1a4 OyIeT CUUTAThCS MOCIIeAHee
peleHre, HaiileHHOe MEeTOAOM TMOPUAHOrO TIOUCKa.

IMporuoCcTpHpyeM STOT ITAIl C MOMOIIBIO MPOJOJIKCHUS PEIICHHS
ABYMepHOI 3ajiauu U3 npuMepa 1. B jaHHOM citydae Juist ocnabeHus IepBoro
JOMYCTUMOTO pelleHH s, MPeICTABJICHHOTO Ha pUCYHKe 7, OyneT BhIOpaHa
YacTh MIEPEMEHHBIX BEPXHUX ABYX PAIOB (psiopl A 1 B), Kak 9TO MOKa3aHO Ha
pUCYHKe 8.
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Puc. 8. Ocnabienne 4acTi EpEeMEHHBIX 3aJa4n

Telepp HEOOXOOMMO TIPOBECTH TPOLEAYPY PaclpoCTpaHEHHs
OrpaHUYeHMIA, 9TO yOepeT 3aBeJOMO HeJOIyCTHMbIe 3HAUCHHUS U3 JOMEHOB
ocabeHHbIX NIepeMEHHBIX. B JaHHOM ciTy4ae, OCKOIbKY HOPMbI JOOBIYH AJIs
TPEThEro Meproja BbIOpaHbl B HEOCIA0JIeHHON YacTH MOJIENH, U3 JOMEHOB
ocJ1a0JIeHHBIX MEPEMEHHBIX YIAISETCsl 3HaUeHHe «3», TakKe JJIsi BTOPOro
Meprosia BHIOPAHbl HOPMBI DY/, NIOTOMY OCJIA0JIEHHBIM IepEeMEHHBIM
PYAHBIX OJIOKOB OCTaeTCs TOJIBKO NMPUHATH 3HaUeHHE «1». JlOMEHBI OCTaJIbHBIX
NEepEeMEeHHbIX COKPALIAIOTCS ¢ UCTIONB30BaHUEM INIOOATBHOTO OrpaHUYEHHUS
«Block sequencing». COCTOsIHUE 3a1a41 M0CJIe YCTPaHEHUsI HECOBMECTHBIX
3HAYEHUI IepeMeHHBIX MIPeJCTaBIeHO Ha PUCYHKeE 9.
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Puc. 9. Pe3ynbTaT pactipocTpaHeHNs OrpaHUYIEHHMH ITocye ocaabaeHns YacTH 33129l

IMoampocTpaHCcTBO MOUCKA IS COCTOSIHUS 33/1a4M, OTOOPaXEHHOTO
Ha pucyHke 9, cocranser 219 npucsausanmii, uto B 4 * 330 pas menbue
NPOCTPAHCTBA IIOMCKA UCXOIHOM 3aJa4y MOCJIe MpeIBAPUTEIbHOI 00pabOTKH
JaHHBIX, YTO TO3BOJISIET IPUMEHSATH IJI1 UCCIICAOBAHUS PE3YIbTHPYIOIIErO
MOJIPOCTPAHCTBA MPOLEAYPhl CHCTEMaTHMYEeCKOoro Ioucka. B xome
UccIIe0BaHUSA 3TOr0 MOANPOCTPAHCTBA MOABIAETCS BO3MOXHOCTb JOCTATOYHO
OBICTPO HAWTH HOBBIE pelieHus 3a1aun. [1pu pacuere 1esieBoil GyHKIMK 3TN
pelIeHnsT MOTYT OKa3aThCs JIydIlle NCXOJHOTO M CTaTh OCHOBOH /JIs1 HOBOH
UTEpaLHN.

8. Onenka 3¢ ¢heKTHBHOCTH NpPeJIOKEHHbIX MeToa0B. [
noctaHoBku 3aaaun [1OI'P, npencTaBieHHONR Bblllle B BUjI€ COBOKYITHOCTH
JVHENHbIX ypaBHEHWI, aBTOpamMM IMPOBOAUINCH pPAacueThl HA TECTOBOMH
MammHe ¢ oobeMoM orepatuBHOU mamsta B 32 ['B ¢ wucnonp3oBaHueM
nporpammeoro odecnedennss Google OR-Tools. MammHHBIX pecypcoB He
XBaTUIIO Jaxe AJ1s pacyeTa 3ana4uu pasmeproctbio 2000 6110koB. B uteparype
YAAJIOCh HATH MPUMeEp pelieHus 3aaun B OJM3KOI MOCTAHOBKE METOIaMH
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LIEJIOYMCIIEHHOTO JIMHEHHOTO IPOrpaMMUPOBaHKS € IIOMOLLbI0 pertarens IBM
Cplex, rue Ha cxoxel Mo nmapamMeTpam TeCTOBOH MaIlMHE Jj1s1 pa3MEepPHOCTH
yxke nopsigka 20000 6;10KOB He OBUIO IMOy4YeHO HH OJIHOTO pelieHus 3a 48
yacoB pacueToB [18]. [Ipumenss npenaokeHHbl NOAXO0M, YIaI0Ch MOJIyUYUTh
petienre ans 3amaud pasmepHocTbio 82000 GJIOKOB, YTO 3aHSJIO OKOJIO
nojydaca, a 3a 5 4acoB ObUIO MOCTPOEHO pellieHue A 3agauu B 525000
OJIOKOB.

I[To cpaBHeHui© ¢  MeTogamMM  CMeEUIaHO-UEJIOYUCIEHHOTO
MPOrpaMMUPOBAaHUs TIPUMEHEHHe pa3pabOTaHHOTO TOAXOAa MO3BOJISET
CYIIECTBEHHO CHU3WUTh TPeOOBaHWS K OIEPATHBHOW NaMSATH 3a CYeT
MpEeACTaBJICHHUS] 3aBUCUMOCTEN TpPEeJMETHOH 00JIaCTU C HCMOJb30BaHUEM
IJI00JIBHBIX OrPAaHMYCHMI, YTO MO3BOJSET peIlaTh 3aJadd ¢ TPeOyeMbIM
YPOBHEM TUCKPETU3AIMU MOJIENA MECTOPOXICHUSI.

9. 3axkurouenne. OMIChBacMbIC B CTaThe UCCIICJOBAHUS HATIPABJICHBI
HA pa3BUTHE METOIOB COCTABJICHWS pacIMCaHWil. B cTaThe MpensyiokeHO
NpeACTaBIAT, W pemiarh 3agady ontumusauuu IIOI'P kak 3agauy
YIOBJIETBOPEHHUSI OrpaHUueHuil. Pa3zpaGoTaHHble METObl pealn30BaHbl B
paMKax mapaaurMbl MPOrpaMMHUPOBAHUS B OTPAHUYEHUSIX, YTO MO3BOJISIET
6ojiee SKOHOMHO C TOYKH 3pPEHHs OINEPATUBHON MaMATU TMPEACTABIATH
3aBUCHMOCTH TIPEIMETHOI 00JIACTH, a Takke 00ecreunBacT BO3MOXKXHOCTh
MO3TAITHOTO y4YeTa Pa3sHOPOIOHBIX YCIJIOBHI 3aJjadd Oe3 MPUHIMITAAILHOTO
W3MEHEHHs CXeMbl NorcKa perneHnii. CymmecTBeHHAs YacTh MCCIIeI0BaHUI
MOCBSIIIEHA UCTIOb30BAHUIO METOIOB JIOTUYECKOTO BbIBO/Ia HA OTPAHUYESHHU X
JUUIsSl CHUXKEHUS pa3MEpHOCTHU MPOCTPAHCTBA MOUCKA U YCKOPEHU s TMpoliecca
BhIuHCTieHUH. [IJIsT HAaXOXACHUs AOIMYCTUMOIO pPElIeHUs MPeIoKeH METO
«KaHOrO» TMOUCKA, PEe3y/IbTaT PadOThl KOTOPOrO MOXKET OBbITh YJIy4IIleH C
MOMOIIBI0 pa3paboTaHHOro rudpuaHoro Mertoaa. Oda MeToma OMUPAITCS
Ha OpUTMHAJIbHBIE TIPOLIEAYPHl BHIBOJA HA OrpaHUYeHUsX. [IpeaioxxeHHbIin
TIOJIXOJ] TOKa3aJl CBOIO 3(h(PeKTUBHOCTD IJIs1 OJIOUHBIX MOJEJIel pa3MEPHOCTH B
JIECATKHA U COTHU THICSY OJIOKOB.
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A. ZUENKO, Yu. OLEYNIK
SCHEDULING AS A CONSTRAINT SATISFACTION PROBLEM
(USING THE EXAMPLE OF OPEN-PIT MINE PRODUCTION
SCHEDULING PROBLEM)

Zuenko A., Oleynik Yu. Scheduling as a Constraint Satisfaction Problem (Using the Example
of Open-Pit Mine Production Scheduling Problem).

Abstract. The research described in the work is aimed at developing methods for Scheduling.
The fundamental disadvantage of the existing methods of Mixed-Integer Linear Programming in
application to the problems under consideration is the fact that they are too demanding on the
amount of RAM. The difficulty of applying local search procedures to such high-dimensional
problems is to develop an effective way to find an acceptable initial approximation and determine
the neighboring state transition function, which would allow achieving the optimum fast enough.
In the Operations Research Theory, adding additional conditions to a problem can lead to a
fundamental change in the problem-solving scheme. The methods proposed in the study are
implemented within the framework of the Constraint Programming Paradigm which makes it
possible to represent the subject domain dependencies saving RAM, as well as to provide the ability
step-by-step take into account heterogeneous problem conditions without essentially changing
the scheme of finding solutions. A significant part of the research deals with methods of logical
inference on constraints to reduce the search space and speed up the computational process. The
approach to scheduling is illustrated by the Open-Pit Mine Production Scheduling Problem, which
was first proposed to be solved as a Constraint Satisfaction Problem. In order to find the first
feasible solution, a «greedy» search method is proposed, the result of which can be improved
using the developed hybrid method. Both methods rely on original procedures of inference on
constraints. The proposed approach has proven its efficiency for block models with sizes of tens
and hundreds of thousands of blocks.

Keywords: constraint satisfaction problem, constraint programming, constraint propagation,
local search, mixed-integer optimization, open pit mine production scheduling.
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N.V. Hung, N. Tan, N.T.T. Nga, L.T.H. Trang, T.T.T. Hang
USING ONTOLOGY TO ANALYZE ENGLISH COMMENTS ON
SOCIAL NETWORKS

Nguyen Viet Hung, Nguyen Tan, Nguyen Thi Thuy Nga, Le Thi Huyen Trang, Tran Thi Thuy
Hang. Using Ontology to Analyze English Comments on Social Networks.

Abstract. Chatbots have become interesting for many users as technology becomes more and
more advanced. The need for information exchange among people through computer systems is
increasing daily, raising the preference for using chatbots in most countries. Since Vietnam is such
a developing country with a variety of ethnic groups, it requires much attention to the proliferation
of social networks and the expansion of the cooperative economy. Regarding social networks,
the inappropriate use of words in everyday life has become a significant issue. There are mixed
reviews of praise and criticism on social networks; and we try to reduce the negative language
use and improve the quality of using social networks language. We aim to meet users’ needs on
social networks, promote economic development, and address social issues more effectively. To
achieve these goals, in this paper we propose a deep learning technique using ontology knowledge
mining to collect and process comments on social networks. This approach aims to enhance the
user experience and facilitate the exchange of information among people by mining opinions
in comments. Experimental results demonstrate that our method outperforms the conventional
approach.

Keywords: chatbot, ontology, deep learning, machine learning, social network, Vietnam.

1. Introduction. Recently, the development of social networks
has promoted the development of the economy as data analysis has partly
contributed to improving economic efficiency, especially in improving
marketing strategy [1 — 4]. There have been more and more social networking
sites used, including Facebook and TikTok, for business purposes. For
many businesses, creating a social network website has helped them interact
with customers to collect their opinions, helping to get customers’ essential
needs. Besides, for businesses to be closer to their customers, they desire to
receive as many mixed opinions as possible. Chatbots have been no longer
strange on social networks recently. It has become more familiar to a great
number of users, where consultants or assistants work continuously to give
answers for many problems in specific fields. A chatbot system can understand
and communicate to people and do a specific task. Chatbots have become
automated tools that are able to interact with users online in natural language
processing. Besides, chatbots have also been co-operated with other platforms,
such as E-learning, to answer all users’ questions [5, 6]. This has made
online classes more attractive, especially in virtual classrooms during the
COVID-19 pandemic time [7]. Despite different requirements and purposes,
it is necessary for Chatbots to provide all users with guidance, documents,
answers, and even entertaining stories.
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Various chatbots [8, 9] are categorized based on actual and domain,
goals, input processing, response generation methods, provided services,
business support, people support, and methods construction. For example,
to help businesses like [4], the author analyzed, classified comments, and
evaluated product quality through user comments. As it is a powerful tool,
based on the knowledge domain, the authors [10] used an access-based model
in which the domain ontology can be built to retrieve information. Besides,
several chatbots based on ontology have been built to support autoresponders
from different fields, for example, educational and professional orientation [11],
shopping in e-commerce [12], and consulting drug information in health [13].
Chatbots have helped a lot in many fields, including helping businesses avoid
overloading, and consulting customers in many different areas without being
inaccessible to professionals.

On the other hand, feedback generation and input processing methods
have helped general models to be closer to users. These models can be referred
to as machine learning or deep learning models, such as Long short-term
memory [14 — 16], Recurrent neural network [14, 17], Fake Information
Recognition [18, 19], Sequence-to-sequence [20, 21], Hierarchical Recurrent
Encoder-decoder [22, 23], and other proposed methods. Some of the built
popular models are better than teacher consulting services [6]. However, current
chatbots are mainly based on a generic model that often gives short answers
and needs to train a large data set. This also shows that building a chatbot has
become more complicated when the training data is not large enough from the
beginning.

In this paper, we propose a method to analyze social network comments
for users through a chatbot system. Our method is based on Ontology to collect
and analyze online user comments on social networks, thereby providing
comments on these to support businesses partly in developing products for sale
on social networks and hoping to have positive user reviews. The contribution
of this proposed method can be summarized as follows:

— when analyzing social media comments, ontology can help you
understand the underlying topics, identify relevant concepts, and establish
relationships between them. This can help improve social media data
categorization, sentiment analysis, and information retrieval. Furthermore,
we employ ontology-specific techniques such as OWL, algorithms, and
applications developed specifically for social media comment analysis.
Besides, we provide the following. First, a structured and formalized method
of representing knowledge is needed. Second, it facilitates knowledge sharing
and integration and enables more practical information navigation and
organization;
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— the proposed method can replace traditional manual methods because
it evaluates and provides direct results without requiring manual operations
such as selection, classification, etc. The empirical model also performs
significantly better than the reference models, up to 80.52%.

The remaining paper is as follows. Section 2 gives an overview of the
related work. Next, the proposed model is presented in Section 3. Section 4
provides an evaluation. Finally, the paper is concluded in Section 5.

2. Related work. In this section, we will present the related techniques
and some chatbot models being used by ontology.

2.1. Chatbots. There are many built-in definitions of chatbot [9].
However, it is a computer-to-computer communication program simulating
human conversation through voice commands, text chat, or both.

There have been a lot of recent chatbot developments, including
[17, 24, 25] chatbot models based on the use of neural networks using deep
learning technology. The neural network is trained on data sets to generate
grammatically responsive and relevant responses, such as sentences and words
in the response texts. However, the system’s limited analysis, including careful
analysis of the data for the question, leads to the fact that the answers are so
far mechanical and unfounded.

With the proposed method, our system extracts and analyzes information
with a technical approach and ontology features. The system will analyze and
evaluate topical content based on essential keywords in the sentence. Besides,
our chatbot system also expands the synonyms and related conjunctions we
analyze in the file system. This is also important when the system is analyzed
more closely regarding comments. Experiments show that the results of the
proposed method are superior.

2.2. Ontology. According to research [26 — 29], Ontology is a Semantic
Web tool that defines the real-world semantics of terms and describes data
and data relationships. These knowledge representations are very effective
because they are applied in many different fields. This is also why many studies
use ontologies to represent knowledge bases or retrieve information. Besides,
OWL [30] is the primary Web ontology language that meets the requirements
for building domain ontology, including its semantic syntax, expression support,
and convenience. Therefore, we use the ontology effectively in the chatbot’s
search engine.

2.3. Existing chatbot models based on ontologies. In this section, we
will present some existing models using ontology. Since Ontology is a solution
to the desire to understand what one user is expressing, chatbot models based on
ontology were born. Ontology-based models are domain knowledge-oriented
so that domain-oriented conversations can be generated, in which ontology is
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used to store and navigate domain knowledge. Based on the domain knowledge
condition, the knowledge base relies on it to build an ontology that can provide
information and generate answers to conversations [31]. Of all the benefits
of this approach is that the history of mastery is fully preserved during the
conversation. Besides, chatbots can be applied for closed domains providing
more detailed answers.

Many question-answering systems called chatbots are emerging [32, 33].
Most usual question-answering systems perform three main tasks: analyzing
the questions, searching the documents and databases containing the answers,
and extracting the answers from them. The system aims to answer users’
queries in their natural language, including structured and unstructured free-
text databases. The response system will rely on the ontology to turn it into a
semantic information inference language in that knowledge domain based on
the ontology. Based on this, it does not require training but still naturally asks
and answers questions in a particular case.

On the other hand, for better performance than conventional systems
like Apache Lucene, it uses a keyword-based text search engine. An educational
counseling system [34], which is for admissions counseling, has been proposed.
It helps students to identify their future major. Since enrollment is always a
big challenge for its time and effort consumption, building this system is very
important. There has not been a reasonable response system for this work at
universities in Vietnam yet, especially in the context of rapidly developing
information technology.

In general, ontology-based models are constrained by a particular
domain of knowledge but can be built from many other data sources.
Therefore, the research on using ontology to support answering and solving
communication problems is significant, especially in university admission
counseling.

3. Proposed method

3.1. Research methodology. In this section, we propose a chatbot
framework for opinion analysis, following these steps: First, the data is prepared.
Next, we proceed to build structure, process, and argument by ontology in
Figure 1. The stages are analyzed as follows:

— step 01: the user sends comments to the system; here, the system
will use ontology to create semantic knowledge;

— step 02: the system is based on the stored knowledge bases, from
which to analyze the requirements and put the needs into the system;

— step 03: the system conducts processing and analysis as required;

— step 04: the system understands the user’s request;
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— step 05: the system argues based on the requirements that the system

has previously understood;
— step 06: the system returns opinions inside comments.

C iy . N
Q I lBqulng the Ontology
Dataset
<3 ’ structure
- N
Input
Y
-~ {
v Processing
LA A
S
¥
~
Understanding .l
A 4
Logical z
reasoning X
Output
Answer

generation

Fig. 1. The proposed communication analysis framework

Overall, this system is built to analyze a simple requirement, such as

admissions advice.
3.2. Architecture of our system. This section details the architecture

of the chatbot system we built in Figure 2.
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Fig. 2. System architecture diagram

This architecture not only allows interaction with the user but also
provides interaction information between the ontology structure and the user’s
application based on the following criteria.

— First: a chatbot will be implemented to exchange information through
a User Interface (GUI); the exchanged data is stored and processed through
the file system. The file system is responsible for keeping the communication
between the user and the system, processing and transmitting information to
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the conversation modules inside the system so that the conversation is always
processed and ready to respond to the users.

— Second: the conversation takes place through two modules that are
exchanged based on the dialogue patterns stored in the incoming file system.
Based on the user-suggested question, the chatbot can access lead conversation
templates that match the user’s intentions. We use a knowledge mining service
to get matching answer patterns and send feedback back to achieve this.

— Third: this step, which provides and contains the knowledge database,
is crucial to get a suitable conversational sample to respond to the user. This
knowledge model has both the dialogue patterns that may be relevant to the
users and the problems arising from the conversations. The system will analyze
and extract these derivatives to make the dialogue natural and reliable.

Furthermore, a further problem is giving users the feeling that the
interaction is among humans rather than a computer system. For users, humans
are preferred over technological computer systems because of their habits
and reliability. A more significant challenge, therefore, is how to get the
technology to understand the intent of the sentences and implications in human
conversation and represent the authentic answers sent in. Consequently, we
designed and exported a chatbot system based on the Neural Network model,
called the Sequential model, with 3 Dense layers including:

— the first layer has 128 neurons;

— the second layer has 64 neurons;

— the last layer has the same number of neurons as the number of intents
to predict the output.

On the other hand, using the Sequential model allows us to build an
End-to-End model from input to creation efficiently. Keras Library supports
model building and training thanks to its simplicity, ease of use, and high
performance. Dense layers are connected consecutively, in which each layer
is connected to all the nodes of the next layer, allowing the model to learn
complex features from the data. The Neural Network deep learning model will
help chatbots have better learning and prediction capabilities.

3.3. Ontology design our method. In this section, we build and
develop the ontology to support the Chatbot system — a computer program is
capable of communicating with users in natural language through processing
techniques in Figure 3. Specifically, the ontology is designed to model critical
concepts and relationships related to natural language’s vocabulary, grammar,
and semantics helping our Chatbot system parse the syntax, extract information,
classify sentences, and finally understand the meaning of users’ questions or
comments on social networks and then give appropriate responses.
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Fig. 3. Flowchart designed using our ontology

Furthermore, in artificial intelligence, ontologies play an essential role
in providing general knowledge to computers, helping computers reason and
solve problems. In other words, for Chatbot systems, ontology helps provide
linguistic knowledge so Chatbots can understand and process natural human
language. Therefore, we analyze and build a new model using ontology to
evaluate the quality of comments better using the following tricks.

Class. Ontology generally refers to exploring what entities exist, their
relation, and the categories and properties that can describe and classify them.
Therefore, in our ontology design, a class represents a concept, object type, or
a collection of objects with common properties and behavior. A class defines
a collection of things with common characteristics, typical properties, and
ordinary relationships. For example, when looking at comment sentences,
it might be that "positive" represents the positive comments and "Negative"
represents the negative class. However, a class can have sub-classes, in which
sub-classes are within the same super-class, defining more specific attributes
and relationships. For example, the positive category can include simple,
compound, and comparative sentences. By defining classes and relationships
between them, ontology creates a structure as well as a model representing
knowledge about a specific field. This helps clarify concepts and relationships
between them, supporting searching, querying, and processing information in
that field. In Figure 3, the primary classes of ontology are designed as follows:

Words. Words are an abstract class representing all words in a natural
language. The Words class defines the general properties of a word by:

— part-of-speech: shows the word type (noun, verb, adjective, etc.);
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— polarity: positivity/negativity of the word,;
— sentiment: the emotion the word brings (happy, sad, angry, etc.).
Sentence. Class representing the sentence and its attributes, such

as:
— sentiment: general feeling of the whole sentence;
— polarity: the degree of positivity/negativity of the sentence;
— complexity: the complexity of the sentence structure.
Conjunction. This class describes conjunctions, divided into:
— coordinating: conjunction connecting independent clauses (and, or,
etc.);

— subordinating: conjunction connecting dependent clauses (if,
because, although, etc.).

Positive/Negative. Based on word type to divide into positive or
negative classes; however, we need to pay attention to other factors, such
as negative or interrogative, etc.:

— class contains words with positive or negative meanings;

— identify words expressing emotions and subjective assessments.

Special sentence. Usually, special sentences are difficult to classify, so
for this type of sentence, the system needs more analysis, which can be based
on the two criteria below:

— represents sentences whose meaning depends on the context;

— identify sentences that need special treatment based on context rather
than literal meaning.

Instances. Instances are particular objects or real-world patterns
belonging to a specific ontology class. Each instance is an instance of a class
containing particular values for the properties and relationships defined in
that class. For example, the attributes can be words in sentences on social
comments. Sentences are filled with information through words, which helps
to understand the structures and the meaning of sentences. From there, map
them to reality and support analysis in different comments.

Properties. Properties in an ontology are used to describe the properties
or relationships of a class or instance. Attributes help to identify specific
information about objects and their relationships in the ontology. In this design,
we divide it into two main categories:

— Class Property: class properties describe the common properties of
a class. It is applied for all instances of that class. For example, in the class
"Positive", the class attribute could be "positive words" to describe the positive
comments in the class.

— Object Property: object properties describe the relationships between
instances of different classes. It defines the relationship or interaction between
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instances. For example, in the class "Positive" and class "Negative", the object
attribute could be "Positive or negative", describing the relationship between
affirmative or negative sentences, such as "good" or "not good".

In general, both of these property types can have constraints and values.
Regulations define the rules or conditions that the properties must obey.

Relationship. We use it intending to connect layers, such as the
input layer receiving input data and passing it to the following layers for
processing. Next, we use an intermediate relationship that receives data from
the previous layer and passes it to the next layer to perform calculations and
data transformations. Finally, we use the relationship between the last layer in
the model and the output. The last layer receives data from the previous layer
and performs the final calculation to produce the prediction or final result.

3.4. Proposed model-UOAEN. In this section, we will detail our
analysis and evaluation process. The steps are evaluated and analyzed according
to our previous ideas and development models. We have changed and developed
new methods that use more ontology technology. The steps tested are as follows:

Step 01: Data preprocessing. In this step, we analyze and remove
punctuation such as (,*,, @, etc., and eliminate spaces between words in
sentences along with "stopwords" from a comment entered into the system or
text data file. The process is shown in Figure 4. The algorithm processing
process will return an array containing the sentence’s words for future
comparison and evaluation.

Step 02: Data vectorization algorithm. In this step, we convert the
data from non-vector to vector format to apply the natural language processing
method in Figure 5. After the data is preprocessed in the above step, vectorizing
the data and extracting the features, information, or documents will be encoded
into digital vectors that machine algorithms can process and learn. This process
is performed as follows.

First, we use word embedding [18], TF-IDF (Term Frequency-Inverse
Document Frequency), and word inversion rate to accelerate the weight analysis.
We perform the T'F' calculation by counting the keywords in the input data; if
the key is too large, we use the ontology to determine the correlation. Similarly,
when calculating I DF’, we consider the parameter T'F'. It reflects whether the
keyword is used too frequently or not, such as affecting the cumulative value
extreme because it may need to measure the importance of a phrase, not just
its frequency in terms of how many times it is used, but also its prepositions,
pronouns, conjunctions, etc. A function calculates the reverse because it more
accurately reflects the value when the phrase has a higher I D F' score. After all,
the linear 7 D F' function overestimates the document’s score. At the same time,
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phrases with high I D F' scores could include uncommon words and misspelled
terms. Below are the two formulas we use to calculate T'F' and IDF'.

1+ log(Keyword number)

TF
log(Word number)

. 6]

Total data
Data contains keyword

IDF = log(1 + ). )

Generally, TF' — IDF' is a comprehensive measure instead of the
keyword density measure, which only reflects the degree of "stuffing" a specific
keyword into text. Furthermore, it reduces the prominence of meaningless
words and phrases while increasing the significance of meaningful and
uncommon terms.

Start

sentence Data

RO

word of sentence — words
array

remove stopword

l—‘

Lemmatize each word in
words — sentence data

i

sentence data — processed sentences

Processed sentence
array

Fig. 4. Algorithmic diagram of the data preprocessing process
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Fig. 5. Data vectorization algorithm

— Second, after the data is represented as a feature vector, the data will
represent a characteristic or attribute, allowing the algorithm to analyze the
data effectively. It helps convert unstructured or textual data into a numerical
form to train models and extract information from the data in the future.

On the other hand, to do this, we calculate by matric by:
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— First, create matrix[0][0].

— Second, create two negative and positive matrices of the form [0][1]
according to the words in the dataset.

— Third, match each word in the words dataset. If the word in the
sentence matches the word, assign 1 to position y in the form [y][x] > [1][1];
otherwise, transfer 0.

— Finally, once the sentence is finished, it will stop and return two
matrices.

Step 03: Our Training Model. In this step, we build a model to train
the data. This is an important step to evaluate the quality of the proposed model
compared to previously researched models. To implement this model, we first
perform steps 1 and 2 above. After initial data preprocessing, the next steps
are described in Figure 6 as follows:

— First, we use features and labels to train a model and predict based
on the corresponding components.

— Second, we initialize the RNN/CNN model through two main
libraries, TensorFlow and PyTorch, to learn and create predictions as well as
extract the necessary information in order to classify "positive" or "negative"
for the training model. Then, they practice with features and labels as objects.

— Third, we use the gradient descent algorithm to find out the standard
weight value in order to determine an objective function that needs to be
optimized. To do this, we initialize the model parameters with initial values.
First, we use the gradient descent algorithm to repeat the following steps
until the stopping condition is achieved. We calculate the objective function’s
gradient at the parameters’ current points. The gradient represents the fastest
increasing direction of the objective function. We update the model parameters
based on the calculated gradient by moving in the opposite direction. Finally,
we repeat the process of calculating the gradient and updating the parameters
until a stopping condition is reached, such as reaching a sufficient number of
iterations (epoch) or convergence of the objective function. Finally, we finish
and return to the trained model.

Step 04: Prediction model. To build a model based on prediction
and evaluate the results as shown in Figure 7, in this section, we conduct the
experimental evaluation with the proposed model as follows:

Sentence « preprocess sentence.

— Vec « vectorize sentence.

Pred « predict vec using model.

— Label « get the label with the highest probability from pred.
End the function and return the results.

Informatics and Automation. 2024. Vol. 23 No. 5. ISSN 2713-3192 (print) 1323
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBII MHTEJJIEKT, MTHXKEHEPUS JIAHHBIX U 3HAHUI

( Start )

classes

words

create RNN model

Optimize the model using the gradient
descent algorithm

Trainning model chatbot_ontology.h5

Model chatbot

End

Fig. 6. Domain ontology training flowchart

Overall, in the prediction model building section, we have described
it in detail in Figure 7. Based on this model, our results are better than the
referenced methods.
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Fig. 7. Prediction model flowchart

4. Evaluation

4.1. Experimental settings. In this section, we will install and test
on Python language and run on a 64-bit Windows 11 Pro computer with the
following settings: Core i5-6300U (i5-6200U) / 16GB RAM / 512GB SSD /
12.5 inch HD 1366x768 screen. Furthermore, we use negative and positive
comments in the dataset from [4].
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On the one hand, to test the accuracy of the proposed method with
human evaluation, we have created some accurate comments, as shown in
Table 1.

Table 1. Some representative review comments between ITEAI (called ITE.), ACCLE
(called ACC.), BCSAO (called BCS.), UOAEN (called UOA.) methods, and Human

Some English comments

No. ©
on social networks

Evaluates

ITE. | ACC. | BCS. | UOA. | Human

The replacement unit had a
problem too: the little switch
on the bottom wasn’t working
properly, making it impossible
to select among city forecasts
in my area.

t f t t Negative

Acer has been awful to deal with,
they treat their customers like

2. rubbish, and have a miserable t f t t Negative
repair facility to match
their products.

However, since I am in an office,
I normally keep them at a pretty
low volume, and at low volumes,
they sound a little weak.

t f f t Negative

I am so tired of Netgear ’s
product quality & customer
4. service that I would NEVER t f f t Negative
recommend Netgear products
to anyone I know.

The Netbook is great and
5. rates 5 stars EXCEPT — t t t t Negative
Customer service is useless.

I wished that they could make

6. the volume a little bit louder. t t t t Negative

7. Amazing speed and is easy to set up. f t t t Positive
So far, I am super happy with

8. this small yet powerful f t t t Positive
enough laptop.
They are very sturdy, and have

9. no trouble balance-wise, or f t t t Positive
handling oddly shaped speakers.

10, This Pinnacle speaker bar £ ) ) ¢ Positive

is well worth the money.

11. It is a wonderful little router. f t t t Positive

As a final comment, I am happy
with the D-Link DIR-655 so far
12. and my home wireless connections f t t t Positive
are smooth whether I’m using

my ASUS netbook or Apple iPad.
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We identify that t is true for humans, and f is false for humans. For
example, comment line number 1 in Table 1 is "The replacement unit had a
problem too: the little switch on the bottom wasn’t working properly, making
it impossible to select among city forecasts in my area". Humans evaluate this
sentence as "Negative", meaning a negative sentence. ITEAI, BCSAO, and
UOAEN evaluate the following evaluation methods as "Negative" (t), while
the ACCLE method is evaluated as "Positive" (f). Experiments show that
our method is successful. The results show that the accuracy of the system
we evaluated by manual evaluation has reached 100%, while the remaining
methods achieved accuracy rates of ITEAI (67%), ACCLE (50%), and BCSAO
(83%), respectively.

On the other hand, to evaluate the proposed method and other methods,
in this section, we use three existing methods to assess our approach; the
referenced methods include: a chatbot system building to analyze opinions
of English opinions (called UOAEN), a Chatbot for Changing Lifestyles in
Education (called ACCLE), and an interactive Transport Inquiry with Al
Chatbot (called ITEAI). The following is a summary of those reference
methods:

— BCSAO [4]: This method is similar to our proposed method.
However, the data processing is still done primarily through programming
techniques, as opposed to our process, which goes deeper into the use of
programming techniques. Creating an ontology is to classify sentences and
evaluate in greater depth for each separate topic, then automatically separate
based on individual models and optimize comment sentences.

— ACCLE [35]: The author proposes a Chatbot system to help teachers
and students work together. The system is implemented by having students ask
text-based questions to the Chatbot, processing the data using natural language
processing and deep learning technology, and then responding to the student.
However, this only serves schools without analyzing the respondents’ emotions.

— ITEAI [36]: Like the ACCLE method, this method creates a Chatbot
system that confirms the user’s current location and final destination by asking
questions. This method design examines the user’s query and extracts the
relevant entries from the database. It provides the receiver with complete
information about the name and the number of the bus. By this, individuals
can safely move to the desired location.

On the other hand, to evaluate the performance of the proposed method
with the evaluation methods, we use the following formulas to calculate
Accuracy and Fl1-score from [37].

Accuracy. In this research area, we use accuracy measurement to
evaluate the performance of a prediction model. It calculates the ratio between
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the number of correct predictions and the total amount of predicted data in
formula 3. The formula for calculating accuracy is expressed as follows:

TP+ TN

Acc = .
“TTPITN+FP+FN

3)

Besides, we realize that accuracy is sometimes considered as a good
measurement for all situations. Especially in data imbalance problems, when
one class of data accounts for the majority and another class accounts for only
a tiny part, the accuracy can be limited. Therefore, we additionally calculate
other measurements, including precision (called Pre) in formula 4, recall (called
Rec) in formula 5, and F1-score in formula 6 using the parameters shown in
Figure 8, with the following formula:

TP
PrejiTP—i—FP’ 4)
TP
Ree = p T Fn )
Pre x Rec
Fl- =2% —— 6
seore * Pre + Rec’ ©)

where:

— TP: the model predicts 1 while actually, it is 1;

— TN: the model predicts O while actually, it is 0;

— FN: the model predicts 0, but the truth is 1;

— FP: the model predicts 1, but the truth is 0.

4.2. Experimental results. Our system outperforms the three methods
listed in Table 2. When considering 736 sentences, the results in Table 2 show
that the proposed method always accounts for a higher percentage than the
other methods. The ACCLE method yields low average results of 50.27%,
while the ITEAI and BCSAO methods yield 76.22% and 78.53%, respectively.
At 80.52%, the proposed method (UOAEN) achieved the lowest level.
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Normalized confusion matrix
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Table 2. Performance of UOAEN and existing methods
Values ACCLE | ITEAI | BCSAO | UOAEN
Accuracy | 50.27% | 76.22% | 78.53% 80,52%
F1-score 0,82% 73.81% | 76.02% | 76,72%

On the one hand, we conducted experiments to measure the F1-score
value of the algorithms, and the experiments showed that the proposed method
achieved better results. Meanwhile, the ACCLE method has an F1-score value
of at most 1% since this only focuses on responses based on available data
without analyzing in-depth questions.

On the other hand, we create a system like Figure 9. Our program is
analyzed through ontology to evaluate comments on social networks to evaluate
positive and negative comments. The chatbot system will automatically analyze
and automatically respond to each comment.

Overall, the method for exporting has better results than the referenced
methods, with deep learning techniques and ontology-based analysis in
Figures 10 and 11.
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& CHAT SYSTEM - UOAEN - X

UOAEN

You: | only give it 4 stars because the device came with
really old dd-wrt software.

Our Bot: This is negative

You: | have very high praise for the tech support people

Our Bot: This is positive

You: The next day , | turned on my laptop and it connect
ed to the network , but no internet connection .

Our Bot: This is negative

You: The speakers perform very well , and with the bass
boost, the sound fills outs exceedingly well .

Our Bot: This is positive

Fig. 9. GUI - UOAEN

ROC Curve
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Fig. 10. Accuracy of UOAEN vs. the reference
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Fig. 11. Fl-score of UOAEN vs. the reference

5. Conclusions. In this paper, we have built a model for evaluating
comments on social networks using ontology techniques to determine sentence
types such as simple sentences, compound sentences, and complex sentences.

The article has expanded on exploiting user opinions on social networks
through the Chatbot system. This technique interests many businesses,
especially in Vietnam, when they deal with many customer comments while
the number of people serving the company is limited. Furthermore, this
new research contributes to significant performance gains compared to the
referenced methods. The mentioned improvement shows that the efficiency is
up to 80.52%. However, we also realize some existing problems in our studies,
including:

— First, testing data is still a significant factor that needs to be expanded
not only in English but in other languages also.

— Second, the country’s culture also dramatically affects language as
well as comment sentence use.

Therefore, we will overcome and supplement the above issues in the
future.
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YK 006.72 DOI 10.15622/ia.23.5.2

H.B. XvHr, H. TAH, HT.T. HrA, JL.X. TpAHT', T.T. XAHT
HNCITIOJIB30BAHUE OHTOJIOI'UN J1JIA AHAJIN3A
AHITIMUCKUX KOMMEHTAPHEB B COIIUAJIBHBIX CETAX

Bvem Xywe H., Tan H., Txu Tyii Hea H., Xyen Tpane JI., Tyii Xane T. Ucnoib30BaHne
OHTOJIOTHH JIUISI QHAJIN3A AHIVIMIICKHX KOMMEHTapHeB B CONUAJNbHBIX CeTsIX.

AnHoTamusi. Yar-G0Thl 3aMHTEPECOBBIBBIIOT MHOTHX IOJIb30BaTENel MO Mepe TOro, Kak
TEXHOJIOTMM CTAaHOBSTCs Bce Oosiee MpOABUHYTHIMU. IIoTpeOGHOCT B 0OMeHe MH(pOpMaiueit
ME3K/Ly JIIOJbMH Yepe3 KOMITbIOTEPHbIE CUCTEMbI YBEJIMYMBACTCA C KaX/bIM JHEM, B pe3y/bTaTe
4ero B OOJIBIIMHCTBE CTPAH PACTET NPeOYTEeHHe UCIOIb30BaTh 4aT-00ThL. [Tockonbky BreTHam
SIBJISIETCS] Pa3BUBAIONICHCS] CTPAHOI C MHOKECTBOM STHHYECKUX IPYIII, TpeOyeTcsl YCHIEHHOe
BHMMaHHE K PaclPOCTPAHEHHIO COLMANIBHBIX CETEH U PACIIMPEHHUIO KOOIIEPaTUBHOI SKOHOMUKH.
Cepbe3Hoil MPOOJIEMOi CTaJo HEYMECTHOE WCIIOJIb30BaHUE CJIOB B MOBCEAHEBHOM XH3HU. B
COLMA/IBHBIX CETSIX BCTPEYAIOTCS HEOAHO3HAYHBIE OT3bIBBl C MOXBAJIOH M KPUTHKO O TOM,
YTO MBI TBITAEMCsl YMEHBIIUTh UCIOJIb30BAHME HEraTHBHOW JIGKCHKU M YJIYYIIHTh Ka4eCTBO
WCHOJIb30BAHMsI SI3bIKA B COLIMANBHBIX CETsIX. Mbl CTPEMHMCsI YIOBJIETBOPUTH HOTPEOHOCTH
MOJIb30BATeNIeil B COLMAIBHBIX CETSX, CHOCOOCTBOBATh SKOHOMUYECKOMY Pa3BUTHIO U Oonee
3¢ (peKTHBHO pemaTh conuaibHble MPoOJeMbl. [ MOCTHKEHWs] STHX LeJell IpelaraeTcst
METOJ IIyOOKOro OOyuYeHHs, WCHOJb3YIOIMIA MHTEJUIEKTYa bHBIl aHAIN3 OHTOJIOTMYECKHUX
3HaHWI U1 cO0pa M 00pabOTKM KOMMEHTApUEB B COLIMATBHBIX CETsIX. DTOT IOAXOM HAIpaBlIeH
Ha yJTyd4lIeHHe MMOJIb30BATEIbCKOTO OMMbITa i 00serdeHre oOMeHa nH(pOpManueii Mexay JoabMu
MyTeM aHajlM3a MHEHHI B KOMMEHTapHsaX. Pe3ynbTaThl SKCIIEPUMEHTOB MOKA3bIBAIOT, YTO HAII
METO/] IPEBOCXOUT TPAJAULIMOHHbIN MOAXO.

KuroueBble ciioBa: 4ar-00T, OHTOJOrHs, IIIyOOKOoe OOyueHHe, MAIMHHOE OOyueHHe,
colpalibHas ceTh, BoeTHaM.
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A.A. TIoTrONKYH, C.B. IIMJILKEBUY, B.B. 3AMUIIEB
MHOJAXO01 K AITPMOPHOMY OIIEHUBAHHNIO HEYUETKHUX
KJACCUOPUKALIMOHHBIX MOJIEJIEA B 3AJTAYAX
MOHUTOPUHT A

Tlomionkun A.A., Hurexesuu C.B., 3aiiyes B.B. Tlopxox K anpuOPHOMY OLEHMBAHUIO
HEYeTKHX KJIacCH(HKAIMOHHBIX MOIeJIell B 3a1a4aX MOHHTOPHHTA.

Annotamusi. CTaThs MOCBSIICHA NPOOIEMaM NPUMEHEHHUS CPEACTB aBTOMATU3ALUK TIPU
pEIICHUH 3aJlad MOHMTOPHMHIAa M YNpAaBICHHS B YacCTH, KAacaroIleHCs OLECHKHM KauyecTBa
HEYCTKHX KIACCH(UKALMOHHBIX MOJENCH, UL KOTOPBIX MOPSJOK — KIacCH(MHKAIUH
peanm3yeTcsi Ha OCHOBAaHMHM 3HAHHUH (IIPaBHII) B YCIIOBUSX OTCYTCTBHS 0Oy4Yarollell BHIOOPKH.
IMpennoxeH MOIXO K IOTYy4EHHIO allPUOPHBIX OLEHOK KayecTBa KIAacCH(MKALMH HAa OCHOBE
HCCIICZIOBAHKS YyBCTBUTEIBHOCTH MCIONB3YeMOHl MOJENH K HM3MEHCHHIO 3HA4YCHHUI
BHYTPEHHHX I1apaMETpoB B XOJ€ COOTBETCTBYIOIIEro MozeinupoBaHus. IlomydeHa
HHTEPIpETalusl Ppe3yJbTaTOB MOJCIUPOBAHUS B BHJAC OLCHKA PHCKOB, BBI3BAaHHBIX
HECOBEPIICHCTBOM CaMHX KJIACCH(UKALMOHHBIX Mojeneil. B cratee mpuBeneH mpumep
HEYETKOH KIacCH(UKAIIMOHHON MOJENH, B OCHOBE KOTOPOW JISKHT CPaBHEHHE TEKYIIEero
COCTOSIHHS 00BEKTa MOHUTOPUHI'A, ONUCHIBAEMOTO C HCIIOJIb30BaHUEM HEUETKHX MPU3HAKOB, C
HabOPOM 3apaHee 3aJaHHbIX TUIIOBBIX COCTOSHHUM, (POPMHUPYIOIINX COOTBETCTBYIOIINE HEYETKO
paBHBIE Mexay coOoil (Onm3kme) cocTosHUS (cHUTyaumn MoOHHTOpHHTa). CpaBHEHHE
OCYIIECTBISICTCSl C HCIONB30BAaHUEM OIEPAlMM HEYETKOW MMIUIMKALMU IIPH  yCIIOBHU
coOmoieHnst TpeOyeMol J0cTOBepHOCTH. Ha mpumepe NaHHOM MOJENM MOKa3aHO, KaKUM
00pa3oM BUJI OINepaliy MMIUIMKALMHI, a TaK)Ke BHYTPEHHHE OCOOCHHOCTH MOJENH BIIMSIOT HA
pe3yabTaThl  KIAacCH(UKALMM, HPEeUIOKEHB COOTBETCTBYIOIIME IIOKa3aTeNd, KOTOpHIE
SBIIIOTCS.  KaK  MHTEpIpeTanueil  OOLICHIPUHATHIX — IIOKa3aTeNiell  OLECHKM  KadyecTBa
KIaccU(pUKaNMy, TaK W YHUKAIBHBIMH, INPUCYIIAMH HMEHHO DPACCMOTPEHHOI MOZIEIH.
ITpoBeneHbl BEMUCIUTENBHBIE IKCHEPUMEHTHI, KOTOpHIE IIO3BOJMIM MOJNYYUTH TIpaduku
M3MCHEHHUs MOKa3aTeeil OLEHKH KadecTBa KIACCH(UKALNK IS PaCCMATPHBAEMON MOJCIH H
ee MOIU(DUKAIMY, HATAHO OTOOPa3sHTh BIWSHHE BHYTPEHHHX IapaMeTpoB MOJEIH Ha
pe3yabTaTel ee INpUMeHeHWs. [IpeyiokeHBl psx IIOKazareneil, MO3BOJSIIONIMX IIPOBECTH
aTpUOPHYIO OLEHKY PHCKOB, BO3HMKAIONIIMX BCICACTBHE NPHMEHEHHsS MOACIH, OO0 ce
(haKTHYECKOTO IIPUMEHEHHSL.

KiroueBble ¢10Ba: HEUSTKHE MHOXKECTBA, KIIACCH(HUKAINS, OLICHKA KauecTBa, PUCK.

1. BBenenne. IlpumeHeHue cCpelncTB aBTOMATHU3AIUU  SIBISETCS
BaXXHBIM AaCIEKTOM YCIEIIHOTO peIeHHs 3agad MOHHUTOPHHTAa U
YIpaBJICHUS B YCIOBHUSAX POCTa KOJIMYECTBa 00pabaTsiBaeMoil HHPOpPMAaIINH,
YBEIMYCHUSI YHCIAa KOHTPOJIHPYEMBIX IapaMeTpoOB, IUHAMHYHOCTH
W3MEHEHHs COCTOSHHA OO0bekra HaONIOAGHWS W  YCIOBHHA  €ro
¢byaknuonnpoBanus. OnHOW W3 3a7ay, BO3HUKAIONIMX B XoJe¢ cOopa u
00paboTKH WH(POpPMALUY, SBIACTCS 3aaada KiIacCU(MUKAIMH COCTOSHUMN
oObekTa HabmoneHus: (MonuTopuHra). Ilox kmaccuduxanyeld HOHUMaETCs
OTHECEHHME PACCMaTPHBAEMOT0 COCTOSIHHA OO0BEKTa K OJHOMY M3 3apaHee
c(hOpPMUPOBAHHBIX KJIACCOB COCTOSIHMN 10 3aJaHHbIM TmpaBwiam [1].
Hcnonp3oBaHue pe3yibTaToB KiIacCU(GUKAIMM TPU PEIICHUH 3a7ay
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MOHHTOPHHTa MPHUBOIUT K TOMY, YTO IOCTHTaeMOe KadecTBO pPadOTHI
Kkiaccudukaropa OKa3bIBaeT HETIOCPEICTBEHHOE BIIHSTHUE Ha
JIOCTOBEPHOCTH MIPUHAMAEeMBIX pereHui, 179 aIeKBaTHOCTh
CKIaapIBafomelics obOctaHOBKe. B CBA3M ¢ O3THUM TNpPUMCHECHHE
KIaccu(UKaTOPOB B CXeMaxX MPUHATHA PEIICHHH  MpeIroyaraet
3aWHTEPECOBAHHOCTh COOTBETCTBYIOIINX CIICHAINCTOB M OKCIEPTOB
B 00JIalaHun anpUOpHOH nHpopmanuei 0 KadyecTBe ux
¢dyHkironnpoBanus. Takas uH(MOpPMAIK O3BOJISET IIPOBECTH OLICHUBAHUE
MOCJIEACTBUH HPUMEHEHHUsS Kiaccu(pUKaTopa M PHUCKOB Pa3IMYHOTO pOJa,
HUCTOYHHKOM KOTOPBIX SIBJISIETCS HECOBEPIUEHCTBO KJIACCH(UKATOPOB.
B nenom oneHKa BIHMSHUS HCIONB3YEMBIX CPEACTB aBTOMAaTH3allMMd Ha
KAaueCTBO IPUHUMAEMBIX DPELICHUH SIBISIETCS Ba)KHOM HCCIIENOBATEIbCKOMN
3amaueil. B paGore [1] mpuBomuTcs OBa MOAXOAAa K OCYIIECTBICHHUIO
aBTOMAaTH3UPOBAHHON KITaCCH()UKAITUH:

1. Kmaccudukamus Ha ocHOBe 00yueHus. [Ipenmonaraer Hanndme
oOyuaromeld BBIOOPKHM W COOTBETCTBYIOIIETO alTOpUTMa OOyUYCHHS.
[IpaBmia, O KOTOPBIM OCYIISCTBISICTCA KIACCH(PUKAIS, (HOPMHUPYIOTCS
B X0/ie 00y4YCHHS B COOTBETCTBHH C MCIIOJE3YEMBIM aJTOPUTMOM.

2.  Knaccudukanuss Ha OCHOBE 3HaHHK (TMPaBHI) SKCICPTOB.
JlaHHbI  TMOAXOJA  Mpenroyaraer, 4Yro NpaBWia  Kiaccudukanuu
(OpMHUPYIOTCSL IKCIIEpPTaMH BPYYHYEO Ha OCHOBE HMCIOLIMXCS 3HAHUHA M
nHopmanm 00 OCOOCHHOCTAX O0OBbEKTa HAOJIONEHHS, IPU ITOM
oOyuarorasi BEIOOPKa OTCYTCTBYET.

B mepBoM ciydae Takas HHPOPMALUSI MOXKET OBITH MOIyYCHA ITyTEM
aHallM3a COOTBETCTBYIOIIMX KOJNUYCCTBCHHBIX IIOKAa3aTeNiel KadecTBa
KinaccudukaTopa, TIOJYYEHHBIX M0 pe3ysibTaTaM ero oOydeHus u
TECTUPOBAHUS: MOIHOTA, TOYHOCTb, F-Mepa u T.4. [2, 3]. Bo BTopoMm ciydae
9KCITIEPTHl HE paclojaraloT pe3yjJbTaTaMd OOyYeHHs, 1 MMEHHO O TaKuX
MOJESIX B JajbHEHIIeM OyAeT rOBOPHUTHCS B CTAaThe IPU PACCMOTPEHHH
KIacCU(UKAMOHHBIX Mojeneil. AnpuopHo wuHGOpMANHUs O KadecTBe
paboThl TaKOro KiIaccHU(pUKATOpa MOXKET OBITh TOoJydeHa MO0 IyTeM
HHTEPIpETaliy TPEACTABICHUA CaMHUX OJKCIEPTOB 00 aJaeKBaTHOCTH
WCTIONB3YyeMOH MOAENHN KiacCHu(UKaui OOBEKTY MOHHTOPHHTA, €ro
JIOCTOMHCTBaX M HEJOCTAaTKaX, JHOO mMmyTeM (OpMHpOBaHHS SKCHEPTaMH
pa3MeueHHOH TeCTOBOI BRIOOPKH ST OIICHKH KadecTBa KJIACCH(PHUKAIINHU TIO
aHaJoruu ¢ o0y4aeMbIMH Kilaccudukaropamu. [loryyeHne Takoil BHIOOpKH
SBJsieTCsT HauboJiee TPYJOEMKOW 3ajadyell M He BCerja IpelCTaBiseTcs
BO3MO>KHBIM.

Oco0yr0 aKkTyalbHOCTh JaHHOE OOCTOSITENILCTBO HpPUOOpETaeT B
cdepe NOANCPIKKN NPUHSTHUS PEHICHUH B YCIOBUSX, KOT/Ia MOJCIMPOBAHNE
NoBe/ieHHsT 00bEKTa MOHUTOPUHIA OCYIIECTBIISIETCS C HCIOJIb30BaHUEM
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KOHCTPYKIUI €CTECTBEHHOTO si3bIKa, a Ul (pOpMaATH30BAHHOTO OIMHMCAHUS
€ro COCTOSIHUSI MPUMEHSIOTCS METOJbl U3 TEOPHU HEYETKUX MHOMKECTB, B
YaCTHOCTH, OMTMCaHUE TIPY TTOMOIITH JIMHTBUCTHYECKUX TIEPEMEHHBIX [4 — 8].
B aToM ciyuae NpUHAICKHOCTh ONPEIEIICHHOTO COCTOSIHHSI O0BEKTa K
OMHOMY W3  KJIAacCOB  COCTOSHHMU  OLIEHMBAeTCs MNpPU  HOMOIIN
COOTBETCTBYIOIIMX HEYETKUX KIACCU(PHUKAIUOHHBIX MOJENeH, pe3ysibTar
MPUMEHCHUST KOTOPBIX HWHTEPIPETHPYETCS C KCIOIH30BAHUEM KaTEropuid
JIOCTOBEPHOCTH M HEYETKOCTH (pa3MbITocTH). BemencTBue  3TOro
TMOJYYCHUC TOYHBIX U O6"I)€KTI/IBHI)IX OLICHOK Ka4deCTBa KﬂaCCl/l(l)l/lKaLlI/II/I JJIA
TakOr0  poja  HEYETKUX  Mojeeit NPeJ/ICTABISETCS BECbMa

3aTPYAHUTEIbHBIM.
B oaTOil  cBA3M  mpennaraeTcs  paccMaTpuBaTh  pe3yJbTaT
HCCIIEIOBaHU BHYTPEHHUX 3aKOHOMEPHOCTEN HEYETKUX

KIacCHU(UKAIIMOHHBIX MozeneH, (opMHpyeMbIX Ha OCHOBE BKCIEPTHBIX
NpaBWJ, @ HMEHHO OIEHKY 4YYBCTBUTEIHHOCTH HEYCTKOH MOJENH K
N3MEHEHHWIO BHYTPEHHUX MapaMeTpoB, KaK alpHOPHYI0 HH(OPMALHUIO O
KayecTBe KiacCU(UKAIMK, KOTOpass MOXET OBbITh JOMOJHHUTEIHHO
MHTEPIIPETHPOBaHAa B MHTEpecax SKCIEepPTOB. B crarbe mperaraercst Ha
MpUMEpe HEYETKON KIacCU(DUKAIMOHHOW MOJACIH M e¢ MOTU(pHUKAINU
paccMOTpeTh MOAXOA K MOJIYYEHHIO TAKUX OLIEHOK M MX MHTEPIpETALUH B
BUJIE OIIGHOK pHUCKOB  pa3IMYHOrO poJa, a Takke IPOBECTH
COOTBETCTBYIOIINE BBIUNUCIUTENBHBIE IKCTIEPUMEHTHI.

2. Onucanne Mojeau. B ocHOBe paccMarpuBaeMoOro B CTaThe
KiaccudukaTopa JEXKHT MOJENb, IOApPOoOHO omucaHHas B pabore [8],
aTakke B paborax [9—12]. Ilpexnomaraercs, 4ro cocrosHHE OOBEKTa
MOHHUTOPHHIA OMNKCHIBAETCS C HEKOTOPOrO0 MHOXKECTBAa HPU3HAKOB
Z={z;,i=1+N}, N — ofmee 4MCIO NPU3HAKOB, 3HAYCHHS KOTOPHIX

HPECTABISAIOT  CO00H  BepOalnbHBIE BENMYMHBL, T.6. KOHCTPYKIMH
€CTECTBEHHOTO s3bIka. Kakmpri mpusHak (opMann3oBaHHO INpeNCTaBICH
COOTBETCTBYIONIEH TMHIBUCTUYECKON NepeMeHHON L; = (zi 1, D;,Q,;,'Y ,->,
rne I} ={T};, j =1+ M,} — TepM-MHOKECTBO NepeMenHOH, M; — MOIHOCTH

TepM-MHOXecTBa 1, , D, — 6a3oBoe (OHMOpHOE) MHOXECTBO 3HAUCHUH

npusHaka z;, &

; — CHHTAKCH4YCCKHC IIpaBHJIa, NOPOKAAIOIMIMNC Ha3BaAHHIA

TCpMOB 11 Z; , IP[- — CCMAHTHUYCCKHUEC IIpaBuja, 3adaromiue (1)yHKIlI/II/I

NPHUHAIIC)KHOCTH HEYCTKUX TEPMOB, IOPOXKIACHHBIX mpaBmiaamu ; [5].

Jns  ommcaHus TepMOB [, HCIIONB3YIOTCS HEYCTKHE IEPEMEHHBIC
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i, :<T,

ij>

D,.C; >, me  C;= { He; (%) / X, X € Di} —  HEYeTKoe

IIOJMHOKECTBO D[- , X — OJICMCHT 0a30BOro MHOKECTBA.

PaccmoTpuM mpuMep HUCHONb30BaHUS TakoW Mopenu. IlycTs
pemaercsi 3afada BBIPAOOTKHM CHUTYaIlMOHHBIM IeHTpoM IIpaBuTenbcTBa
Poccuiickoit @eneparmn (P®) pekomeHmamuii BBICIIEMY PYKOBOJCTBY
CTpaHbl 1O JICWCTBUSIM B YCIIOBHSX BO3HHKHOBCHHS COIMAIBHO-
MOJUTUICCKUX KPU3HCOB B cocenHux ¢ P® permonax. [TogpoOHO uctopus
CO3/aHusl, OCOOCHHOCTH (DYHKIMOHHUPOBAHUS W TEPCICKTHUBBI Pa3BUTHUS
CHUCTEMBI CUTYaIIMOHHBIX IICHTPOB Pa3IYHOrO ypoBHS B PD paccMoTpeHbI
B paborax [13 — 15].

B kadectBe O00BEKTa MOHHTOPHHTA BBICTYHAaeT COLHAIBHO-
MOJUTHYECKast 00CTaHOBKA, a VIS OMUCAHUS €€ COCTOSIHUS MCIIONB3YeTCs ABa
IpHU3HAKA: Z, — YAAJIEHHOCTb KPU3UCHOIO PeruoHa ot rpanul PO (km) u z,

— IPpOAOJLKUTEIILHOCTL KpHU3UCa 110 BpEMEHU (CyT.), KOTOPBIM COOTBECTCTBYIOT

JIMHTBUCTHYECKUE nepeMeHHbIE L= <Y0aﬂeHHOcmb, I, X >, rae
T, = {Henpue/wzemaﬂ, HpueMﬂeMa;z}, X = [O; 1000] "
L, = <Hp0()0ﬂ9f€um€ﬂbHOCI'nb, T,,Y ), rae T, = {sza;z, BOJmea}Z} ,

Y= [0; 30] . JIMHrBUCTHYECKHE TIEPEMCHHBIC MPEICTABICHBI B COKPAIICHHOM

BHIe 0e3 OIHMCaHMs COOTBETCTByIOmUX mapameTrpoB €,V , T.x. 310 He

BJIMSIET HA OCOOCHHOCTH PAacCMaTpHUBAaeMOro B cTaThe moaxoja. KonnuectBo
NMPU3HAKOB B JAaHHOM TIpHMeEpe OOYCIIOBICHO YIOOCTBOM BH3YaJbHOTO
0TOOpaKEHHSI PE3yJIbTATOB BEIYMCIUTEIEHBIX IKCIICPUMEHTOB.

Kax oMy Ki1accy cOCTOSIHUN 0OCTaHOBKH COTIOCTABIISICTCS CIICHAPHIA
COOTBETCTBYIOIIIUX MEpP U [CHCTBUH, NPUHUMAEMBIX PYKOBOJICTBOM
CTpaHBl: TEPEBOJA CHJIOBBIX CTPYKTYpP HAa YCHJICHHBIA PEXKUM pPabOTHI,
MPOBEJCHUE BHEIUIAHOBBIX COOPOB W  TPEHHPOBOK, YTOYHEHHE U
KOPPEKTHPOBKa IUIAHOB [0 pPEardpoBaHHI0 HA KPU3UCHBIC CHTYAIWH,
YCHJIGHHE MHUTPAlMOHHOTO peXuUMa W T.0. [lo urory kiaccudukaiuu
CUTyallMOHHBIN I1IEHTP BBIJAET PEKOMEHJIAIMK B BHAC CLCHApHUS
NpEANoaaraeMblX  JICHCTBUI, COOTBETCTBYIOIIMX  KJIACCY  COCTOSIHUS
00cTaHOBKH. B 11€710M, aKTyanbHOCTh paccMaTpUBaeMOi B pUMepe 3a/1a41
U HEOOXOJHUMOCTh BBIPAOOTKH COOTBETCTBYIOIIUX MEpP pearupOBaHUS
HATJISITHO TIOKa3aHbl B aHAJIM3¢ COBPEMEHHBIX COIMATBHO-TOJUTHICCKIX
KpHU30B, IPOBEICHHOM B padote [16].

B pamkax paccMaTpuBaeMoro mnpumepa st (pOpMaaHM30BaHHOTO
OMMCAHWS  JHUHCBUCTUYCCKHX  MEPEMEHHBIX  OyaeM  HCIOJbh30BaTh
CUTMOMJIAJIbHBIC (PYHKIIUHU IPHHAICKHOCTH BUIA!
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3HaYCHUA My, Hp, W Hpy,, Hp, ONPEACIAIOT JOCTOBEPHOCTH

HEYETKHX BBICKa3bIBAHUH O TOM, YTO JIMHI'BUCTUYCCKHC IICPEMECHHBIC Ll
n L2 IPpUHAIX TC WX HWHBIC 3HAYCHHUA HU3 COOTBETCTBYIOIMUX TEPM-

MHOXkecTB [} u 7, . OyHKIMU IPUHAAIEKHOCTU yTll(x) u ﬂTZI(y)
OTHOCSTCSL K Z-00pasHbIM, a [, (x) m Hry, () — x S-o6pazubiM

(YHKIHAM, KOTOPBIC HCHOJB3YIOTCS s (POPMAaIH30BaHHOTO OMUCAHUS
HEYCTKUX TPHU3HAKOB C HU3KOW (Z-00pa3HbIC) M BBICOKOH (S-00pa3HEIC)
CTETICHBIO IMPOSIBIICHUS] TOrO WIIM MHOTO CBOWCTBA [5], 4TO COOTBETCTBYET
XapakTepy HMCIOJb3yeMbIX B MpuUMepe Mpu3HakoB. Kpome toro, dyHKIuu
(1-2)  orBewaroT  TpeOOBaHWAM, MPEOBABISAEMBIM K  (QYHKIHAM
MIPUHAJICKHOCTH, PAacCMOTPEHHBIM B pabotre [8], B CBs3M C YeM UX
MCIIOJIb30BAaHKE B JAHHOM MPHMEpe 000CHOBAHHO.

B  pamkax Momenmd  COCTOSHHE  OOBEKTa  MOHHUTOpPUHTA
MPEJCTABISICTCS B BUIC HEYSTKOT'O MHOXKECTBA!

S={u )z 7 € 2}, 3)

rae 3HaueHue [ (z;) ompeneinsercs Kak:
1.2 =ty (1) Ty = 1= N =15 M . @

HeueTkoe MHOKECTBO S , IPEJICTaBIIeHHOE B BBIpakKeHHH (3), Oyaem
Ha3bIBaTh «HEUETKOI CHUTYyallMel MOHUTOPHHTaY (CUTyalneil MOHUTOPUHTA)
[7, 8]. Ilpumepom TakoW CHUTyallMH B paMKax paccMaTpHBaeMOM 3amadu
MOHHUTOPHHIA COCTOSIHUSI COLUAIbHO-MIOJUTHYECKOH OOCTAHOBKH MOXKET
OBITh HEYETKOE MHOYKECTBO

= ((O, 7/ Henpuemaemas; 0,3/ Hpuezwzemcm) /"Yoanennocms",

S
<O,9 / Manas;0,1/ Boxu;mwz) /" [Ipodonscumensvrnocms").

Kaxpiii kiace cocrosiHuii oObexra Mmonutopunra G, € G , rae
G={G,,k=1+N,;} — MHOXKECTBO 3aJJaHHBIX KJIACCOB COCTOSIHHIl OOIINM

KOJH4ecTBOM NN, , IPEACTABIIACTCA B BUAC COBOKYITHOCTHU CXOXHUX MEXKITY
coboit cmyaunﬁ u (bOpMaHI/I?)OBaHHO OIIMCBIBACTCA B BHUJC HEYETKOM
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CUTyalluUu-3TaJIOHA 7,( . TUIIOBOI JJId JAaHHOT'O KJiacca, KOTOpOﬁ, B CBOIO

o4epe/ib, HCUCTKO paBHbI BCC CHUTyallud, BXOASAIIHWE B 3TOT KJACC. I[J'Iﬂ
0003HAYEHHST MHOKECTBA BCEX CHTyaHHﬁ-Z)TaJ'IOHOB 6y,ueM HCIIOJIB30BATh

I'={7, k=1=N}.

HpOI/I?)BOJ'ILHLIC CUTyallun Su f CUUTAIOTCA HCEYCTKO pPaBHbBIMU

MeXTy coGOii, eCIli CTENeHb HEYeTKOro paBeHcTBa 4(S,7) MPeBOCXOIMT
3aJaHHOE MOPOrOBOE 3HAYEHHE JOCTOBEPHOCTH L . BEIOOP KOHKPETHBIX
3HAQUEHWH [l 3aBUCHT OT OCOOEGHHOCTEH 0O0BEKTa MOHHTOPHHIA,
TpeOOoBaHHUil K JOCTOBEPHOCTH MPUHUMAEMBIX PELICHHH U T.H., OOBIYHO ITO
3HadeHus1 u3 auamazoHa [0,6; 1]. CrermeHs HEYSTKOTO PaBEHCTBA ,u(S', 7)

OmIpenensdeTcs IO3TalHO MO KaxXIoMy U3 mnpusHakoB z;€Z (3)
B COOTBETCTBUH C BBIPAKCHHEM:

w8, 7) = min (41, (2. 1, (2). )

rae ,u( (), 1, (Zi)) — CTENECHb HEYETKOTO PAaBEHCTBA IO Z; IPU3HAKY,

omnpenenseMas 4epe3 CTEleHb HEYETKOrOo PaBEHCTBA COOTBETCTBYIOIIUX
HEYETKUX MEPEMEHHBIX (4):

ot ) = i C e (T3 0 () ©)

rae C ( y7, /ls(z,-)(Tij ), 1 1y () (TU)) PACCUUTHIBACTCS U3 CIACHYIONIETO YCIOBHUS:

Fg ey (L) >ty ) (T)s f =1
€y T 11 (T =1 76 . 7
s z0) Ui )> P, 2y Uy Lf=0 @)
O6o3naunm  kak ;- =(1— ;) — TOPOTOBBIL MHTEPBAI

cpaBuenus. Torma mapamerp f paccUUTHIBACTCS, HCXOIS U3 YCIOBHS:

la ecau luyy (zl-)(z;j)ﬂ /u,u (z,-)(];/') & [HF
re A a5 ®)

0, ecaut g1, .\ (Ty) € Lpyr v py o (Ty) € I .

Informatics and Automation. 2024. Vol. 23 No. 5. ISSN 2713-3192 (print) 1345
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBI MHTEJIJIEKT, UHXEHEPUS JJAHHBIX U 3HAHUI

Heobxomumocts ycioBuss (8) B paborte [8] ompenensercs
cnenyrorriM obpazom. [Tpu cpaBHEHNH MeX Ty co00i TeKyIIel CUTyanuu u
CUTYaIlMH-3TaJOHa MPUHATO YCIOBHE, YTO €CIH JOCTOBEPHOCTh 3HAYCHUN

HeYeTKNX Npu3HaKos L, . (T;) wm 'uﬂ;/(zi)(T;'j) IOMafaloT B HHTEPBAI

1 rr » TaKUC IIPU3HAKHW CUHUTAIOTCS «ILIOXO BbIPAXKCHHBIMUY, «PAa3MbITbIMU,

MO3TOMY OHH U3 OOILEro CPaBHEHHSI UCKIIOYAIOTCS U HE OepyTCs B pacuer.
B cBs3u ¢ Tem, uTo B BBIpaXkeHHAX (6) U (7) HCIONB3yeTCs OIepanus

MHHUMYMa, TO pe3yJibTaTaM CpaBHEHMs TAaKUX Map, IIe /“/15(25)(7;‘1‘) WIN
,uﬂy(zl,)(Tij) HaxolsTcsl B 3TOM HHTEpBalie, MPUCBAWBAaeTCs 3Ha4eHHE 1,

KOTOpO€ HE BIHWSET Ha HWTOTOBBIM pe3ynbTaT. WMHBIMH cloBamu, mpH
OTIpE/ICTICHNH CTEIIEHH HEYETKOTO paBEHCTBA CHUTYAIlMii BCE «IIJIOXO
BEIpaKEHHBIE) MIPU3HAKH UCKITIOYAIOTCS U3 PACCMOTPEHUSI.

OGoznauum st kparkoctu samueu i, . (T;) n My, ) (T;) KaK fi,
u gy, coorsercreerHo. Torma B Bepaxenun (7)  omeparus

Uy p, = min( My =y, 1, —> ,us) , THE « — » — oIlepauusi HEYETKOH

uMIUIMKanuu. B paccmarpuBaemoit mogenu [8 — 11] B kauecTBe omepanuu
AMIUTMKAIUM  WCIIOJIb3YETCS  He4yeTKass MMIUTMKauus 1o  [éxemnto

My =, = max(l — Hys 1, ) . Torna uMeeT MeCTO BBIpa)KEHHE:

oo p, = min(max(lf/,zj_,yy),max(lf,uy,ys )) 9

B pesymbrarte cpaBHeHHs 1O BceM 7, € [ C HCIOIb30BaHHEM
v % o
BeIpakeHuit (5-9) ompenensieTcsi CUTyanus-3TaloH 7 , KOTOPOU TeKyIas
S Hambonee Oau3Ka:

7 S,y )=§22>;/1(S,7,( ), (10)

- .
npu obs3atenbHOM ycnoBuH (S,7 )2 iy, ¥ COOTBETCTBYIOIIMH Kitacc
cocrosHus oObekra MouuTopunHra G,. HeBblnojHeHHe — yCIOBHA

o ok
M(S,7 )2 {pr TOBOPUT O TOM, YTO CHTyalus HE MOXET ObITh

KiIaccu(uIpoBana c TpeOyeMoil JOCTOBEpHOCThIO. Takwe CHTyanuu
CYMTAIOTCSI HELITATHBIMHU, HEM3BECTHBIMU JIJIsl JIAHHOTO KiaccudukaTopa, a
pe3yJIbTaThl TaKo# KiacCH(DUKAIMM HE MOTYT OBbITh HCIOJb30BaHBI MU
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MPUHATHA peIIeHuit ¥ (OPMHUPOBAHWM PEKOMEHAAIUI MO CIEHApHIO
JIeHCTBUM.

Takum obpa3om, B paccmarpuBaeMmoii moxenu (3-10) pesynpraToMm
KJIacCH(UKAIUN TEKYIIEr0 COCTOSHHUS OO0BeKTa MOHHTOPWHTA SIBISCTCS

Hanbosee OM3Kas K TEKyIIeH HEYSTKOM CUTyauun S CUTYyalusI-3TaaoH J ,

COOTBETCTBYIOIIAsl OJTHOMY U3 3apaHee 3aJlaHHBIX KJIACCOB COCTOSIHUM, TpH
YCIOBHM  COONIOJICHHUS TPeOOBaHWH MO MHUHUMAIBHO JOMYCTUMOMN
JIOCTOBepHOCTH Kiaccubukanuu. Jlanee B paMKax CTaThH JAHHYIO MOJENb
Oynem paccMaTpuBaTh Kak 0a30BYIO, OIPEIEIIIONYI0 OCHOBHOU MOPSIOK U
NPUHLUIBL  TPOBEIeHHUs  KiacCU(DUKAIMK, OTHOCHUTEIBHO  KOTOpPOU
BO3MOJXKHBI Pa3IMYHOTO PoAa MOAU(UKAIINK, HE MEHSIOIUE €€ OCHOBHYIO
cyTh. [l paznuaenns 6a30BoH MOIETH U MOTUPHUKAIINNA 0003HAYNM ee Kak
«Mozelb o I'énemrox.

3. Onucanne noaxoga. J{ns paccMaTpuBaeMoil MOJIeNIN allpUOpPHBIE
OLICHKU KayeCTBa Knaccn(bnxauym TIO3BOJIAKOT Cy[lI/ITI) (6]
HENPOTHBOPEUYUBOCTH TPaBUi, (HOPMUPYIOLIUX AITOPUTM KiaccUpHKaluy,
C YyYeTOM 33aJaHHBIX  CIOCO0OB  (hOPMATM30BAHHOTO  OMHCAHMS
KJIacCU(UKAIIMOHHBIX MPU3HAKOB, BUIOB (DYHKIMIA TPHUHAAJICKHOCTH U JIP.
mapaMeTpoB, a TaKKe BBIOPAHHOTO MHOXECTBA KJIACCOB, WHA4Ye TOBOPS,
«Ka4ecTBe» caMoll KiacCH()UKAIIMOHHON Mojenu. B cBs3u ¢ Tem, 4To [uis
paccMaTpuBacMOi  MOJENH  MPEAINOJaraeTcs OTCYTCTBHE OOydaromei
BBIOOPKH, TO ISl €e MOJydeHHs Heo0X0auMo c(hOpMHUPOBATH TECTOBYIO
pa3sMEUYECHHYIO OJKCIEpPTaMU BBIOOPKY BO3MOXHBIX BXOJIHBIX HAOOpOB

“ t

JMaHHbIX (curyanuil) O €® , rme ® — MHOXECTBO BCEX BO3MOXKHBIX
o t

HeueTKHX curyaruid. OCoOEHHOCTh MHOKECTBa ®' 3aKIOYaeTcss B TOM,

q10 11 S € ®' He MBBECTHBI MCTHHHBIC HCXOIBI KIaccu(uKanyum, MOXHO
JIMIIb YTBEPXKJAATh, YTO U1 MOAEIH C UCIIOJIb3YEMOM onepanueil HeueTKon
nmmmkam - 1o I'émemo  (9)  pesymbrar  KilaccuUKanme Uit
«MOTPAaHMWYHBIX» (PaAWKaIbHBIX) NPUMEPOB B BHIE CaMUX CHTYaIUi-

9TaJIOHOB 7 JOJDKCH TMPUHAAJIC)KATh AUalla3oOHy [IUHF;I] . Or1o JACIacT

BeChMa 3aTPyIHUTEIHHBIM (OPMHUPOBAHKE Pa3sMEUCHHON BBIOOPKH, H, Kak
CIIeICTBHE, NMPUMEHEHNE TPaJUIMOHHO HCIOJIB3yEeMBIX OIEHOK KadecTBa
knaccupukanuu (TI0JHOTa M TOYHOCTH Kitaccudukanyu, F-mepa u ap.).

B cBs3u ¢ 3TMM B cTarhe MpeasiaracTcs Ha IMpUMEpE HEYEeTKOUH
KIacCH()UKAIMMOHHOW MOJAETH PAacCMOTPETh TIOAXOJ K TOJIYYCHHIO
ampUOPHBIX OIICHOK KadecTBa KiIacCH(pUKAIMA Ha OCHOBE aHaln3a
YYBCTBUTEIBHOCTH MOJEIM K M3MEHEHHIO 3HAa4eHUH ee BHYTPEHHHX
mapaMeTpoB, a TakXKe MHTepIpeTallid MOJyYeHHbIX pPe3yJIbTaTOB.
IlocnenoBarenpbHOCTs  OEUCTBUM, pealu3yeMbIX B paMKax IOJIXOJa,
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SIBIISICTCA O0OOIIECHIEM pe3yIbTaTOB BEIYUCIUTEIBHBIX JKCIIEPUMEHTOB C
paccMaTpuBaeMoi KiIacCH(UKAITMOHHONW MOJIENbI0, KOTOpas MOXeT OBITh
TakKe IPUMEHEHA W IS APYTUX MojeieH, ((yHKIIMOHNPYIOMUX Ha OCHOBE
MpaBWi, 3afaBaeMBIX OdKcmepramu. OTINYUTENTHFHOH  OCOOEHHOCTHIO
MpeUlaraéMoro  MOAXOIa  SBIIIETCS  peIIeHHe TI0  HHTEepHpeTanud
MONYYCHHBIX pEe3yNFTATOB B BHJC OIICHOK PHCKOB PAa3JIMIHOTO pPOJa,
HUCTOYHHKOM KOTOPBIX SIBJSIETCS HECOBEPIUEHCTBO KJIACCH(UKATOPOB.
Heo0xoauMO OTMETHTh, YTO HECMOTpPST Ha TNPHUMEHEHHE «MOJETH IO
I'€nenro» st pemieHUs pa3HOIIAHOBBIX TEXHHUYECKHMX 3anad [8 — 12], Ha
CerOJHAIIHMI MOMEHT B Marepuajax OTKPBITOH IeyaTH He ObLIo
0OHAPYKEHO MyOJUKAIMiA, MOCBSIIECHHBIX OICHKE ¢ KayecTBa, B CBS3U C
YeM IMPUBOAUMBIC B CTATHC MOJIOKCEHUA WU PE3YJIbTAaThl BBIYUCIUTCIBHBIX
AKCIICPUMEHTOB TIPEIICTABIIIOT HHTEPEC.

[IpuMeHeHre moAXOa MpPEIIONaraeT BBITOJHEHUE CICIYFOIINX
JTAIOB:

1) Amnamm3 o0cOoOCHHOCTEH MOJENH, BBISBICHHE BO3MOXHBIX
MPOTHBOPEYHIA U OTPAaHHYCHHUY B TIPaBUIIaX U allTOPUTMAX.

2) OrmpenencHue BHYTPEHHUX MAPaMETPOB MOJETH, KOTOpEIC
OKa3bIBAIOT CYIIECTBEHHOE BIMSIHKE Ha paboTy KiaccudukaTopa.

3) Bribop mokazareneii ONCHKU BIUSHHUSA.

4) MopemupoBanue  paboThl  Kinaccudukaropa U OICHKA
[IOKa3aTese.

5) HHartepnperaius pe3yabTaTOB MOJAECTUPOBAHUS U TOITYYSHHBIX
MOKa3aTese.

Jis paccMartpuBaeMoOW MOJENTH peali3als IEpBOTO U BTOPOTO
9Tama MO3BOJIIET CACNATh BHIBOJ O HAIMYHHU Psifia 0COOCHHOCTEH, KOTOPBIC
MOTYT OKa3bIBaTh CYIICCTBEHHOE BIIMSIHUE HA pabOTy KIacCUpUKATOPA:

1) B pesynbrate KinaccuduKanuM BO3MOXKHBI HMCXOMBI, KOT/A
paccMmarpuBaeMasi CUTyalusi He MOXeT OBITh ¢ TpeOyeMOo 10CTOBEpPHOCTHIO
OTHECeHa HU K OJHOMY W3 3aJlaHHBIX KJIACCOB, T.€. PE3YyIHTATOM pPabOTHI
KiaccupukaTopa OyneT IMycToe MHOXECTBO, a caMa CHTYaIlus IpU3HAeTCS
HEWITaTHOM. Y CJI0BHE HEIITATHOCTH UMEET BUA:

S’eA:VerG,u(S,fk)<,unr, (11)

rie A — MHOXXECTBO HEIITATHBIX CHTYallHi.
2) Hammume ycmoswmii (7-8) co3maeT BO3MOKHOCTh HEKOPPEKTHOM
Kiaaccu(UKaMK, BBI3BAHHOM CilydaeM, KOTAA Ui CHUTyalui S u y Juist

BCEX CPaBHUBaeMbIX map 3HaueHudt 11, . \(T;) u ,uﬂy(Zi)(Yj./.) (6-7) omHO M3
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HuX OyleT NpuHayIexarh uHTepBany [, , u toraa mapamerp f=0. B
TaKOM ClIy4ae, Kak CJeayeT U3 ycioBuil (5-8), Bce pe3yabTaTsl CpaBHEHHS

C(.) Oynyr paBHbl 1 M ,u(S', }7):1, B TOM YHCJIC W JJIS BCEX OCTAIBHBIX

G, €G . Curyaims S , KoTopas OIHOBPEMCHHO IIPHHAUICKHT K

HCCKOJIbKUM KjlaccaM €  JOCTOBEPHOCTBLIO 1 . HE MOXKET ObITh
KﬂaCCI/I(l)I/IIII/IpOBaHa. C YUY€TOM BBCJICHHBLIX paHEC 0603Ha‘-leHPII7[, ycCJ0BHUE

HEKOPPCKTHOCTU JId HEYETKOM CUTyallun S wm xmacca Gk (cmyaunn-

9TaJOHA 7, ) UIMEeT BUI:

S € H:9C( o Tty (1)) =1 (12)

rae H — MHOXECTBO CUTyallUi, OTHECEHHBIX K HEKOPPEKTHBIM.
B pesynbrate MonenupoBaHusi paboThl Kiaccupukaropa Ha Habope

JaHHBIX @t MOXET OBITh IOJACYHUTAHO KOJIMYCCTBO HCIUTATHBIX H
HEKOPPCKTHO KﬂaCCI/I(l)I/IIII/IPOBaHHI)IX CI/ITyaIII/Iﬁ U OLCHCHBI CJICAYIOIINC
I10Ka3aTCIu:

n=v—r (13)

rae 77 — OHNCHKaA AOJH HCINTAaTHBIX CI/ITyaI_II/Iﬁ oT O6H.[€I‘O qucia BXOOHBIX

CUTYyAaIHA O, u
=1 (14)

rae 5 — OLICHKa AO0JIM HEKOPPEKTHO KHaCCI/I(i)I/IIII/IPOBaHHI)IX oT 06H161"0

KOJIMYECTBA BXOAHBIX CHUTYyalui ®'. Tlokasarenn & Moxer OBITh
MHTEPIIPETHPOBAaH KakK IoKa3aresb OmMOkW kiaccupukamuu [1]. Jns
OTZENbHO B3sTOro Kimacca (G, ommoOka KiIacCH(HWKAIUH PACCUUTHIBACTCS
UCXOJS N3 BBIPAXKECHHS BUA

_TP+IN _| U-(FP+FN)

E, =1
k U U

; (15)
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rae 7P — 4YUCIO CUTyalHid, IPaBUIIbHO OTHECEHHBIX K Kiaccy G, , TN —

9UCIIO CHTYAIWi, MPaBHIBHO HE OTHECEHHBIX K Kimaccy G,, U — obmee
yucno curyanuid, npu 3tom U =TP+TN+FP+FN , a FP u FN -
KOJIMYECTBO ~CUTyallMd, OMMOOYHO OTHECEHHBIX M OLIMOOYHO HE
oTHec€HHBIX K Kiaccy G, coorBercTBeHHO. IIpm ycioBum, d9TrOo BCe
KOPPEKTHBIE NCXObI KJIaCCU(HUKAINK B PE3YNIbTATE peaTH3aluy IpaBui (5-
10) cOCTaBISFOT COBOKYITHOCTh MCX0m0B 1P u TN mist Kaxmaoro Kiacca, a
OIMOOYHOE OTHECEHHWE WMJIM HEOTHECEHHE CUTYalluM K KJacCy BO3MOXKHO
BCJIC/ICTBHE HEKOPPEKTHOH paboThl Kiaccudpukaropa (12), To BbIpakeHHE
(15) npunuMaet B

U - (FP+FN) :1_\9’\—\%\ _|H]

B =1- U ‘@f ‘@f >

(16)

T.e. MpeACTaBIsieT co00il 3HaYeHUEe moKa3arelisi £ MO0 OTHOIICHHIO K KIIacCy
G, . Torma Ha ocHoBe BhEIpaXeHHH (13-15) MoxkeT OBITH MOACYHTAH

nokasaresib CpejiHel oumbku knaccuduranuu &, :

1 ¥, 1 LA,
g, N ;e‘k Ng;|®t| (17)

a Take, 1o aHamorun ¢ (16), mHokasarenn MakCHMalnbHOH &, U

MHHHMaNbHON ommbok &, kinaccudukanuu u3z Beex &, . OTMETUM, 4TO
KOHKPETHBI BWJ M 3HAYCHUS] IAPAMETPOB, UCIOJB3YEMbIX Ul OMHCAHUS
HEu€TKUX MNPU3HAKOB (DYHKIMI NPUHAUIC)KHOCTH, OKAKET BIMSHHE HA
3HaueHUE TPEUIOKESHHBIX Mmokaszareneit (13) u (14), omHaKO He TIOBIUAET HA
MOPSIIOK MX pacyera, 4TO IO3BOJLSIET MCIONB30BATh HMX IS PAa3IMYHBIX
Mo uduKaMi paccMaTpuBaeMoil B CTaTbe MOJICIH.

3) CymecTBeHHOE BiIMsSHHE Ha pPaOOTy MOIENU M pE3yJbTaT
KiaccuUKauyu OKa3blBaeT BHIOOP 3HAYEHHs MOPOTOBOW JIOCTOBEPHOCTH
My ¥ BUJI HCTIONIb3YEMOH OIlepaliiy HeYeTKOH MMILTUKALIIH.

B pabotax [5, 17] npoBeneH CpaBHUTENbHBIH aHAJIW3 NPUMEHEHHUS
pPa3IMYHBIX BHJIOB ONEpaluil HEYEeTKOM HMIIMKAIMKU JUIs HEYeTKOro
MOJIENIMPOBAaHUsl  MPOLECCOB  YyIpaBleHHA. B COOTBETCTBHUM ¢
NPUBEJICHHBIMU B 3THX paboTax JaHHBIMH TOJBKO OCHOBHBIX, HauOoiee
YacTO  HCIOJB3YEMBIX BHJOB  OINEpalWii  HEYETKOW  MMIUIMKAIUN

1350 Undopmaruka u asromartuszanus. 2024. Tom 23 Ne 5. ISSN 2713-3192 (nieu.)
ISSN 2713-3206 (ommaiin) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

HacuuThiBaeTcsi Oonee 10. B maHHOW cTaThe ¢ I€NbI0O W3YYCHUS |
JIEMOHCTpAIlN BIWSHUS BHIA OIEpaldyd WMIUIMKAIAN Ha pPe3yJbTar
KJaccu(UKAIUH B Ka4eCTBE TIPUMEPOB OBIIH BEIOPAHBI CIIEAYIONTHE:

—  MMIUIMKAIws 10 3aje g —> 4, = max (min ( Mgy 1, ) Jd—p, ) ;
—  ummmKanus no Jlykacesnay 4y —> U, = min(l,l -+ ,u;,) ;
—  UMIUIMKanus o I'éxemo 4 — 4, = max (1 — Uy, 1, ) ;

- uMImKaums no Bagu pg = (1, = max( JIRRY 7R E 7R ) .

Harnsmao nmanHoe BIIMSHHWE OTOOpaX€HO HA pPHUCYHKE 2, TIe
MPUBEICHBI CPABHUTEIbHBIC TpahUKH NPUMCHEHHS PAa3JIMYHBIX BHIOB

MMIUIMKALMK Ul BBIMUCIICHUS 3HAYEHWs BBIPKEHMs My <> (4, (9) npu

My =,y pg €[0;1]. Tins nvmukanmu no 3ane Ha pucyHKe 2 BBesleHa
JIOTIOJIHUTENBHAS IIKANIA CTIPABA, BBIIEIEHHAS IIBETOM.
Pesynbratom omepauum [ <> [, SABISAETCS JOCTOBEPHOCTH TOTO,

4T0 00C CpaBHUBacMbIC BEIIMYMHBI HEYETKO PAaBHBI, KOTOpas, HA IEPBBIN
B3TJISI, JOJDKHA OBITh Beerma paBHa 1. OmHAKo MOJyYeHHBIE TpaduKu
CBUJIETENBCTBYIOT, YTO Ui  Pa3iM4HbIX  BHJOB  HCIOJIb3YEMbIX
HUMILIMKALUHA, JOCTOBEPHOCTh 3TOr0 HEYETKOTO PaBEHCTBA BapbUpyeTCs B
muanazoHe ot 0,4 mo 1 (i wmmmmkanuu no Bamw), a  mis
paccmarpuBaemorr moxenu — ot 0,5 mo | (mmrmumkanus mo ['émemo), B
3aBUCHMOCTH OT BEIIMYUHBI CPABHHUBAEMbBIX OJJMHAKOBBIX 3HAYCHHUI. DTHM,
B YaCTHOCTH, OOBACHAETCA  HEOOXOOUMOCTH  JOTIOJHHTEIHLHOTO
UCIIONB30BAaHMSl [OPOrOBOro HWHTepBana [, . B orHomeHmnm xe

UMIUTMKaIuK 1o JlykaceBudy cleayeTr BBIBOA, YTO pe3yJIbTaT CPaBHEHHS He
3aBUCHT OT CaMHX CPAaBHMBAeMbIX 3HAYEHUIA, a €ro J0CTOBEPHOCTh paBHa 1.

B pa6ore [12] paccmorpena moaudukanust Mmoaenu u3 n.2 (3-10), B
KOTOpOH Kak pa3 MCHOJIb3yeTcsl MMIUTMKanus no Jlykacesuuy, naiee Oyaem
o0o3HauaTh ee KaKk «Mojeib 1o JlykaceBudy». B nienom, oHa mpezmnosnaraer
NPOBEJICHUE KJIAaCCU(HUKALMK HEYETKONH CHTYallud B COOTBETCTBHH C TEMH

ke BeipaxkeHusiMu (3-10), HO ¢ TeM oTiau4KeM, 4To Bua omepatopa C () B

BBIp@KECHUSAX (6-7) HE 3aBHCHUT OT ycioBHs (8) M C y4eTOM BBEACHHBIX
COKpAIlleHUI IpeCTaBIsAeTCA KaK:

Clpyo,) =, > ., (18)
a BMCCTO BBIpAXKCHUSA (9) HCIOJIb3YCTCA BBIPAKCHHUC!
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Hy > p, = mln(mm(l,l—yv +yy),m1n(l,1—y7 + )) (19)
1
0,8
£ * \\
06 ’-.
2 LN
g. '“. e [y KaCEBUY
= .
3}: -.. e Ba iyt
$ 04 . == e [Eens
i «+dfi e+ 3302
0,2
04
0 03
O N A N M WS W W W @ W M 0w N
O odoNofMao oW o¥os ™Mo ® o
(=] o o (=] o o o (= o (=
Holy
Puc. 2. rpa(l)I/IKI/I PE3YJIbTAaTOB IIPUMCHCHUA PA3JIMYHBIX BUIOB OI€palunu HEUYCTKOU
HUMIIMKaIuKU

B paMkax mpUMEHEHHS OIKMCHIBAGMOTO IIOJX0/a B Ka4yecTBE
OCHOBHOTO  BJIMAIOIIETO  TapaMerpa Oblla  BBIOpaHa  TOpPOTroOBas

JNOCTOBEPHOCTb  KIAacCU(DUKAIMU L, a B  KA4eCTBE  OLCHKH
YYBCTBHUTEIBHOCTH KIACCU(DHUKALMOHHON MOIENH K JaHHOMY MapamerTpy
UCIIONIb30BAINCH  3aBUCHMOCTH U(ﬂnr) u & (,Unr) upu Uy €[0;1].

KonkpeTHbIil Bu 3aBUCHMOCTEH OBLIT MOJYYEH B XOJ€ COOTBETCTBYIOIIETO
MOJETMPOBaHMS PaOOTHl KIACCH(HUKATOPA, pPEaTHN30BaHHOIO B pPaMKax
crepyromero 3tamna. I[Ipu 3ToM OBUTH MPOBENEHBI MCCIEAOBAHMS KaK Ui
ncxoaHo monenmu («mo ['émenro»), Tak W nnsa ee MomupuKamud («Io
JlykaceBuay»).

4. BoruyucauTeabHbIH IKcepuMenT. J11 MonenupoBaHus paboTHI
KiaccudukaTopa M MONYyYEHHs 3aBHCUMOCTEH 77( ﬂnr) ué (ym) ObLIO0
c(hOpMHUPOBAHO MHOKECTBO KJIACCOB COCTOSIHMH COIMAIbHO-TIOTUTHIECKON
obcranoskn G =1{G,,G,,G;,G,}, onuchiBaeMOi ¢ pUMEHEHHEM

JIMHTBUCTUYECKUX NMEPEMEHHBIX L, , L, u QyHkuuii npunaanexuocty (1) u
(2), rpadukm KOTOPBIX MpencTaBicHbl Ha pucyHke 1. [Ipu 3ToM KaxmoMmy
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KJIacCy TOCTaBJICH B COOTBETCTBHE HEKOTOPHIH KOMILIEKC PEKOMEHIAIHI
[0 BO3MOXXHBIM pEHICHHSAM B CBSI3M CO CIOXKHBIICHCS OOCTaHOBKOM.
®dopmanpHOE ONHCAaHWE IPeIaraéMoro MHOXECTBa KJIAaCCOB B BHUJE
CUTYaIMi-3TaJIOHOB UMEET BU:

V= ((0, 7/ Henpuemnemas; 0,3/ Hpuexwzemaa) !z,
(0,9 / Mcma;z;O,l/Ewn;ma;z) ! z,),

V= ((0, 9/ Henpuemnemasi; 0,1/ Hpuewzexwa;z) !z,
<0,2 / Manas;0,8/ 50ﬂbmaﬂ> /z,),

7y = (<0,15 / Henpuemnemas; 0,85/ HpueM/zeMaﬂ> /z,,
(0, 75/ Manas;0,25/ EOJwaaﬂ> /z,),

Vo= ((0,3 / Henpuemnemas; 0,7/ Hpuwwzezvzwz) /z,,
<O,15 / Manas; 0,85/ Eom;ma;t) ! z,),

~ s~ s t
OpU 3TOM Jy,%,,75,74 € ©°. MHOXECTBO KJIacCOB ObLIO C(HOPMHUPOBAHO
HNCKYyCCTBEHHO TakKUM O00pa3oM, dYTOOBl KaXIbIi W3 HCIOIB3yEeMBIX
[IPU3HAKOB MMEJ KaK MUHUMYM OJIHO «XOpPOILIO BBIPA)KEHHOE» 3HAUYCHUE,
T.€. IPEBOCXOJAIIEE TIOPOTOBOE iy, I KasKAOTO U3 ONMCBHIBAIOIIUX €T0
TepmoB. Takum oOpa3om, Ui 2-X TPU3HAKOB, OIUCHIBACMBIX C
UCTOJIB30BaHUEM 2-X TEPMOB KaXIblH, ObUIO chopMmupoBaHo 4 Kiacca
cocTosHui obcraHoBKU. IloporoBoe 3HaueHUe ;- OBLIO JIEKJIAPATHBHO
onpenesneHo paBHbM 0,7.

[Tonyuenue 3aBucuMocTel 77( ,uHF) udé ( ﬂnr) OCYIIECTBIISIIOCH B
paMKax BBIYMCIUTEIBHOIO 3KCIEPHMEHTAa, KOTOPBI MPOBOAWICA B JBa
JTana:

1) OueHka 4YyBCTBUTEIBHOCTH HEUYCTKOW KIACCH(DHUKAIMOHHOM
MOJIENIU C HeYeTKOM uMIkanuei no ['énento.

2) OueHka YYyBCTBUTEIHHOCTH HEUYCTKOW KIACCH()DHUKAIMOHHON
MOJIENH C HEUEeTKOW UMIUIMKauue no Jlykacesuuy.

B pamkax mepBoro a3Tama SKCIepUMEHTa OBUT CHOPMHPOBAH

BXOJHOMH Ha6op HCUYCTKUX CI/ITyaI_[I/Iﬁ @t U OpPOBCACHO MOJACIUPOBAHUC

pa60T},1 KJIaCCI/I(l)I/IKaTopa. TecToBOE MHOXKECTBO @t OBLIO HUCKYCCTBCHHO
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CTeHEpHUPOBAHO UCXOJS M3 TOTO, YTO B COOTBETCTBHH C BBIpOKECHUAMH (3-5)

Kaaas HedeTKas CUTyauus, S TpencTaBisieT co0oll COBOKYIHOCTh
3HAYCHWH COOTBETCTBYIONINX (DYHKIMHA MPHHAIIC)KHOCTH ’uﬂs(zi)(zj) oT

3HaYeHUH aprymeHToB Xx,ye€D,,, rne D,, =XxY — «onopHoe»
JIEKapTOBO MHOKECTBO IapHBIX 3HAYEHWH IIPU3HAKOB Z,,Z, . Tornia,
MMOCKOJIBKY ()YHKIIHU ”ﬂs(zi)(Tii) SIBIISTIOTCSI HETIPEPBIBHBIMU U HE UMCIOT

Pa3pbIBOB Ha COOTBECTCTBYIOIIUX UM OIOPHBIX MHOKECTBAX XnuY , TO IJIsd
HUCCICTOBaHUA KHaCCI/Iq)I/IKaI_II/IOHHOI‘/'I MoOACIn A BCEX BO3MOXKXHBIX

3HaueHud MHoxecTBa Dy, MOxeT ObITh c(OpMHpOBaHAa BBIOOpKa IIap

D'y € Dy, , paBHOMEPHO pacrpe/ie/IeHHbIX Ha MKaaX, COOTBETCTBYHONIMX
X wu Y. CraenosarenbHO, BXOXHOHM Ha0Op MaHHBIX MOXET OBITh
MHTEPIPETUPOBAH KAK COBOKYITHOCTB JJIEMEHTOB MHOXKecTBa D'y .

B XoJe MOIENIMpOBaHMS IS KakIol HeueTkoii curyamun S € ©

ObUI NPOM3BEAEH pacyeT CTENCHH PaBEHCTBA KaXKIOMY M3 KJIACCOB W3
MHOXkecTBa G M BBIOPAaHO MaKCHMalbHOE 3HAYCHHE g = max ,u(S,;/k) .
Tk el’

IMoayueHHast COBOKYIIHOCTh TOYEK € KoopauHaTamu (X, y, ) obpasyer

MOBEPXHOCTh U = f (x, y) — TOBEPXHOCTH «MaKCHMyMa [IOCTOBEPHOCTH,
rfe 3HaYeHHe 4 ©eCTb MaKCUMajlbHas JOCTOBEPHOCTb OTHECEHUS

paccMaTpuBaeMoOi CUTyaluu XOTs Obl K OIHOMY M3 KJIacCOB MHOXecTBa G
3HaueHWE 4 BBIYUCISIETCS C HCIIOJIb30BaHMEM BbIpaxkeHuH (5-10) u

MpeACTaBIsieT CO0OH TrpyOyI0 OICHKY NPUHIMIUAIBGHOW BO3MOYKHOCTH
KiIaccu(UKalUU BXOJHOH CHTyaluu ¢ TpeOyeMoil JOCTOBEPHOCTBIO.

HOCTpoeHHaﬂ MOBEPXHOCTH f(x,y) MO3BOJIACT HArjlgaHO OIPCACIIUTL TEC

001aCTH HEYETKHX CHTYallMi B NMPOEKIHH Ha MHOXKeCTBO D, , KOTOpBIE

SBISIFOTCSL HEWITATHBIMH, @ TaKKe BBIABUTH ClIydyal HEKOPPEKTHOM
KJIaccU(UKaIHH.

OOmumii BUA TOBEPXHOCTH [ (x, y) ISl 3aJaHHOTO MHOJKECTBA
kmaccoB G M HCUCTKUX IPU3HAKOB, OMUCHIBACMBIX TPU MOMOIIU
JMHTBUCTHYECKUX HEepeMeHHbIX [, , L, , IpelcTaBileH Ha PUCYHKe 3.
O6pamaer Ha ce0s BHUMaHWe TOT (DaKT, YTO BHJl TOBEPXHOCTH 3aMETHO
MEHSeTCA IIPU W3MEHEHUM NapaMmeTpa (. Kpome Toro, B pe3yibTaTe
MO/JICIMPOBAHUS He ObLJIO BBISBICHO HEIITATHBIX UCXOJ0B KiIacCHU(pHUKAIHH,
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T.e. BCE CHUTYyallU, COOTBETCTBYIOLIME BXOAHOMY HaOopy HaHHBIX Dy ,
Obut  KiIaccu(UIUPOBaHBI ¢ TpeOyeMoW  JOCTOBEPHOCTHIO U
n(ym)zov;tm €[0;1] , uro TakKe MOXHO BHICTh Ha TIpaduKax
(pucyHok 3).

Buz rpaukos sasucumocteit &, (ﬂnr)a Cimax (ﬂnr)a écp (ﬂnr)a
TIONTyYCHHBIX B Pe3ynbTaTe MOJCTHUPOBAHHA TpU A, > 0,5 mpencraBicH

Ha pucyHke 4 (and u,,- <0,5 3HaueHus BceX IOKa3aTesell paBHBI HYIIO).

MorHOCTh TecToBOro MHOKecTBa ®' cocrasmia 250 CUTYalUH.

1000
a)

Puc. 3. Buz nosepxuoctu i = f (x, y) MIPY pa3IUYHbIX 3HAYEHUAX IOPOrOBOI

JIOCTOBEPHOCTH: a) Ll =0,7;6) tiyyr=0,85

Lenpro BTOPOro aTama BBIYUCIUTEIBHOTO DKCIEPUMEHTA SIBUJIACH
JIEMOHCTpAIVs BJIMSHUS BUAA KCIOJIB3YEMOH ONMEpaluy UMILTUKAIIMHA Ha
(YHKIIMOHUPOBAHHE HEYETKOM Kiaccu(hUKaIMOHHON MOJIeNN

paccMaTpUBAEMOTO THIIA U TOTydICHHE 3aBUCUMOCTEH 77 ( Hr ) ué ( Hr ) .

Jna »sToro wucciemoBanach MOJENb C HEYETKOH HMIIIMKanMed o
JlykaceBuuy [12]. Iomyuenue pe3ynbTaToB JKCIIEPUMEHTA
OCYILECTBJISAIJIOCh TI0 TOMY € MNPHUHLUIY, KaK U B MpPeAbIIyLIeM >Tare
BBIUUCIIUTEIBHOTO KCIIEPUMEHTA.

WnTtepec x TecTHpoBaHMio mMoaenu mno JlykaceBudy ObUI CBsI3aH C
TEM, YTO B HEH OTCYTCTBYIOT NPEINOCHUIKH K CIIydasiM ONHCAHHOW BBIIIE
HEKOPpPEKTHOH  Kiaccuukammu. B pesymprare  MoAenupoBaHMA

YCTaHOBJICHO, YTO BHUI nonyqaeMoﬁ TIOBECPXHOCTH U =f(x,y) HC 3aBUCUT

OT MTOPOTOBOI JOCTOBEPHOCTH KIACCU(PUKAINH (PUCYHOK 5).
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3aBucumocts & (Hnr )

gaoa o e e . .
06AacTb AMarpammbl ll
0.9 1
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08 [ ‘
1
] .
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= 006 :
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-
03 ‘—’— 1
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0,2 7 .
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-
01 i-—
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0
Ca N o - S - - T~ o I @0 M~ NS W0 W o~ o o W D o s W @ —
e S = e T e S~ N S -V S — . L S L G~ R S R
o o © o S o & o g o d o S o g o S o o ©

Moporosas AOCTOBEPHOCTD 1,

—é&min — - fop —==rfmax

Puc. 4. Buz rpaduxos 3apucumocteit & ( u nr)

0

1000

Puc. 5. Bux nosepxuoctu U = f (x, y) JUIS MOJIETIM C HEYETKOH MMILTMKALUEH 110

JlykaceBuuy
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B toxe BpEMsA, MOACIUPOBAHUEC ITO3BOJINIIO BBIABUTH, UYTO B OTJIMYHUC
OT MOJICIH II0 Fé;[emo, nmapamerp L7 HUMECT BIIMSAHUC Ha IIPUHATHC

pELIeHus] 0 TOM, MOJKET JIM BXOJAHAs cUTyauusi ObITh KiaccuduiupoBaHa
win sBisiercst HemraTtHo (11). B pesysnbraTe nmpoBEIEHHBIX TECTOB JUISt
Mojenn 1o JlykaceBudy ObUT Takke TNONydeH TrpaduK 3aBHUCUMOCTH

n(ym) , OTP@XAIOIIUH HM3MEHEHHE [O0JM HEIUTAaTHBIX CHUTyalUd IpH
BapbUPOBAHUU 3HAYEHHUA ;- (PUCYHOK 6). OTMeueHo, 4TO AJd

BBIOpaHHOTO Habopa KitaccoB NpH L < 0,5 Bce 77( ,um-) =0.

3aBUCUMOCTB T) (Mm )

MNokazaTtenb N
2 o 2 o o
N w =y [5] [}

o
=

=}

Lt @,
=) o

05
0,52
0,54
0,56
0,58

06
0,62
0,64
0,66
0,68
0,72
0,74
0,76
0,78
0,82
0,84
0,86
0,88

0,9
0,92
0,94
0,96
0,98

Moporosas JOCTOBEPHOCTD i,
=n)(unr)

Puc. 6. Bux rpaduxa 3aBucumoctu 77 ( Hr )

5.Moaxoapl K MHTEPNpeTAlMU MOJYYeHHBIX PpPe3yJbTaTOB.
IIpoBenennsbIit BBIYHMCITUTEIILHBIA SKCIEPUMEHT TTO3BOJIHI IS
paccMaTpuBaeMOW HEUYCTKOW KIACCU(UKAIMOHHON MOJIEIH C y4YeTOM ¢e
MOIUGUKAIIMKA HATJSHO OTOOpPa3sWTh BIMSHUC BHYTPCHHHX IapaMeTpOB
MOJICJIA Ha Pe3yJbTaT ¢¢ (PYHKIMOHHUPOBAHUSA U Ha MPUMEPE MHOXKECTBA
knaccoB G ={G,,G,,G;,G,} NOIy4uTh 3aBHCHMOCTH 77(#171“) u f(ym—)
JUIsl pA3TUYHBIX BHUJOB MCIIOJB3YEMBIX OMepanuil HEYEeTKON HMILTUKALUY.
Hcnonbs3oBanue mnokazarened 1) u & mid (UKCHUPOBAHHBIX IapaMeTpPOB

MOJIETIH, a TaK)Xe rpauKOB 3aBUCUMOCTEH 7]( ﬂnr) ucé ( ﬂnr) B KauecTBe

aHpHOpHOﬁ I/IH(i)OpMaIII/II/I O JOCTUTAa€MOM Ka4uCCTBEC Knaccn(i)mcaupm MOXKET
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JIaTh COOTBETCTBYIOIEE MPEACTABICHHUE KaK O CaMOM MOJAENH, TaK U O
BO3MOJKHBIX TIOCIIE/ICTBHAX €€ MPUMEHEHNS.

B uacTtHOCTH, 3TO MO3BOJIIET OLECHUTH IIOBEJICHHE MOJEIH B
JUHAMUYHO W3MEHSIONINXCA YCIOBHAX PENICHUS 3aJadydl MOHHTOPHWHTA,
TpeOYIOIMX MOBBIIICHUS TOPOTOBOIl JTOCTOBEPHOCTH KIACCU(HUKALUH

M- Tlokasarens & MOXKET paccMaTpUBAaThCs KaK — OOLIEIIPUHATHIHA
MOKa3aTenb OMMOKM KiaccH(UKanu{, B TO BpPeMsl Kak IIOKa3aTelb 7}

SABJIACTCS YHUKAJIbHBIM, YYUTbIBAOIIUM 0COOEHHOCTH paCCManPIBaeMOﬁ B
CTaThe HEUETKOU KHaCCI/I(l)PIKaHHOHHOﬁ MOJCIIN.

OtaenbpHO 77( ﬂnr) ué ( ﬂnr) MOTYT OBITh HHTEPIPETUPOBAHBI KaK

XapaKTEepUCTUKN  (YHKIMOHHUPOBAaHUS  Kiaccupukaropa  Harojgoowe
aMIUTUTY/JHO-4aCTOTHBIX XapaKTEPUCTHK NPUOOPOB U YCTPOMCTB B JIEKTPO-
TeXHHKe. B craThe B pamMKax 3aBepIIAIONIEro JTarna MoJaXo/a K MOIy4eHHIO
W UHTEpHpETallMM OIEHOK KadecTBa KIAcCU(QUKALMK IpelylaraeTcs
paccMarpuBaTh IOJYYEHHBIE 3aBHCUMOCTH M TIOKasaTeld B paMKax
OIICHUBAHUS PUCKOB, CBSI3aHHBIX C HCIIOIF30BaHUEM MTOJOOHBIX MOJICIICH.

B cootBerctBun ¢ I'OCT P HCO 31000-2019 «MeHemKMEHT
pucka. [Tpuamumer 1 pykoBoacTBO» [18] mox puckoM mMOHHWMaeTcs
CIIEICTBHE BIIMSHHUS HEONPEOCNICHHOCTH Ha JOCTIDKCHHE ITOCTABIICHHBIX
nemeit. [Ipm STOM, pHCK TpEACTaBISAETCS KaK COYCTaHHWE BEPOSTHOCTH
HACTYIUICHHUSI COOBITHS (HEOIarompusTHOTO) W ero mocieactsuit [19].
[Moaxonp! K OLEHKE BEPOSATHOCTH COOBITHSI BAPHUPYIOTCS B 3aBUCHMOCTH OT
paccMatpuBaeMoi MpeaMeTHON obnacTu. B wactHocTH, B cTaThsx [20, 21]
JUIs  3TOTO  WCHOJB3YIOTCS — Pa3sHOBHIHOCTH  0alleCOBCKMX  ceTeid,
a B cTaTthe [22] pacyer ToOKazaTeNls pHCKAa OCHOBaH Ha TMPUMEHEHUH
HEYEeTKOro Jorudyeckoro BbIBoma. IIpu 3tom, eciu B [20] B KauyecTBe
MOCTIEICTBHHA pacCMaTPUBAETCs yIIepO OT CTOJKHOBEHHS MOPCKHUX CYIOB,
a B [21] mpuumHEeHUE Bpena 34OPOBBIO HYEIOBEKa, TO B padote [23] camo
HACTYIUICHWE  HEOJarompusaTHOTO  COOBITHS  pacCMaTpPHBaeTCS — Kak
HempueMIieMoe 0€30THOCHTENBHO K TI000MY BO3MOXXHOMY yIIepOy.

B ciyuae mpuMeHeHHS paccMaTpHBaeMOW B CTaThe HEUCTKOW
KIaccH(hUKAITMOHHOW MOJCTH IO/ HEOIarompHusTHBIM COOBITHEM CIEIyeT
MIOHUMAaTh HEBO3MOXHOCTh KJIACCH(QHUIMPOBATh TEKYIIYI0 CHTYallHIO
BCJIEJICTBHE HEKOPPEKTHOCTH KIACCH(PHUKAIMK WM HEIITaTHOCTH caMoi
cuTyanuy. B xagecTBe mocieacTBuil HEOIATONPUATHOTO COOBITHS CIETyeT
paccMaTtpuBaTh yImiepO, KOTOPBIM MOKeT OBITh HAHECEH BCIEICTBHE
HEMpUHATHS PpeIIeHUH WM OLIMOOYHOr0 TMPHHATHA pPEUICHHH, He
COOTBETCTBYIOIIUX CKJIAIBIBAIONIEICS 00CTaHOBKE, PEaIbHOMY COCTOSHUIO
o0bekTa MOHHUTOpHMHIA. [IpuMepamu HOHECEHHOTrOo yiiepOa MOTYT OBITh:
SKOHOMHMUYECKHE IOTEpH, JIIOJCKHE TOTEpH, CHIDKEHHE pPEeWTUHra
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MOJICPKKA  TOJUTUYECKOTO PYKOBOJICTBA CPEOW HACENCHHSA, IOTeps
KOJIMYECTBA MECT B BRIOOPHBIX OpraHax CTPaHbI HA BEIOOPAX H T.1I.

Jlnst  pacCMOTpeHHOH B CTaTbe KIACCHU(PUKAIMOHHOH MOJIEIH
C Y4eTOM €€ pa3NIWYHbIX MOIU(UKAIMKA 3HAYCHHWE pPHUCKAa MOXKET OBITh
KOJIMYECTBEHHO OIIEHEHO C MCIIOJIb30BAaHMEM ITOKa3aTellsl, KOHIETYalbHBIH
BHJ KOTOPOTO IPEACTaBISIeT co00il QyHKIMOHAN BIA:

R~ (&m0 1) (20)

rme R — mokasartens pucka, £ — BeNHYMHA ymepba OT HACTYIUICHHS

HeOnaronpuaTHeX coObiTHH. CTporo ¢opMansHO, AaHHAs (QYHKOUS HE
MO3BOJISIET TOBOPHUTH O BEPOSTHOCTH HACTYIJIEHUs HEOJIaronpUsITHOTO
COOBITHSI B aKCHOMaTHYECKOM CMBICJIC, OJIHAKO JaeT HEKOTOPYIO OLEHKY
BEPOSITHOCTH HACTYIUICHUSI Takoro coOBITHS Ha OCHOBE 00paboTKu
CTaTHCTUYECKMX  JIAHHBIX, KOTOpass TeM TOYHee, uYeM OoJblie
COOTBETCTBYIOIIAS TecToBas BBIOOpKA (npu YCIIOBUH ee

PeTpe3eHTaTUBHOCTH), B KauecTBe KOTOpoii BeicTymaetr O . JlambHeiimee
M3JI0KCHHE MPEIIaracMblx IIOJXOM0B K pacyeTy IoKasarens pucka R B
CTaTbe MPUBECHBI C YIETOM YKa3aHHOTO JOMYLIEHHS.

B coorBeTcTBMM € pacCMOTPEHHBIMH B CTaTh€ OCOOCHHOCTSIMU
KJIacCU(PUKAIIMOHHOW MOJENM 3a/Jadd [0 OLEHKE pPHCKa MOTYT OBITh
pas3zieneHbl Ha IBe TPYIIIBI 0 BUAY UCTOUHHKA PUCKA:

1. HekoppekrHas KnaccuuKanys TeKyned CUTyaluu.

2. HemraTHOCTb TEKYyIIEH CUTYaLUH.

K mepBoii rpynme OTHOCATCSI COOBITHS, KOTJa TEKyIIas CHUTyamlus
HEKOPPEKTHO OTHECEHA K KaKOMy-TO ogHOMY knaccy G, € G, T.e. yclnoBue

(12) BBITIOJIHACTCS TOJBKO JJId OJHOI'O KjiaccCa, U, BCJICACTBUC OIIMOOYHOTO
OIIPEACIICHNA COCTOAHUA o0BeKTa MOHHUTOPHUHIA U TTOCJICIOBABIINX 3a DTUM

omMOOYHBIX JEHCTBUM, BO3HUKAET yumepd p, . B pamxax mpuBeneHHOro B

CcTaThe MpUMEpa TaKOM HMCXOJ BO3MOXKEH IPU PAHKHMPOBAHHUU KJIACCOB
CUTyaIlii TI0 CPOYHOCTH NMPUHUMAEMBIX Mep (CBEPXCPOYHBIN CIICHAPHIA,
CPOUHBIN ClleHapHid, OOBIYHBIN CIICHApHUii, OTMEHa BceX NehcTBui). Torna,
€CJIM M3BECTHBI MJIM €CTh BO3MOXKHOCTBH OIICHHUTH MOCJEICTBHS ONIMOOYHO
MIPUHATHIX PEUICHUH M0 NMPUYHHE HEKOPPEKTHOHW KIaCCU(PUKAINH, TO TPH
3aJaHHOM JUI MOJICNM 3HAUYEHHH MOPOTOBOM JOCTOBEPHOCTH IS
OLICHUBAHUSI PUCKA MOKET UCTIONIB30BAThCS CIIECAYIOIIEE BhIPaKEHHE:

1 g
Ry =~ D& s 1)
G k=1
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rae ch — IOKa3aTeldb pPHCKAa B BHJAC CPEIHEB3BEIICHHOTO yinepoa,

BO3HHUKAIOILETO BCJIEACTBHE HEKOPPEKTHOW KiaccuUKaluu, p; — ymepo
OT OIIMOOYHOTO BEIITONHEHMS JCHCTBHI, COOTBETCTBYIOIHNX Kiaccy G .
3xech u pmanee OylaeM IHoJpa3yMeBaTh, YTO 3Ha4YeHHe MHOKasartened &, u
MOKa3aTelsl 7], PACCUYUTAHO [UI1 KOHKDETHOrO 3HA4Y€HHsA IIOpOrOBOH

AOCTOBEPHOCTH Lf7r -

Bropo#i rpynmoii 3ajau sBisieTCsl OLIEHKA PHCKOB B ciydae, KOrjaa
HEONAarompusATHOE  COOBITHE  HACTymaeT  M3-32  HEBO3MOXKHOCTH
KJIaCCH(HIMPOBATh TEKYILYI CHTyaluro. K TakuM COOBITHAM OTHOCSATCS
UCXONBI, KOTZJA TEKyIlas HedYeTKas CHUTyalus BCJICACTBHE OIIMOKH
HEKOPPEKTHO, T.€. C JOCTOBEPHOCTBIO 1, OJTHOBPEMEHHO OTHECEHA K IBYM H
oonee ximaccam G, € G (12) unu He MOXeT ¢ TpeOyeMOH JOCTOBEPHOCTBIO

OBITH OTHECEHA HH K OZHOMY U3 kiaccoB (11). B obonx cirygasx momens He
MO3BOJIACT ONPENENHTh COCTOSHHE OO0BeKTa MOHHUTOpHHra. IIpumepamu
MOCIECTBUH TaKOTO COOBITHS SBISETCS HEBBINIOJHEHHE TPeOOBaHHWH IO
ONEPaTUBHOCTH  NPEJCTaBICHUS  CBEICHUH, yTpaTta  aKTyaJbHOCTH
npeactaBisieMord  uH(opMmanmy,  HecoOmoJeHWME — TpeOOBaHMH  TIO
OrpaHMYCHUSIM Ha KPUTHYECKH BAYKHBIE ITOKA3aTENH JEsTEIbHOCTH. B aTOM
cilyyae, €CIIM CYIIECTBYEeT BO3MOXKHOCTH OILIEHHTH MOCIEACTBHS TaKUX
COOBITHH, TO TIOKa3aTeNb PUCKA MOXKET OBITh ITPEACTABIICH B BHJC:

Ry = (5‘@‘22 +77)’pH1<7 (22)

rae RHK — HOKa3aTejib pUCKa B BHUJAC B3BCIICHHOI'O ymep6a,

BO3HUKAIOIICTO IO HNPUYUHE HEBO3MOXKXHOCTH KﬂaCCI/I(l)I/IKaIII/II/I TeKyHleﬁ

CUTyaluu, §G* 5 — IIOKa3aTcCJjib HeKOppeKTHOﬁ Knaccn(bnxaum[ JJIA 2-x
>

*
KinaccoB u Gonee, G — MHOXECTBO PE3yIbTATOB KIACCU(DUKALMU, Pyp —

ymep0 OT HEBO3MOKHOCTH KIIACCH()UKAIIUN CUTYAITHH.

Ecimm He3aBucHMoO 0T ymiep6a caM (akT HeOIaronpusITHOTO COOBITHS
13-32 HEKOPPEKTHOU KiaccH(UKAIMU MM HEBO3MOXKHOCTH Kiaccu(ukarmu
CUTyallMl CYMTAETCS HENPHEMIIEMBIM, TO JJIsi OILCHKH BEpPOSTHOCTH
HACTYIUICHHS TAKOTO COOBITHS MOXKET UCIIOJIb30BAThCS TIOKa3aTeNb BUJIA:

Rignp = S +115 (23)
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rae Rygppp — IOKa3aTelnb PUCKA B BUJE OLECHKU BEPOSTHOCTU HACTYILICHUS
HETIPUEMJIEMOTO COOBITHS, Ryppp E[O; 1], Emax — MaKCHMallbHasi OLEHKA

JI0JIM HEKOPPEKTHO KiIacCU(DUIMPOBAaHHBIX cUTyauu, &£ =max ¢, .
G, eG

6. 3akaroyenne. TakuM 00pa3oM, B CcTaThe PACCMOTPEH MOAXOI K
MONYyYCHUI0O W HMHTEPIPETAlli  alpHOPHBIX  OIEHOK  KadecTBa
KJaccupUKaMi W ero  NpUMEHEHHEe Ha  I[pUMepe  HEYeTKOH
KJIacCH(UKAITMOHHOW MOIETH W e¢ MOIU(HUKAINH, PACCMOTPEHHBIX B
pabotax [8 — 11] u [12]. [maBHO# 0COOEHHOCTBIO TPENIAraeMOro IMOIX0Aa
SIBIIICTCS TOJYYCHHE OIICHOK KadecTBa KIacCHU()MKAMU Ha OCHOBE
UCCIICIOBAHMS YYBCTBUTCIBHOCTA MOJCTH K HW3MCHCHHUIO 3HAYCHHU
BHYTPCHHUX NAapaMETPOB B XOJIE COOTBETCTBYIOIIECIO MOJCIHPOBAHUS, a
TAaKKE€ MHTEPpIpETAlrd NOJYUYCHHBIX PE3YJILTAaTOB B BUAC OLUCHKHU PUCKOB,
BBI3BAHHBIX HECOBEPIICHCTBOM caMoro kiaccupukatopa. B cratee
MIPEUIOKEHBI TTOKA3aTeNIN OICHKW YYBCTBHTEIBHOCTH MOJETH, a TaKkKe
pa3iMYHbIC BHUABI TIOKa3aTellell pPHCKOB M CIHOCOOBI WX pacdera.
[lpumenernne TmoAXOAa W pealm3alds  Pa3MUYHBIX €ro  JTaloB
MPOWLTIOCTPUPOBAHBl  PE3yIbTATAMH BBIYHCIUTEIBEHBIX JKCIIEPHAMCEHTOB.
ITo cocTosHUIO Ha TEKYIIUH MOMEHT B MaTepHalaX OTKPBITOW IeYaTH HE
0o0HapyXeHO MyONHUKanuii ¢ MoJOOHBIMH WCCIEIOBAHUSAMH B OTHOLICHUH
PaCCMOTPEHHO# B CTaThe HEUSTKON KITACCU(PUKAIIMOHHON MOJICITH.
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A.POTYUPKIN, S. PILKEVICH, V. ZAYTSEV
AN APPROACH TO A PRIORI ASSESSMENT OF FUZZY
CLASSIFICATION MODELS IN MONITORING TASKS

Potyupkin A., Pilkevich S., Zaytsev V. An Approach to a Priori Assessment of Fuzzy
Classification Models in Monitoring Tasks.

Abstract. The article addresses the problems of using automation tools to perform
monitoring and management tasks applicable to assessing the quality of fuzzy classification
models, where the classification procedure is implemented on the basis of knowledge (rules) in
the absence of the training set. An approach is proposed to obtain a priori assessments of the
classification quality based on the study of the used model sensitivity to changes in the values
of internal parameters during the corresponding modeling. The interpretation of the modeling
results in the form of risk assessment caused by the self-imperfection of the classification
models is obtained. The article provides an example of a fuzzy classification model based on a
comparison of the current state of a monitoring object described using fuzzy features with a set
of predefined typical states, which form corresponding fuzzy equal (close) states (monitoring
situations). The comparison is carried out using the fuzzy implication operation provided that
the required reliability is met. The example of this model demonstrates how the type of
implication operation, as well as the internal features of the model, affect the results of
classification, and appropriate indicators are proposed, which are both an interpretation of
generally accepted indicators for assessing the classification quality, and unique, inherent in the
considered model. Computational experiments were carried out, which made it possible to
obtain graphs of changes in classification quality assessment indicators for the considered
model and its modification and visualize the influence of internal parameters of the model on
the results of its application. A number of indicators are proposed that allow for an a priori
assessment of the risks arising from the application of the model before its actual application.

Keywords: fuzzy sets, classification, quality assessment, risk.
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CLUSTERING OF NETWORKS USING THE FISH SCHOOL
SEARCH ALGORITHM

Ibrahim A.H., Boudref M.A., Badis L. Clustering of Networks Using the Fish School Search
Algorithm.

Abstract. A network is an aggregation of nodes joined by edges, representing entities and
their relationships. In social network clustering, nodes are organized into clusters according to
their connectivity patterns, with the goal of community detection. The detection of community
structures in networks is essential. However, existing techniques for community detection have
not yet utilized the potential of the Fish School Search (FSS) algorithm and modularity
principles. We have proposed a novel method, clustering with the Fish School Search
algorithm and modularity function (FSC), that enhances modularity in network clustering by
iteratively partitioning the network and optimizing the modularity function using the Fish
School Search Algorithm. This approach facilitates the discovery of highly modular
community structures, improving the resolution and effectiveness of network clustering. We
tested FSC on well-known and unknown network structures. Also, we tested it on a network
generated using the LFR model to test its performance on networks with different community
structures. Our methodology demonstrates strong performance in identifying community
structures, indicating its effectiveness in capturing cohesive communities and accurately
identifying actual community structures.

Keywords: clustering, fish school search algorithm, modularity function, network
structures.

1. Introduction. In network theory, a graph or network refers to a
group of nodes linked through edges or lines, representing different entities
and their relationships or interactions [1]. For example, in metabolic
networks, nodes could represent biochemical compounds or enzymes, and
edges could represent metabolic reactions or pathways [2]. In the case of the
Internet, nodes could represent web pages or computers, and edges could
represent hyperlinks or network connections [3]. The representation of a
network is a graph G (V, E), where V refers to the set of nodes or vertices
and E refers to the set of edges or links [4]. The number of vertices and
edges determines the size of a graph. In the case of a social network, the
size of the graph depends on the number of people in the network and their
relationships or interactions [5]. In social network clustering, nodes are
grouped into clusters based on their connectivity patterns, which are
determined by the links or edges that connect them. This clustering process
relies on community recognition, where a community refers to a group of
nodes that are densely connected with only a few connections to nodes
outside the community [6]. The objective of community detection is to
identify clusters or communities of nodes within a network, where the nodes
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within a community exhibit denser connections among themselves
compared to nodes in other communities [7].

Clustering a social network can help us identify groups of
individuals that are more closely connected, revealing social substructures
such as cliques, subgroups, or communities. Understanding these
substructures can provide insights into the dynamics of social interactions
and help us identify influential individuals or groups within the network [8].
For example, recognizing communities and clusters can help identify groups
of proteins that work together to perform specific functions in the cell [9].
In the case of a transportation network, clustering can help identify clusters
of nodes that are more interconnected in traffic planning and routing [10].
Several methods can structure networks [11], including modularity-based
methods [12], spectral clustering [13], hierarchical clustering [14], and
modularity optimization [15, 16].

Maximizing modularity is a challenging task due to its
computational intractability, as finding an optimal solution has been proven
to be NP-complete [17]. Heuristic algorithms are often used, but they may
not always produce the best partitions. Modularity maximization is a
promising approach for community detection, aiming to maximize within-
community interconnectedness while minimizing between-community
interconnectedness.

Our main contribution is the enhancement of modularity in network
clustering through the innovative application of the Fish School Search
Algorithm [18, 19]. This algorithm, inspired by the collective behavior and
intelligence of fish schools, serves as a powerful metaheuristic for
navigating the complex landscape of community detection. By iteratively
partitioning the network and judiciously pruning edges, our approach
focuses on maximizing the modularity function [20], which quantifies the
strength of the division of a network into modules or communities.

The Fish School Search Algorithm's ability to simulate the dynamic
and collaborative [21] search strategies of fish enables the discovery of
highly modular community structures, thereby improving the resolution and
effectiveness of network clustering. This method not only aligns with the
principles of modularity optimization but also introduces a novel
perspective to the field, leveraging natural processes to address
computational challenges inherent in the task of community detection.

In the clustering process, the modularity function serves as the
objective function, assessing the quality of a clustering solution [22]. The
proposed method works by initializing a population of fish, each
representing a potential clustering solution. Until they reach an optimal
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solution, the fish iteratively evaluate and update their solution based on the
modularity function.

The method was tested on well-known and unknown network
structures and compared to other commonly used clustering methods [23].
The findings demonstrate the method’s superior performance in both
modularity and computational efficiency. The paper is organized in a
logical and easy-to-follow manner. The second section, titled Background
and Related Works, is further divided into four subsections. The first
subsection provides background on community detection and its
importance. The second subsection discusses modularity and modularity
maximization. The third subsection introduces the Fish School Search (FSS)
algorithm and its use in the proposed network clustering method, while the
fourth subsection reviews related works in the field. The third section
presents the proposed approach, while the fourth section of the paper
presents a performance assessment of our method. The fifth section
discusses the results and their implications, and the sixth section concludes
the study and suggests future work.

2. Background and related works

2.1. Community detection. Community detection in complex
networks is the process of identifying clusters of nodes that share common
properties, depicted as nodes and edges in a graph. These algorithms group
nodes based on denser connections within groups compared to connections
between groups. Communities can represent groups of individuals with
shared interests and interactions within human society, and they can be
identified in networks based on connection patterns [24].

Hierarchical clustering is a popular approach to community detection
that builds a hierarchy of partitions either by merging smaller communities
into bigger ones or by dividing larger communities into smaller ones based
on similarity measures. Initially, each node is considered a separate
community, and similarity measures between pairs of communities are
calculated using factors such as shared neighbors or connection strength.
The algorithm then merges the most similar communities iteratively,
creating a hierarchical structure [25].

Hierarchical clustering allows flexible exploration of community
structure at different granularity levels, ranging from broad to specific
communities. This approach provides a comprehensive view of the
network's community structure, enabling the analysis of nested communities
and different levels of detail. The FSC proposed was developed to solve
community detection problems by maximizing modularity, and is a widely
recognized and commonly used approach for discovery communities in
structure networks. It involves finding the split of the network into clusters
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that maximize the modularity value, which is a measure of the quality of the
division.

2.2. Modularity. Modularity, a concept pioneered by [20], is a
metric for assessing the efficacy of partitioning a graph into distinct
communities. While its original formulation was designed for undirected
graphs, subsequent research has broadened its applicability to encompass
directed and weighted graphs [26 — 28]. The notion of modularity within a
partition is expressed through a singular numerical measure (with a range
reaching 1) used to evaluate the level of interconnectedness among
components residing within communities, as opposed to the connections
linking different communities together. A heightened positive modularity
value indicates an enhanced organization of communities.

Modularity maximization is a widely used approach in network
analysis for resolving community detection problems. Modularity quantifies
the quality of the community structure in a network by comparing the
number of edges each community has to the number expected by chance.
The goal of modularity maximization is to find a partition of nodes into
communities that maximize the modularity score. This involves iteratively
assigning nodes to communities and evaluating the change in modularity
until no further enhancement can be performed.

Modularity maximization has several advantages for resolving
community detection problems. It is a flexible and scalable method that can
be used in networks of various sizes and types. It can find the optimal division
of the network into communities without prior knowledge of their number or
size, allowing for an unbiased exploration of the community structure.

Maximizing modularity to find the best partition of a network into
communities is not feasible for large and complex networks due to the NP-
complete [29] nature of the problem. Several heuristic algorithms have been
proposed to approximate the optimal solution. Despite its drawbacks, such
as the resolution limit and high computational requirements, modularity
maximization remains a popular and effective approach for community
detection. The FSC performance will be evaluated by comparing the
communities obtained using different algorithms with the ground truth and
assessing the quality and reliability of community detection results through
modularity scores.

2.3. Artificial Fish School Search Algorithm. The study of
collective behavior in decentralized, self-organized systems, encompassing
both natural and artificial systems, falls within the realm of swarm
intelligence [30]. The inspiration behind swarm intelligence stems from
observing the collective behavior exhibited in natural societies, including
the coordinated movements of birds, fish, ants, bees, termites, and other

1370 Undopmaruka u asromatuszanus. 2024. Tom 23 Ne 5. ISSN 2713-3192 (rieu.)
ISSN 2713-3206 (ommaiin) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

species. This behavior emerges from the interactions of numerous
individuals acting in unison. It is a form of distributed problem-solving in
which a group of individuals cooperates to achieve a common goal [31].
Algorithm 1, known as Artificial Fish School Search (FSS) [32], is a prime
example of swarm intelligence, drawing inspiration from the collective
behavior observed in fish schools. The foundational algorithmic structure of
the FSS optimization algorithm, as outlined in [32], is as follows:

Algorithm 1. FSS optimization algorithm for community detection
1. Input:

2. Graph (G = (V, E)): The input graph with vertices (V) and edges (E).

3. Maximum Cycle Number: The maximum number of iterations for the
algorithm.

4. Maximum CPU Time: The maximum allowed CPU time for the
optimization process.

5 Output:

6 m: The resulting cluster assignment that maximizes modularity Q

7. —»Do

8. Attraction fish phase:

9. Move each fish towards the center of mass in the school.

10. Aggregation fish phase:

11. Increase the step size of each fish

12. Movement fish phase:

13. Move each fish based on its current position and step size.

14. Evaluate the modularity Q of each fish's cluster assignment

15. Save the best solution (cluster assignment 7) found so far that maximizes
Q.

16. =»While Cycle < Maximum Cycle Number and CPU Time < Maximum CPU

Time
17.  Return the best cluster assignment © that maximizes modularity Q.

The FSS algorithm is based on the idea that fish in a school move
together, following some simple rules of behavior such as attraction,
repulsion, and alignment. Within the domain of swarm intelligence, the
Artificial Fish School Search (FSS) algorithm stands out as a notable
exemplar. Taking cues from the coordinated behavior displayed by fish in
their schools, the FSS algorithm derives its principles from this collective
phenomenon. Like their aquatic counterparts, the algorithm envisions a
scenario where virtual fish move in unison, guided by simple yet impactful
behavioral rules encompassing attraction, repulsion, and alignment [33]. By
harnessing these fundamental principles, the FSS algorithm aims to address
complex problems through the power of collective intelligence. The process
of fish locating their food typically unfolds in three stages: attraction,
aggregation, and coordinated movement [34]. Initially, in the attraction
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phase, fish employ a myriad of sensory cues, ranging from chemical to
visual and auditory signals, to sense the availability of food. This phase
often sees fish swimming in the direction of a positive chemical gradient,
which is a reliable indicator of food's existence in the water. A plethora of
fish species possess specialized sensory apparatus, like olfactory organs,
that are exceptionally responsive to waterborne chemical cues. This
sensitivity enables fish to discern even minor chemical traces released by
potential food sources and subsequently follow this scent trail to discover
food [35]. In the aggregation phase, fish may form schools or shoals to
more efficiently locate and access the food source. In these groups,
individuals may benefit from the presence of others in terms of increased
feeding opportunities and protection from predators. In the last stage,
referred to as the coordinated movement phase, fish within the collective
meticulously adjust their movements to ensure the maintenance of group
unity and synchronously approach the food source [36]. This often entails
each fish attentively responding to their neighbors’ actions, facilitating a
seamless and efficient group movement. The creation of collective wisdom
in fish schools and other kinds of animal swarms heavily hinges on effective
information exchange. Fish utilize diverse sensory signals to communicate
and disseminate information among each other. This information exchange
often involves the use of auditory, visual, and tactile cues [37]. Based on the
concept of information exchange, the Artificial Fish School Search (FSS)
algorithm can be divided into four stages to find maximum modularity.
These stages include an initialization phase, where the FSS algorithm starts
by randomly searching for a food source, which is considered a potential
solution. Following the initialization phase, the process transitions into the
individual swimming phase, which is analogous to conducting a local
search in the current location of each fish or solution. Each instance of
individual swimming generates a novel candidate solution, guided randomly
and exhibiting distinct values. Upon the conclusion of the individual phase,
an evaluation or update of the fitness function is performed. If there’s no
enhancement in the fish’s position, it is assumed that this specific fish or
solution remains static. Only those fish or solutions showing improvements
in their fitness functions will transition to a new position. During the
instinctive-collective phase, the overall positioning of the school of fish or
set of solutions is adjusted, taking into consideration the alterations in the
fitness function of each fish or solution from the prior iteration [38]. The
process culminates with the collective-volitional phase, where the fish or
solutions are moved if there has been an improvement. In algorithmic terms,
this signifies a refinement of the solution for the optimization problem. If
there hasn’t been an enhancement in the position of the entire school or set
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of solutions compared to its previous position, it indicates the need for
another round of food search or, in algorithmic terms, a return to the
initialization phase.

2.4. Related Works. Community detection is a rapidly evolving
field, with researchers continuously proposing new and innovative
approaches to identify and analyze community structures in complex
networks. These approaches range from leveraging the concept of
modularity to using artificial intelligence algorithms for clustering. In this
review, we will discuss some notable works in the literature that focus on
harnessing the power of modularity and artificial intelligence algorithms for
community detection.

The authors in [39] proposed a method for module partitioning in
complex products using stable overlapping community detection and
component allocation.

It effectively handles intricate = component correlations,
demonstrating superiority over existing methods on a CNC grinding
machine. The study model (CDFSE) [40] presents a dynamic model
simulating fish school behavior to showcase the formation of larger, stable
groups based on shared attributes. Additionally, the study [41] introduces a
new network clustering method using the Bee Colony Algorithm and
Modularity Function. This method involves iterative edge removal for
network partitioning and uses the Bee Colony Algorithm to optimize the
modularity function, revealing optimized clusters. The study [42] highlights
encord's role in enhancing the efficiency and accuracy of medical data
annotation in cancer subtype classification for identifying patient clusters,
advancing targeted therapies, and biomarker discovery. Automated and
collaborative features in encord improve annotation speed and consistency,
benefiting Al-driven diagnostics and treatment planning. Lastly, the
study [43] introduces an algorithm for disjoint communities in complex
networks. It’s designed for undirected, unweighted graphs and uses cosine
similarity for weight determination. It starts with individual nodes as
communities and merges them based on modularity values.

Our proposed approach, FSC-Fish School Clustering, addresses gaps
in previous work by offering a comprehensive solution for community
detection in unipartite, unweighted, and undirected networks. While
existing methods often have limited scope, our approach widens their
applicability by specifically targeting these types of networks. Moreover,
we introduce a dynamic modeling aspect inspired by fish school behavior,
enabling the formation of larger, stable groups based on shared attributes.
To overcome optimization challenges, we integrate the Fish School Search
Algorithm with the Modularity function, enhancing accuracy and efficiency
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in community detection. Additionally, scalability concerns are addressed by
leveraging the efficiency of the Fish School Search Algorithm, making our
approach suitable for handling large-scale networks. By bridging these
gaps, our proposal aims to advance the field of network analysis and
provide more accurate and efficient tools for understanding complex
network structures.

The FSC provides a unique approach to optimization problems,
drawing inspiration from natural phenomena. Its strengths lie in its
adaptability and collective problem-solving power. It mimics fish school
behavior to navigate complex search spaces effectively. However, it may
lag behind modern network assembly methods in computational efficiency
and scalability. While FSC is ideal for intricate problems requiring
exploration, modern methods suit tasks demanding precision and large-scale
network management. The choice between the two depends on the specific
needs of the optimization challenge, balancing the strengths of FSC against
the requirements for efficiency and control in network assembly.

3. The proposed approach (FSC-Fish School Clustering).
Hierarchical methods are clustering algorithms that can be either divisive or
agglomerative. Agglomerative methods recursively merge clusters into
larger clusters, while divisive methods recursively split clusters into smaller
clusters. Divisive methods in community detection remove edges based on
various criteria. For example, Edge Density [44] involves removing edges
based on the density of connections to identify densely connected subgraphs
as communities. Topological [45] measures utilize measures like centrality
or clustering coefficient to determine edge importance; high centrality edges
connecting communities are preserved, while low centrality edges are
removed. Additionally, structural properties [46] involve removing edges
that bridge distinct clusters to promote clearer separation between
communities and identify internally connected communities. Some graph-
splitting methods create separate partitions by deleting edges that connect
vertices with very high or very low weights [47]. In this study, we propose a
novel network clustering approach, referred to as FSC, which uses the Fish
School Search Algorithm and the modularity function introduced by [20].

In this study, we propose a novel network clustering method that
focuses on identifying community structures in unipartite, unweighted, and
undirected networks. We utilize the Fish School Search Algorithm to
iteratively split the network and remove edges while maximizing the
modularity function. During this splitting phase, the algorithm discovers a
set of clusters that represent the community structure. This process is
repeated iteratively until each cluster consists of a single vertex. FSC
leverages the modularity function as an objective metric to measure the
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power of the community structure. It guides the determination of the
optimal number of network communities (clusters). By maximizing
modularity, FSC aims to identify the community structure that best fits the
given network. This is done through the use of the Fish School Search
Algorithm and the Modularity function. For a graph G(V, E), our method
identifies the most optimal community structure © = {cy, ..., ¢}, Where:

- =16 =V,

- g #0,

— ClnC]=¢lfl¢],

—  nc: number of clusters.

Modularity assesses the cohesion within different segments of a
network by assigning a numerical value to each segment, known as a
community structure. Modularity Q ranges between 0 and 1, where higher
scores typically indicate better-defined partitions, while lower scores may
imply less cohesive groupings. However, it's important to note that the
quality of community structures can vary depending on the specific context.
The modularity function is formulated around the comparison between the
observed fraction, denoted as e(c;)of edges within communities, and the
expected fraction, denoted as a(c;), of edges within the same communities.
The modularity, represented as @Q, is calculated using the expression:

Q =ZXelc) —a(e) ©)
Consider an undirected, unweighted graph G, with n vertices and m

edges, and a partition denoted @ = (cy, ..., Cpc)-
In this context, the modularity [48], can be expressed as follows:

v KW
= G Zow [Alv.w] = ] 6w w), )
where
s(w,w) = {1 if vand w belong to the same community ,
0 otherwise
where:

— v, w—are vertices of G,

- KKy — the degree of v and w which is the number of edges
linked to each vertex,

—  m — total number of edges in the graph G,

— A —the adjacency matrix of the graph G.
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The overarching framework of our algorithm designed to uncover
community structures within networks is outlined as follows:

Algorithm 2. FSC Algorithm

1. Input: G=(V, E) — The input graph with vertices V and edges E.
2. Result cluster: T, maximizes Q, the resulting cluster assignment cluster.
3. Cluster — G

4. 7« Cluster

5. prepeat

6. | Set Cluster «—n

7. | P forie€|Set Cluster|do

8. Cluster = Set_Cluster[i]

9. n' « Fish School Search (Cluster)

10. Divide Cluster based on 7'

11. Update 7'

12. L’ nd for

13. until |7 | > [V]

14.  return cluster that maximizes Q

The FSC algorithm, utilizing the Artificial Fish School Search (FSS)
algorithm, iteratively partitions a network to maximize modularity. Starting
with the entire graph as a single cluster, the algorithm refines cluster
assignments through FSS, aiming to enhance modularity within each
cluster. This iterative process continues until each cluster comprises a single
node, culminating in the selection of the assignment with the highest
modularity. The resulting clusters represent distinct communities, offering
flexibility to tailor the number of communities. Additionally, we construct a
tree diagram to visually depict the hierarchical organization of communities,
elucidating the structural composition of the network.

4. Performance Assessment. We tested FSC on known and
unknown network topologies. These networks are well-studied and have
been used to benchmark other community detection algorithms. This means
that we can compare our results to those of other algorithms and see how
FSC performs. Networks tested include Karate Club, College Football, US
Politics Books, and Dolphins. We additionally created a network using the
Lancichinetti et al. random graph model, specifically designed to generate
networks with desired community structures. This enables us to assess the
performance of FSC on diverse network structures with varying
communities. We conducted a comparative analysis of our approach against
several established methods, such as:

—  The Infomap method [49] identifies community structure by
minimizing the description length of a random walker's navigation, using
iterative node agglomeration to achieve improved partitions.
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—  The label propagation method [50] efficiently detects
communities in complex networks by assigning unique labels to nodes and
adopting the most prevalent label among neighbors, but its accuracy may
suffer due to its random nature and potential tie situations.

—  The Louvain method [51] optimizes modularity by iteratively
reassigning nodes between communities to enhance network division
strength.

—  The Fast Greedy method [52] utilizes community analysis by
greedily enhancing modularity scores through the continuous merging of
community pairs until maximal improvements are achieved. The Fish
School Search (FSS) algorithm chosen for network clustering stands out due
to its unique nature-inspired approach that simulates the behavior of a
school of fish, enabling it to explore the search space more effectively and
efficiently. Unlike other algorithms such as Infomap, Label Propagation,
Louvain, and Fast Greedy, FSS does not require a predefined number of
clusters, making it highly adaptable to various datasets. It further optimizes
the modularity function, a unique feature that quantifies the strength of the
division of a network into modules or communities, enhancing the
resolution and effectiveness of network clustering. Demonstrating robust
performance, FSS excels in identifying community structures in both well-
known and unknown network structures, making it a compelling, versatile,
and reliable choice for network clustering. This dynamic modeling aspect,
inspired by fish school behavior, forms larger, stable groups based on
shared attributes, addressing gaps in previous work. It also integrates the
Fish School Search Algorithm with the Modularity function, enhancing
accuracy and efficiency in community detection and making it suitable for
handling large-scale networks. In this part, we assess the performance and
effectiveness of our method. This required two measures to compare and
evaluate it against existing methods: normalized mutual information and
computer-generated networks.

4.1. Normalized Mutual Information (NMI). We can leverage the
NMI scale to compare the outcomes of our approach with those of various
community detection methods. It is a widely used measure of community
quality and is a good predictor of human-annotated ground-truth
communities. In [53] proposed the utilization of the Normalized Mutual
Information (NMI) metric for the comparative assessment of community-
based screening techniques. NMI requires a confusion matrix M, where the
rows in M indicate the real communities and the columns in M indicate the
detected communities. Each element M, M;; in the matrix represents the
count of nodes belonging to the actual community i that are present in the
discovered community j. This confusion matrix allows us to quantify the
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overlap and agreement between the two sets of communities. The NMI
measure employs information theory principles to evaluate the similarity
between the partitions. It calculates the mutual information between the real
and found communities, taking into account the distribution of nodes across
the communities. The NMI measure captures the shared information and
dependence between the partitions by considering the probabilities of nodes
belonging to specific communities. The formula derived from data analysis
principles [53] for measuring the likeness between two community
structures A and B is as follows:

=2 352 38 My log(M;;M/M; M)

3)

Here, c, reflects the number of actual communities, while cg
represents the number of discovered communities. The total of the elements
in the row i vector of the matrix M;; is denoted by M;, and the summation
over column j is denoted by M ;. When our method's community structure
perfectly aligns with the actual community structure, I(4, B) achieves its
maximum value of 1. This means that the two sets of clusters are a perfect
fit, and the NMI value will be 1, indicating a complete match between the
clusters. Conversely, if the detected communities have no resemblance to
the actual communities in the network, the NMI value will be 0, signifying
a complete lack of similarity. This means that the two sets of clusters have
no connection or resemblance. When the discovered community structure is
similar but not identical to the actual community structure, it means that the
clusters share some commonalities while also having some differences; the
NMI value will fall between 0 and 1, capturing the partial agreement
between the two sets of clusters.

4.2. Computer-Generated Networks. To validate the effectiveness
of our method, we can employ computer-generated grids as a means of
testing. These computer-generated networks possess a predetermined
community structure, which renders them highly suitable for evaluating the
accuracy and robustness of community detection algorithms. By leveraging
these networks, we can thoroughly assess the performance and reliability of
FSC in accurately identifying and uncovering community structures. To
create networks with a community structure, we utilized the LFR model
proposed by [54]. The LFR model is a widely used framework for generating
networks with diverse properties, including power-law degree distributions,
community structure, and even overlapping communities. In our study, we
employed the LFR model to generate a network consisting of 128 nodes. The
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degree exponent distribution was set to 2, determining the number of links per
node. The community size distribution exponent was 3, governing the sizes of
the communities. The average degree was 16, showing the ratio of the actual
connections to the potential connections in a network. The network consisted
of 3 communities, and the mixing parameter varied from 0.1 to 0.9,
influencing the interconnectivity between communities. In our method, the
fitness function is defined as the modularity function. We set 500 (the number
of fish) as food sources and specified the maximum number of iterations as
1000 for the optimization FSC.

5. Results and Discussion. In this section, we present an elaborate
examination of the authentic social networks utilized to assess the
effectiveness of our method. We have tested our method on the following
networks: The Zachary Club Network [55], American College
Football [56], The Dolphin Social Network [57], The Book about US
Politics Network [58] Facebook [59], Amazon [60], Les Miserable
Network [61], The Jazz Collaboration Network [62], The HIV
Network [63], and The Contiguous USA [64] Network. Table 1 summarizes
the fundamental characteristics of real benchmark networks, including the
number of nodes (|V|), the number of edges (|E|), the average degree
( <k) ), and whether the community structure (CS) is known or unknown.

Table 1. Summarizes characteristics of Benchmark Social Networks
Networks CS V]| |E| {k) Description
Derived from a

Zachary Known 34 8 4.58 university karate club.
Football Known 115 613 10.66 | Fall 2000 Division IA
college games.
Dolphin Known 62 159 sq2 | 62 New Zealand
dolphins' interactions.
Book Known 105 441 g4 | 2004 clection US
politics book list.
Facebook | Unknown 4039 88234 18.02 | Facebook social

network dataset.
Amazon product co-
purchasing network.
Victor Hugo's character

Amazon Unknown 334863 925872 5.52

Miserable Unknown 77 245 6.36

network.

Jazz collaborations from
Jazz Unknown 198 2742 27.69 1912-1940.

Early HIV spread in
HIV Unknown 40 41 2.05 USA contacts.
USA Unknown 48 107 445 | USshared border

network with DC.
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Table 2 presents a comparative analysis of the modularity metric for
our proposed algorithm against four established algorithms. The modularity
metric is calculated using the formula (2) (Section 3).

In Table 3, we present two metrics:

1. The number of clusters (|C|) is the number of clusters obtained
after the iterative splitting process.

2. The normalization mutual information (NMI) is a measure of
similarity between the clusters obtained using formula (3) (See section 4.1).

Table 2. Modularity for real networks with community structures

Q
Methods Karate Football Books Dolphins | Facebook | Amazon
Infomap 0.37 0.60 0.52 0.52 0.05 0.82
Label 037 0.57 0.47 0.51 0.65 0.78
Propagation
Louvain 0.41 0.60 0.52 0.52 0.68 0.92
Fast 038 0.54 0.50 0.49 0.64 0.87
Greedy
FSC 0.40 0.64 0.54 0.52 0.72 0.94

Table 3. NMI for real networks with community structures

Methods Karate Football Books | Dolphins | Facebook Amazon
|C| [NMI| |C| | NMI ||C||NMI [|C||NMI| |C| |[NMI| [C]| NMI
Infomap 2 1059] 2 [ 092 |6[049]5[0.53]2390.09]17296]| 0.1
Label . 2 101 |10]0.83|3[048|4 (047 15 |0.18|22496| 0.01
Propagation
Louvain 4 [050] 9 | 085 [5]050|4(049] 11 [0.18] 240 0.02
Fast Greedy 3 1069 5 [0.65[3]053]3[041] 25 | 0.1 | 1532 0.1
FSC 2 1087 7 ] 01 [3]060]4]0.81]150]0.74| 260 0.1

To evaluate the performance of our proposed algorithm, we
conducted experiments in a controlled environment using the Python
programming language. Our algorithm's code was developed from scratch,
and after multiple executions, we recorded the best modularity value
achieved. In contrast, the baseline algorithms were sourced from the igraph
library, which is well-known for its comprehensive collection of network
analysis tools.

According to Table 2 and Table 3, FSC performed well, achieving
high NMI and Q values. For example, on the Karate network, it detected 2
clustering with an NMI of 0.87 and a Q value of 0.40. On the football
network, it detected 7 clusters with an NMI of 0.1 and a Q value of 0.64.
FSC achieved the highest or second-highest NMI and Q scores on all four
networks, suggesting it is more effective than other methods considered.
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FSC  identified meaningful communities in  the karate
network (Figure 1) and detected three clusters in the network of books about
US politics (Figure 2), with high modularity and NMI values indicating
good performance. This provides insights into social dynamics.

Fig. 2. FSC identifies 3 clusters in the structure of the Books about US politics
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We tested FSC on various unknown networks (Les Miserable, Jazz,
HIV, USA, Facebook, and Amazon), as shown in Figure 3.
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Fig. 3. Compares FSC with different unknown networks: a) Les Miserable Network;
b) Jazz Network; ¢) HIV Network; d) USA Network; ¢) Facebook Network;
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FSC outperformed alternative approaches in several cases, although
the specific networks where it excelled varied across different contexts. The
FSC approach has demonstrated exceptional performance when applied to
the intricate networks of Facebook and Amazon, exhibiting commendable
quality in community detection. Its success in the Amazon network
particularly stands out, showcasing unparalleled excellence with Q index
values surpassing 0.90. Moreover, within the Facebook network, the FSC
method has achieved a remarkable Q index value of 0.72, significantly
eclipsing the performance of alternative algorithms, as illustrated in the
accompanying Figure 4. Figure 4 shows our novel method for partitioning
the contiguous USA into six clusters, providing a new way to analyze
regional patterns. Using a mixing parameter denoted as p, FSC accurately
partitions the graph and uncovers clear communities (Figure 5). This value
of u = 0.1 is commonly used in community detection within networks
because it indicates a clear community structure where only 10% of the
edges are between different communities, while 90% of the edges are within
the same community. The choice of p = 0.1 provides stability and
robustness for accurate detection and has been empirically successful in
various network studies [65]. By using this mixing parameter value, the
FSC algorithm can effectively identify distinct communities within the
graph, as shown in Figure 5.

Fig. 4. FSC identifies 6 clusters in the Contiguous USA network
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Fig. 5. FSC detects computer-generated networks at pp = 0.1

Figure 6 shows the FSC achievement of a maximum NMI value of 1
when the mixing parameter ranges from 0 to 0.4, indicating the successful
identification of robust and well-defined community structures. The
connections within communities are denser compared to other methods,
highlighting our approach's effectiveness. However, other methods like Fast
Greedy and Louvain have NMI values less than 1, indicating accuracy in
identifying true communities, particularly for mixing parameters between 0
and 0.3. As the parameter exceeds 0.3, both Infomap and Label Propagation
encounter challenges in defining distinct communities. Overall, as the
mixing parameter increases, all methods face difficulties in accurately
uncovering the true community structure. This decline in performance
suggests that as more edges are added between different communities,
making the network more interconnected, the task of identifying clear
divisions and separating the network into distinct communities becomes
increasingly challenging for all methods. According to [52], a network’s
community structure is significant when its modularity exceeds 0.3. FSC
observed a high modularity value, indicating a strong community structure
and the ability to uncover densely connected and cohesive communities
(Figure 7). The higher modularity values imply strong internal connections
and fewer interconnections with other communities, indicating that FSC is
effective in capturing meaningful community divisions and that the
community structure is robust.
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6. Conclusion and future prospects. We introduce a new method
for clustering networks that uses the Fish School Search Algorithm to
enhance the modularity function. The approach iteratively removes edges
from the network to maximize the modularity function. Through rigorous
testing on both established and novel network structures, including those
generated by the LFR model, our FSC methodology has demonstrated
exceptional prowess in discerning cohesive communities and pinpointing
authentic community structures. This breakthrough signifies a leap forward
in network analysis, offering a potent tool for researchers and practitioners
alike to navigate the ever-evolving landscape of networks. As we stand on
the brink of this new horizon, it is clear that the FSC method is more than
just an algorithm; it is a beacon that guides us toward a deeper
comprehension of the networks that encompass and connect us all. The
implications are vast, from enhancing social network analysis to optimizing
transportation systems and even unraveling the collaborative networks
within our very cells. The future of network clustering is bright, and it is our
conviction that the FSC method will be at the forefront of this
transformative journey. In future work, FSC can be extended to handle
diverse network types, including directed, bipartite, or weighted networks.
Additionally, research can explore alternative optimization algorithms or
modularity functions to enhance FSC's performance in identifying
community structures. Incorporating side information, such as node
attributes or interactions with other nodes, is also a promising avenue for
improvement.
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A.X. UBPArUM, M.A. BYJIPE®, JI. BAZIUC
KJIACTEPU3ALIUA CETEM C HCITIOJIb30BAHUEM
AJITOPUTMA INIOUCKA KOCSKOB PbIb

Ubpacum A.X., Byopeqp M.A., Baouc JI. KinacTepusanusi ceTeii ¢ HCHOJb30BAHHEM
AJITOPHTMA NMOHCKA KOCSKOB PbIO.

Annoramusi. CeTb npejcTaBisieT co00i COBOKYITHOCTH Y3JI0B, COCAMHEHHBIX peOpamu,
KOTOpBIE MPECTAaBIIIOT CYIIHOCTH U UX B3aUMOCBS3U. B KiacTepH3anuy conuanbHBIX ceTeil
y3IIbl OPTaHU30BAHBI B KIACTEPHl B COOTBETCTBUH C HMX IMIAOIOHAMH COCAMHEHHUII C IIENBIO
OOHapyXeHHs1 CcOO0OIIeCTB. BBIsBICHHE CTPYKTYp COOOIIECTB B CETAX SIBISACTCS BaXKHBIM.
OpHAKO CYIIECTBYIOIINE METOIbI OOHAPYKEHHUS COOOIIECTB €Ille HE MCIIOIb30BaI MOTEHIHA
aNropuT™Ma Moucka KocsikoB poi0 (FSS) u npuHIUIOB MOAYISIPHOCTH. MBI IPEIOKIIN HOBBII
METOJ/l, OCHOBAHHBIH Ha KJIACTEPU3ALMU C MCIIOJH30BAaHUEM QITOPUTMa IIOMCKA PBIOHOW
mkonel W (ynkuun  monyisapHoctd  (FSC), KOTOpwIilt  yaydinaer MOAYJISIPHOCTH B
KIIaCTEpH3allMH CETU IIyTeM HTEPAIHOHHOTO Pa30UEHHs CeTH M ONTUMH3AIHUU (YHKIHN
MOJYJIPHOCTH. JTOT IOAXON obyerdaer oOHApy)XeHHE BBICOKOMOAYISIPHBIX CTPYKTYP
coolmiecTB, ymydmias —paspemieHue u  3(GQEKTHBHOCTh  KIAaCTepU3alMd  CEeTH. MBI
nporectupoBann FSC Ha M3BECTHBIX M HEHM3BECTHBIX CTPYKTypax ceTed. Takxke Mol
MIPOTECTUPOBATIM €ro0 Ha CEeTH, CTeHEPHPOBAHHOI ¢ Hcronb3oBaHueM Moxpenu LFR, 4roOs!
IIPOBEPHUTH €T0 IPOU3BOAUTEIBHOCTS Ha CETAX C PA3IUYHBIMU CTPYKTypaMu coodmecTs. Hamra
METOZOJIOTHS JEMOHCTPHPYET BBICOKYIO d((PEKTUBHOCTb B BBIIBICHHU CTPYKTYP COOOILIECTB,
YTO yKa3blBaeT Ha ee CHOCOOHOCTH d((EKTHBHO 3axXBaTHIBATh CIUIOYEHHBIE COOOLIECTBA M
TOYHO ONPENEIATh (PaKTHYECKUE CTPYKTYPBI COOOIIECTB.

KiroueBble cj10Ba: KiacTepusalys, airOpUTM MOMCKAa KOCSKOB pbIO, (QYHKIHS
MOZYIbHOCTH, CE€TEBbIE CTPYKTYPBL.
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M.U. IToPXYH , M.A. BAILIKEBUY
IPPEKTUBHAA PEAJINBAIINA TAMMATOH-®NJIbTPOB HA
OCHOBE HEPABHOIIOJIOCHOI'O
KOCHHYCHO-MOIYJINPOBAHHOI'O BAHKA ®NJIbTPOB

Hopxyn M.U., Bawxesuuw M.H. I peKkTHBHASI peann3anus raMMaToH-(OHILTPOB HA OCHOBE
HEePaBHOINOJIOCHOT0 KOCHHYCHO-MO/IYIMPOBAHHOr0 6aHKa (hHIbTPOB.

AnHoranusi. B pabote mnpencraBineHa 3ddeKTUBHAs peanu3aiys 0aHKa raMMAaTOH-
¢unpTpoB (BI'®) Ha OCHOBE HEPAaBHOMOIOCHOTO KOCHHYCHO-MOAYJIMPOBAHHOIO OaHKa
unsrpoB (HKMB®), ucnonssymwoiero ¢a3zooe npeodpa3oBanue. PaccMOTpeHbl Mpumepbl
MPAaKTUYECKUX 3a/1ay, B KOTOPBIX NPUMeHsAeTCs OaHK raMMaTOH-(DHIbTPOB, IPOaHAIM3UPOBAHbI
€ro OCHOBHBIE OCOOGHHOCTM M HEJOCTAaTKH. IIpuBeleHO OIMHCaHHe pPaBHOIOJIOCHOIO
KOCHHYCHO-MOJY/IIPOBaHHOr0 GaHKa (MIIbTPOB, a TaKkKe IIOKa3aH IPOLECC CHHTE3a
HKMB® wu3 ero paBHOIOJIOCHOTO aHajora Mpd NOMOIIM (Pa30BOro MpeoOpa3OBaHUs.
PazpaboraH oNTUMU3ALMOHHBIN MeTOJ NpoeKTupoBanus duibrpa-nporotuna HKMB® nis
aNMpOKCHMMAlMU YaCTOTHBIX XapakTepucTuk BI'®. B ocHOBe MeToa JIEKUT MYy IbTUIIMKATUBHAS
MOZiesIb UMITYJIbCHOM XapaKTepUCTUKH (DIIBTPa-IPOTOTHUIIA, MCIIOIB3YIOMasl JIOTHCTHIECKHe
curmoujaibible  yHkuud. CyTh IpeAaraéMoro MeToAa 3aK/iovyaeTcs B ONTHMH3ALUU
(pUIBTPa-NPOTOTHIIA C 1EJIbI0 MUHIUMHU3AIMY CPEeJHEKBAAPATUYHOMN OmMOKY Mexay AUYX BI'd
n HKMB® g kaxporo kaHaja. BeilnojiHeHa nporpammHas peanusanus Ha si3bike Python
¢ ucnonb3oBanueMm Oubimoreku PyTorch. IIpoBesieHbl KCHEPHUMEHTAIbHbIE HCCIEAOBAHUS
MPeJIOKEHHOTO MeToja. Pe3ymbraThl 3KCnepuMeHTOB mokasanu, yro HKMB® moxHO
UCIOJIb30BaTh I aNNPOKCHUMAlUM YacTOTHBIX XapakTepucTuk BI'®, a pesynapTupylomas
AUYX mMeeT MOHOTOHHBIE CHaJbl 32 CUYET UCIONB30BAHHS JIOTHCTUYECKHX CHIMOUJIAIBHBIX
ynkuwmit. [IpoBe€H aHaIM3 3aBUCUMOCTH Pe3y/IbTUPYIOLIE OIMOKHM alMpOKCHMALH YaCTOTHBIX
XapaKTepUCTUK OaHKa raMMaTOH-(IIBTPOB OT KOJMYECTBA CUTMOMWJ, MCIIONB3YEMBIX IS
cunTe3a ¢uibtpa-nporotuna HKMB® Ha 6a3e MyJbTUIUIMKATUBHONM MOJAENY HMITYJIbCHON
XapaKTepUCTUKU. BhINONHEH aHanmu3 BbruMcauTeNbHON cioxHoctu HKMB®, nokasano kak
3aBUCHUT YHCJIO ONEPALM CIOKEHUS U YMHOKEHUs OT JUIMHBI UMITYJbCHOIM XapaKTepUCTHKHU
(punbTpa-npoToTHIa U YKMcIa KaHatoB 6aHka (uibTpoB. ClesiaH BBIBOM, YTO HCIIONb30BAHUE
HKMB® 1 peammsanuy 6aHKa raMMaTOH-(pUIBTPOB MO3BOJISIET CYIIECTBEHHO YMEHBIIUTh
BBIUMCI/IUTEJIbHBIE 3aTPaThl Ha pealu3alio raMMAaTOH-(WILTPOB IO CPABHEHMIO C INPSAMOI
peanm3zanueil.

KuroueBble cioBa: OaHK IaMMaToOH-(PMIBTPOB, HEPABHOIOJOCHBIA  KOCHHYCHO-
MOZYJIMPOBAaHHbIN OaHK (PUILTPOB, CIIyXOBble (DUIBLTPHI, NonudaszHas peanusanus, ¢pa3oBoe
npeodpasosanue, PyTorch.

1. BBenenne. CiiyxoBasi cUCTeMa 4YeJiOBEeKa IPEJICTaBIseT CO00it
CJIOXKHBI, HEJIMHEHHBI WM aJalTUBHbIA aHanu3aTtop 3BykKa. OIHUM u3 €€
HanOoJiee BaKHBIX TIPUHIIATIOB PaOOTHI SIBJISETCS YaCTOTHAS M30MPATETbHOCTD
ciyXxa, NpeACTaBisionas coOoil MeXaHU3M, MO3BOJISIOIINI YeTOBEeKY
pa3auyaTh U OTJAEJATh OAPYT OT APYra 4YaCTOTHbIE KOMIIOHEHTHI B 3BYKOBOM
curtasie [1]. Moaenau ciiyXOBOro BOCHIPHUSITHS ONMUCHIBAIOT KaK YaCTOTHYIO
M30MPATENIFHOCTD CJIyXa, TaK M HEKOTOphIe Apyrue (peHoMeHbl. [TogoOHbIe
MOJIEJIM UCTIONIb3YIOTCS. BO MHOTUX MPAaKTHMUYECKUX 3aJayax: KOAUPOBAHUU
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aymuo [2], pacno3HaBaHuu peud [3 — 5], pacno3HaBaHuu IuKTOpa [6],
BepU(pUKAIUU TUKTOpa [7], METEKTUPOBAaHUM M JIOKAJIU3AIUN 3BYKOBBIX
coOwiTHii [8], mpu yiydireHun pa3O0O0pPUYMBOCTH PEUd C HCHOJIb30BAHUEM
UH(pOPMALIUK O YACTOTE OCHOBHOTO TOHA [9], Ipy MOJETMPOBAaHUH CITYXOBBIX
natoJioruii [10 — 12] u npoekTMpoBaHUM KOXJI€apHbIX UMILIAHTOB [13].

OO1mast CTpyKTypa MOJIENIM CJIYXOBOTO BOCHPHSITHSI, UCTIOJNIb3yeMast
B 3aJadax HUMPOBOHl 0OpaOOTKM CUTHAJIOB IOKa3aHa Ha puUCyHKe 1.
BxopHoii curnain x(n) packnaasBaercst Ha M cy6mosoc mpu nomoiy OaHka
CIyXoBHIX (WIbTpOB. [lajee, B 3aBUCHMOCTH OT pellaeMoil 3ajgauw,
BBITIOJIHSIETCSL COOTBETCTBYIOIIAsl CyOMoiocHass 00pa0oTKa CHUrHajioB. B
pe3ysibTate Ha BbIXOAE 00pa3yloTcss UWH(POPMAIMOHHBIE [PU3HAKH,
UCIIOJIb3yeMble [IJIS1 PEIIeHUs MPUKJIATHBIX 3a1ay.

g
bank g
:z:(n) 3 Hudopmannonnsie
—=>| CIyXOBBIX a MPU3HAKH
¢bunpTpoB b
@)

Puc. 1. O6uias cxemMa NpUMHHEHHsT MOJEJIei CIIyXOBOTO BOCHIPHSITHS

Hanee paccMaTpyBaeTCs HECKOJIBKO TPAKTHYECKUX IPUMEPOB
KCIOJIb30BaHUsI MOJIEJIel CJIyXoBoro Bocrnpusatus. Ha pucyHke 2 mokasaHa
TUTIOBasl CXeMa ayAuoKojepa, KOTopas BKJOYaeT OaHK (hUILTPOB
aHaJIN3a, BBHIIOJHSONINNA JICKOMITO3UIIMIO CHUTHAJIA Ha PaBHOIIOJIOCHBIC
YaCTOTHBIE KOMITOHEHTHI, KOTOPBIE 3aTeM KBaHTYIOTCS U Komupylotcs. Takxke
BaXXHOHM YacThI0 ayguOKOJAepa sIBJISIETCS MOIENb CIYXOBOTO BOCIIPHATHS
(aHrn. psychoacoustic model), KoTopass UCHONB3yeTCSA IJIs1 ONpeAe/ICHU
CJIBIIIUMOCTHU YAaCTOTHBIX KOMIIOHECHT CUTHAJIA. B])IXO,[[H])IC JaHHbIC MOICJIN
UCIIONB3YeTCS MPU KBAHTOBAHUY CYOITOJIOCHBIX KOMITOHEHT ayJMOCUTHATA JIJIS
yYMeHbIIIeHus1 00bEMa TNiepeiaBaeMoit nHpopMmanuu [2].

Bxoanoit barx BbixozHOi
CHIHAT ¢unsTpoB >KBaHTOBaTENB[ Kozep I—>OuToBbII
aHajm3a TOTOK

Mozens ciryXoBoro j
BOCHPHSATHS
Puc. 2. O6miast cxema ayquokoaepa
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B pabote [9] Mozeb CIyXOBOTrO BOCIIPUSTHSI UCHIONBb3YETCS B CUCTEME
yAy4IIeHUs] pa300PUMBOCTH Pedd (PUCYHOK 3) COBMECTHO C OICHIUKOM
yactoTel ocHoBHOro ToHa (F0). B mponecce o6pabOTKM LEHTpaJbHBIE
YacTOTHI CITyXOBHIX (PUIIBTPOB BHIOMPAIOTCSI KPATHBIMH 4aCTOTE OCHOBHOTO
TOHa, a CYONOJOCHBIE CHUTHANBl IOCIe OOpabOTKUM CYMMHPYIOTCS IS
(hopMHIpoOBaHUS MIMPOKOIIOJIIOCHOTO CUI'HAJIA C TIOBBIIEHHON Pa300pUMBOCTBIO.
CrnietyeT 3aMeTUTb, 4TO B CXeMe Ha pUCYHKe | LeHTpaJibHbIe MOJIOCH OaHKa
CIIyXOBBIX (PUJIBTPOB CUMTAIOTCS (DUKCUPOBAHHBIMU U 3a/laHHBIMU Ha Tare
NPOEKTUPOBAHNUS, & B CXeMe Ha PUCYHKE 3 LIEHTPaIbHbIE MOJIOCH I3MEHSIOTCS
B Iporiecce 0OpaOOTKM MOCTYMAOIIEro CUIHajda M 3aBHCAT OT YacTOTHI
OCHOBHOTO TOHa.

He Boka/in3oBaHHbli ppeiiv .| IlepexpsbiTue ¢ |Bbixoanoit
CyMMHUpOBaHueM | CHIHal

A

Bxonroii | Al€TEKTOp
curHai ?| PedeBoOi
AKTUBHOCTH

Boxkasn3oBaHHbIH (peiim
) >

Mopnenb
CIIyXOBOTO
BLLICICHIIG BOCHPUSTHS | &
A —>|
FO

Puc. 3. OG1mas cxemMa METO/a yJIydllleHUs1 pa300pUMBOCTH peur U3 padoTsl [9]

Oco0yio poJib MOJIENH CIIyXOBOTO BOCIPHUATHSI UMEIOT TIPU MOCTPOSHUU
CHUCTEM MOJEIMPOBaHUS MOTEPH cilyxa. Takue cUCTeMBbl HCIIONIb3YIOTCS Ha
aTame pa3paboTKM MeTOJoB Koppekiuu ciyxa [11]. Tlpu tectupoBanun
TIOXKMJIBIX CTa0OCTBIIIAIINX JIO/IEH JOCTATOUYHO CJI0KHO BBIIEUTH OCHOBHYIO
NPUYMHY YXyIOIIEeHUs] pa300pUYMBOCTH pedr, KOTopasi MOXeT ObITh CBSI3aHa
¢ paboToil nepudepuIecKoro ciayxa, CIiyxoOBoro Hepsa JuOo0 ¢ HapyLIeHUeM
KOTHUTHUBHBIX (pyHKIMI. CHCTEMBbl MOJEIMPOBaHUS IOTEPU CIIyXa YACTUYHO
MO3BOJISIIOT PEeIMTh AaHHylo Tpodsiemy [10], MOCKONBKY OHM MMHTHPYIOT
TOJBKO JUC(YHKLIMM Tepr(epruyeckoro ciayxa, TaKMe Kak MOBBIIIEHUE
a0COJIOTHOTO MMOpOra CHBIIMMOCTH, 3(PQEKT YXyAMEeHUs YacTOTHON
N30UPATEeNbHOCTH, (DEHOMEH YCKOPEHHOT0 HapacTaHHsi TPOMKOCTH U JIp.

[Ipu MopenmupoBaHum norepu ciayxa [10 — 12] Monens ciyXxoBoro
BOCHPHUATUSA UCHOJB3yeTCA IJIA  pa3felieHduss 3BYKOBOTO CUTHajga Ha
CyOIOJIOCH, COTJIacOBaHHbIE C pabOTOH CIIyXOBOil CHCTEMBI YeJIOBEKa
(pucyHok 4). HacTpolika MOzeM BBINOJHSIETCS HA OCHOBE ayJHOTPaMMBI
KOHKPETHOro (caabociblinaiiero) dJenaoseka. [Ijisi Kaxmoil cyOnosocs
BBITIOJIHSETCS] YaCTOTHO-3aBUCUMOE OCJIa0JIeHHE B COOTBETCTBUU C JJaHHBIMU
ayJUOTrpaMMBI.
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Monens
CIIyXOBOTO
BOCIIPUSITHS

BoixonHoii
CUT'HAJI

Bxoanoit
—»
CUTHAJ

Puc. 4. O01mas cxema MOJIENH IOTEPH CITyXa

TakuM 00pa3oM, OCHOBY MOJesieil CIyXOBOTO BOCHPHUATHS
COCTaBJISIIOT YaCTOTHO-BPEMEHHbIE METOJbl aHAJIM3a M CHUHTE3a 3BYKOBBIX
CUTHAJIOB, Oa3upyIOIKecsl Ha MPUHIMIIAX McuxoakycTuku. OOmei uneei
(pYHKIIMOHUPOBAHUSI JaHHBIX MOJIEJIeH ABJIAETCS JeKOMIIO3ULIUS 3BYKOBOTO
CHUI'HaJIa Ha CyOIOJIOCH], IMPHHA KOTOPBIX COTJIacOBaHa ¢ paboToii CIIyXOBOI
cucteMbl. B OosbIIMHCTBE ciydaeB [UIsl AOCTWXKEHHS JaHHOW IeJn
UCIIOJIB3YI0TCS CiTyX0oBble (aHri. auditory filters) punprpel. Hanbosee yacto
UCIIOJIb3YIOTCS OaHKW rammartoH- [14] u rammauwmpn-puistpoB [10, 15].
JanHble (UIBTPH MOJEIMPYIOT paboTy Oa3wiIsipHON MeMOpaHbl YJIUTKA
4esoBeueckoro yxa. OpHOW W3 OCOOEHHOCTEH WCIOJb30BAaHUS TaKUX
(pubTpOB B cuctemax MojenupoBaHus 3(PQeKTa MOTepH CiIyXa sBIAETCS
TO, YTO OHHM pPaboTalOT 0e3 AelMMAlK BBIXOJHBIX CHTHAJIOB, a YUCIIO
KaHaJIOB B 6aHKe KoJiebsercs oT B mpomMexyTtke ot 20 no 100 [8, 10, 11]. B
CBSI3M C 9TMM Ha NPAKTUKE BO3HUKAET MPOOJIeMa BHICKOKOi BHIYMCIIUTEIBHOM
CJIOXKHOCTH TIpU peanu3aiuu nmojo0Hex Moesneit [3, 10]. B nanHoit padote
npeayiaraetcst 3(ppeKTUBHAS peatn3aliiisi raMMaToH-(HIbTPOB TIPU TIOMOIIN
HEPaBHOIOJIOCHOTO  KOCHMHYCHO-MOJYJHMPOBaHHOTO  OaHKa  (pHIBTPOB
(HKMB®) [16]. Ammpokcumanyss AYX raMMaToH-(HUIBTPOB TOCTHraeTCs 3a
cuét ontuMmzauuu  ¢duireTpa-nporotuna HKMB®. [lommmo Toro,
npaktuyeckast peanmmzanusi HKMB® TpeGyer 3HauMTeNbHO MEHbIIE
BBIUMCJIUTENIBHBIX PECYpPCOB, YeM IpsiMasl peain3anvst OaHKa ramMMarToH-
¢unbTpoB (BI'D).

2. bank rammaTtoH-¢puibTpoB (BI'®). BI'® npencrapnsieT codoii
rpeOEHKY raMMaToH-(pUIBTPOB, KX/IBIil M3 KOTOPBIX CBSI3aH C ONpe/eIeHHON
XapakTepucTuueckoil uyactoroir [17, 18]. MmmysbcHas XapakTepUCTHKa
raMMaToH-(pUJIbTpa C HEHTPAILHON YaCTOTOi f. ONMCHIBAETCS BHIPAXKEHUEM:

g(t) = U1 exp2mPERB(f)t g (2m fet), t > 0, (1)

rae ¢t — Bpems, | — nopsaok GuiabTpa, b — mapameTp, peryiIupylonmi
MMpUHY TOoNoch uiabTpa, f. — MNEHTpalpHas dYacToTa (QHIbTpa,
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ERB(f.) — 9KBUBaNeHTHasl PSMOYTOMbHAS TI0JIOCA MPOIYCKAHMUSI CITyXOBOTO
(unbrpa. Ha npakTrke 4acTo UCMIONb3YIOTCS 3HAUSHUs TapaMeTpoB [ = 4 u
b=1.019[17].

OOBIYHO LEHTpaJIbHBIE YacTOTH f. OaHKa (PUIBTPOB pacIpeneseHbl
paBHOMepHO oTHocuTenbHO ERB-mkanel (aHr. equivalent rectangular
bandwidth). ERB-mkana nomoOHa Iikajge KpUTHYECKHX IIOJIOC CiyXa
yesoBeka. 3Has yacrory f (B ') moxno nepeiitn k ERB-mkane ncronb3y s
BeIpaxxeHue [19]:

ERB(f,) = 24,673(0,004368f + 1). )

IIpu pereHun NpakTUYECKUX 3afay UMIYJIbCHYIO XapaKTEPUCTHUKY
(1) rammaTOH-(bUIBTPOB JUCKPETU3UPYIOT U OTPaHUYMBAIOT MO BPEMEHU
YMHOXEHHEM Ha NpsMOYroibHoe OKHO [20]. PaccMOTpUM OCHOBHbBIE ITPUYKHBI,
npensATcTByomye 3 dexTruBHON peanu3anym B D:

1. JInvHHBIE UMITYJIbCHBIE XapaKTepucTuku. M3-3a minTeabHOCTH
UMITYJIbCHBIX XapaKTEPUCTHK TPeOYIOTCs 3HAUUTEJIbHBIE BBHIUMCIMTEIIBHBIE
3aTpartsl A peamusanuu puastpa [20]. Hanpumep, Ha pucyHke 5 moka3aHbl
HMITYJIbCHbIE XapaKTEPUCTUKHU (JieBast 4yacThb pucyHka) 1 AYX rammaToH-
(punbTpoB (B MpaBOi YacTH PUCYHKA) C LEHTpaIbHbIMK YacToTamu f1 = 100
I'u, fo =500Tu f3 = 1000 I,

, IG(A)
s _x10° g(n) 0
52
R A A e e
5 0
=
B -10r
< -2
0 1000 2000 3000
) Otcuérel, n 200
s 5 x 10~ g(”) =
4 , — . c
N g
E £ %0
s g
0 1000 2000 3000 <
OTCcuéThl, -40
s X 10° g(n)
£l s~ o
E o fs 11 5ok
:
é -5
0 1000 2000 3000 60 \ I |
Otcuétel, n 0 500 1000 1500 2000

Yacrora, '

Puc. 5. ImnynscHble xapakTepucTHKU 1 AYX raMMaToOH-(DUILTPOB € LIEHTPAIbHBIMU
gactotamu f1 = 100 T, fo =500 T'qum f3 = 1000 '
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BusiHO, 4TO ¢ yMEHBIIEHNEM LIEHTPaJIbHOM 4aCTOTHI JJIMHA UMITYJIbCHON
XapakTepucTuKy yBenmunBaercs. Tak, ecim st f3 = 1000 'y apdpexTrBHAS
JUIMHHA UMITYJIbCHOI XapaKTepUCTUKU cocTaBisAeT nopsaka 800 oTcuéros,
to s f; = 100 ' adppextuBHasa mmHa npudmmxkaercs K 3000 oTcyEToB.
Takum o6pazom, npsimast peanusanuss KUX-¢puisTpa ¢ HU3KOIH HEHTpaIbHO
4acTOTO# NOTpeOyeT 3HAUMTEIIbHBIX BBIYMCIIUTEIBHBIX pecypcoB (okoso 3k
MAC-omnepanuii Ha OAUH BXOAHOH OTCYET).

2. Tpebyemoe kommuectBo wibTpoB. Ha mnpaktuke, mpu
UCIIOIB30BAaHNH OAaHKa TaMMaTOH-(DMIIbTPOB YMCJIO KAHAJIOB MOXET JOXOAUTh
1o cta [10]. DToT (pakT ¢ yUYETOM JJIMHHBIX UMIIYJILCHBIX XapaKTEPUCTUK
Ha HU3KMX YacTOTax Ha MOPSAIOK MOBBIIAET BHIYMCIUTENBHBIE 3aTPaThl HA
peanu3anuio Mojese, UCTIONb3YIONINX TaMMaTOH-(DUIbTPHI.

Takum oOpa3oM, akTyajdbHa 3ajgada pa3padoTKu 3¢ deKTHBHON
peanu3anyy 6aHKa raMMaToOH-(QUILTPOB. Llesbio HacTosIei paboThl sABIsIETCA
pazpaboTka 3¢h(eKTUBHOI peamu3anuy GaHKa raMMaToH-(HIbTPoB. OXHUM U3
BO3MOXXHBIX BapHAHTOB PELICHHs JaHHOM 3a/1aud MOKET ObITh MCIIOJIb30BAHKE
HKMB®, noctpoennoro Ha 6a3e ¢azoBoro npeodpaszoBanus [16, 23].

Ha pucynke 6 mokasanel AYX 20-kanansHoro BI'® (|Gars(f)])
u HKMB® (|Gwemrs(f)]). LleHTpaibHble 4acTOTh GaHKOB (DUILTPOB
OIVHAKOBBl M BHIOPAHBl B COOTBETCTBHM C IICHMXOAKYCTHUECKOH IIKaJION
BapkoB. AUX kax10ro (puibTpa ¢ COOTBETCTBYIOIIEH LIEHTPaJIbHON YacTOTOM
0003Ha4YeHa CBOMM LIBETOM. BHIHO, YTO YacTOTHBIE XapaKTEPHUCTHKU OAaHKOB
(UILTPOB pa3JIMUHBL, COOTBETCTBEHHO MpsiMasi 3ameHa BI'® na HKMbB®
He umeeT cMmbicia. Takum o0pa3oM, B il JAOCTHXKEHHsI MOCTABJICHHON
1IeJ T HeOOXOAMMO PeIuTh 3a1auy armmpokcuManui AYX BI'® npu momorun
HKMB®.

2 20 logyo(IGarn(f))

=0 T L

°

&20

Z

£ -40

= .

= X — =

260,

1000 2000 3000 4000 5000 6000 7000 8000

Yacrora, ['1(

i 20log;( \G\\(\[m

= 0m

<

20

Z

5-40‘

2 _6()() | \l X /AN

2()()() 3()()() 4()()() 5000 6000 7000 8000
Yacrora, 't

Puc. 6. AUX 20-kananssoro BI'® (|Gers(f)|) 1 HKMB® (|Gwowmrs(f)])
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3. HepaBHONOIOCHBIIT ~ KOCHHYCHO-MOJYJIMPOBaHHBIH  0aHK
¢puabTpoB. KocunycHo-monynupoBanHblii  6aHk  ¢uibtpoB (KMB®D)
obOpa3yercsi MyTEM INpPUMEHEHUs] KOCHHYCHOH MOAYISIUU K (DUIBTPY-
poTOTHILY, pejacTaBisomemy coboit KUX-gunbtp Hukaux yactot h(n)
C JMHEHHOM (a30-4aCTOTHOM XapaKTepPUCTUKOA M 4acToToi cpesa 7 /M,
rae M — xonudecTBO KaHanoB. Takum oOpa3oM, CMHTE3 OaHKa (pUILTPOB
CBOJUTCS K pacyé€Ty TOJBKO OHOTO (puibTpa-npoToTumna [21]. UMmynscHble
xapaktepuctuku M -kananpHoro KMB® anamusa hi(n) onmceBaoTcst
BBIPAKEHHUEM:

hy(n) = 2h(n) cos (7%0’5) (n - (N2— 1)> + (_Z)kw), 3

rae N = 2mM — nopsok puiabTpa-mpoTOTUIIA, 17 —TTOJOKUTEIBHOE YHCIIO,
k=0,...,M —1-mnomep kanana, n = 0, ..., N — 1 — BpeMeHHOI UHJEKC,
h(n) — koaddurmeHTs HUILTPA-IPOTOTHIIA.

[Mepenarounyio GyHKIMIO k-ro (pribTpa aHaIM3a MOXHO 3aIMCATh KaK

Hy(2) = abeH (7 WD) w @bl (7w 0V) @)

. k
rie H(z) — nepenatounas GpyHKIMsA BUIBTPa-MPOTOTHMA, a) = e’ (~1) /4,

N-—1
i k40,5
Wy = e 920/M p — Woai ( ), a BepXHss uepTa O3HAyaeT

KOMIUIEKCHOE COTIPSKEHHUE.
HKMB® o6pa3zyercs u3 papaononocHoro KMB® nytém npumeHeHUs

(ha3oBoOroO MPeoOPa3OBaHNsL, CYTh KOTOPOrO 3aK/I0YACTCs B 3aMEHE JIEMEHTOB

3aJlepKKHU B CTPYKType (priibTpa Ha (pa3osble 3BeHbs 2~ 1 — A(z) [16].
Bocnonb3oBaBimch 3amMeHol 2z~ — A(z), nepenmem Hy(2):

Hy(2) = axbiH (AGWHTY) 4 adbidl (AWa ). )

B nanHO#1 paboTe paccMaTpuBaeTcs pa3oBoe 3BEHO NEPBOro MopsaKa:

-1 _
A)= ——2 o<1 6)

T 1l—az !
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AMIUIMTYIHO-4aCTOTHAasl ~ XapaKTepuUCTHKa  (Da3oBOro  3BEHa
orpeessieTcs Kak:

oy jOa(w) o asin (w)
A(e’*) =e , Oq(w) = w — 2arctan <acos(w)—1 , (D

rae o — K03(p@UIMEHT (Ha30BOro 3BeHa, a W — HOPMHUPOBAHHAS Kpyropas
4acTOTa B paj/OTCUerT.

B pesymbraTe 3aMeHBl 3JIEMEHTOB 3alepXKH B CTPYKType
pasHomonocHoro KMB® Ha a3oBbie 3BeHbS] MPOUCXOOUT AehopMaItus
(oToOpakeHue) YacTOTHOM ocH w — O, (w) (pUCyHOK 7).

20logyo(|H (/%))
0-60 -40 20 0

0.2

0.8

PN PN | P | IR aa

0 0.2 0.4 0.6 0.8 1

Puc. 7. HKMB® nHa ocHoBe AedopMaiiuy 4acTOTHOM CEeTKH

Crernenp neopmanyd 9acTOT 3aBHUCHT TOJBKO OT MapaMmerpa .
CrnenyeT OTMETHUTb, YTO B pe3yibTare npeoOpa3oBaHusi OaHK (pUILTPOB
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CTAQHOBHTCSI PABHOMEPHBIM OTHOCHTENBHO Je(POPMUPOBAHHON OCH ACTOT
1 = O, (w), OMHAKO OTHOCUTEJIBHO HCXOAHON OCH YaCTOT W OH CTAHOBHUTCS
HEPABHOMOJIOCHBIM. B jlanbHelinemM Hac OyIyT UHTEPECOBATH MOJIOKEHUE
LIEHTPAJIbHBIX I10JI0C HEPABHOIMOJIOCHOrO GaHKa (uibTpoB wf. UTOOB MX
HalTH 0003HA4YNM Yepe3 (), LIeHTPasIbHbIE YACTOTHI PABHOIOIOCHOTO GaHKa
(bUIIBTPOB, TOTA EHTPAJIBHBIE TIOJIOCH HEPABHOIIOJIOCHOTO OaHKa (hUIBTPOB
MOXHO HaiiTi Kak w§ = O 1(Q¢). MokHO nokasath, 4to oOpatHas (yHKIKs
@;1 paBHa O_, u, TakMM 0OpPa30M, BhIPKCHUE VIS IEHTPATIbHBIX YaCTOT
HEPABHOIOIOCHOTO GaHKa (PUILTPOB IPUHUMAET BULL:

w§ = O_o (). (8)

4. Ilosmdpaznas crpykrypa HKMB®. B pabore [21] npna
a¢ppexTrBHOI peamm3armu KMB® npenmoxeHo UCIOnb30BaTh oM a3sHoe
npescTaBiaeHne (pUIbTPa-MpOTOTHUIIA:

N-1 2M—1m—1
H(z) = Z h(n)z™" = Z Z h(q + 2rM)z~(a+2rM), 9)
r= qg=0 r=0

HVcnonb3ys Beipaxenue (9) 1 METOOMKY, ONUCaHHYO B pabote [21],
MOXXHO MPUMEHUTh JAaHHOE BbIpaxeHue sl 3(PpPeKTUBHON peanu3auu
HKMB® [22]:

2M -1 m—1
Hi(2) = > crq »_ (=1)"h(q+2rM)ATT>M)(z), (10)
q=0 r=0

e c = 2cos ((QZR}M (1—(1;!—1)) + (—1)’“%)

Beeném oboznauenue g(q + 2rM) = (—1)"h(q + 2rM).

Ha ocHoBanuu Beipaxenus (10) moxHO nonyuuts ctpyktypy HKMbB®
aHam3a (pucyHok 8). Ha pucyske 8 610K KOCMHYCHON MOAYJISILIAM 0003HAYEH
kak C = [ck,1Jo<k<M,0<i<2M- B JaHHOM OJIOKE BBIIONHSETCS YMHOKEHUE
BBIXOJIOB TOJM(PA3HBIX KOMIIOHEHT HA MATPUILY KOCUHYCHOU Mopysiuu C.
Boixox z(n) coorBerctByeT GbTpy Hy(2).
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zo(n)  z1(n) zyp-1(n)

Puc. 8. [Tomudasnas ctpykrypa HKMB®

5. PacuéTHble BhIpaxkeHusi. B naHHOM pasnene Oyaer MoOKas3aHo,
KaK BbIPa3UTh 3aBUCUMOCTb 4YacTOTHHIX xapakTepuctuk HKMB® or
K03(pHULNEHTOB (PUIBTPA-NIPOTOTUIA ITPU IOMOIIY BEKTOPHO-MAaTPUUHBIX
ornepanuii. [JlaHHbIE BhIpakeHUs1 OyOyT B AaJbHEHIIIEM HCIIOIb30BaThCs MPU
pa3pabdoTKe METOAa ONTUMH3ALMH (PUIIbTPA-IIPOTOTHIIA.

YacroTtHyto xapaktepuctuky KUX-¢puiaprpa yétHoro nopsigka N ¢
JIMHeHHOM! (ha30-4aCTOTHOH XapaKTepUCTUKON MOJKHO 3alMcaTh B BUJE:

H(e¥) = e IN=D/2CT ()h, (11)

rae

Clw) = {2cos (%)2005 (3;)..2005 <(N_21>“)]T (12)
(IR T
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I/l HaJCTPOUHBIA 3HaK . O3HAYaeT TPAHCIIOHUPOBaHME, |a| — omepauus

OKpYIJIEHUS YUCiIa @ A0 ONVDKAHIIero Leaoro Yucia, KOTopoe MeHbLIe WK
PaBHO a.

Ucnonpzys (11) 3anmiueM BblpakeHuWe [Jis pacuéTa 4YacTOTHOH
xapaktepuctTuku KMb®:

H;, (ejw) _ akbkefj(Nfl)w/ZCT( )hW(k-‘rO ,5)
+5k5k67j(N71)“’/2CT(w)hWQ_A(f—'_Oﬁ). (14)

Panee 6buto nokazano, uro HKMB® nony4daercst uz KMB® nytém
0TOOpakeHHsI YaCTOTHOI OCH, CJIE0BATEIBHO €r0 YACTOTHYIO XapaKTePUCTHUKY
MO>KHO 3aIicaThb B BUJIE:

Hy, (/) = apbye N -10()/2CT (@, (w) ) hWir ™V +
Fapbpe TN DO@/2CT (9, (W))W Wy, OV (15)

Boipaxenue (15) MOXHO HCNONB30BaTh [JIsI CO3/IaHUSI MPOLEAYPHI
ontumu3auuu ¢puisTpa-npororuna HKMB® s annpokcumanun AYX bI'®. B
JaHHOM CJlydYae HaCTPOSYHBIMH IapaMeTpaMu OyayT Ko3(pPpHUIMEHTH (prIbTpa-
npororuna h. Takoit nogxon 6bU1 paHee npuMeHeH B padote [23].

ITpu anamuze Buga AYX BI'd 1 HKMB® (pricyHOK 6) MOKHO 3aMETHUTB,
YTO YaCTOTHBIE XapaKTePUCTUKU FAMMAaTOH-(PUIBTPOB MOHOTOHHO CNaJal0T
OTHOCUTEJILHO LIeHTpaJibHON YacToThl.B TO ke BpeMss AUX HKMbB® umelor
KoseGaHus B rosioce 3arpakjeHus. Takum odpazom, 1uis anmpokcumanmi AYX
BI'® ¢ ucnonszoBanrem HKMB® HeoO0x0aumMo 00ecreunTh MOHOTOHHOCTD €r0
YaCTOTHBIX XapaKTEPUCTHK. [t JOCTHKEHUS JaHHOH 1171, B COOTBETCTBUH CO
CBOMCTBOM npeoOpa3oBanusi Pypbe, IMIYJIbCHAsI XapaKTEPUCTUKA (UIIbTPaA-
npororuna HKMB® nomkHa ObITh MOHOTOHHA U HE TIepECeKaTh YPOBEHb
HYJIS.

Hns  co3manus  ¢uibTpa-porotuna HKMB®  mnpepnaraercs
UCIIOJIb30BaTh (DYHKIIMIO JIOTUCTUYECKOrO CUTMOK[A, 4aCTO UCTIONIb3YEMYIO B
MAIIMHHOM 00YyUYEeHUH:

1
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BpiOop JnaHHOI (PyHKIIMM OOYCJIOBJIEH €€ MOHOTOHHOCTBIO, a
Tak)ke OTCYTCTBHEM MEpeXO/l0B yepe3 Hyilb. Takike CTOUT 3aMETHUTh, YTO
(pakTruecku TpebyeTcsl MOMYYUTh TOIBKO MOJIOBUHY PeasIbHOM MMITYJILCHOM
XapakTepucTuKu (Bolpaxkenue (13)), BTOpas ToOJOBMHAa 0OOpasyercs
CHMMETpPHYHBIM oTOOpaxeHueM. Takum oOpasom, npeasaraeTcst (GOpMUPOBATH
nosioBuHy (msTpa-nporotunia HKMB® ¢ ucnons3oBanneM cregyomei
MyﬂbTI/IHJ'II/IKaTI/IBHOﬁ MOJCIIN:

p(t)=A]J okt +b,), >0, A>0. (17)

OueBujiHO, 4TO p(t) SABJISETCS MOHOTOHHO-YOBIBAIOIIEN (hYHKIMEIA,
TIOCKOJIbKY OHa TPEeACTaBIIseT COOO0M MPONU3BeIeHNE MOHOTOHHO-YOBIBAIOLINX
JIOTUCTUYECKHUX CUTMOMIOB. B CBsI3M ¢ TeM, 4To p(t) SBJISIETCS HEMpephIBHOIL,
TO HEOOXOANUMO BBIIOJIHUTH €€ AUCKPETH3ALMIO COITIACHO BBIPAKEHUIO:

p(n) =p(nAT), AT = nzO,l,...E—l. (18)

rae fp, — HapaMeTp JMCKPETH3aLy, ONpeJessOil PacCTOSHUE MEkIy
COCEeTHUMH OTCYETaMH AWCKPETHU3MPOBAaHHON (yHKIMM (B JajgbHEHIINX
npuMepax KCHOMb30BaI0Ch 3HaYeHue fj, = 24), p(n) — MONOBUHA UMITYJIbCHOM
XapaKTePUCTHKYU (PUIBTPA IPOTOTHIIA:

h = [p(0)p(1) ... p(N/2 = 1)]" . (19)

Ha puicyHke 9 okasaH npuMep 00bIMHOT0 (UIIbTPa-MPOTOTUIA Royig (1)
C HEMOHOTOHHOH MMITYJIbCHOM XapaKTepUCTUKON U (PUIBTP, MOTyUEHHbIN C
VICTIOIb30BAHIEM MyYJbTUIUIMKATUBHON CUTMOMAHOM (DYHKIHY — Rgigm (7).

MOXHO 3aMeTUTh, YTO ANA Moprig(1) YACTOTHASE XapaKTEPUCTHKA
COIEPKUT MHOKECTBO HyJIEil 1 HEMOHOTOHHA B I0OJIOCE 3ajepXuBaHus. B
CJIyJae ¢ UCIIOJIb30BAHUEM CUTMOMAHOM (DYHKIIMM M UMITYJIbCHAS!, M YaCTOTHAS
XapaKTEePUCTUKK 00JaJaloT CBOMCTBOM MOHOTOHHOCTH. Ilapamerpusanus
(17) 6yner ucnonb3oBaHa B IpoIiecce ONTUMU3ALMK (PUIBTPA-TIPOTOTHIIA
NIPY TIOMOIIM METO/Ia I'PAJANEHTHOro crycka. EcTecTBeHHO, YTO rpajMeHT
MOXHO OBLIO OBl BBIYMCIIATH HEMOCPEJCTBEHHO MJIs KaXAOro oTcyera
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MMIYJIbCHON XapaKTepUCTHKH (BeIpaxkeHue (19)), ogHako B 3TOM cilydae
HEJb3sl TapaHTUPOBaTb MOHOTOHHOCTb PE3YJbTUPYIOLIEH HMITYJIBCHOMI
xapakTepucTtuk. Kpome Toro, BBeieHHas napamerpusanus (17) 3HauMTeIbHO
YMEHBIIIAET YKCII0 ONTHUMHU3MPYEMbIX TapaMeTpOB.

0.03 Porig(12) . [ Horig(f)]
[7a]
-20
£0.02° °
z g 40
= 3
E 0.01 E -60
= =
< = -80
0 <
-100
0 50 100 150 200 0 2000 4000 6000 8000
Howmep orcuéra, n Yacrora, 't
hsigm(n) | Hsigm ()]
0.025 0
< 0.02 B 20
¢ <
20015 = 40
=
E 0.01 ¢ E -60
Z0.005) = 80
0 <
-100
0 50 100 150 200 0 2000 4000 6000 8000
Howmep otcuéra, n Yacrora, '

Puc. 9. Ummnysbcubie xapakTepuc KA U AUX horig(n) U hsigm (1)

6. Ontumusamus duisTpa-nporoTuna. Ontumusanusa GuiIbTpa-
nporotunia HKMB® ocHOoBaHa Ha MMHMUMH3alMM KBaJPaTUYHON OIIMOKU
(anen. RSS — residual sum of squares) mexay AUX BI'® ’H 4 (ej ‘*’) | u HKMB®

(|H,§ (e79(«)) ’) B K&XKJIOM KaHaJIe:

M—2
RSS =3 (\Hg ()] — ‘H (636(“))‘) (20)

w k=1

[Tpu pacyére OMMOKM NpeaJIaraeTcs He yYuThBaTh NepBblii (K = 0) u
nocnennmii KaHaisl (K = M — 1), nockonmeky y HKMB® oHE COOTBETCTBYIOT
(pUIBTPY HIKHUX U BEPXHUX YacToT, a y BI'® — nosocoBbM (priibTpam, 4yTo
MPUBOJIUT K HEKOPPEKTHOM 3a7aue amnmpoKCUMALMHY M10JI0COBOT0 (pUIbTpa Mpu
nomor ®PHY u ®BY, coorBeTcTBeHHO. MuHnvu3anusa (20) BHITOTHSETCS
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OTHOCHTEJIbHO TNapameTpoB A, k., b, MyIbTUIUIMKaTMBHON CHTMOMIHOM
¢ynkmu puneTpa-npororuna (17).

O61mas cxema IpelaraeMoro MeToja pacuéra (puabTpa-npoToTHIia
nokaszaHa Ha pucyHke 10.

/

Hnuyuanuzayus
dopmupoBaHue
HavasibHble 3HaueHMs! AUX 6anxa Bbruncienne
A7 kr7 by raMMaToH-(QHIETPOB > dynknuE noteps
HY (e7%) RSS

Y

l PyTorch

IMapamerpsr Burmeretie Borncaenie ATX Bbruucnenue rpaauenTa
k03 dunEeHToB HEPABHOIIOJIIOCHOTO
(ubTpa-npororuna RSS no mapamerpam
A ¢$unsTpa-npoToTHIA KMb®
s Ky A, ky
p(n)

Hi(e79) ‘

Puc. 10. Cxema MeTona pacyera (puIbTpa-mpoOTOTHIIA

Ha mavanpHOM 3Tame mpoucxomut ¢opmupoBanne AUX OaHka
raMMaToH-(PHIbTPOB |H 4 (ej“’) ] Jlanee BHINONHAETCS WHUALMAIA3ALUS
napametpoB mojenu A, k.., b, ¢pynkuuu (17) u Beruncienue ko3ppuieHTon
¢dunbTpa-nporotina  p(n) (Belpaxenue (18)). Cruepyommm —miarom
paccuntbiBaetcs AUYX HKMB® ’H,g (ej@(w))’ HAa OCHOBAHUM TEKYIIUX
sHayeHuil p(n). danee Bbraucisercs 3HadeHue (QyHKIuU OmMOKM RSS
U TocleAyoomas e€ MUHAMH3AlMu cpeactBamm Ouoimortekn PyTorch.
Bosmoxa0CcTh aBTOMaTH4YecKoro gudgeperunposanus Py Torch ncnonssyetcs
JUIsl BBIYMCIIeHHs TpaauenTa pyHkuuu omubku RSS no napamerpam A, k,
curmousiHoi pyHKImu. CTOUT 0OpaTHUTh BHUMaHHUE, 4TO MO MapamMeTpy b,
3HaYeHNe I'paJiieHTa He BBIYMCIISUIOCH, JIaHHBIN HapaMeTp (PUKCHpOBasCs
B TIporiecce WHUNMANMM3anuyd. MuHuMmm3ams ¢GyHkipm ommokn RSS
BBITOJTHAETCSI UTEPATUBHO NPY MTOMOIIY METO/Ia IPaJEeHTHOTO CIIyCKa.

IMpouecc MHULMAIM3AUMM  BBIIOJHSUICS CJIECAYOIMM 0Opa3oM.
HauanpHoe 3Ha4YeHue mapameTpa A ycTaHaBIMBaaoCch paBHbM 0,08, 3HaueHUs
napameTpa k, BHOMpAIMCH W3 JManasoHa |—i..;| ¢ mwarom 1/2R.
[TapameTps! b, ycTaHaBIMBAINCH PaBHBIMU 1,5.

[IpennokeHHBIIA METOA ONTHMH3ALUKM (PUIBTPA-IPOTOTHIIA ObLI
pear30BaH IIPOrpaMMHO Ha s3bike Python.

7. dxcnepuMeHTAJIbHBIE HCCJeI0BaHMA. B kadecTBe npumepa
cuHTe3upoBaics 20-KaHaJbHBIA OaHK (PUIBTPOB, Y KOTOPOT'O LIEHTPAJIbHBIE
YacCTOTHI BHIOMPAIIMCh B COOTBETCTBUH C IICUX0AKYCTHYECKOI 1Kanoi bapkos.
20 xkputnyeckux noinoc (T.e. 20 bapkoB) 3aHMMAIOT YAaCTOTHBIA AMANa30H
ot 0 mo 6400 T'u, a Ge3 yuéTa nepBoii M MOCIEAHEN MOIOCH], KOTOpPbIE HE
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Y4acTBOBAJIM B IPOLECCe ONTUMHU3AIMU (PUIBTPA-MPOTOTUIIA, UTOTOBBIN
4acTOTHBIN quana3oH coctaBui [100, 4400] I'n. [Topsanok ¢puibTpa-nporoTuna
N =2mM = 2-5-20 = 200, yactora guckperuszanuu fs = 16 I,
KOJIMYECTBO CUrMOouA R B Moesn (pHIbTpa-IPOTOTHIIA H3MEHSUIOCH OT 2 10
14 c warom 2.

B mpornecce oOyueHusi uisi MUHUMM3AUUU (pyHKIMU omubku (20)
WCTIONIb30BAJICS aIalTUBHBIA METOJ TpaJMeHTHOro crycka Adam [24], a
Tak:ke aganTtuBHbI MeTon Adadelta [25]. Brauane 100 am0X onTUMHU3aIus
BBIIUTHsUIACh NpH nomoiu Adam, a cieaymomuye 50 3m0xX — npu HOMOIIA
Adadelta. [Is ontumm3aropa Adam mapameTp CKOPOCTH 0OyUYCHHS 3a/1aBajICs
paBubiM 17 = 0,005, a misa Adadelta n = 0,15. BoiGop OBYX pasHbIX
ONTUMHU3ATOPOB 00YCJIOBJIEH TeM, uTo Adam no3BosisieT 3(pheK TUBHO HATH
00J1aCTh C JIOKaJIbHBIM MUHUMYMOM (pyHKIIMK ommOkH, a Adadelta — mo3Bossiet
BBITIOJTHATH «TOHKYI0» HACTPOMKY ONTHUMHU3UPYEMBIX ITAPAMETPOB.

B pesynbraTe npoBeeHUs SKCIIEPUMEHTOB OBLIH TIOJTyYeHBl 3HAUCHUS
(ynximu ormbku RSS jis pasHoro konudectsa curmous R (tabnuna 1). Ecnm
0003HaunTh Yepe3 RSS i 3HaueHUe oMMOKY, OTy4YaeMOoe IPY KCIIOIb30BAaHUN
R curmonp, To UCTIONB3Y Sl BHIpaKeHUE

RSS, — RSSp
Dp=—"——" """ %100
R RS, H00%

MOKHO OIIEHWUTH B MPOIIEHTAX CHIKCHUE OLIMOKM 10 OTHOIICHHIO K «0a30BOi»
MoJiesI (PUJIbTPa-MPOTOTUIIA HA OCHOBE JIBYX curMou . [ToydyeHHble 3HaYeHue
Dp, npuBeneHs! B Tadsmie 1.

Ta6m/1ua 1. PeByJ'II)TaTLI 9KCNEPUMEHTATILHOI'O UCCIIENOBAHUA

Yucio curmoun R 2 4 6 8 10 12 14
RSS 6,297 | 6,120 6,101 6,093 6,086 6,082 6,079
Dgr - 2,81% | 3,11% | 3,24% | 3,35% | 3,41% | 3,46%

W3 tabmunpl 1 BUAHO, YTO MPHU YBEJIMYSHUH KOJUYECTBA CUTMOM]L
3HauYeHUe 1eJieBoil pyHKImm ommoku RSS ymenbmaercs. B To ke Bpems,
nocJie 3HaueHuss R = 8 ommbka yMeHbIIaeTcs HesHauuTe bHO (Meree 0,12%
TIPY YBEJIMYCHUH YFICJIa CATMOH/] Ha /IBa), TOTOMY B IAHHOM CITy4yae 3HaYeHHe
R = 8 MOXXHO CUMTaTh palliOHAIBHBIM.

Ha pucyske 11 nokasan rpaduk nameHnenus: pyHkuuu omuoku RSS B
3aBUCUMOCTH KOJIMYECTBA UCIONb3yeMbIX curmoui R. I3 pucyHka BUiHO, 4TO
nociie 90 310X OmMOKa CHUKAETCS, HO HE3HAUUTEIBHO.
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Puc. 11. I3ameHeHue (pyHKIMH OMIHOKH

Ha pucynke 12 nokasaH mpouecc «KOHCTPYMPOBaHHUS» (PUIIbTpa-
npotoTuna u3 curmous npu R = 8. U3 pucyHka BUAHO, YTO «HUKHHUE»
5 curmMou1 BHOCST OOJIbIIHIA BKJIAJL B UTOTOBYIO MOJIENb (PUIIbTPa-NPOTOTHIIA,
4yeM 3 CUrMOUJIBI, OJIM3KYE K psiMoii (hopme Ha ypoBHE okoiio 0,8.

o(kt+0b, o(kt+0b
1 (ks +5,) oo IL o(ht +b,)
08 0.025
s = 0.02
20.6 S
& &
g £0.015
s s
Z 0.4 Z
0.01
02 0.005
0 : : ; 0 ‘ :
0 20 40 60 80 100 0 20 40 60 80 100
OTcYérhl, n OtcuéThl, n

Puc. 12. Jloructiyeckre CUTMOU/IB M IMITYJIbCHASI XapaKTEPUCTUKA
(punbrpa-nporotuna npu R = 8

HesnauntenbHoe cHmwkeHue 3HavyeHHs ommoOku RSS mpu R > 8
00YCJIOBJICHO TEM, UTO TP yBEIMICHAN 3HAUCHNsI R HOBbIE CUTMOM/IBI ITOCIIE
ONTUMH3alIUN HEJIEBBIX MapaMETPOB CTAHOBATCA 6}11/13KI/IMI/I K IIOCTOSAHHBIM
3HAYEHUSIM U HAXOIATCS JIOBOJIBHO OJIM3KO, a CJIeJOBATENIbHO, BHOCST MaJIblii
BKJIAJ] B UTOTOBBIA BH[I (DUIIBTPA-IIPOTOTHIIA.
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Takum 00pa3oM, palMOHAIBHBIM KOJMYECTBOM CHUIMOMJ ISl
noctpoeHust puIbTpa-npoToTUNa siBjsercsi K = 8, npu 3TOM 3HavYeHUe
(pyskmm ommoku cocrasiser RSS = 6,093.

B pabore [23] mpoBoAMIOCH CXOXee UCCIIeOBAHIE TT0 BOZMOKHOCTH
armpokcumat AYX BI'® npu nomonm HKMB®. B koHTekcTe naHHOI
3a/1aYM TaKXe BBIIOJIHSIACH onTUMH3anus ¢punbTpa-npotrotuna HKMBO®.
[Tpu aTOM HavasIbHOE NPHOIMKEHUE (PUIBTPA-TIPOTOTHUIIA CUHTE3UPOBAIOCH
KJIaCCUYEeCKMM OKOHHBIM MeTOAOM. [Ind pelleHus MOCTaBJIEHHON
3a/laul MUHUMH3HMpoBanach ¢yHKuus ommoku (20). B padore [23]
s muanvmsan (20) ucnonszoBanace MATLAB-¢yskims fiminunc, B
KOTOpO#l He y4uThIBajach MH(OPMAIUS O rpajueHTe (PYHKIUU OIIUOKH.
B kayecTBe ONTUMH3MPYEMBIX MapaMeTPOB BBHICTYNAIM HEMOCPEACTBEHHO
ko3 duuuenTs (puabTpa-nporoTUna. B pesynbrare OBUIM  TONYYEHBI
yactoTHble XapakTepuctiku HKMB 6:m3kue o Buny k BI'® (pucynok 13).

‘lq ‘

0 1000 2000 3000 4000 5000 6000 7000 8000
YacroTa, 't
Puc. 13. AXY BI'® u ontumusuposanHas 1o metony [23] AYX HKMb®

i al iwp @Nm‘

V \

Amnpokcumanuss AYX BI'® mnonydyeHHas C HCHOJIb30BaHUEM
NpeJIoKeHHOro MeToaa il R = 8 npencrasieHa Ha pucyHke 14. BuaHo,
YTO B pe3y/lbTaTe ONTUMHU3AIMU KO3(P(PUIMEHTOB (UIbTPA-IIPOTOTHIIA
AYX HKMB® noBosbHO 65m3Ka k Tpedyemoit AUX BI'®. [{ns cpaBHeHust
JAHHOTO pe3ynbTaTta ¢ npeapaymum [23] (pucyHok 13) BerauciaeHa (hyHKIUA
ommoku (20). Jns ammpoxcumariviu BI'® mo merony [23] RSS = 5.752, a
Juist ipejuioxkeHHoro Metoga RSS = 6.093. D10 cBUAETENBLCTBYET O TOM,
gyT0 BemumHa RSS B 060mx ciaydasx comoctaBuma. OmHako mo Bugy AUX
MOXHO CJE€JaTh BBIBOJ, UYTO IPEJIOKEHHBII METOJ IMO3BOJSET MOJYyYUTh
annpokcuManmio bI'd ¢ MOHOTOHHBIMU ClIalaMy YaCTOTHBIX XapaKTEPUCTHUK.
OunbTphl, NONy4YeHHble MO0 MeToay [23], umeroT KojeOaHWs B IMOJOCE
ocyabnenus Ha ypoBHe —43 1B, 4To sIBJIsieTCsl HeraTUBHBIM (haKTOPOM C TOUYKHU
3peHHs MOCJIEAYIONIero UCIOIb30BaHNsl OaHKa (PUIbTPOB AJIs1 4YaCTOTHOTO
aHaJIM3a B MOJIEJISIX CITyXOBOTO BOCTIPUSTHSL.
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Puc. 14. AXY BI'® u ontumusupoBanHass AYX HKMB® npeanokeHHBIM METOIOM

Ha pucynke 15 moka3zassl ummysscHbie xapaktepuctuku BI® (g(n)) u
nosydyerHoro HKMB® (h(n)) ¢ neHrpanbHsiMu dactotamu f; = 161 T,
fo=500Tu u f;3 1057 T'u. U3 pucyHKka BUAHO, YTO HMMIIYJbCHbBIE
XapaKTEePUCTUKU CXOXKH N0 cBoeMy Buay, onHako y HKMB® oHu c1BMHYTHI BO
BPEMEHH, UTO TOBOPUT O OOJIbIIIEH rpynoBoii 3ajiepxkke. [JaHHas 0cOOEHHOCTD
MOXET WMeTh 3HaueHHWEe B IPWJIOKEHUSX, KOTOpblE OPHMEHTHPOBAHBI Ha
00paboOTKy CHUTHaJIa B pealbHOM BPEMEHH C HU3KOW 3aJep:KKOi (Harpumep,
B CJIyXOBBIX ammaparax).

g x 1073 g(n) g h(n)
AN i g N i—atwn]
=50 \/ VA = 0 \/\ vr\
=] =]
s\ : \
< =JE T T T z -0.01 L " i L
0 200 400 600 800 1000 0 200 400 600 800 1000
OTCYETHI, N OTCUETHI,
g g(n) S 00 h(n)
= 0.01 T : X
= "l pown| I
] 0 AV UV A E 0 AVAVVUVAVAV
= =]
S Il S
< -0.01 < -0.02
0 200 400 600 800 1000 0 200 400 600 800 1000
OTCYéThI, N OTCUETHI, N
g g(n) 2 0o h(n)
E‘ 0.01 ‘ £ = 1057 T E o ‘ f3= 1057
= 0 g 0
0,011 ! ! - g | ‘
= =
< -0.02 < 2
0 200 400 600 800 1000 0 200 400 600 800 1000
OTCcYéThl, n OTCYETBI, N

Puc. 15. UmnynscHble XxapakTepucTiku BI'® u nonyyennoro HKMB®

8. AHajm3 BHIYNCJIUTENbHOI CI03KHOCTH. B paboTte [22] npuBeaeHs!
Ppacy&Thl BEIYUCIUTEbHON cioxHocTH peanu3auun HKMB®. 3atpatsl no
YUCIly YMHOXeHHHA U cioxeHuid npu peanuzaunu HKMB® nokaszansl B
Tabmmne 2.
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Tabmuma 2. 3arpatsl Ha peammzano HKMB®

Brok Yucno cioxeHuit Yucao yMHOKEHUI
Ilenouka  a3oBBIX 2(N —1) N—-1

3BEHbEB

Tlomudasuelii pumbTp- N —2M N

HPOTOTHI

Biok Moy 1AMy % logy (M) + M % logy (M) +2M
Bcero BN — M + Jlogo(M)—2 2N + 3 logy(M) +2M — 1

Hnsa cpaBHeHus npsmoi peasmsauyu bI'® u HKMbB® nposenén
skcnepuMeHT. st atoro Obu1 cuHTe3upoBaH 100-kaHanpHbIi BI'® c
LEHTPaIbHBIMU 4aCTOTAMU B COOTBETCTBUM C IICUXOAKYCTHUECKON IIKAJION
Bapkos, yactora nuckperusanmu fs = 16 kI['11. TeopeTndeckn UMIyIbCHBIC
xapakTeprucTki BI'® GecKOHEYHBI, OJJHAKO NPH MPAKTUUECKON pean3alum
OHHM JIOJDKHBI ObITh OrpanuueHsl. [Ipsimas peaymmsaums BI'® BuimonHseTcs
B Buae Haoopa KUX-punbTpoB ¢ pa3inyHON JUIMHON HMMITYJIbCHOM
xapakTepucTuky. C yBeJIMYEHHEM BPEMEHHOrO MHAEKCA 1 aMILUIUTYHOHbIE
3HAYEHHS HMMILYJbCHBIX XapaKTepUCTHK raMMaTOH-(bUJIbTpa 3aTyXaloT U
CTpeMSATCS K HYJTO (PUCYHOK 5). OrpaHNYeHNE UMITY/TbCHBIX XapaKTEPUCTHK
BI'® BBIMOTHANOCH My TEM OTOpACBIBAHKSI OTCUETOB € aOCOMIOTHOM aMILTUTY/IO#
Huxke yposHa 10~ 7. CyMMmapHas JJIMHA MMITYJIbCHBIX XapakTepucTuk BId
nociie ycedeHus cocrauia 41100. Takum o6pazom, a1t PSAMON peann3aniy
Takoro 6aHka (puabTpoB HeoOxoanumo 41,1 Teic. MAC-omnepanmii.

JlJIs1 cCpaBHEHHS BBIYMCIIATENBHON CIIOKHOCTH, PACCMOTPHUM TEIEPh
3arpathl Ha peaymzanio 100-kanamsHoro HKMB® (N = 2mM = 2-5-100 =
1000). Moxcransis 3HayeHus N u M B pacy&THble BHIpaKeHMsI U3 TaOIUIIBI 2
TIOJTyYMM UTOTOBBIE 3aTpaThl Ha peanu3aruio fanHoro HKMB®: 2209 onepauuit
yMHOXxeHus u 2901 cnoxeHuit.

TakuM  oOpa3oMm, cudTas ONEpalMi0o  yMHOXeHUs1  Oosee
«JIOpOTOCTOAIEN» C BBUMCIUTENBHONW TOYKM 3pEHMs, peaan3alus
HKMB® B 41100/2209 = 18,6 pa3 a¢pekTrBHEE, YeM MpsAMast peatn3ariust
BI'd.

Takxe u3BecTeH Merop anmnpokcumauuu BI'® ¢ wucnonb3oBannem
rpe6eHku BUX-puibTpoB, COCTOSIINX U3 KacKaaa OMKBaIpaTHHIX 3BeHbEB [26].
INomHoOLEHHOE cpaBHEHME MPeMIOAKEHHOM annpokcumanuu BI'® ¢ metonom,
MPEeICTABJICHHBIM B [26] BEIXOAMT 32 paMKH JAHHOTO UCCliefoBaHus. Tem He
MeHee, MOXHO OTMETHTb, UTO ucnoib3oBaHue BUX-punbTpoB ocobeHHO npu
peanu3anuu B apucMeTuKe ¢ GPMKCUPOBAaHHOM 3alTON IPUBOAUT K Aerpajaluu
JaCTOTHBIX XapaKTEPUCTHK (PUIbTPOB U3-32 OIMOOK KBaHTOBaHus. bosee Toro,
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npeaJiaraemblil noaxon ammnpokcumauuu bI'® ¢ ncnonszosanuem HKMb®
MMeeT NPEUMYLIECTBO B TOM OTHOLIEHHH, YTO MOJIOKEHME LIEHTPAJIbHBIX YacTOT
raMMaTOH-(PMJIbTPOB 3aBUCUT OT 3HAYEHMS OJHOTO MapaMeTpa & U MOXET
M3MEHSAThCS B Mpolecce padoTsl. Mi3MeHeHne eHTpallbHbIX 4acTOT raMMaTOH-
(puIbTPOB MpH KCMONB30BaHUK MeTona [26] nmpuBeneT K HEOOXOIUMOCTH
nepecyera ko3 dunuentoB Bcex BUX-puibTpoB B rpedeHKe.

9. 3akuaoyenue. B padore paccMoTpeHa a¢ppexTUBHAA
peanmu3auus BI'® npu nomomu HKMB®. Ipennoxen MeTon nocTpoeHus
¢unbrpa-nporotuna st HKMbB®, HoBM3Ha MeToaa 3akiodaercsi B
WCTIOJIb30BaHNH MYJIbTHUIUIMKATUBHOIN CUTMOMJHOM (DYHKIINH, TTO3BOJISTIONIEH
aNMpoOKCUMHUPOBaTh Xapaktepuctuku BI'®. [peasnoxeH crocod onTuMu3anym
(unbTpa-nporoTvna 3a CYET MHUHUMM3ALUHK (PYHKIMU OIIMOKK MEXIY
AUYX BI'd u HKMB® B kaxnom kanane. s npoBepku 3(pdeKTuBHOCTH
MPeJIOKEHHOTO METO/Ia BHIIIOJIHEHAa ero IporpaMMHasl peajd3auusi Ha
Python ¢ ucnonb3oBanuem 6udmorteku PyTorch. PesynbTarhl sKcriepumeHTa
MOKa3aJM, 4TO MoiydeHHele AYX [0CTaTOYHO TOYHO AanmpOKCHMHPYIOT
AYX BI'd. Ilomumo TOrO, MNpeAsoKeHHBII MeTon pacuyéra BI'®, B
OTJINYME OT CYIIECTBYIOIIUX MOAXOI0B, MO3BOJIAET MOJy4YyaTh MOHOTOHHBIE
crajgpl YaCTOTHBIX XapaKTepUCTHK OaHKa (hbuibTpoB. BhimmonHeH aHamm3
BBIYMCJIMTEIBHON CIOKHOCTH peaym3anyy BI'® mpennoxeHHbIM MeTOIOM
1 B mpsAMoit popme. Pacduérsl mokasanm, 4To NMpeiokeHHas pean3amys B
18,6 appexTHBHEE C BEIYMCIUTENLHOM TOUKHM 3PEHUS B CIydae, KOraa YHciIo
KaHasoB OaHka puibTpoB paBHO 100.
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M.I. PORHUN , M.I. VASHKEVICH
EFFICIENT IMPLEMENTATION OF GAMMATONE FILTERS
BASED ON WARPED COSINE MODULATED FILTER BANK

Porhun M.I., Vashkevich M.I. Efficient implementation of gammatone filters based on warped
cosine modulated filter bank.

Abstract. The paper presents an effective implementation of a gammatone filter bank
(GFB) based on a warped cosine modulated filter bank (WCMFB) using an allpass transform.
Examples of practical tasks in which a GFB is used are considered, and its main features and
disadvantages are analyzed. A description of a uniform cosine-modulated filter bank is given, and
the process of synthesis of a WCMFB using all-pass transform is shown. An optimization method
for designing a WCMFB prototype filter to approximate the frequency characteristics of GFB has
been developed. The method is based on a multiplicative model of the impulse response of the
prototype filter using logistic sigmoid functions. The essence of the proposed method is to optimize
the prototype filter in order to minimize the RMS error between the frequency response of the
GFB and WCMEFB for each channel. A software implementation in Python using the PyTorch
library has been performed. Experimental studies of the proposed method have been carried out.
The experimental results showed that the WCMFB can be used to approximate the frequency
characteristics of the GFB, and the resulting frequency response has monotonic declines due to
the use of logistic sigmoid functions. The resulting GFB frequency characteristics approximation
error dependence on the number of sigmoids used in the prototype filter is analyzed. The analysis
of the computational complexity of the WCMEFB is performed, and it is shown how the number
of addition and multiplication operations depends on the length of the impulse response of the
prototype filter and the number of channels of the filter bank. It is concluded that the use of the
WCMEB for the implementation of the GFB can significantly reduce the computational costs of
implementing gammatone filters compared with direct implementation.

Keywords: gammatone filter bank, warped cosine modulated filter bank, auditory filters,
polyphase implementation, all-pass transform, PyTorch.
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Abstract. IoT devices are crucial in this modern world in many ways, as they
provide support for environmental sensing, automation, and responsible resource conservation.
The immense presence of IoT devices in everyday life is inevitable in the smart world. The
predominant usage of IoT devices lurks the prying eyes of intentional hackers. Though there
are several precautionary security systems and protocols available for generic wireless
networks, it is observed that there is a need to formulate a state-of-the-art security mechanism
exclusively for IoT network environments. This work is submitted here for the betterment of
IoT network security. Three dedicated contributions are integrated in this work to achieve
higher security scores in IoT network environments. Fast Fuzzy Anomaly Detector, Legacy
Naive Bayes Attack Classifiers, and Variable Security Schemer of Rivest-Shamir-Adleman
algorithm are the novel modules introduced in this work abbreviated as ASORI (Attack
Specific Security Optimized RSA for IoT). Captivating the advantages of the onboard IoT
certification mechanism and selecting a dynamic security strategy are the novelties introduced
in this work. ASORI model is tested with industrial standard network simulator OPNET to
ensure the improved security along with vital network performance parameter betterments.

Keywords: Internet-of-Things (IoT), network security, fuzzy anomaly detection, Naive
Bayes classification, RSA.

1. Introduction. An IoT device is an electronic device that is
embedded with one or more sensors, internet connection ability, data
processing ability and optional drivers or actuators [1]. Literally, they are all
small embedded devices equipped with at least IEEE 802.11 wireless
communication capability. IoT devices are omnipresent these days, and that
takes place in almost every automation and other operations [2]. From
agricultural to industrial automation, the Internet of Things (IoT) has
reformed several industries by combining daily objects and devices with the
Internet, enabling them to collect, share, and exchange data. IoT
applications span a wide range of sectors, from smart homes that allow
remote control of appliances and thermostats to healthcare where wearable
devices monitor vital signs and transmit patient data for remote diagnosis.
Industrial IoT optimizes manufacturing processes through real-time
monitoring of machinery and predictive maintenance, while agriculture
employs IoT for precision farming, optimizing irrigation and monitoring
crop conditions. Smart cities utilize IoT to enhance urban services, such as
intelligent traffic management and waste management systems [3]. As [oT
continues to evolve, it holds the potential to enhance -efficiency,
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convenience, and sustainability across numerous domains, transforming the
way we interact with the world.

An attack on IoT is one of the spiteful attempts to utilize weakness in
internet-connected devices. Internet-connected devices can be smart home
devices or industrial control systems, even medical devices [4]. Ifan
attacker could obtain control of any of these devices, he could abuse
sensitive data or even destroy a system. Since [oT devices are cost effective
the computational resources are used to be very limited. This limited
resource nature is prone to several attacks that cause network instability [5].
The heterogeneous property of IoT nodes is also an important gateway to
malicious attacks. Following a standard static security method is not
sufficient to maintain acceptable security in IoT network environments [6].
Most modern life-supporting systems are developed using [oT devices. Any
possible threat to these IoT devices can cause severe physical consequences.
Therefore, it is important to devise a precise lightweight dynamic security
system for [oT network environments.

2. Existing Methods. A set of relevant existing methods is taken
here to understand the fundamental principles, methodologies, advantages
and limitations of IoT network security. Securing Wireless Sensor
Networks Against Denial-of-Sleep Attacks Using RSA Cryptography
Algorithm and Interlock Protocol [7], An authentication information
exchange scheme in WSN for IoT applications [8], Fog-assisted secure
healthcare data aggregation scheme in IoT-enabled WSN [9], A secure IoT-
based mutual authentication for healthcare applications in wireless sensor
networks using ECC [10], and Towards an improved energy efficient and
end-to-end secure protocol for IoT healthcare applications [11] are the
methods examined in this work.

2.1. Securing Wireless Sensor Networks against Denial-of-Sleep
Attacks Using RSA Cryptography Algorithm and Interlock Protocol. In
2019, in study [7] the authors presented Abnormal Sensor Detection
Accuracy with RSA (ASDARSA) work to protect IoT networks in
particular for Denial of Sleep (DoSL) type attacks. Energy and Distance-
based cluster head selection methodology, and RSA Cryptography based
interlock protocol are the two phases defined in ASDARSA work. The
standard RSA algorithm is used in this ASDARSA work for key generation,
encryption and decryption. The novelties identified in ASDARSA work are
an introduction to an energy consumption model, a Cluster head selection
procedure, a dedicated DoSL prevention procedure, and cluster-level node
authentication. NS-2 network simulator is used to evaluate the performance
parameters such as throughput, packet delivery ratio, detection range,
residual energy and lifetime of the network. Preliminary assumptions such
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that nodes are homogeneous and placed statically, cluster head can only
communicate with the base station, and a constant communication rate is
followed in ASDARSA work.

Higher security against DoSL-type attacks is the noted advantage of
ASDARSA work whereas decreased network performance and lack of
security against modern attacks are the identified limitation.

2.2. An authentication information exchange scheme in WSN for
IoT applications (AIES). AIES work is introduced by the authors in [8] to
confront node capture attacks in loT-based wireless sensor networks.
Dedicated procedures for the System setup phase, a new association scheme
and a dynamic contracting mechanism are introduced in AIES. The sensor
registration phase, User Registration phase, login session, Authentication,
and key agreement phase are described clearly in AIES work. Along with
node capture attacks, AIES also resists Replay attacks and Sensor
impersonation attacks. AIES work also facilitates anonymity to protect user
information. The security evaluation is done by BAN logic.

The achievement of security against node capture attacks is the
advantage of AIES work. Missing assessment against essential network
performance metrics such as Throughput, Communication Delay and Packet
delivery ratio are identified as the limitation of AIES work. Security against
several modern attacks is not included in AIES work, which is another
observed limitation.

2.3. Fog-assisted secure healthcare data aggregation scheme
in IoT-enabled WSN. Paper [9] proposed a fog-assisted secure healthcare
data aggregation scheme represented as Enhanced Healthcare Data
Aggregation (EHDA). EHDA work uses the Fog server to minimize the
storage, communication and energy overheads. EHDA uses peer-to-peer
communication between healthcare IoT devices and wearable IoT devices
to aggregate data. As per EHDA work, the fog server receives
the aggregated data from IoT devices and stores it in the local repository.
Thus, the cloud server can extract the required data from the fog server and
store it in cloud storage. Individual algorithms are provided in EHDA work
for message reception in the Aggregator node, and Aggregator node to Base
station. The lightweight cryptography scheme reduces the energy overhead.
NS2.35 simulator is used to measure the discussed overheads in EHDA
work.

The achievement of reduction in storage, communication and energy
overheads are the stated advantages of EHDA work. The lightweight
cryptography diminishes security is one of the limitations of EHDA.
Network performance metrics such as throughput, Packet delivery ratio, and
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communication delay are not evaluated during the experiments carried out
for the EHDA work.

2.4. A secure IoT-based mutual authentication for healthcare
applications in wireless sensor networks using ECC (SIMA). SIMA
work is proposed by the authors in paper [10] to improve security in
Wireless Medical Sensor Networks (WMSN). SIMA ensures a new
privacy-perceiving user authentication scheme with the help of Elliptic
Curve Cryptography. A lightweight authentication scheme is introduced in
SIMA work to withstand Smartcard stolen attacks, Insider attacks, User
impersonation attacks, Gateway node impersonation attacks, Sensor node
impersonation attacks, forward secrecy attacks, and replay attacks. BAN
logic and the Random Oracle model are used to demonstrate the security
characteristics of the SIMA model. AVISPA simulation tool is used to
perform a clear security analysis of SIMA work. Dedicated methods are
provided for standard network authentication phases such as the System
initialization phase, User registration phase, Sensor node registration phase,
gateway registration phase, Login phase, Authentication phase, Password
revocation phase, and Dynamic node adjunct phase.

The achievement of less computational and communication
overheads is the advantage of SIMA work, whereas, attack detection
accuracy and precision are not measured during the evaluation process.
Common network performance measurement metrics such as throughput,
latency and packet delivery ratio are not discussed in SIMA.

2.5. Towards an improved energy efficient and end-to-end secure
protocol for IoT healthcare applications. An Asynchronous duty cycle
medium access control protocol is proposed by the author in [11] in the
name Local Coordination XMAC (LCX-MAC) to reduce data transmission
delay and energy. LCX-MAC method uses a set of timers to operate and to
reduce power consumption by periodically operating nodes in Sleep mode,
Data availability, back-off timeout, Channel status, Early acknowledgment
and Data transmission status. The regular duty cycle of MAC protocol is
modified with the Markov model to optimize the Sleep/Wake time cycles.
Throughput, communication delay and Average energy consumption are
calculated using the formula.

The improvements in Throughput, communication delay and energy
are the stated advantages of LCX-MAC work. The entire parameters
computations are performed using calculations. There are no simulation-
based results produced in the evaluation process — which is the limitation of
this work. The Security aspect of LCX-MAC work is totally absent in the
evaluation process.
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The used methodologies, Advantages and Limitations of the existing
works are enumerated in Table 1.

Table 1. Existing works, Methodologies, advantages and limitations

No. Work Year | Methodology Advantages Limitations
Securing Wireless Sensor
Networks Against Denial- Energy-
(7 of-Sleep Attacks Using 2019 Distance-based | Security against \glgll:;alal;éo
RSA Cryptography Clustering, DoSL ’ K
Algorithm and Interlock RSA attacks
Protocol
Legacy
An authentication association . .
information exchange scheme Security against | [mpact on
[8] - g 2020 - Node capture network
scheme in WSN for IoT Dynamic attack performance
applications contact
mechanism
Fog-assisted secure Peer-to-peer Reduced Diminished
9] healthcare data 2020 communication, | communication network
aggregation scheme in Fog data and Energy performance
IoT-enabled WSN aggregation overheads
A secure IoT-based Reduced Low
mutual authentication for ECC-based communication | throughput,
[10] | healthcare applications in | 2021 lightweight and Attack
wireless sensor networks authentication | computational detection
using ECC overheads accuracy
Towards an improved
energy efficient and end- Timer-based .
[11] | to-end secure protocol for | 2020 node mode Better network Comprorplsed
IoT healthcare control performance security
applications

3. Background. Fuzzy logic and the Rivest-Shamir-Adleman (RSA)
algorithm are acknowledged as the background methodologies of the
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proposed work. A clear understanding of Fuzzy logic and the RSA
algorithm is required to explicate the ASORI work, covered in this section.

3.1. Fuzzy Logic. Fuzzy logic is a mathematical concept and a
computing paradigm that deals with reasoning and decision-making in
situations that involve uncertainty, ambiguity, and imprecision. It was
introduced by Lotfi A. Zadeh in 1965 as an extension of classical (Boolean)
logic to handle situations where the boundaries between true and false are
not clearly defined. In classical logic, propositions are either true or false,
with no middle ground. Fuzzy logic, on the other hand, allows for degrees
of truth to be represented. It introduces the concept of membership
functions, which assign a degree of membership (between 0 and 1) to an
element in a set [12]. These membership functions capture the gradual
transition between different states rather than abrupt distinctions. Fuzzy
logic is commonly used in control systems and decision-making processes
where human expertise and intuition play a significant role. Fuzzy logic
stands in between analog and digital signal measurements; and litigations
are the best to formulate fast decision-making [13]. The fuzzy logic system
is used to select an optimal path for data transmission during
uncertainty [14]. The flow of the fuzzy logic process is illustrated in
Figure 1.

Fuzzification - L} | cerence Engine [—j Defuzzification Crisp output
module module

Rules

Fig. 1. Fuzzy Logic block diagram

The key idea is to represent the flow of information from input
variables through fuzzification, rule processing, inference, aggregation, and
finally defuzzification to obtain a crisp output value or action.

3.2. RSA. RSA, which stands for Rivest-Shamir-Adleman, is a
widely used public key cryptosystem and encryption algorithm. It was
introduced by Ron Rivest, Adi Shamir, and Leonard Adleman in 1977 and
remains one of the most important and secure methods for secure
communication and data protection RSA is based on the mathematical
properties of large prime numbers and their difficulty in being factored [15].
The security of RSA relies on the fact that it is computationally infeasible to
factorize a large semiprime (the product of two large prime numbers) into
its constituent primes, especially when the primes are chosen to be
sufficiently large [16].
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RSA key generation:

Step 1: Generate two distinct large prime numbers, as "p" and "q".

Step 2: Compute the product of these primes, "n = p * q", which
becomes the modulus used as the public and private
keys.

Step 3: Compute the totient of n, denoted as "p(n) =(p-1) * (q - 1)".

Step 4: Choose an encryption exponent "e" that is relatively prime to
¢(n), typically a small prime like 65537 (216 + 1).

Step 5: Compute the decryption exponent "d" such that (d * e) mod
o(m) = 1.

Step 6: The public key is (n, e), and the private key is (n, d)

RSA Encryption:
Step 1: To encrypt a message "M", the sender uses the recipient's
public key (n, e)
Step 2: The sender converts the message into a numerical value “m”
Step 3: The sender calculates the ciphertext "C" using the formula:
C=(m®) mod n.
Step 4: The ciphertext "C" is sent to the recipient

RSA Decryption:
Step 1: The recipient uses their private key (n, d) to decrypt the
ciphertext "C"
Step 2: The recipient calculates the plaintext message "m" using the
formula: m = (¢%) mod n.
Step 3: The recipient converts the numerical value "m" back into the
original message format.

RSA is widely used for secure communication, digital signatures,
and various other cryptographic applications. It is considered secure as long
as the key sizes are chosen appropriately large (e.g., 2048 bits or more) and
the algorithms are implemented correctly. However, with the advancement
of computing power and algorithms, it is important to keep up with best
practices and periodically update key lengths to ensure continued security.

4. Proposed method ASORI. There are three discrete modules
formulated to construct the ASORI model. They are Fast Fuzzy Anomaly
Detector, Legacy Naive Bayes Attack Classifier, and Variable RSA
Security Schemer. The comprehensive details about the functionalities of
these modules are described in this section.

4.1. Fast Fuzzy Anomaly Detector (FFAD). FFAD is designed in a
way to identify anomaly network communication attempts. The
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incorporation of Fuzzy logic ensures accurate anomaly detection swiftly.
FFAD uses Traffic volumes, Baseline traffic, Time of the day, Protocol
outliers, Location assessment, change in User privilege, Header
interpretation, Payload dissection, Port scanning, Ping sweeps, Connection
duration, and Number of connections as the constituents to detect an
intruder [17]. These 12 parameters are individually categorized into 4
anomaly severity labels such as Nada, Low, Medium, and High. The
severity labels are aggregated for all 12 parameters to detect anomaly
network activities. The label weights are assigned from 0 to 3 for Nada to
High respectively. Therefore, the maximum label weight w4, 1S 3.

Traffic Volume(v;) refers to the amount of data transferred through
a node at any particular time. v, is computed using Equation 1.

UT = IT X t, (l)

where I is the traffic intensity, ¢ is the time.
FFAD measures the traffic volume difference vy, between the
previous network volume vawhich is measured at a time t — 1 and the

current traffic volume vy as follows:
VTd = |VT - VTp|' (2)

Since the possible lowest traffic volume is 0 in IoT networks, the
severity label L;,. is calculated by Equation 3.

v 1
Nadaifﬂ<—
T 4
Vra 1

va 2 ) (3)

. o1 Vr, 3

MedlumleSv—<Z
Tm

High otherwise

1
Low if ZS

where vy, is the maximum possible traffic volume.

Baseline traffic is the typical network traffic between specific nodes
to cluster heads or base stations. FFDA uses the baseline traffic between the
cluster heads and base station as in the following algorithm to determine the
anomaly severity label.
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Algorithm 1. Baseline traffic anomaly severity labeler

Input: Baseline traffic information
Output: Anomaly severity label

Step 1: Let ncy be the number of cluster heads in the network

Step 2: Let I be the set of cluster heads with members {yl, Yo oo Vnm}

Step 3: Let by be the set of baseline traffic set by 1:1 correspondence to I" with
members {br,, br,, ... by, |

Step 4: Initialize baseline traffic anomaly severity label L;,; = Nada

Step 5: Let Leemyp be the temporary label

Step 6: Vi =1 - n¢gy

Step 7: ComputeLiemp by Equation 4

Step 8: if Ly; < Liemp, Set Lp; = Leemp

Step 7: return Ly,

The temporary baseline traffic anomaly severity label is determined
by the following equation:

. bTi 1

Nada lf E < Z

Low if l < h

4’ - bTm

Medium if l< br, <E
High otherwise

<l
2 )

Ltemp =9

The flowchart for the algorithm 1 is given below (Figure 2).

By this way, the baseline traffic anomaly severity label will get the
highest severity index of all cluster head communications with the base
station. That is, the baseline traffic anomaly label will get the value of
“High” with even a single malicious node entry in any of the clusters in the
entire network.

Time of day is one of the important factors in anomaly detection in
scheduled communication an IoT network environment. The Time of day
anomaly severity Label L;; is set to have only two labels in the FFAD
module for ease of processing. The assignable labels are Nada and high. For
all non-scheduled IoT network nodes, L., is assigned with a Nada label For
prescheduled IoT nodes, let 4., be the set of preapproved time slots
{6,,8, ...6n}. Then for a communication attempt made at a time t,,, the
time of day anomaly severity label is assigned as in Equation 5.
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Nada if t., € A

High otherwise’ )

Lig = {
The protocol outlier severity label Ly, is set to high if a node tries to
communicate with another node through a new protocol. Otherwise Ly, is

assigned with the label Nada. Location assessment is used to check whether
an intruder node is trying to get into the network.

Read number
of cluster
heads

Allocate member
nodes to the cluster
heads
T

Initialize baseline traffic

L
Assign "Nada" to
baseline severity label

L

Initialize temporary
label

1

;@: to Number of cluster hee@

L

Compute Temporary
label

baseline label
temporary labe|

assign temporary label
to baseline label

return baseline lable

Fig. 2. Algorithm 1 flowchart

FFAD permits node mobility in IoT networks. But whenever a node
location is changed to an impossible distance between two successive
communications, it will be flagged as the intruder node. Let the

geographical location of a node n, at time t be (LatnXt,Longnxt) and the

previous location is (LatnXt_l,Lonant_l), then the displacement D, of
the node n, is calculated using the following equation.
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2

Dy, = \/(Latnxt - Latnxt—l)z + (Longnxt N Longnxt—1) ' ©

The Location anomaly severity label is assigned as follows.
Highif D, > D.
Llo { g f maxn (7)
Nada otherWWLse

where Dmaxnx is the maximum possible displacement for the node n,.
In FFAD, Any change in user privilege sets the Privilege anomaly

severity label to high. Let ant be the privilege of the node n, at a time ¢,

the privilege anomaly severity label is determined as follows:

L, = { Highif B,  * B, )
Nada otherwzse

where P, is the previous privilege of the node n,..
Ty p p g x

A typical data packet header contains information such as header
length, total length, source address, destination address, and time-to-live
(TTL); FFAD uses a header flag set H with members {h;, h,, hs, hy, hs} for
the corresponding header information. Any change in any of these
information sets the corresponding flag to 1. The quantificationQ (H) of the
overall set H is computed using Equation 9.

5
1
QU =< ) ke ©)

The header anomaly severity label Lyg4- is determined by the
equation:

Nada if Q(SH) =0
Q(H)
Lygy = 4 Low if 0 < ——< 1/4 (10)
Medium if 1/4 < Q(S ) < 1/2

High otherwise
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Every IoT node is deployed to send one or more data from the sensor
that can be categorized as numerical or text data. The payload dissection
allows the FFAD module to monitor the data type during the transaction. If
a change in the data type means the behavior of the node is suspicious. The
Payload anomaly severity label L, is set to High if there is a change
detected during the communication.

Any attempt to detect the possible connectivity ports in the base station
between the communications will set the Port scanning anomaly severity label
Lys to High. Otherwise L,; will be assigned to Nada. The tantamount
procedure is followed to set the Ping sweep anomaly severity label Lp;.

Connection duration is also an important parameter in detecting
anomalies. Usually, a drastic increase in connection durations indicates a
possibility of an intruder attack. Let lnxt_l and Anxt the two successive

connection durations of the node n,, the connection duration anomaly
severity label is determined by the following equation:

. _ 1
Leg = {ngh if (Anxt A”X:ﬂ) > /4 Anxmax, QY
Nada otherwise

where ﬂnXmax is the maximum permitted connection duration for the node
Ny

A change in the number of connections is also treated in the FFAD
module since most of the IoT nodes are accustomed to using a single
connection at a time. Let i, and ¢, be the initial and current number of
connections of the node n,, the number of connections anomaly sensitivity
label Ly, is set to high wherever the value of ¢, is greater than i,, .

The overall quantization of FFAD anomaly severity labels is
computed using equation 12:

Ltr+Lpit+Lta+LpotLlio +Lpr+Lhdr+Lpl+Lps+Lpi+Lcd+an

Q) = (12)

Wmax Xnumber of parameters

FFAD sets an Anomaly detection flag if there is more than a 25%
chance of any combination of the above-discussed anomalies as by the
following equation.

TRUE if Q(L) > 1/,
FALSE otherwise

Anomaly = { (13)
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4.2. Legacy Naive Bayes Attack Classifier (LNBAC). LNBAC is
intended to classify a network anomaly into either of the following
categories. They are Denial-of-Service, User-to-Root, Remote-to-Local,
Probe and Normal. As per the standard Naive Bayes algorithm is
customized here to operate with 5 above-mentioned classifications and 12
features discussed in the FFAD module.

Algorithm 2. LNBAC Model Training

Input: Network Transaction Data
Output: Trained Model

Step 1: Let Attack Classification Set a = {aq, &y, a3, a4, a5}

Step 2: Let the selected feature set be f = {fi, f5 ... fi2}

Step 3: Let P(a) be the prior probability

Step 4: Let P(f) be the Marginal Probability

Step 5: Let P(a|f) be the posterior probability of the class a for the feature f

Step 6: Let P(f|a) be the probability of the feature f given that the probability of the
class a

Step 7: Vi = 1 > Attack classifications = 5::: Vj = 1 > Number of features = 12 :=
Step 8: Compute P(«;) for the feature f;

Step 9: Compute the conditional probability P( fi |al-)

Step 8: Compute P(a|f) = PP

P(f)
Step 9: return P(a|f)

The flow diagram for the LNBAC algorithm is given below
(Figure 3). By this way, the attack classification is achieved by the LNBAC
module.

Probe (Probing Attacks): These are attempts to gather information
about a target network or system to identify potential vulnerabilities.
Probing attacks are usually considered less severe because they are
preliminary steps attackers take before launching more damaging attacks.

R2L (Remote-to-Local Attacks): These attacks involve unauthorized
attempts to gain access to a local system from a remote machine. They are
often considered more severe than probing attacks, as they can potentially
lead to unauthorized access and data compromise.

U2R (User-to-Root Attacks): User-to-Root attacks are attempts by a
user to gain administrative privileges on a system. These attacks are more
serious because if successful, they can provide the attacker with full control
over the compromised system, allowing them to install malicious software
or manipulate data.

DoS (Denial-of-Service Attacks): Denial-of-Service attacks are among
the most severe types of attacks. They involve overwhelming a system,
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network, or service with excessive traffic or resource requests, rendering it
unavailable to legitimate users. These attacks can lead to significant
disruptions in services, financial losses, and reputational damage [18].

Normal network transaction refers to there is no evidence of any
intruder attacks or network anomalies in the particular network
communication attempt.

Load attack

classification set

Load Features
set

Initialize Prior
Probabilit

| Initialize Marginal probability |

| Initialize posterior probability |
L

[ Initialize feature probability |

.. Compute priar probability i for
{ feature j

' L
i | Compute conditional probabhility |

| Compute posterior probability |

Fig. 3. LNBAC flowchart

4.3. Variable RSA Security Scheme (VRSS). The purpose of the
VRSS module is to change the security strength dynamically based on the
outputs of the FFAD and LNBAC modules. Instead of using a fixed security
key size in RSA, the dynamic key selection VRSS will improve the security
as well as the performance of the network by reducing the computational
complexity when there is no or a little security anomaly detected. Whenever
there is a hazard signal from FFAD and the classification of the attack from
LNBAC, VRSS determines the required security key size circumspectly.
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The base key size of VRSS is set to 256 bits, which can scale up to 1152
bits [19]. The key size for the RSA procedure is determined using the
Anomaly severity index Index, and attack threat index Index;.

The overall anomaly severity index Index; is determined as follows:

(1ifew <Y,
Indexg = zif 1/4 <Q) < 1/2. (14)
13if 1/, <o) <3/,

4 otherwise

The attack types Probe, R2L, U2R and DoS are assigned with the
weights 2,3,4 and 5 respectively. The normal transaction type is assigned
with the weight 1 to ensure basic security. That is the value of Index; will
be 1, 2, 3,4 and 5 for Normal, Probe, R2L, U2R and DoS respectively. The
key size k is determined by using the following equation:

k = (== x (2t x 2")) x (Index + Index,), (15)
sl

where ng is the number of sensitivity labels, and n; is the number of
network transaction types.

Be like that the integration of FFAD, LNBAC and VRSS modules
ensures fast and secure network communications in IoT network
environments.

5. Experimental Setup. A computer with an i7 -8250U processor
with 6MB Cache, 16GB DDR4 RAM and 1TB SSD storage is used to
develop and evaluate the discussed procedures. Visual Studio IDE [20] is
used to create the implementation solution, and C++ 20.0 [21] programming
language is used to code the methodologies of ASORI. OPNET [22], which
stands for "Optimized Network Engineering Tools", was a widely used
software suite for network simulation, modeling, and performance analysis.
The software allowed engineers, researchers, and network professionals to
simulate and analyze various aspects of computer networks,
telecommunications systems, and other communication technologies.
OPNET provides several features such as Network Modeling, Simulation,
Performance  Analysis,  Protocol  Evaluation, and  Resource
monitoring/management. OPNET facilitated the testing of various network
scenarios without the need for physical implementation, helping users
identify potential issues before deployment. Users could analyze resource
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utilization, bottlenecks, and optimization strategies within the network.
OPNET was also used in academia to teach networking concepts and
provide hands-on experience with network simulation.

The proposed IoT network Security method has extensive applications
across diverse sectors, revolutionizing industries and enhancing efficiency,
safety, and sustainability. From asset tracking and environmental monitoring
to smart agriculture and energy management, loT devices enable real-time
data collection and analysis, empowering stakeholders to make informed
decisions. In healthcare, IoT facilitates remote patient monitoring and
personalized care, while in smart cities, it optimizes urban infrastructure and
services for better quality of life. Retail and manufacturing benefit from IoT-
driven automation and optimization, while home automation enhances
convenience and energy efficiency for consumers. Industrial processes
become more efficient and predictive with IoT-enabled automation, while
safety and security are heightened through real-time monitoring and response
capabilities. Overall, the broad spectrum of IoT applications underscores its
transformative potential across various domains, shaping the future of
technology-enabled innovation and connectivity.

6. Results and Analysis. Two different categories of results are
obtained during the evaluation process. The first one is anomaly detection
parameters such as Accuracy, Precision, Sensitivity, Specificity and F-
Score. The second category is about network performance metrics such as
Throughput, Latency, Jitter, End-to-End delay, Packet Delivery Ratio,
Power consumption, and Security. Readings are taken for 1 real-world hour
for every 6 minutes. Thus, there are 10 different timestamps used to log the
parameters during the evaluation.

6.1. Accuracy. Anomaly detection accuracy is an important
parameter in maintaining network stability. Since an anomaly can be an
intruder attack, the anomaly detection process is a vital one in network
security. It is calculated using the True Positive (TP), True Negative (TN),
False Positive (FP), and False Negative (FN). The accuracy is calculated
using the formula:

TP+ TN
TP+TN+ FP+FN

Accuracy =

The ASORI method scored 99.135% of accuracy which is 1.2%
higher than the nearest follower SIMA. The average accuracy of the
proposed ASORI is 98.95% which is 1.4% higher than the second best
SIMA method. The performance rank based on accuracy parameters is
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ASORI, SIMA, ASDARS, EHDA, AIES and LCXMAUC listed as the best.

The measured accuracy values are provided in Table 2.

Table 2. Accuracy (%)

Timestamp | ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 96.37 91.41 95.57 97.61 91.64 98.82
2 96.13 91.72 95.15 97.56 91.37 99.08
3 96.33 91.68 95.49 97.23 91.51 99.03
4 96.66 91.40 95.68 97.72 91.43 98.86
5 96.22 91.86 95.38 97.93 91.43 99.01
6 96.61 91.18 95.61 97.25 91.44 98.79
7 96.54 91.36 95.52 97.50 91.65 99.04
8 96.76 91.06 95.28 97.36 91.16 99.13
9 96.65 91.14 95.52 97.54 91.76 98.97
10 96.37 91.28 95.67 97.76 91.31 98.78

6.2. Precision. Precision, in the context of data science and machine
learning, is a metric that measures the accuracy of positive predictions made
by a model. It is a concept often used in binary classification problems,
where the goal is to classify instances into one of two classes: "positive"

and "negative".
S . TP
Precision is calculated using the formula P

Precision values are given in Table 3.

Table 3. Precision (%)

. The computed

Timestamp | ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 95.69 92.34 96.93 96.45 92.47 98.05
2 95.14 92.78 96.1 96.92 92.01 98.46
3 95.28 92.56 96.64 96.22 92.35 98.35
4 95.49 92.69 96.78 96.53 92 98.23
5 95.13 92.81 96.12 96.97 92.66 98.22
6 95.47 92.09 96.74 96.12 92.68 98.18
7 95.90 92.35 96.99 96.47 92.81 98.3
8 95.54 92.01 96.56 96.35 92.27 98.53
9 95.87 92.22 96.07 96.23 92.89 98.32
10 95.38 92.48 96.68 96.98 92.49 98.06

As per the observations, ASORI scores the highest precision value of
98.53%, which is 1.54% higher than 96.99% of the closest performer
EHDA. The precision average of ASORI is 98.27% during the overall
experiment. The performance rank based on the average precision is
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ASORI, EHDA, SIMA, ASDARSA, LCXMAC, and AIES listed as the
best.

6.3. Sensitivity. Sensitivity refers to a metric used to evaluate the
performance of a classification model, particularly in binary classification
problems. It measures the ability of the model to correctly identify positive
instances from the total actual positive instances. Sensitivity is also known

as recall, hit rate, or true positive rate. Sensitivity is calculated using the
TP

TP+FN’

formula The observed sensitivity values are given in Table 4.

Table 4. Sensitivity (%)

Timestamp | ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 97.00 90.65 94.37 98.74 90.96 99.59
2 97.05 90.86 94.32 98.18 90.84 99.71
3 97.32 90.96 94.48 98.20 90.83 99.71
4 97.79 90.36 94.69 98.88 90.97 99.47
5 97.26 91.08 94.72 98.87 90.44 99.79
6 97.70 90.44 94.60 98.34 90.44 99.39
7 97.14 90.56 94.22 98.50 90.71 99.78
8 97.92 90.29 94.15 98.33 90.27 99.74
9 97.39 90.27 95.02 98.81 90.85 99.63
10 97.31 90.31 94.77 98.51 90.37 99.49

The experimental results show that ASORI work scored 99.78%
anomaly sensitivity, which is higher than other methods. The average sensitivity
of ASORI is 99.63% that shows the stability in terms of anomaly sensitivity.

6.4. Specificity. Specificity is one of the important metrics used to
evaluate the performance of a binary classification model, particularly in
scenarios where correctly identifying negative instances is crucial.
Specificity measures the ability of the model to correctly identify negative
instances from the total actual negative instances.

Specificity is calculated by %. The measured specificity values

for the proposed and existing methods are given in Table 5.

The ASORI method gained a specificity score of 98.55% which is
1.5% higher than the nearest achievement of 97.03% of the SIMA method.
The performance rank based on the average specificity is ASORI, SIMA,
EHDA, ASDARS, LCXMAC, and AIES with the scores 98.29%, 96.59%,
96.49%, 95.58%, 92.31% and 92.27% in their respective order listed as the
best.
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Table 5. Specificity (%)

Timestamp ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 95.75 92.19 96.84 96.53 92.34 98.08
2 95.23 92.62 96.02 96.96 91.91 98.48
3 95.38 92.43 96.56 96.29 9222 98.37
4 95.59 92.50 96.71 96.61 91.91 98.25
5 95.23 92.67 96.06 97.03 92.47 98.25
6 95.57 91.94 96.66 96.21 92.49 98.20
7 95.95 92.20 96.90 96.54 92.64 98.32
8 95.65 91.85 96.47 96.42 92.10 98.55
9 95.93 92.05 96.03 96.33 92.73 98.34
10 95.47 92.30 96.61 97.03 92.31 98.09

6.5. F-Score. The F-score, also known as the Fl-score, is a metric
used in classification tasks to assess the performance of a model,
particularly in scenarios where class imbalance exists. It combines precision

and recall into a single value and provides a balanced measure of a model's
Precision xSensitivity

accuracy. The formula for F-Score calculation is 2 X — —
Precision+Sensitivity

The F-Score values of the compared methods are given in Table 6.

Table 6. F-Score

Timestamp | ASDARSA AIES | EHDA | SIMA | LCXMAC | ASORI
1 0.9634 0.9149 | 0.9563 | 0.9758 0.9171 0.9882
2 0.9609 0.9181 | 0.9520 | 0.9754 0.9142 0.9908
3 0.9629 0.9175 | 0.9555 | 0.9720 0.9159 0.9902
4 0.9663 0.9151 | 0.9572 | 0.9769 0.9148 0.9885
5 0.9618 0.9194 | 0.9541 | 0.9791 0.9153 0.9900
6 0.9657 0.9126 | 0.9566 | 0.9722 0.9154 0.9878
7 0.9652 0.9144 | 0.9558 | 0.9747 0.9175 0.9903
8 0.9672 0.9114 | 0.9534 | 0.9733 0.9126 0.9913
9 0.9662 0.9123 | 0.9554 | 0.9750 0.9186 0.9897
10 0.9633 0.9138 | 0.9571 | 0.9774 0.9142 0.9877

The performance rank in terms of F-Score is ASORI, SIMA,
ASDARS, EHDA, LCXMAC, and AIES the F-Score index averages
0.9894, 0.9752, 0.9643, 0.9554, 0.9156 and 0.9150.

The collective performance of the proposed ASORI method is
perpetually higher than the compared methods in terms of Accuracy,
Precision, Sensitivity, Specificity and F-Score. The experimental result
evidently validates the enhanced performance of the ASORI method in
Anomaly detection.

6.6. Throughput. Throughput refers to the rate at which data is
successfully transmitted or received over a network. It is a measure of the
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network's efficiency and capacity. The OPNET measures the throughput
values during the simulation and the values are logged in Table 7.

Table 7. Throughput (kbps)

Timestamp | ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 27287 24274 | 27837 | 28688 24568 29303
2 27084 24039 | 27704 | 28905 24905 29407
3 27072 24082 | 27743 | 28917 24412 29475
4 27317 24418 | 27903 | 28933 24872 29637
5 27097 24260 | 28247 | 28908 25006 29642
6 27126 24281 28189 | 29051 24538 29743
7 27366 24043 | 27612 | 29029 24647 29332
8 27027 24330 | 27910 | 28524 24480 29450
9 27231 24541 28246 | 28543 24782 29558
10 27272 24528 | 27930 | 28504 24729 29589

As per the simulation results, the highest throughput of 29743 kbps
is achieved by ASIRI during the 6th timestamp. The comparison graphs are
given in Figure 4.
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6.7. Latency. Latency refers to the delay or time lag that occurs
when data packets travel from one point in a network to another. In general,
Latency is measured in millisecond (ms) units. The observed Latency
values during the simulation are given in Table 8. Latency is inversely
proportional to the performance of the network architecture. Lower latency
indicates the higher performance of the network.

The lowest latency 168mS is achieved by ASORI at the 6th
timestamp during the simulation. The average latency of ASORI is about
180mS which is lesser than other compared methods (Figure 5).

Table 8. Latency (mS)

Timestamp ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 299 460 269 224 444 191
2 310 473 277 212 426 186
3 310 470 275 212 453 182
4 297 452 266 211 428 173
5 309 461 248 212 421 173
6 307 460 251 205 446 168
7 295 472 282 206 440 190
8 313 457 266 233 449 183
9 302 446 248 232 433 177
10 300 446 265 234 436 176

Graph: Latency (mS)
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6.8. Jitter. Jitter in the context of networking refers to the variation
in the delay of packet delivery in a network. It is the irregular timing of data
packets arriving at their destination. Higher jitter values lead to inconsistent
network performance. The observed jitter values during the simulation are

given in Table 9.
Table 9. Jitter (mS)
Timestamp | ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 102 150 93 80 145 70
2 105 154 95 76 140 68
3 105 153 95 76 148 67
4 101 148 92 76 141 64
5 105 151 87 76 139 64
6 104 150 88 74 146 63
7 101 154 97 74 144 69
8 106 149 92 82 147 67
9 103 146 87 82 142 66
10 102 146 92 83 143 65

The lowest jitter reading of 63mS is achieved by the ASORI method
during the entire simulation. The jitter average of the ASORI method is
66mS which is lesser than other compared methods (Figure 6).
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6.9. Energy. Energy efficiency is of paramount importance in
Internet of Things (IoT) networks due to several key reasons such as power
resource limitation of the nodes, Scalability of the network, and limited
maintainability, Energy consumption is measured in millijoules units in a
network. The energy readings during the simulation are given in Table 10.

Table 10. Energy (mJ)

Timestamp | ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 880 586 796 670 629 576
2 852 600 784 666 629 517
3 826 547 807 663 590 504
4 848 578 799 696 658 580
5 847 560 765 696 605 530
6 860 554 772 713 630 537
7 827 582 755 710 626 567
8 873 571 744 712 604 540
9 820 578 760 662 599 553
10 804 537 787 646 615 556

The experimental results show that the lowest energy consumption is
achieved by the ASORI method during the complete simulation. ASORI is
managed to operate with an average energy consumption of 546mJ. The
comparison graph is given in Figure 7.
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6.10. Packet Delivery Ratio. Packet Delivery Ratio is a metric used
to measure the reliability and performance of a communication network,
particularly in wireless and packet-switched networks. It indicates the
proportion of the successfully delivered packets compared to the total
number of the sent packets. Table 11 is provided with the PDR values

during the si

mulation.

PDR is a directly proportional network metric. Higher PDR indicates
the higher performance of the network. The highest PDR 99.25% is
achieved by the AOSRI method. The PDR average of the ASORI method is
99.17% which is also higher than the other compared methods (Figure 8).

Table 11. Packet Delivery Rate (%

Timestamp | ASDARSA | AIES | EHDA | SIMA | LCXMAC | ASORI
1 98.43 9742 | 98.61 | 98.90 97.52 99.10
2 98.36 97.35 | 98.57 | 98.97 97.64 99.14
3 98.36 97.36 | 98.58 | 98.97 97.47 99.16
4 98.44 9747 | 98.63 | 98.98 97.62 99.21
5 98.37 97.42 | 98.75 | 98.97 97.67 99.21
6 98.38 97.43 | 98.73 | 99.02 97.51 99.25
7 98.46 97.35 | 9854 | 99.01 97.55 99.11
8 98.34 9744 | 98.64 | 98.84 97.49 99.15
9 98.41 97.51 | 98.75 | 98.85 97.59 99.19
10 98.42 97.51 | 98.64 | 98.83 97.58 99.20

Graph: PDR (%)
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6.11. Security. Security is crucial for Internet of Things (IoT)
devices due to several significant reasons such as privacy protection, data
integrity, device control, safety concerns, and long lifecycles. OPNET can
determine the security level of the network environment under simulation
by triggering a variety of intruder attacks. The measured Security scores of
the examined methods are given in Table 12.

Table 12. Security Score (%)

Timestamp | ASDARSA | AIES EHDA SIMA | LCXMAC | ASORI
1 96.0000 91.5294 | 95.4118 | 97.3529 | 91.5882 |99.5941
2 96.5882 91.7059 | 95.3529 | 97.2353 91.4706 |99.5353
3 96.1176 91.0588 | 95.5882 | 97.2353 91.3529 199.3000
4 96.4118 91.2941 | 95.5882 | 97.1765 91.1176 99.5353
5 96.2941 91.2941 | 95.7647 | 97.7059 | 91.0000 |99.6529
6 96.1765 91.7059 | 95.2941 | 97.4118 | 91.5882 99.4176
7 96.2941 91.2353 | 95.1765 | 97.7647 | 91.7059 199.4176
8 96.2353 91.8235 | 95.2941 | 97.8235 91.3529 199.5941
9 96.2941 91.7647 | 95.5294 | 97.7647 | 91.7059 99.3000
10 96.5294 91.7059 | 95.2941 | 97.7647 | 91.5294 199.4765

The comparison graph for security score is given in Figure 7.

Graph: Security (%)
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The evaluation results show that the proposed ASORI method is the
method that achieved the maximum security score of 99.66% at the 5th
timestamp during the simulation. ASORI is capable of maintaining a
security score of not less than 99.3%. The average security score of ASORI
for the entire simulation is 99.48%. An improvement of 1.83% is achieved
by the ASORI method than the security score of 97.82% of the nearest
performing method SIMA.

7. Conclusion. The requirements can vary based on the specific use
case, industry, and goals of the IoT deployment. A well-designed loT
architecture will carefully address these considerations to create a robust,
secure, and efficient ecosystem which is attempted in this work. The
experiments carried out during the evaluation process of the proposed
ASORI method show that the work comes in handy with the expected
advantages. The three novel modules FFAD, LNBAK and VRSS serve the
purpose affirmatively. Improved IoT security is critical for safeguarding
data privacy, protecting against unauthorized access, and ensuring the
reliability of IoT devices and networks is addressed by the proposed
method. Additionally, advancements in technologies like Al and blockchain
offer innovative solutions for enhancing security and integrity. However,
ongoing collaboration, innovation, and proactive measures are essential to
stay ahead of evolving threats and maintain trust in IoT systems.

The advancements in terms of both network anomaly detection and
overall network performance of the ASORI method put forward that the
work can be encouraged for real-time IoT network environments. The
dependency of RSA core is the limitation of ASORI work, and the
incorporation of modern cryptography algorithms could be the future work.

Availability of Dataset: The work is intended to ensure dynamic
IoT network security, thus dynamic network transactional simulation is
used for evaluation.

Code Availability: The complete implementation source code is
available on GitHub, the link will be provided on request.
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P. JLKEHU®EP, B.J1. TIPAKAII
AJITOPUTM RIVEST-SHAMIR-ADLEMAN,
OIITUMHU3UPOBAHHBIMN 115 3AIIIUTHI YCTPOMCTB
UHTEPHETA BEIIIEA OT KOHKPETHBIX ATAK

Locenughep P., Ilpaxaw B.J]. Anroputm Rivest-Shamir-Adleman, onTHMH3HPOBaHHBII
JJ1s1 3aIIMTHI yeTpoiicTs MHTepHeTa Bemieli 0T KOHKPETHBIX aTaK.

AHHOTanus. YcrpoiictBa MHTepHeTa Bellel UrparoT BaKHEHIIYIO POJIb B COBPEMEHHOM
MHpE BO MHOTHX OTHOLICHHSX, HOCKOJIBKY OHM 00ECIICYNBAIOT MOANCPIKKY I 30HANPOBAHUS
OKpY’KalOIIeH Cpebl, aBTOMATH3AI[MH U OTBETCTBCHHOIO COXPAHEHHS PECypcoB. B «ymHOM»
MHpE IIOBCEMECTHOE HPHCYTCTBHE YCTPOWUCTB lIHTepHeTa Belleld B HMOBCEAHEBHOH >KU3HU
Hens0Oexno. Illupokoe Hcronp30BaHHE YCTpOWCTB MHTepHeTa Bellel NpuBiekaeT K cebe
JIOOOTBITHRIC B3LJLAABI 3JIOHAMEPEHHBIX XakepoB. HecMoTps Ha TO, 4YTO CyIIECTBYeT
HECKOJIPKO CHCTEM H IIPOTOKOJIOB OE30MaCHOCTH, JOCTYIHBIX A OOBIYHBIX OECHPOBOAHBIX
cereif, HabmoaeTcs HEOOXOAUMOCTh B Pa3pabOTKe COBPEMEHHOTO MEXaHM3Ma 6e30I1acCHOCTH
HCKIIIOYUTENBHO U1 CeTeBHIX cpen MHTepHeTa Bemieil. JTa paboTa NpeCTaBIsIeT YIIyqIIeHUs
Oe3omacHocTy cereil MiHTepHeTa Bemeid. B Heil coOpaHbl Tpu criennani3upoOBaHHBIX CIOco0a
JUISL TOCTYDKEHHs1 OoJiee BBICOKHMX ITOKa3arelneil 6e30MmacHOCTH B CETeBHIX cpenax MHTepHera
Bemeil. Fast Fuzzy Anomaly Detector, Legacy Naive Bayes Attack Classifiers u Variable
Security Schemer of Rivest-Shamir-Adleman algorithm — 5310 HOBbIE MOIYNH,
NpeICTaBIeHHble B 3TOH pabote, cokpameHHo ASORI. YHuKampHBIC HpeHMyIIecTBa
BCTPOGHHOTO MexaHu3Ma ceprudukaimu IHTepHera Bemield W BBIOOp JAMHAMHYECKOU
CTpaTerud OE30MACHOCTH SBIISIOTCS HOBIIECTBAMH, HPEICTAaBICHHBIME B JaHHOW paboTe.
Mozenms ASORI Obina mpoBepeHa C HCIIONB30BAaHUEM IIPOMBIIIICHHOTO CTaHIapPTHOTO
cumyisitopa cetn OPNET i obecnedeHust  yiydiieHHOM O€30MacHOCTH Hapsity ¢
CYILECTBEHHBIMU YTy4IIEHHSIMHU IapAMETPOB IPOU3BOAUTEIBHOCTH CETH.

KiroueBble cioBa: wuntepHer Bemeil (IoT), cereBas 0e30macHOCTb, HEYETKOE
obHapy)XeHHe aHOMaJHii, HauBHas OaiiecoBckas kinaccudukanus, RSA.
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POBOTOTEXHUKA, ABTOMATU3ALIMA M CUCTEMBI YITPABJIEHWA
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A.A. BOEBOJIA, FO.I1. ®uino1IoB, B.1O. ®UIIIOLIOB
PA3PABOTKA JJUHENHOM CUCTEMBI YIIPABJIEHMSI TATON
BUHTOMOTOPHO I'PYIIIBI 115 BILJIA

Boesooa A.A., @umowos FO.IL, @umowos B.FO. Pa3paboTka JMHEHOH cHCTEMbI
yHpaBJieHUs1 TAT0i BUHTOMOTOPHOI rpynnsl 15 BITJIA.

AHHOTanmusi. YTpaBieHHE OpHEHTAaUWell M  TO3ULIHOHMPOBAHMEM OECIMIOTHOTO
nerarensHoro ammapara (BI1JIA) BepTHKansHOTrO B3NeTa M MOCAAKU MyIbTHPOTOPHOTO THIIA B
IIPOCTPAHCTBE HEPa3PhIBHO CBA3aHO C (HOPMUPOBAHUEM BEKTOpA YIPABICHUS IBIDKCHHEM,
COCTOAIIEr0 W3 KOMOMHALMM TSI M a3pOJAMHAMHYECKHX MOMEHTOB CO3J[aBa€MbIX KaXIOi
BUHTOMOTOPHOW Tpymmoi. TOYHOCTH M CKOPOCTh (OPMHPOBAHUS BEKTOpA YIPABICHUS
JIBIDKCHHEM B 3HAUUTENBHOI CTENICHH BIUSET HA OMMOKH MO3HIMOHHPOBAHUSI U OPUCHTAIUH
BIJTA. B OGonbmmHCTBE paboOT, MOCBSIIEHHBIX CHHTE3y cucteM ympasieHus BITJIA,
HCTIONB3YeTCS BEKTOp YIpaBICHHs IBIDKCHHEM 0e3 ydeTa JUHAMHKH BHHTOMOTOPHBIX TPYIIL,
9YTO B HEKOTOPBIX CIIy4asX BBIHY)KAAeT CHIDKATh OBICTPOAEHCTBHE CHCTEMBI YIPABIICHUS.
IToBBICUTE OBICTPOJCHCTBHE MOXKHO 32 CYET HOBBINICHHS OBICTpOAEHCTBUS (OPMUPOBAHMS
TSATH BUHTOMOTOPHBIX TPYII, A 4YEro IPeAoXKeHa JIMHCHHas CHCTEeMa yHNpaBICHUS TATOH
BHUHTOMOTOpPHOW TIpymnmbl. BUHTOMOTOpHas rpynma B CBOEM COCTaBE HMMeEET HEIMHEHHYIo
BHYTPEHHIOIO CBSI3b 10 a9POANHAMUYECKOMY MOMEHTY U BBIXOJHON CHUTHAII — TATY, HEIMHEHHO
3aBHCALIYI0O OT KBajgpaTa CKOPOCTH BpamieHust BHHTA. OOBIYHO, BUHTOMOTOPHOH TIpYIIOH
YIPaBISIOT KaK dJICKTPOABUraTeIeM — BHYTPEHHIOIO CBS3b IO a3POJMHAMUYECKOMY MOMEHTY
paccMaTpuBalOT KaK BHELIHEE BO3MYLIECHHE, a TATOH YNPABIAIOT MOCPEACTBOM H3MEHEHHs
CKOPOCTU BpAILEHUs] BHHTA, KOTOpas BBIUUCIACTCA HAa OCHOBAHMU TPeOYeMOro BEKTOpa
ympaBienus gBrokenueM. IIpennmaraercs paccMaTpHBaTh TATY M a3pOJHHAMHYECKHH MOMEHT
KaK COCTaBHYIO 4acTh BHHTOMOTOPHO! I'PYIIBL, JUISl KOTOPOIl IIOCTPOHUTH JIMHEHHYIO CHCTEMY
ynpaBieHus TATOH. Jins 3TOro BBHINONHEHA JIMHEApU3alns OOpPATHOW CBSA3BIO CHCTEMBI
BUHTOMOTOPHOH TPYIIIBI, CBA3BIBAIOIIEH MTOJAaBaeMOEe Ha JBHIATENN HANPSDKEHHE C BEKTOPOM
YIpaBJICHUs JBIKEHUEM, SBILIIOLNIMMCS BBIXOAHOH BenmmuuHOI. [Ipomecc nmHeapuzanuu
pa3OuT Ha 1Ba dTama: Ha MEPBOM 3Tale BBHINONHEHA JIMHEApU3alns OOpAaTHOH CBA3BIO MO
COCTOSIHMIO ~ JJI1  DJCKTPOJABUraTelast ¢  BHYTPEHHEH  HEJIMHEHHOW  CBA3BIO IO
a3pOJMHAMHYECKOMY MOMEHTY; Ha BTOPOM 3TaIle BBITIOIHEHA JTHHEApH3aIis 00PATHON CBSI3bIO
10 BBIXOJY, IOJy9CHHOH Ha IIEPBOM JTalle CHCTEMBI ¢ HETMHEHHBIM BBIXOAHBIM CHTHAJIOM —
TAroi. B cOOTBETCTBUM ¢ MPUHIHUIIAMY HOAYUHEHHOTO PETyIHPOBAHUA AT JITUHEAPU30BaHHON
00paTHOM CBA3bI0 BHHTOMOTOPHOW TPYNMBI C(OPMHUPOBAHO YIPABICHHE [BUTATENEM.
BrimonHeHo MoznenpoBaHue. BakHbIM BOIIPOCOM IpH NPUMEHSHUH JIMHEapHU3aliy 00paTHON
CBSI3bI0 SIBIICTCSI COXPAHEHHE KAYECTBEHHBIX XApPAKTEPUCTHK CHCTEMBl YIpPaBICHHUSA IIpU
HECOOTBETCTBHHU T1apaMETPOB OOBEKTa M MOJIENH, MapaMeTpbl KOTOPOW HCIIONB3YIOTCS IS
BBIUHCIICHNS JINHEApH3YIOIIel oOpaTHOH cBsA3u. B pabore mpoBeneHO MOJENIMpOBaHUE TPH
HECOOTBETCTBUH HEKOTOPBIX NapaMeTpoB 10 50%.

KioueBbie ci0Ba: nuHEapu3anys OOpaTHOH CBA3BIO, KBAJPOKONTEP, BUHTOMOTOPHAS
Tpynmna, TOAYNHEHHOE DPEryIMpOBaHHE, JBHTaTelb IIEPEMEHHOr0 TOKa, CHHTE3, CHCTEMa
YIIpaBIICHHS.

1. BBegenue. CylecTByeT HECKOJBKO HAIpaBICHUH MOCTPOECHHS
OCCIMIOTHBIX JICTATEIBHBIX AallaparoB, OJHO M3 HHUX — 3TO CO3JaHHE
OCCIMIOTHBIX aNlapaToB ¢ BEPTHKAJIBHBIM B3JIETOM U MOCAJIKOM K KOTOPBHIM
OTHOCSATCSL MYJIBTHKONICTPEI (multicopter, multirotor) — neraTelbHBIC
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ammapatsl ¢ Oonee WeM JAByMS HECYIIUMH BHHTaMH, K HHAM OTHOCSATCS
OMKOIITepBI, TPUKONTEPHI, KBAJAPOKONTEpPH W Tak mgaiee. IloctpoeHme
CHUCTEMBI YIIPaBICHUS TAKWUMH JIETaTEIbHBIMH AamlapaTaMy  SBISIETCS
CIIO’)KHOW 3a/lauei, 4TO TPUBJIEKAeT BHMUMAaHUE MHOTHUX HCCIEIOoBaTelNel,
WCTIBITHIBAIOMIMX CBOM MOAXOABI K e€ pemreHuto. OOnacTe NMpUMEHEHUS
TaKWAX JICTaTEIFHBIX aIlllapaTOB PacTeT ¢ KaXXIbIM TOIOM, Ipemiaras Bce
HOBBIC HANPaBJICHUS AJIS UCCIIEJOBAaHUIL.

MynbTHKONIETpbl OBIBAIOT ¢ (PUKCUPOBAHHBIMH U C HOBOPOTHBIMHU
poropamu. OnHOi M3 HPOOJIEM MKIBTHKONTEPOB C (HUKCUPOBAHHBIMH
poTOpamMu SBJSIETCS HENOCTAaTOK YIPaBIAIOIIMX BosjedcTBuil. Takue
00BEKThl Ha3bIBAIOTCS OOBEKTAaMH C HEJOCTATOYHBIM  KOJHYECTBOM
crenieneii  cBoOombl (uderactuated systems). K HAM MOXHO OTHECTH
OOBEKTHI THIIA MEPEBEPHYTOTO MasTHWKA Ha Tenexkke [1]. Jlmsa pemmeHus
9TOH mpoOIeMBl B HEKOTOPHIX padoTax, Ha MpUMepe KBaJPOKONITEpa,
MpeUIaraeTcs  WCIIONB30BaTh  MMOBOPOTHBIE  POTOPHI,  BEIOJIHSIOIIHE
TUHEWHOEe TepeMemieHne IeHTpa Macc KBaJapokomrepa 0e3  ero
HakioHa [2,3]. IloMHMO TOBOPOTHBEIX pPOTOPOB  OBIBAIOT  BHHTHI
m3MeHsiemoro mara (variable pitch propellers) [4], mo3BomsiomHEe HE
TOJILKO MOBBIIATh 3()()EKTUBHOCTH I0JIETA, HO M M3MEHSTh HallpaBJeHHE
TATH JU1 TIOBBIIICHUS MaHEBPEHHOCTH.

CpaBHeHHE OECITMIOTHBIX JIETATENIBHBIX allapaToB OCYIIECTBISACTCS
[0 KAauecTBY YHpaBIEHHUS. BBICOKOro KauyecTBa YIPABICHUS MOXKHO
JOCTUTHYTh  TIOCTPOCHHEM  CHUCTEMbI  YIPAaBIEHUS  YYHUTHIBAIOIICH
HETOYHOCTH MOJCIH ¥ YCTOWYMBYIO K BHEIIHMM BoO3acicTBUsAM. Jlims
JICTATCIBHBIX ~allapaTOB BHEIIHAM BO3JCHCTBHEM SIBISICTCS  BETE.
B pabote [5] paccmarpuBaercs cucTeMa YHpaBlIEHHS C KOMIIEHCaluen
BETpa, IIPHU YCJIOBUU, YTO U3MEHEHHE BETpa NPOUCXOIAT MEAIECHHEE, YeM
MEPeXOHbIC TMPOLECCH B cucteMe. B pabore [6] Bo3MylIeHUE BETPOM
paccMaTpuBaeTcsi Kak TapMOHMYCCKMH CHTHAJ, aMIUIMTyJa M 4YacToTa
KOTOPOTO BBIYHCISAETCS W3 YpPaBHEHHH COOCTBEHHOW YTJIOBOM CKOpPOCTH
KBaIpOKOINITEpa, CBOAS 3aJady KOMIICHCAIIMM BO3MYIICHHH K 3amade
aJanTHBHOTO ympaBieHus. B pabore [7] mpuBOAMTCA HIMPOKUN 0030p
pUMEHEeHNs HaOmromaTeneil BOZMYIICHUH, B TOM YHCJIE AU YIPaBICHUS
OeCIMIIOTHBIMH JIETaTeITLHBIMU alllapaTaMu.

B pabore [8] paccmoTpeHa cucTeMa  yIpaBICHUS MPH
KBaTePHUOHHOM IPEJACTAaBJICHHM BpallleHuil kBaapokomnTepa. Jpyrum
BO)XHBIM HAlpaBJIEHUEM SIBIISICTCSl YIPaBIEHHE TIPYNIONH OEeCHMIOTHBIX
JIeTaTeNbHBIX  aNlapaToB, MpUMEpP TakoH CHUCTEMBI  PacCMOTPEH
B pabore [9].

Mogens MyIbTKONTEpa MOXXHO TIPEACTaBUTh B BUIE Tpex
3aBUCAIIMX APYr OT Apyra mojcucteM. IloacuctemMa MO3UIIMOHHPOBAHUS
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OTHCHIBACT JHHEHHOE mepeMenieHne. [logcncTemMa opreHTany ONHUCHIBAET
TTOBOPOTHI - KpeH, TaHTaX " pBICKaHBeE. [oncucrema
anekmpomexanuveckoeo  npeoopaszosanus  (OMII), coctosmas  u3
HECKOJBKUX BUHTOMOTOPHBIX Tpynn (BMI'), BeicTymaeT nmpeobpa3oBareneM
ITOTaBaeMOT0 HATIPSDKEHUS Ha TBUTATENN B CKOPOCTH BPAIICHUS BUHTOB, U3
KOTOPBIX Jajee CO3JaeTcsi TAra W ad’pOAWHAMHYCCKHA MOMEHT,
UCTONB3yeMbIC IS YIPABJICHUS OPHUCHTAIMEd W MO3HIIMOHUPOBAHHUCM.
B GonpmmHCTBE pabOT MTUHAMUKY BHHTOMOTOPHOW TPYIIIBI HE YYUTHIBAIOT
[10 — 12], npeanonaras, 4To OHA 3HAUYUTENHHO BbIIIE JUHAMHUKHU MOJICUCTEM
OpHEHTALMK U IepeMmenieHus. Takoe JOMylIeHHe HE BCerja BEpHO, YTO
BBIHY)KJIaeT  pa3padarhiBaTh  CHCTEMBl  YOPABICHUS  OpPHCHTAIMEH
Y TIO3UITHOHUPOBAHUEM MEHee OBICTPO/ICHCTBYIOIIIUMU JUIst
paboTOCIOCOOHOCTH ~ WCHOJB3YyeMBIX  aNropuTMoB. [lostomy — mis
MIOCTPOCHHUS CHUCTEM VIIPABJICHUS MO3WIHOHUPOBAHHEM U OpHEHTAIHEH
BIIEPBYI0 oOdYepens HEOOXOOUMO IIOCTPOUTH  OBICTPOACHCTBYIOLIYIO
cucremy ynpasiaeHus: OMIL.

B kadecTtBe naBHTraTeNns BHHTOMOTOPHOW TPYNIBI HamOOJbIIEe
pacrupocTpaHeHHE MOJIYYHIN CHHXPOHHBIE IBUTATENHA C ITOCTOSHHBIMH
MarHUTaMH YTpaBisieMble MOCPEICTBOM KOHTPOJUIEPOB ckopocTu (electric
speed controller, ESC). B nanno#t paboTe pa3padaThiBaeTCs ajirOpUTM
paboThl  KOHTpOJUIEpAa CKOPOCTH, OCHOBBIBAIOIIMIICS HAa BEKTOPHOM
YOpaBJICHUU C IMOJYMHEHHBIM perynupoBanueM [13, 14]. B pabore [15]
paspabaTbIBaeTCsl CUCTEMa YIPaBJICHUS JUIsl SIBHOTIONIOCHOTO (salient pole,
interior mounted magnets) CUHXPOHHOTO MIBHUTaTeNs C MOCTOSHHBIMHU
MarHUTaMH TpPHU YyIPaBICHHH TOKOM N0 TmomnepeyHoit ocu  (i;=0)
C UCTIONF30BaHUEM TIPHHIMIA IUIOCKOTO perynupoBanus (flatness based
control).

B pabote [16] B xadecTBe 0OBEKTa B35iTa BUHTOMOTOpHAS TPYyIIIa
COBMECTHO C PETYIATOpPOM CKopocTH. [l 3TOoro 0oOBeKTa mpensiokeHa
cienyromas — mepenaToyHas — (YHKOHS CO  3BCHOM  3ama3/bIBaHUs
G(s):9.412@‘0'295S/(s+3.507), JUIL  KOTOPOWM  CTPOMTCS  PErYIATOP

npobHoro mopsaka  (fractional  order  controller). B coctaBe
BUHTOMOTOPHO# TPYIIIBI a3POJUHAMHYECKAN MOMEHT HPOTHUBOHAINPABJICH
MOMEHTY 3JICKTPOJIBUTATEIIS M HEJIMHEHHO 3aBHCUT OT CKOPOCTH BPAIICHUS
BUHTA, MPHU 3TOM Tsra JABUraTelNs TAK)KE HEIMHEHHO 3aBHCHT OT CKOPOCTH
BpaleHus BUHTA. B pabote [17] ucnons3yercss MOAETh HESBHOIMOIOCHOTO
(surface mounted magnets, non-salient pole) CUHXPOHHOTO JIBHUTaTEIs
C OCTOSHHBIMH MAarHUTAMH C BEKTOPHBIM YIPABJICHUEM JIBUTAaTEICM
TOKOM II0 TMOTEPEYHON OCH, U1 Yero TOK IO MPOJOJILHOW OCH AETaroT
paBHBIM HymO (ig=0), 9TO yIpoIIaeT MOAETb CHCTEMBI. Perymsrop
cKOpoCTH (POPMHUPYETCS 10 NPUHIIUITY [UIOCKOTO PEryJUPOBaHHS C YIETOM
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a’pOIMHAMHUYIECKOTO MOMEHTA, 0€3 JaTYNKOB TOKA, HO C U3BECTHBIM YTIIOM
rnoBopota poropa BMI'.

B ormmume oT apyrux paboT MO yNpaBIEHHIO BHHTOMOTOPHBIMH
TpynmamMy, B JaHHOW paboTe mpemmaraercsi cGOPMHPOBATH IHHEHHYIO
CHUCTEMY YNpPABIEHUS TATOW, a HE CKOPOCTBIO, MOCPEACTBOM NMPUMEHEHUS
TUHeapu3anuu  oOpaTHOH  cBs3plo  [18 —22]. Omna  3akimrouaercs
B ()OPMUPOBAHMUM  TAaKOTO  YIPABISIONIETO  CHUTHAJlA  MOCPEACTBOM
HEeNTMHEHHBIX OOpaTHBIX CBS3€H, 4YTO 3aMKHyTas CHUCTEMa II0JIy4daeT
JIMHEWHbIW BuUA. JlIg TOJNy4EeHHOW JMHEHHON CHUCTEMBl NPUMEHSIOTCA
XOpOIIO pa3paboTaHHbIE TMHEHHBIE METO/IbI CHHTE3A.

2. [locTtanoBka 3amaum. llenp paboThl — MOCTPOUTH JHHEHHYIO
CHUCTEMY YMpaBJiCHHUS TATOW BUHTOMOTOPHOW TPYMIBI, YTO TO3BOJUT
MOBBICUTE ObIcTpoaeiicTBre moacucteMbl DMIL. i 3TOrOo mpemIokeHo
JMHEeapH30BaTh OOPATHOH CBS3BIO MO COCTOSIHUIO U TI0 BRIXOAY [23] Momenb
BUHTOMOTOPHON TpYIIIbl, MOCTPOUTHh YIPABIEHUE U IPOBEPUTH, UTO
CHCTEMA OCTAeTCs YCTOWYHMBOI ITpH W3MEHCHHUH TTapaMETPOB OOBEKTA.

BunromotopHas rpynma OTHOCHTCA K Kjaccy HEJMHEHHBIX
ah(GUHHBIX CHCTEM — HENMHEWHBIX CHUCTEM, JTHHEHHBIX MO YIPaBICHHUIO,
KOTOPBIE MOXKHO MPECTaBUTh CIIEIYIOIIUMH YPaBHEHUAMU:

x =f(x)+g(x)u
¥ =h(x) ’ 0

[7€ X— N-MEPHBIA BEKTOp COCTOSHUs X € R, ympasnsioiiee BO3elcTBUE
u W BBIXOJHOW CHTHAal ) — CKalsApHBIE BeMW4IMHBI y,ue R , f(X),
g(X) — Ii1aaKue BeKTOpHbIe (DyHKIUHM B HEKOTOPOH obact O — R” .

Jluneapuzayus obpammnoii céa3vio no cocmosauuio cuctemsl (1)
BBINIOJIHSAETCS HAa IIEPBOM JTame, Uil ATOTO 3alHIlieM TOJbKO MNepBOe
ypaBHEHHE:

%= f(x)+g(x)u . @)

B HekoTopeIX choydasx, Ui YypaBHeHus (2) CylIecTByeT
nuddeomoppusm .

r .
" I'mapkas Bextophas ¢ymkums z=T(x)=(T(x) I,(x) ... T(x)) , e z,xeR" ,
ompenenennas B obnacth ) , maseiBaercs auddeomopdusmom B obmactu Q , ecau

-1
CYILIECTBYET OJJHO3HAUHAs BEKTOpHAst GyHKIUS X = 7 (z) ¥ 3Ta QYHKIMS TIajKast.
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2=T(x)=(f,(x) HK) ... T,), (3)

re  wWHIEKC ' 0003HAYaeT  TPAHCIOHMpOBaHWE,  z; = T,(X),

2, =T,(x) = LiT(X), z3=LT,(x)=LT(X), z,=L'T(x), xotopsii
peobpasyet cuctemy (2) K BUAY:

1 =2y
Zy =23

2, = LT+ LI Tu

rne LT, u LgL’f”'T1 HEKOTOPHIC HEJMHEMHBIE TIIAAKHE CKaJApHBIC

-l
(GyHKIMH, ompenesieMble NMPOW3BOAHBIMU JIM, Takue, 4TO (LgL’f’ 1T1)

CYIIECTBYeT B HeKOTOpoil obmactu. Torma ciedyrolee mpeoOpa3zoBaHKe
00paTHOM CBS3BIO:

1 n
u ZW(V‘@TI)’ )

MIPUBOIMT CUCTEMY (2) K IMHEHHOMY BHIY:

z =2z,
Z, = z4
, (5)
n-1 = Zn
zZ =V

V —BXOJHO# CUTHAJI CUCTEMBHI (5).
B pesynbrate npumeHeHHs omeparopa V K IIajKOW CKaJSIPHON
Gyskiuy o(x) moaydeHa BEKTOp-CTpoka Vo

0 0 0 0 do. oo do. oo
V= — — ... —, Vo= — — ... —,
ox; Ox, ox,_, Ox, ox; Ox, ox,_; Ox,
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a K razakoi Bekroproit pynkumn B(x) = (B,(x) ... B, (x))T — MaTpuLa:

By B B B

ox; Ox, ox, , Ox

n

VP

o, B, B, B,
ox, Ox, ox,_, Ox,

IIpousBomnas Jlu L, cxamapHodi ¢(yHKIME oO(X) HO BEKTOPHOMH

¢yakunn f(X) OMHUCHIBaETCS BEIPAKECHUEM:
Lioo=Vaf .

CkobOxa JIu ad; BexTopHOW (pyHKIMM g(X) IO BEKTOPHOU (QyHKIMU

f(x) ommceIBaeTCs BBIPAXKEHUEM:
ad;g =Vt —Vig=Lg—Lf.

Jns  Haxoxnmenus auddeomopdusma (3) W JIMHEAPHU3YIOLIETO
ynpasieHus (4) BOCTIONB3yeMcs alrOPUTMOM, TIPUBEAECHHBIM B [23]:
Llae 1. CocTaBuTh MaTpHITy yrpasiseMocTH [19]:

V=(g adg ... ad{"'g ), (6)

€CIlM MAaTpMIIA yIPaBIAEMOCTH HeBbIpOkAcHHAd — detY # 0 ¥ MHOMkKECTBO
(g adg ... adf'”zg) HHBOJIIOTUBHO [23].

Llae 2. Onpenenuts GyHknuo 7;(X) U3 CleIyIOLUX COOTHOIICHUMH:

VTadig=0, VTad}'g+#0,i=0,1,...,n-2.

Illaz 3. Onpenenuts MpeoOpa3zoBaHUE COCTOSIHUS B COOTBETCTBHUHU
¢ (3) u chopMupoBaTh yIpaBIISONIee BO3ACHCTBHE B COOTBETCTBHUH C (4).

Pe3ynbTaToM BBIMOSHEHUsI MIEPBOTO JTalla JIMHeapu3aluu o0paTHON
CBS3BIO  sIBiIIeTCA cucteMa (5). OTta cucTemMa SABISIETCS  JIMHEHHOM
OTHOCHTENBHO Z, HO HEIMHCHHOW OTHOCHTENBHO BBIXOAA Y =/(X)
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oowekta (1). Ha BTOpoM sTame mo6aBuM K cucteme (5), MOTydESHHOU
B pe3ysbTaTe IMEePBOTO ATAIlA JIMHEAPU3AIINH, BEIXOIHOW curHAI o0BekTa (1)

h(X) , KOTOpBIii B HOBBIX IEpPEeMEHHBIX paBeH h(z) = h(T~' (z)) u noxyuum:
1=1(z)+g(z)v
T ; (7

{y =h(z)

rne  h(z) uddepennmpyeMa  HEOOXOAMMOE  KOJHYECTBO  pas,

3 To— T
f(z)=(z, z3 ... z, 0) , g(z)=(0 0 ... 0 1)".

Jluneapuszayus obpamuoll c6a3vi0 NO 6bixo0y U1 CUCTeMBI (7)
BBIMOJTHACTCS Ha BTOPOM JTare, KOTOPBII 3aKIII0YaeTCs

B inpepeHIMpOBaHNN BBIXOJHOIO CUTHaja y =h(z) 10 TOJIydYeHUs
MPSMOH 3aBHCHMOCTH OT BXOJIHOTO CHTHama V:

_d/?(z) dh(z)
Az

f(z)+ dh( )_(z)v—L h+L;hv,

eclii Lgh=0 , TO y He 3aBUCUT OT V M HEOOXOANUMO IIPONOJDKHUTD

muddepenmponanue:

_d(Lh)= d(L:h)_ _ _
y= (dzf )f(z)+ (dzf )g(z)v:L%h+LEthv,

ecmn LgLh =0, To HeoGxomumo nponomkuth anddepeHumposanue 10
TEX TMOp, MOKa HE MOSIBUTCS sSBHAsE 3aBUCUMOCTB ) OT v, TAKUM 00pa3om
MOJTYYUM:

)= Lth+ LI hy, (8)

rie » — OTHOCHTENbHAas CTENeHb OO0bEeKTa W r<n , lELr{lhth . Ilpmu

(OpMHPOBaHUH BXOJIHOTO CUTHAJIA v CUCTEMBI (7) ceayroImuM o0pa3om:

(L) (7-1zh), ©
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6y,Z[CT IMoJIyd€Ha CHUCTEMA BHJA IIOCICIAOBATCIIBHOTO  COCIAUHCHUA
HECKOJIBKUX MHTECTPATOPOB:

» =, (10)

rne v — YNpaBJSIIOIIME CUTHal JIMHeapu3oBaHHOW cuctemsl (10),
a IPOU3BOJIHBIE BBIXOJIHOTO CUTHasla, HEOOXOAUMBIE Uit 0OpaTHOM CBs3M
PEryJIaTopoOB, BEIYUCISIOTCS CIEAYIOIUM 00pa3oM:

W =G, (@)=Lh,i=0,.n-1.

B pesynbraTe AByX3TamHOW JIMHeapu3anuu noiydeHa cucrema (10),
JUIs KOTOPOM MPUMEHUMBI pa3IHyuHble IMHEHHbIE METOAbI CUHTE3A.

3. Onucanne Mogeau. Mopenb MyJIBTHKONTEPA COCTOMUT M3 TpeX
noxcucreM. Iloacucremy OpuEHTAUUM U MOACUCTEMY MO3UIMOHHUPOBAHUSA
00BeIMHIM B OJHY IOJICHUCTEMY — nodcucmemy Ogudcenus. Ilomcucrema
OMII, cocrosamas u3 Heckonbknx BMI, dopmupyer BekTop cKopocteit
BpallleHWs. BHUHTOB, M3 KOTOPBIX CO3MAETCS YNPABIAIOMUN CUTHAN IS
MOJICUCTEMBI JBIDKEHHSI, COCTOSIIUI M3 KOMOMHAIIMM a’pOAMHAMHYECKUX
MOMEHTOB U TAT BXOZsmuii B coctaB BMI'. B nanHo#i paboTe paccMoTpeH
kBajpokontep, OMII KOTOpOro cocTouT U3 uYeThipex OauHaKoBbIX BMI,
MEPEeKPECTHbIE CBA3M MEXJIy KOTOPBIMH HE YYHMTBHIBAIOTCA U3-3a
JIOCTAaTOYHOTO yjAalieHusl npyr oT apyra. Tak kak BMI' oguHakoBbl U He
HMEIOT TIEPeKPECTHBIX CBsI3edl MeXay Opyr OpyroM, TO CHCTEMBI
yIOpaBJeHUs A HUX TaKKe OJUHAKOBBL. B maHHOM pasgene paccMOTpum,
Kak (OpMHpYeTCS YNPaBISAIOMINN CHTHAJI JJIS TIOJCHCTEMBI JIBYDKCHUS
M COCTaBHM MOJIENb OTaepHoro BMI'.

3.1. CocTaBiieHHe BEeKTOPHOIO YNPABJSIIOLIEr0 CHUrHajda s
NMOJCHCTEMBbI JBHIKEHHsl KBaJpokomnrTepa. BunTroMOTOpHas rpymma
MIPEACTaBIsIET cOOOH COSAMHEHNE IEKTPOABUIaTells U BUHTA. [Ipu padbore
3JIEKTPOABUraTeNeu BUHTOMOTOPHOM TPYIIIBL co3aéTcst JBa
AdPOIUHAMUYCCKUX dPPeKTa — CHIa TATH M adPOJUHAMUYCCKUNA MOMCHT,
obecrieynBarOUX IepeMelneHne kBajapokonrtepa. Ilomer kBamgpoxomTepa
OCYIIECTBIJIIETCSI Ha BBICOTaX C OJMHAKOBOW IUIOTHOCTBIO BO3IYLIHOMN
Cpeibl, TI09TOMY CHIIy TSTU F; ¥ a’pOAMHAMMYECKMIA MOMEHT M,; MOXHO

MIPEICTaBUTh CIIeXyIomuM oopa3om [24, 25]:

F, = k0!, My =ky, o, (11)

1
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rne kr m Kk, . KOHCTaHTBI i-rO BHMHTAa, ®, — CKOpPOCTb i-0ii BMI,
K Mgj 1

i — nopsakoBeli HomMep BMI'. JleiictBue cun tsru u MoMmeHtoB BMI
KBaJpOKOIITEPa, IIOKAa3aHbl Ha PUCYHKE 1.

I F,

Puc. 1. Cxema pacnonoxenuss BMI' kBagpokonrepa

st moBopoTa KBagpokonTepa BOKPYI OCeH X, y, z, KaK IOKa3aHo
Ha pUCyHKe 1, HEoOXOOMMO CO3[aThb COOTBETCTBYIOLUIME MOMEHTHI M,

M y» M, KOTOpBIE MOJYYAIOTCS M3 KOMOMHALIMU TSI M @9POAMHAMHYCCKUX

MOMCHTOB CJICAYIOIIUM 06pa30M:
Mx :b(F4_F2)’ My :b(Fi _Fé)’ Mz :Mal +Ma3 _MaZ _Ma4’

rae b — miuedo, B paMKax IaHHOW paOOTHl IUIEYO OIAMHAKOBO IS BCEX
npuratencd.  Cymmapnas — Tara — gsuratenci  Fy = Fi+F, + F; + F
obecreunBaeT U3MEHEHHE BBICOTHI KBaIPOKONTEPa H €ro ABI)KEHHE BJIOJb
oceil x, y, z. IIpu paBeHCTBe I Ka)KIOIO ABHTraTels KOHCTAHT CHIIBI TATH
kp; = kr m ad>popmnamudeckoro mMomenta ky, =k, , momentst M, M,

M, n tary neurareneii Fy, MOXHO BBIPA3HTh Y€PE3 CKOPOCTH BPAIICHHS
JIBUTATEINICH CIICIYIOIAM 00pa3oM:

kF kF kF kF
0 —k, 0 k
Ui =Py =\ 0 —k 0 |¥ (12)
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T
riae y:((;)l2 (,og (,0§ O)i) — BCKTOP BbIXOJHBIX BCJIWYHUH IMOJACUCTCMBI

OMI, w,=(Fx M, M, M, )T — BEKTOp YIPABJIEHHS MOACHCTEMOM
IBIDKeHUs. Diekrpoxasuraten BMIT Bpamiatorcst 3a c4ér GopMuUpoBaHUA
BEKTOpa HANPSDKEHUH Ug , MOABOIMMOro K ux obmorkam. Ksaipoxomrep
MOJKHO pa3[eNITh Ha JIBe, CBA3aHHBIE ypaBHeHHMeM (12) moacucremsl —

noacucteMa OMII m aBmkeHns. BBIXOOHOH BENWYMHON HOACHCTEMBI
JIBIDKEHUS SIBJISIETCSI BEKTOP (|, COCTOSIIIMNA U3 KOOPAUHAT KBAAPOKONTEPA U

ero yrioB opueHTanuu. CTPyKTypHBIE CBSI3M IOICHCTEM KBaJpOKONTepa
IIpeJCTaBIECHbI HA PUCYHKE 2.

KBanpoxonrep

Ioxcucrema q
A TR
JIBHKEHHUS

Puc. 2. CrpykrypHas cxema KBaJpoKonTepa

VYopasnsomuM curaanom st noacucteMbl DOMII siBisieTcst BEKTOp

YHOpaBJIAOIUX HaHpS[)I(eHI/Iﬁ u a yHnpasJiAlOIIMM  CUTHAJIOM  JId

em?

HOACUCTEMBI ABMKEHUS — BEKTOP yIpaBlleHus ABMWKeHUeM U, . Kak BumHO
U3 PUCYHKa 2, BEKTOp YIpaBIeHHs JBMXeHHeM U, (opMHUpYyeTcs 3a CueT

HU3MCHCHHUA BEKTOpa HaHpﬂ)KeHI/Iﬁ UTaHUA u ocpeaACTBOM

em?>

noncucteMsl DMII, To ecTh yIpaBISAIOMINI CUTHAI MTOJICUCTEMBI IBHKCHUS
U, He MOoxeT ObITb CHOPMUPOBAH CAMOCTOSTENIBHO, @ TOJIBKO 3a CUET

nogadyu COOTBETCTBYIOIIETO YIIpaBJIIAIOIIETO HaIPSAXKCHUA u,,

Ha noacuctemy OMIL

3.2. Onucanue BHHTOMOTOPHOI rpymnel. Mcxons u3 Toro, 4ro Bce
BUHTOMOTOPHBIE TPYIIbl OJUHAKOBBI, Ul JIAKOHMYHOW 3amucu yoepem
uHAEKCH I u3 onucanus BMI'. B coctaB BUHTOMOTOPHOW TPYIIBI BXOAUT
CHUHXPOHHBIH JIBUr'aTeNIb C MOCTOSHHBIMU MarHUTaMu (permanent magnet
synchronous  machine), =~ MaTeMaTH4eCKOEC  OMNKHCAHUE  KOTOPOTO
IpeCTaBICHO YpaBHEHUsIMHU [26, 27]:
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di
_ Sd . .
ug; =L, _dt +rgig, (anLquSq,

i
_ Sq . .
Uug, = qu _dt +rglg, + c)anSdzsd +on,y,,

(13)
M =1.5n, (iSq (g Lsg + W, )= IsqlsyLs, )’
MM, =g 9°
dt
rae  ug,, Ug, — CTatopHsle Hampsokenus  (stator’s  voltage),

T . . 0
ug :(uSd usq) ; Iy » lg, — craTtopHble TOKM (stator’s current); Lg,,

qu — HMHAYKTHBHOCTH cTaTtopa (stator’s inductance), 7y — cTaTopHoe
conpoTHBIeHHe (stator’s resistance), J, — MOMEHT HHEpLHH pPOTOpa,
® — CKOPOCTh BpALICHWs JBMraTtess, 7, — WYACIO INap IOJIOCOB;
W, — TOTOKOCIEIUIEHNE C IIOCTOSHHBIMH MAaTrHUTaMH, M — MOMEHT,

M, — MOMEHT COIPOTHBIICHUS, MHACKC d — MIPOEKIHA Ha IPOROIBHYIO OCh,
MHJEKC ¢ — NPOEKIKS Ha MOIEePEYHYIO OCh.
Hanpsokenne ug  dopmupyercs  TakuM — oOpasoM,  4TOOBI

BBINIOJIHSIACH  pa3Bs3Ka MEPEKPECTHBIX CBA3€M W TOK cTaropa IO
TPOI0NBHON OcH OBl paBeH HyIO iy, =0, obecreyrBas OPUEHTALMIO TOKA

110 ToTepeyHol ocu iy =Ig, .

PaccMarpuBaeTcss CHHXPOHHBIM JBUTAaTelb C HESIBHOIOJIIOCHBIM
poropom L=Lg =Lg, MOMEHT IBUrarteis 3aBUCHT TOIBKO OT TOKa
no nonepeynoii ocu M = 1.5np\|/mi5, WIM 10 AHAJIOTUU C JBHTATEIEM
MIOCTOSTHHOTO TOK4, 3anumeM M = Qi .

Opu ig; =0 u L=Lg =Lg ypasnenue (13) mMoxHO 3amucath
[0 QHAJIOTHH C IBUTATEJIEM IMOCTOSHHOTO TOKA CIICAYIOIINM 00pa3oMm:

i rg'! do
s s —y. — - -
o usug —uy, uy = y,n,0, MM =0, 52, (14)
u T,p+1 dt
rae T, = L/ry — MOCTOSHHASI BpEMCHH XapaKTEPHU3YIOLIAsi TEMI H3MEHCHHU

TOKa cTartopa, u, — obpaTHoe DJIC npurares.
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B coorBerctBuM ¢ ypaBHeHWeM (12), BBIXOJHOW BEIUYHHON
nogcucteMbl DMII sIBIIsIETCST BEKTOP CKOPOCTH, COCTOSIIUN U3 CKOPOCTEH
BpalmeHns KaXJI0To JABHTATeNs. JomycTnM, 9TO ABUTATENH B IOACHUCTEME
OMII pacronokeHbl Ha [OCTaTOYHOM YAAJICHWH IPYyr OT Jpyra W He
BIMSIIOT JpyT Ha Jpyra, IMO3TOMY HX MOXHO pPaccMaTphBaTh
0 OTHENBHOCTH. AspoxuHamuueckuit momentr M, (11) cosmaercs
B pe3yJbTaTe BpAIICHUS BUHTA U HAIPaBJICH B IPOTHBOIOIOXKHYIO CTOPOHY
OT MOMEHTa JBHMIaTens, sBIssACh A HEro Harpyskoil M, =M, , xak

nokasaHo Ha pucynke 1. [TonctaBuB B cucremy ypaBHenwuii (14) BeipaxxeHne

2
M, =k, »", nonydeno maremarmdeckoe omucanue BMI' B npocrpaHcTBe

COCTOSIHUH:
X =f(x) +g(X)ug, (15)
¥ = h(x) ’
. _ 1 np\vmrgl }"71
X, 1 M 2 S
rue X:(xlj:[;j’ f(x) = T kTs , g(x) = E i
: ngl —J—Mx§ 0
h(x) = x22 .

Bektop cocrosiHus X mOJHOCTRIO  goctyrieH. llpencraBum
ypaBHeHHe (15) B BUIe CTPYKTYpHOH CXEMBI Ha PHCYHKE 3.

X1 :E
Xo=0
-1
Usq u 7 ® ] Y
—
Tp+l ©)
Uup

%&1'1

Puc. 3. Ctpykrypnas cxema BMI'

Kak BUIHO U3 PUCYHKaA 3, A3pOAMHAMUYCCKOC COIIPOTUBJICHNUEC BUHTA
BHOCHUT K YPAaBHCHUSAM JJICKTPOABUTATECIIA HeﬂHHeﬁHyIO BHYTPCHHIOIO
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0o0paTHyI0 CBA3b IO CKOpPOCTH W BBIX0og BMI' y 3aBucur 0T ckopoctu
TaK)X€ HEJIMHENHO.

4. Jluneapu3anusi o0paTHoii cBsi3blo Moaeau BMT'.

IepBblii dTan — JIWHEApPHU3aAIUs OOPATHON CBS3BIO MO COCTOSHHIO.
Bocnonb3yemcs anropuTMoM B pazzaene 2.

Llaz 1. Tlopsinok cuctemsl (15) Bropoit m=2, Torma marpuua
yrpasiseMocTH (6), cieayromas:

V=(g ad;g),
-1 -1 -1
s I s
T2 T. 2
adig=Vgf-vig=l 5 |, y="% S|, rank(¥)=2.
_ (PrS O _ (prS
TgJ, TsJ,

ManI/ILIa YIpaBIsAEeMOCTU HCBBIPOKACHHAs, a MHOKECTBO,
COCTABJICHHOC M3 OJHOI'O BEKTOpa g — MHBOJIFOTHBHO.

Llae 2. Onpenenum ¢ynknuio z, =7;(x) . Tak kak n =2, To:

-1
%@j oo|nte

ox; Ox, 73 - Ty ox -

E

VTadig =VTig= (

T 0T, Lot ot
vnadfg:[ﬁ aljadf i Oh o O Ly,

x, Ox, 12 ox; TyJ, ox,

OTKyJa CIeAyeT, 4To 7;(X) 3aBHCHT TOJIBKO OT X, , IpuMeM 7} (X) =X, .
lac 3. Ornpenenum npeoOpa3oBaHme COCTOSTHUS 3)

u ynpasistoniee Boszeiicteue (4). Ha mare 2 naiinena ynxiua 7;(X) = x,,

toraa Haitnem T, (X) :

1
L= LT =V =(0 Df =—(ex —kyx;).
[Ipeobpa3oBanue cocTosiHus (3) 3aMUIIETCS CISAYIOIIUM 00pa3oM:
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X

=% = =1
‘ (22) ) J_((le_kng). (16)

I

Jns ompeneneHns nuHeapu3ylomeld oOpaTHOW cBs3u (4) Haimem
Lyzy v Lz,

-1
7 -1

Lz = Vo g=— (o, —2kyx)| 70 | =28
2=V 8= > MX2 = )
¢ ']r g JrTS
-1
1 np\erS
! I
Lyz, =V22f=J—((P, “2kyxy)| 7S k § ’
r ¢ M 2
TN TN
J. J,

2303 ~ 2y oxx, 0% ORI
J? TgJ,

Lz, =

VYnpapnsromuid curHayl nmo oOpatHoil ceszu (4), NpUBOASIIMN
cuctremy (15) k Buay (5) ciieayronmii:

B A O v A Bk L B
Sq (P’”S_l Jz TSJr

r

+v . (17)

TakuM 00pa3oM BBHIOJHEH TMEpBBIM OJTanm JIMHEApU3alud —
HU3MEeHeHHe ckopocTH BpaieHuss BMIT o nuHeitHOMY 3aKoHY.

Bropoii 3Tan — ymHeapu3anus oOpaTHOW CBA3bIO MO BbIXOXLY. Ha
IepBOM JTane Obula TMoJIydeHa JmHeapu3oBaHHas cuctema BMIT Buna (5).
Ha BTOpOoM »3Tame, mpuMeM B KadecTBE BBIXOZAa CHUCTEMBI (5) KBaapar

2
CKOPOCTH Y =" , 3alHIIieM I[OJY4YCHHYI0 CHCTeMY, KOTOpas HMeeT
Bun (7):

{1 =f(z)+g(2)v (18)

y:i?(z):zf:(oz’
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rae f(z)=(z, 0)", g(z)=(0 1)" . Haiinem saBucumocts BhIXOMA } OT
Bxoga v B cucreme (18). IpomuddepeHuupyem BBIXOA HEOOXOIUMOE
KOJIMIECTBO Pa3:

y=Lih+ Lihw =2z 0)(202}(221 0)((1))v =2zz,.
Kak Bunno LEH =0, nponomkaem qudhepeHIPOBATE:
j}:L%H+LgLva=(222 22,)(202)+(222 221)( ) (22 +zv )

NOJy4eHo BblpakeHHe Bupa (8), rme n=r , L%E=2Z§ , LgLfE=221 .

ITo popmyne (9) Haiinem nuHeapu3yroliee OOpaTHOW CBS3BIO IO BBIXOIY
BO3/eiicTBHE:

1
y=— 2 (v 222)

npeobpasytomiee cucremy (18) x Buay (10):

y=h@)=z
Leh =2z z, , (19)

<.
I

<
Il

II€ Yy W y HCHONB3YIOTCA JUIi TOCTPOCHUS perynaropoB. Kak BumHO
YIPaBISIOIMA CUTHAI HMEET paspblB B TOuke z; =® =0, KOTOpPBIHA

IIPOSBIISIETCS TOJIBKO NMPU OCTAHOBIIEHHOM JIBUTATEIE.
Ha pucynxke 4 npezacraBieHa CTPyKTYpHasl CXeMa JIMHEAPU30BAHHOM
CHCTEMBI, TJIc HOBBIMU COCTOSIHUSIMU SIBIISIFOTCSL BEJTMUMHBL J, J, KOTOPBIE

BBIPAKAIOTCS U3 UCXOTHOTO BEKTOPA COCTOSIHUS X B COOTBETCTBUH C (16).
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T(x) > A(z) =
Lih L,

|
|
JI0C !
|

Puc. 4. CtpykrypHas cxema JTHHeapU30BaHHOH 00paTHOM CBS3bE0 BHHTOMOTOPHOMN
TPYIIIBI

Ha pucynke 4 mpencraBieHa TMHEapH30BaHHAs OOpaTHOH CBS3BIO
BuHTOMOTOpHas Tpymma (JIOC BMI), «koTopas SKBHBaJeHTHA
MOCJIE/IOBATEILHOMY COCIMHEHUIO JIBYyX HWHTErpaTtopoB, Kak MOKa3aHO
B ypaBHeHnu (10). CaMm BBIXOZHOH CHTHAl ) W €ro MPOU3BOTHAS

BBIYMCIISIETCS. U3 CUCTeMbl ypaBHeHuil (19), rme 3HaueHHs BEKTOpa Zz
BBIUUCIIAIOTCS. W3 Bekropa cocrosHus mo (16). VYnopasneHue Takon
JIMHEapU30BaHHOW CHCTEMOH MOXKHO CTPOMTH pasHBIMH CIOCOOaMH,
HarpuMmep 100aBUTH [1-peryssiTopsl IO COCTOSIHUIO B OOPaTHYIO CBS3b, YEM
obecrieunTh 3aJaHHBIC IOJIIOCA B 3aMKHYTOH cucreme. Takke MOXXHO
00aBUTh MMONTMHOMHUAIBHBIA MATPUUHBIA peryisarop [28] B mpsaMmyro wim
00paTHYI0 CBS3b, YTO TO3BOJIAT MOBBICHTH MOPSAIOK PETYIATOPa, TEM
caMBIM J00aBHUT JOTOJHHUTENFHBIE KAa4eCTBEHHBIC CBONCTBA 3aMKHYTON
CHUCTEMBI — YBEIUYUTCS TOPSIOK acTaTH3Ma WIN YIY4IIATCS TOYHOCTH
3a CYeT JIy4lrelf KOMIIEHCAllny BO3MYILIEHHH [29].

[Ipennonaras, 94To BCe YETHIPE IBUTATENS OJWHAKOBHI, MOIYIHM
JIMHEHHYI0 MHOTOKaHAJbHYIO CHCTEMY MpeoOpa3oBaHusl HANPSOKEHHS
B TATY JABUTaTEJICH:

F ke kp Kk Ky
M| 110 <k 0 ke |7
M, [Tk 0 ke 0 ||F | (20)
M. ky —ky ky, —k, )7

VYpaBuenue (20) mpenacraBiser coOOi MAaTPUUHYHO HEPEAATOYHYIO
(YHKIHIO, CBSA3BIBAIOIIYIO BXOJHON CHUTHAN V, MOJy4YECHHON B pe3yibTaTe
JUHeapHu3aluu OOpaTHOW CBsA3bl0 cucTeMbl (19) W BEKTOp yIpaBiICHHS
JIBIDKCHHEM U, .

5. Cunte3 cucrembl ynpapijeHus. CTpyKTypbl yIpaBlieHus,
c(hopMHUpPOBaHHBIE TI0 TPUHIWITY MOJYNHEHHOTO PETyTHUPOBAHUSA, MMEIOT
B CBOEM COCTaBE HECKOJBKO IIOCIIEIOBATEHFHO COEOMHEHHBIX KOHTYPOB.
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Oco0eHHOCThIO cucTeM TomduHeHHOTo peryimpoBanus (CIIP) sBisetcs
MIOCTIEIOBATEEHOE PACTIONOKEHHE PETYIATOPOB, 00pa3yIONIMX 3aMKHYTHIC
KOHTYpBI 110 CBOEl BbIXOJIHOH nepemeHHoH. BHyTpenuuii kontyp F._,(p)
HOAYMHEH BHEWHEMY KOHTYpPY F;(p). Kaxaplii nmocnenyromui peryasarop

BbIpabaThIBacT 3aJaHue Ui TPEIbIAYIIEro, Kak MOKa3aHO Ha PUCYHKe S.
Paccmorpum Tpexkontypryto CIIP [30]:

Puc. 5. CrpyxrypHas cxema TpexkonTypHoit CITP

Ha pucynke 5, nepenatounsie gpyHKunu o0bekTa 0003HAYEHBI Kak
W.(p), a mepenaTounsle GYHKIHMN perynasropa Kak R, (p), Tae i — HOMep

3BeHa O0BEKTa M peryisitopa (KoHTypa). Koppektupyromee ycTpoHCTBO
HEOOXOAMMO JUIS KOMICHCAIWU WHEPUUOHHOCTH OOBEKTa M SIBISIETCS

. . . -1
oOparHOi mnepenaTouHoil dyHkimen 3BeHa Ry;(p) =W, (p) . Acrarusm
JNOCTMIaeTCs BBEJEHUEM HHTErPaTopa IIOCIENOBATENLHO CO  3BEHOM

obbekra Ry, (p) = (T; p)f1 , TOTJIa PETYIISTOP 3BEHA PAaBEH:

R{(p) =Ry (p)Ry(p) =W, (p)T,p)", 1)

rae 7; y[l06H0 BbIpaXXaTb B OOJAX OT HeKOMHeHCpreMOﬁ IMOCTOSIHHOM

Bpemenn T}, ucnonb3ys KodpuLHeHT a', torma T, =a’TH. B nmanHoM

pabore npumem a =2 . OUIBTP OMKCHIBAETCS MEPEAATOUHON (PyHKIUEH
-1 .

F(p)=T Wb+ D, OBICTPOJICIICTBUE ~ KOTOPOTO  XapaKTepU3yeTCs

HEKOMIICHCHPYEMOIi IOCTOSIHHOU Bpemenu T, .

Cucmema nOOYUHEHHO20 pecyaupo8anus O JUHEaAPU308aAHHOU
mooeau BMI'. Perynstopsl Uil JMHEapU30BaHHONH OOpaTHON CBSI3bIO
cucremsl (19) crposrcst ananorndasiM o6pazom. IpeacraBum cuctemy (19)
B BUJIE MHOTOKOHTYPHOM CHCTEMBI, KaK IIOKa3aHO HA PUCYHKE 5, TOrja:

n=W(pu, r,=W,(p)ri, , =W(p)r,, (22)
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-1 —1 . —

e Wi(p)=p ., Wy(p)=p VV3(p):1a n=y, h=n=y, u=v.
Boixomel y , y BBIUMCIAIOTCS M3 BekTopa cocrosHus BMI x
B cootBeTcTBHH ¢ (16) 1 (19), curHan v sBisieTcsi BXOAHBIM BO3JICHCTBHEM

B cucreme (22). [IloctpoeHHble TO NPHUHLUILY ITOJYNHEHHOTO
perynupoBasus (21) peryasTopsl UMEIOT CIEAYIONIHHA B

1 1 1
Rl(P)ZF’ Rz(P):Fa Rs(P)Zm- (23)
L u n

Ha pucynke 6 mpencraBieHa CTPYKTypHas CXeMa CHCTEMbI
MOJYUHEHHOTO PETyIMPOBaHUs ISl JINHEAPU30BAHHONH OOpaTHOU CBSI3bIO
BrHTOMOTOpHOH Tpyms! (JIOC BMT).

F* o o) PT% Rz(p)FT{RI@)HFO(m}—V* o T

:

Puc. 6. CrpyxrypHas cxema CIIP nuneapuzoBanHO 00paTHO# cBsA3bi0 BMIT

Cucrtema yIpaBJICHUSI Ha PUCYHKE 6 JuHEWHa OTHOCHUTEIIBHO
KBaJpaTta CKOPOCTH y=0)2 U KakK CJICOCTBHEC — JIMHEHHA OTHOCHUTEIHHO

Tsru. binok JIOC BMI npezcrasien Ha pucyHke 4, B koTopoM 010k BMIT
omuceiBaercst cucteMor (15). CucreMa ynpaBiieHusi Ha pUCyHKE 6 MMeeT
CIIEAYIONIYIO IEPEAATOYHYIO (DYHKIHIO:

1
6AT! p* + 64T} p* +32T p* +8T p+1"

F(p)=

KoTopas ycroitunBa u coorBerctByeT CIIP mpu a =2 .
6. UnciienHoe MO/IeJINPOBaHNe CHCTEMBI. [TapameTpsl
Mmojenupyemoro BMI™ npencrasienst B Tabuune 1.

Tabmuna 1. Ilapamerpst BMI'

HaumeHoBaHue rg [MOM] Ts [e] n, v, [BO]
3HaueHue 288 0.001 8 0.0104
Haumenosanue J, [xr-m*] Prnax ks ky
[06/MuH]
3HaueHue 0.005 4000 8-107° 25-10°°
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W3 tabmuner 1 MoxuHO Haiith, uto ¢ =1.57,y,, =0.1246. 3anamum

HEeHyJIeBble HAYallbHBIC YCIOBHS MO CKOPOCTH, 4TOOBI M30ekaTh pa3pbiBa
GyHKLIMM yOpaBieHHMs BO BpeMs JMHeapu3aluu x,(0)=m(0)=0.001 .

B ZlaHHOﬁ pa60Te HC PACCMOTPCHO OI'paHUYCHUEC II0 HAIPSKCHUIO
HUCTOYHHKA ITMTAHUSA [31], NPCACIIbHBIC 3HAYCHUSA IO TArS OIPEACIIAIOTCA
MaKCUMAaJIbHOK CKOPOCTBIO BpalicHus () KPAaTKOBPEMEHHOC

max *
MIPEBEIIIEHIE KOTOPOil OITyCTUMO.

ITogcraBuM 3Ha4YeHHWS TMapaMeTpoOB OOBEKTa W3  TaOJHUIGI |
B BEIpa)KEHHUE yIpaBionero curaaia (17), BEITOTHIIOMIET0 HEPBBIA ATl
JUHEapHU3aluu 00paTHOH CBS3BIO:

g, =1.15-107°v+(=5.91-107""x3 +9.216-107 x;x, + 0.288x, +0.083 1, ).

Btopoli a3Tam nnHeapw3anuuM 3aKiodaeTcss B (opMHUpOBaHUHU
crenyiomero curmana: v=0.5z " (V—2z3) , KoTOpeli mozcTaBsieTcs B

BBIpAKCHUEC IJIA uSq n3 IICPBOTO 3Tana. HO,HCTaBI/IM 3HaUCHUA BEKTOpaA Z,

TOoraa:
v=0.5%"v - 621.2x7x," —0.0399x,x, +1.28-10x; .

HpI/IBeﬂeHHHe BBIIIC BbIPAKCHUA uSq U V TOPpUBOIAT HCXOIHYIO

MoJienb Ha pucyHke 3 k Buny (19):

2

y=X,
y = 49.85x,x, —0.0032x3, (24)
y=v.

Cucrema ypaBHeHU# (24) ommcwiBaer moacuctemy JIOC BMI na
pucyHkax 4 u 6. Cucrema (24) ¢ perynsaropamu (23) ¥ COOTBETCTBYIOIINMHU
KOX(QPHUIHEHTAMH TATH O0pa3zyeT CIeAYIOIIYIO MEepedaTOuHyIo (YHKIHIO
IO TATe:

F= 1 F (25)
- 4 4 3.3 22 ’
647, p" + 64T, p” + 3217 p” + 8T, p+1
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BrimosrauM MonienupoBanue cuctemsl (24) ¢ perynstopom (23) npu
T, =0.02, xoTOpOE NPEACTABICHO HA PUCYHKE 7.

T =0.02
5 [k

F, kg

Puc. 7. I'paduku mepexoHBIX IPOLECCOB IIPU Pa3IHMYHBIX 3HAUCHHUSX TPeOyeMoit

*
aru F

ITo pucyHky 7 BHIHO, 4TO pa3paboTaHHAas CHCTEMa YIPaBJICHUS
JIUHEIHA ¥ COOTBETCTBYET CHCTEME MOJAYMHEHHOIO peryiaupoBaHus (25).
JluneliHOEe TIOBEJEHUE CHUCTEMBI YIPABICHUS OTHOCHTEIBHO TSTH
MMO3BOJIIET PEaJH30BBIBATH 0o0liee CIIOKHBIE AITOPUTMBI YIPaBICHUS
IBIKEHHEM KBanapokomnrepa. [IlpuBeneHHble B Tabmume 1 mapameTps
BMI', B n3nenuu HUKOrAa HE COOTBETCTBYIOT PEajibHbIM 3HAUEHUSM, YTO
MPUBOIUT K HETOYHOH IMHEapH3allMd MOJETH O0BEeKTa W OTKIOHECHUU
[IEPEXOIHbIX MPOLIECCOB OT NPHUBEAEHHBIX Ha pucyHke 7. Ha pucynke 8
NpUBEICHBl TIpadUKKW TEPEXOJHBIX IPOLECCOB NPU HECOOTBETCTBUU
HEKOTOPBIX MapaMeTPOB 00BEKTA U MOJICIIH.
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2 ]
S T )
- So N
T =081
1 === So 1
T =12T
""""" So
0 0
0 0.2 0.4 0.6 0.8 1 0 1
t,s
a)
5 5
4 4
3 3
= on
) -
Ep) _ =2
—"r0 - r
1 -0, 1
Jo=120
0 0
0 0.2 0.4 0.6 0.8 1 0 1
ts t,s
B) r)
5 5
4 - 4
3 3
on on
- <
o2 L o2
1 M 1 M
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t,s t,s
m) e)

Puc. 8. IlepexomHble POIECCHl IPU HECOOTBETCTBHY ITApaMeTPOB 00bEKTa 1
MOJIENN: a) YIEKTPOMAarHUTHAs IIOCTOSTHHAS BpeMeHH oTindaercs Ha 20%;
6) IEKTPOMArHUTHAsL IIOCTOSIHHAS BpeMeHH oiindaercs Ha 50%; B) MOMEHT
uHepiuK otanyaercs Ha 20%; I') MOMEHT HHepLuK oTiandaeTcs Ha 50%;
1) K03 GUIMEHT a9pOANHAMUYECKOTO MOMEHTa oTinyaercst Ha 20%;
¢) K03 GUINEHT a9POANHAMUYECKOTO MOMEHTa oTinyaercs Ha 50%

Kax Bunno u3 pucyska 8, rae T, , J, — mmapaMeTpsl 00BEeKTa,

ro 2

kMu

aTs, J., k, — napamerpsl Mmoaenu, cucrema ynpasienus JIOC BMI ne
TepsieT YCTOHYMBOCTU TIPH HECOOTBETCTBHM BBHIOPAHHBIX IAPAMETPOB HA
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20% u Ha 50%. Ilpu >TOM 3aMETHO, 4YTO OTIMYHE k), OOBEKTa OT k,,
MOJIENIY BIIUSIET HA TIEPEXOAHON NPOLECC MEHBIIE, 4eM oTimune Tg, u J,,
or Ty u J,.

Cpasnum 6vicmpoOeticmeue pa3paOdOTAaHHOH CHCTEMBl yIpaBIEHHS
Taroi BMI' ¢ cuctemMoli MOIYMHEHHOIO PEryaupoBaHust ckopoctu BMI,
TJIe a3pOAMHAMUYECKHH MOMEHT SIBIISICTCS BO3MYIIEHHEM, a yCTaBKa IIO
CKOPOCTH BBIUHCISIETCSl M3 yCTaBKM o Tsare. Ha pucynke 9 mpuBenceHa
JKBUBAJCHTHAs  CXEMa  JBYKPaTHOH  CHUCTEMBl  aBTOMAaTHYECKOTO
perynupoBaaus (CAP) ckopoctn, B3stor m3 [14] ¢ ydgerom (11). Ona
MOJTydeHa Uil ypaBHeHMs asuratens (14) mpu npuMEHEHHMH TNPHHIMIA
MOJYMHEHHOTO perynupoBanus (21).

ky [ ()2 <

1 GAT P+ 64T p’ + 3200
> 44 33 2 2
J, 64T p* + 64T p* +32T° p* +8T, p+1

x| 1
@ »
'-k () | e 64T} p* +6AT] p* + 3217 p* + 8T, p+1
|
|
|

Puc. 9. DxBuBaneHTHas CTPyKTypHas CXxeMa JABYKPATHOH CHCTEMBI
aBTOMATHYECKOI0 PETYIUpPOBaHus ckopoctd BMIT

JluHamuKa pa3paOoOTaHHOM JMHEHHOW CHCTEMBI YIIPaBIEHHS TIrOW
BMI' omnuceiBaercst mepenaTtoyHoil QyHkumeit (25), koTopas coBmajgaer
c mepeaToyHod (yHKIMEH Ha pHUCYHKE 9, OIMCHIBAIOIIEH CHUCTEMY

*
yIipaBJI€HUSI CKOPOCTBHIO 0e3 BO3MYWICHUA, OT BXOJa (O K BBIXOAY @) .

CpaBHUM TpaduKH TEPEXOMHBIX TPOIECCOB pPa3pabOTaAHHON CHCTEMBI
ynpasienus taroi (25) ¢ neykpataoit CAP ckopoctu BMI Ha prucyske 8.
Ha pucynke 10 mokas3aHbl TpapuKé TEpEeXOAHBIX MPOIECCOB IO
Tare (a), HampspkeHWio (0) W TOKy (B) Ui pa3paOdOTaHHOW IJHMHEWHOW
cUCTEeMBI yrpaBleHus Tiaroul (Linearized) n nBykpatHoit CAP ckopoctn
(Non-Linearized), mokazanHoit Ha pucynke 9. JlmHeapu3oBaHHas cucTeMa
ynpaieHust Taroil (Linearized) omuchiBaeTCs mNepelaToduHON (yHKIHEH
(25) xyna mnoacTaBisieTcss 3HAYEHHE HEKOMIEHCHPYEMOW MOCTOSHHOU
Bpemenn 7, =0.05 (cruomHas ymHus). B nokasanxyro Ha pucyHke 9

nBykpatHyto CAP ckopoctu (Non-Linearized), moNCTaBISIOTCS 3HAUCHUS
HEKOMIICHCHPYEMOH T1OCTOsHHOH Bpemenu 7, =0.05 (lwTprxoBaHHAS
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munust), 7, =0.04  (wrpux-nyHkrupHas — mHus), 7, =0.03

(TTyHKTUpHAS JTUHYSA).

——Linearized, T“L:O.OS
- - ~Non-linearized, T =0.05 ——Linearized, T ; =0.05
_ - _Noninearized, T _—0.05
L

Non-linearized, T __=0.04
L

AAAAAAAAAA Non-linearized, T _ =0.03 —----Non-linearized, T, =0.04
> L pnl "

.......... Non-linearized, T __=0.03
L

Q 1 13 2 1 15 2
is is
a) 0)
80 ———— T T
77.6 fAL ——Linearized, T . =0.05
L L .
E = = =Non-linearized, T _=0.05
i oL
LS8IAL 3 s Non-linearized, T __=0.04 i
pnL
) P Non-linearized, T _=0.03
R pnl i
44 [A)f
- - -2
o L . ‘ .
0 05 1 1.5 2
is
B)

Puc. 10. I'paduky nepexoHBIX MPOIECCOB pa3pabOTaHHON JTMHEHHOH CHCTEMBI
ynpasienus tsroif (Linearized) n nykparnoit CAP ckopoctu (Non-linearized) npu
Pa3IHIHBIX HEKOMIIEHCHPYEMBIX IIOCTOSTHHBIX BPEMEHH:

a) o Tsre; 0) 10 HANPSKEHHIO; B) TT0 TOKY

B rtabmuue 2 BBeleHbl chefylouniue 0003HAYEHMs, f, — BpeEMs
OCTIDKEHUST 30HBI 5%, max(q) — MakcHMalbHOE 3HadeHue ¢, A —
pasHua Mexnay cronduamu Non-linearized w Linearized, Hanpumep,

Aty = gNor-linearized _yLinearized 5 orpomenne Mexay cronéuamu Non-

Non—linearized _ tLinearized
linearized n Linearized, nanpumep, &t = ! 1 100% .
thearzzed
1
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Tab6mmna 2. [TapameTpsl IepexoaHBIX IPOIECCOB Ha pUCYHKe 10

Linearized | Non-linearized | Non-linearized | Non-linearized

1,=005 | T,, =005 | T,, =004 | T, =0.03
1 [c] 0.67 1.13 0.71 0.47
At [c] 0.46 0.04 -0.2
8t, [%] 68.6 5.9 -30
max(ug,) [B] 473 45 45.6 493
A(max(ug,)) [B] 23 -1.7 2
8 (max(ug,)) [%] -5 3.6 42
max(is) [A] 44 46.7 58 77.6
A(max(i)) [A] 27 14 33.6
8 (max(iy)) [%] 6.1 31.8 76.4

VYBenudyeHrue OBICTPOACHCTBHSI CUCTEMBI MO TSACe MOXHO JIOCTHYb
YMEHBIICHUEM HEKOMIICHCHPYEMOW MOCTOSHHOW BPEMEHH, HO NPU ITOM
BO3pacTalOT MAaKCHMAajbHBIC 3HAYCHUS TOKa, KakKk [IOKa3aHO Ha
pucynke 10(B), 9TO BBIHYIUT WCIOJB30BATH JIICKTPOOOOPYJIOBAHUE C
OoJBIICH Teperpy304HOi CrocoOHOCThIO. [103TOMY MMON MOBBIIICHUEM
OBICTPONCHCTBUS TOHMMAcM YMCHBIICHHE BPEMEHH f TIPH CXOXKHX
MaKCHMaJIbHBIX 3HAYCHUAX TOKA U HAMTPSKECHHSL.

B COOTBETCTBHH C TabIHAIEH 2, npu OJIMHAKOBBIX
HEKOMIICHCHPYEMBIX IOCTOsHHbIX Bpemenn 7, =T, =0.05 Bpems f

ymeHblieHo Ha 68.6% wnun 0.44 [c], a MakcUMalbHBIE 3HAYEHHS TOKa
W HaUpsDKEHWs  ONM3KM K ApYr  ApYry A(max(usq)):—2.3 [B],
A(max(iy)) =2.7 [A]

Ilpn yMeHbIIEHWH HEKOMIIEHCHPYEMOH IIOCTOSIHHOH BpEeMEHH
npykpartuoii CAP ckopoctn 7, =0.04 , Bpemsi JOCTIKCHHs 30HBI 5%

cTtaHoBUTCS OnmuskuM, gaBykpatHas CAP  ckopoctw  oTpabaThiBaeT
CTYNEHUYaThIl CHUrHAN 3ajaHus MeleHHee Ha 5.9%, HO mpu 3ToM eé
MaKCHUMaJIbHOE 3HaueHue ToKa yBesndeHo Ha 14 [A] wiu 31.8 [%].
_ 0 o
Upu 7, =0.03 Bpems nocrixenns 30Hel 5% aBykparHoii CAP
ckopoctu opicTpee Ha 0.2 [c] win Ha 30%, yeM y pa3pabOTaHHON CUCTEMBI,

HO IIpU 3TOM MaKCHMajbHOE 3HAY€HHE TOKa Bo3pacTaeT Ha 33.6 [A] wiu
76.4%.
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7. 3akaroyenne. Maremarndeckass MOAEI> BHHTOMOTOPHOM TPYIIITBI
OTIMYaeTCd OT MAaTeMAaTHYeCKOH MOJAENH HICKTPOABHUIATENS HAIHIHEM
JIByX HENWHEHHOCTEH Kak MoKa3aHo Ha pucyHke 3. O0e 3T HelMMHEHHOCTH

3aBHCAT OT KBAJAPaTa CKOPOCTH ©° . B oT/HumMe OT APyruX paboT B JaHHOM
paboTe BBINOJIHEHA JTUHeapu3anus oOpaTtHOW cBsizbio Monmenu BMIT (15),
KOTOpasi COAEPKHUT OTH JBe HeNuHeilHocTu. B pesynpraTe mnogydyeHa
JUHEeapU30BaHHAass OOpaTHOW CBs3b0 cucTeMa (24), 4YTO MO3BOJHIO

JIMHEHHO CBS3aTh CHUTHAJ YHIpaBJICHUSA OBUXCHUEM ud CO BXOIHBIM

CUTHAJIOM cUCTeMBI V (20).

Jlis muHeapu3oBaHHOI 00paTHOI cBsA3bIO cucTeMbl (24) mocTpoeHa
JUHeWHas cucTteMa ympaBineHus Tarod BMIT (25) no npunnumy
MOJYUHEHHOTO PEryIupoBaHMs, KOTOpas CpaBHeHa C ABykpaTHoil CAP
CKOpOCTH, TOKa3aHHOW Ha pucyHKe 9. B pesymerate y paszpaboraHHOMN
CHUCTEMBI, OTHOCHUTENBHO JBYyKpatHoH CAP CKOpOCTH yBEITHYEHO
ObIcTpoelicTBIE (YMEHBIICHO BpeMs JOCTIDKEHHS 5% 30HBI) HA 68% mpu
CXOKMX MaKCHMAaJIbHbIX 3HAUEHMAX TOKa, KaK ITOKa3aHOo Ha pucyHke 10 u B
tabmute 2. [Ipu cxoxeM OBICTPOIEHCTBHN JIMHEHHON CHCTEMBI yIIPaBICHHS
Taroil u aBykpaTHOH CAP cKOpocTH, MakCHMajbHOE 3HAYCHHE TOKa
ymeHbiuioch Ha 14 [A]. [IpoBenena npoBepka COXpaHEHUsT YCTOMUYHUBOCTH
CHUCTEMBI MPH OTIMYHM MapaMeTpoB O0OBEKTa M MOJENH, KaK MOKa3aHO Ha
pucynke 8. Takum 00pa3om paspaboTaHHas TMHEHHAS CUCTEMa YIIPABICHHUS
TATOHM IO3BOJIIET TOBBICUTH ObICTpozelcTBue monacucteMbl OMII, Tem
CaMBbIM YJIy4UINTh MaHeBpeHHOCTh BIIJIA.
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A. VOEVODA, YU. FILIUSHOV, V. FILIUSHOV
DEVELOPMENT OF A LINEAR CONTROL SYSTEM FOR A
THROTTLE OF A UAV PROPELLER-MOTOR GROUP

Voevoda A., Filiushov Yu., Filiushov V. Development of a Linear Control System for a
Throttle of a UAV Propeller-Motor Group.

Abstract. Orientation and positioning control of an unmanned aerial vehicle (UAV)
vertical take-off and landing multi-rotor type in space is inextricably linked with the formation
of a motion control vector, consisting of a combination of thrusts and aerodynamic moments of
each propeller-motor group. The accuracy and speed of formation of the motion control vector
greatly affect the positioning and orientation errors of the UAV. Most works devoted to the
synthesis of UAV control systems use a motion control vector without taking into account the
dynamics of the rotor-motor groups, which in some cases forces the control system to reduce
its performance. The performance of the UAV control system can be increased by increasing
the speed of generation of the thrust of the propeller-motor groups, for which a system for
controlling the thrust of the propeller-motor group has been proposed. The propeller-motor
group in its composition has a nonlinear internal connection in the aerodynamic torque and an
output signal — thrust, that nonlinearly depends on the square of the propeller rotation speed.
Typically, the propeller group is controlled like an electric motor — the internal coupling of the
aerodynamic torque is considered an external disturbance, and the thrust is controlled by
changing the speed of rotation of the propeller which is calculated based on the required
motion control vector. It is proposed to consider thrust and aerodynamic torque an integral part
of the propeller-engine group, for which to build a linear thrust control system. For this
purpose, we carried out feedback linearization of the rotor-motor group system, connecting the
voltage supplied to the motors with the motion control vector, which is the output value. The
linearization process is divided into two stages: at the first stage feedback linearization is
performed for an electric motor with internal nonlinear coupling by aerodynamic torque; at the
second stage, linearization is performed with feedback on the output obtained at the first stage
of the system with a nonlinear output signal — thrust. In accordance with the principles of
subordinate control, motor control is formed for linearized feedback of the propeller group.
Simulation was completed. An important issue when using feedback linearization is the
preservation of the quality characteristics of the control system in the event of a mismatch
between the parameters of the object and the model, the parameters of which are used to
calculate the linearizing feedback. In this work, modeling was carried out with a discrepancy of
some parameters up to 50%.

Keywords: feedback linearization, quadcopter, propeller group, slave control, AC motor,
synthesis, control system.
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A. ISKANDAR, A. HAMMOUD, B. KOVACS
IMPLICIT UNDERSTANDING: DECODING SWARM BEHAVIORS IN
ROBOTS THROUGH DEEP INVERSE REINFORCEMENT
LEARNING

Iskandar A., Hammoud A., Kovdcs B. Implicit Understanding: Decoding Swarm Behaviors in
Robots through Deep Inverse Reinforcement Learning.

Abstract. Using reinforcement learning to generate the collective behavior of swarm robots
is a common approach. Yet, formulating an appropriate reward function that aligns with specific
objectives remains a significant challenge, particularly as the complexity of tasks increases.
In this paper, we develop a deep inverse reinforcement learning model to uncover the reward
structures that guide autonomous robots in achieving tasks by demonstrations. Deep inverse
reinforcement learning models are particularly well-suited for complex and dynamic environments
where predefined reward functions may be difficult to specify. Our model can generate different
collective behaviors according to the required objectives and effectively copes with continuous
state and action spaces, ensuring a nuanced recovery of reward structures. We tested the model
using E-puck robots in the Webots simulator to solve two tasks: searching for dispersed boxes and
navigation to a predefined position. Receiving rewards depends on demonstrations collected by
an intelligent pre-trained swarm using reinforcement learning act as an expert. The results show
successful recovery of rewards in both segmented and continuous demonstrations for two behaviors
— searching and navigation. By observing the learned behaviors of the swarm by the expert and
proposed model, it is noticeable that the model does not merely clone the expert behavior but
generates its own strategies to achieve the system’s objectives.

Keywords: deep inverse reinforcement learning, reward function, demonstrations, searching

behavior, navigation behavior.

1. Introduction. Swarm robotics (SR) is a self-organized system with
a decentralized control architecture. Robots in SR interact with each other
and their environment to achieve the desired behavior collectively. The key
features of SR systems rely on autonomy and the local perception of individuals.
These features lead to SR with robustness to individual failures, flexibility
with changes in environmental conditions, and scalability for different sizes
of swarm [1 — 4]. Methods of generating the collective behavior of the SR
typically depend on the required task.The methods used to generate collective
behavior in swarm robotics (SR) are closely tailored to the specific tasks the
robots are designed to perform. For example, in search and rescue missions,
SR systems utilize algorithms that optimize area coverage and ensure rapid
localization of targets, such as finding survivors in a collapsed building. In
navigation tasks, SR might employ pathfinding algorithms that enable the
swarm to efficiently move through complex environments, avoiding obstacles
and minimizing travel time [5 — 11]. This concept addresses the task-oriented
nature of SR. It is challenging because of the unpredictable interactions
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within a swarm and the diverse potential applications and environments.
There is no generalized, applicable method for designing desired collective
behavior, making this a key area of research. Many directions addressed
this challenge, like bio-inspired algorithms: Drawing inspiration from nature,
these algorithms emulate behaviors observed in biological systems, such as
the flocking of birds or the foraging patterns of ants. Such models help
in designing decentralized control systems where each robot in the swarm
behaves according to simple rules based on local information and interactions
[12 — 15], modular design: This approach focuses on creating robots with
interchangeable modules, which can dynamically reconfigure based on the
task at hand. Modular design enhances the flexibility and scalability of swarm
robotics systems, allowing for adaptability to different environments and tasks
by rearranging the modules to fit specific needs [16, 17], evolutionary robotics:
This method uses evolutionary algorithms to develop the control systems for
robots, effectively allowing the robots’ behavior to evolve and optimize over
time. It mimics natural selection processes to automatically generate solutions
that are well-adapted to their environment and task, continually improving
as the system encounters new scenarios [18], and machine learning, where
reinforcement learning (RL) provides a robust framework for developing SR
systems with diverse tasks [19]. RL supplies robots with autonomy and the
ability to learn from others and the environment. It can manage the complexity
of designing collective behavior by breaking down the learning process into
simpler, manageable parts, with dynamic adaptation. The RL approach in SR
is represented as a Markov decision process (MDP) as (S, A, R,T,Y ), where
the robot moves from state S to a new state S;;1 by executing an action A. The
essential function in RL is the reward R where robots learn to perform the
actions that maximize the cumulative received rewards during period 7 by
weighting them by factor 7. Thus, the problem of designing R reflects the main
objectives of the given task that correspond to generating the collective behavior
of SR [20]. To generate the collective behavior of SR by RL. Firstly, define the
environment in which multiple agents can coexist. Secondly, representing the
states and actions spaces for policy 7 representation. Then define the reward
function by deciding whether the agents receive rewards based on individual
performance, collective outcomes, or a combination of both. Finally, choose an
appropriate RL algorithm. Choosing R is critical because the reward function
directly shapes the agent’s behavior, guiding it towards desired objectives
and away from undesirable actions. Inverse reinforcement learning (IRL) is a
sophisticated approach that involves learning the underlying reward function
based on the observed behavior of experts. Unlike traditional RL, which directly
learns a policy based on a pre-defined reward formula, IRL provides a deeper
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understanding of complex behaviors by demonstrations instead of explicitly
tuning the reward formula that describes these behaviors. This methodology is
particularly advantageous in swarm robotics, where explicit reward functions
are challenging to formulate due to the interactions and collective dynamics of
robots.

2. Related works. Defining an appropriate reward function requires
mathematical knowledge and a deep understanding of the operating conditions
of the system. Formulating the R equation becomes more complex by increasing
the objectives of the given task. Many methods have been used to formulate
R which corresponds to generating the collective behavior of SR, like sparse
rewards, which are infrequent or only given sparsely throughout the training
phase, where rewards or punishment are given for a specific action like when
each robot near to its fellow or when the swarm reaches the target, and negatives
values for colliding with obstacles [21, 22]. Shaping rewards is another method
that depends on providing additional rewards to guide agents toward the desired
behavior more efficiently. This involves rewarding each action through each
time step during the episode, as opposed to sparse rewards where specific
actions are rewarded. Both of sparse and shaping methods were used to solve
the foraging SR problem. It demonstrates that the shaping method was able
to solve the problem while the sparse one failed. RL was modified with a
hierarchal structure to solve the problem with sparse rewards [23].

To eliminate the need for manually crafting rewards and provide more
structured learning guidance than traditional methods, IRL introduces a
solution to infer the reward function from demonstrations collected by an
expert. So, the agent learns a policy that is similar to or better than the expert
policy based on the inferred reward function. The obtained policy does not
require mathematical experience or a full understanding of the conditions and
operations needed to formulate R, thus avoiding human bias and potential
suboptimality [24].

The main idea behind IRL is to understand what motivates these
behaviors by analyzing the decisions that experts make in various situations.
In IRL, the expert is typically an agent (human or robotic) who performs a
task with high proficiency. The expert’s behavior serves as a benchmark or
model that the IRL algorithm attempts to emulate. By observing the expert,
the IRL aims to deduce the reward structure that guides the expert’s decisions,
assuming that the expert’s actions are optimized to maximize some form
of cumulative reward. Developing an IRL model to be deployed in swarm
robotics is an interesting research area due to its ability to facilitate autonomous
decision-making in complex, dynamic environments. Many researchers have
carried out IRL to generate collective behavior for many missions like [25],
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where maximum entropy IRL is used for each agent to infer the birds’ reward
functions from observed GPS data of pigeon flocks. This approach allowed
them to not only simulate flocking behavior but also infer potential leader-
follower dynamics within the flock. IRL was also used in SR for area coverage
problems, particularly focusing on improving efficiency in unstructured search
and rescue scenarios [26]. The solution involved humans in the loop with
IRL. Human expert demonstrations are used to train SR, allowing them to
learn optimal area coverage strategies. The author in [27] combines IRL with
automatic modular design to generate control software for robot swarms based
on only the demonstrations, without the need for explicitly defined reward and
objective functions. Many methodologies in cited IRL can not handle high-
dimensional, continuous state-action spaces and are capable of generalizing
across different tasks and dynamic environments. This is crucial for developing
adaptive and robust swarm robotic systems that can operate effectively in a
wide range of scenarios. Our paper investigates the ability of IRL to generalize
across different scenarios and automate reward design, making it robust and
efficient, particularly in complex and continuous environments. It introduces an
IRL model able to deal with continuous state and action spaces with simplified
segmented or continuous demonstrations. This model can be generalized to
produce different collective behaviors such as navigation and searching tasks.

3. System Description. This section describes the framework of the
SR by testing two tasks: searching for the boxes represented as light sources
and navigating from initial positions to a predefined position illustrated as a
circular yellow area called (P), as shown in Figure 1.

Fig. 1. SR environment
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The swarm system was implemented in a 3D robot simulator called
Webots where the E-Puck mobile robot was selected to build the swarm. The
dimensions of the workspace were defined as 3 x 3m?, forming a square area
surrounded by four walls. The parameters of E-Puck robots were set as follows:
linear velocity [0,0.25]m/s, angular velocity [—3.14,3.14]rad/s, and light
sensors’ readings corresponded to the light intensity [0,4095].

3.1. RL architecture. The proximal policy optimization algorithm
(PPO) is used for both searching and navigation tasks. Most of the studies
mentioned in the related work section used PPO. It is favored in robotics for its
balance between sample efficiency and computational simplicity, avoiding the
need for complex calculations like those in Trust Region Policy Optimization
(TRPO). PPO’s stability is enhanced via a policy gradient method that
maximizes an objective function by using a clipped surrogate objective to keep
updates stable [28], thus maintaining steady training progress. This makes
PPO an adaptable and robust choice for a variety of applications, particularly
those involving continuous action spaces and environments with complex
dynamics.

The problem is formulated as a MDP represented by the tuple
(S,A,T,R,Y). The state space S has two frames, one for the searching task
contains light sensor readings, and the other frame for the navigation task
includes the distance D, besides the angle 6 between the robot and P. The
action space A includes the velocities of both the left and right motors. The
transition function 7 describes the dynamics of the system. In continuous
states and actions spaces, the transition dynamics function typically cannot
be explicitly defined for every possible state and action due to the infinite
possibilities. PPO optimizes a policy function that outputs a probability
distribution over actions given the current state. The policy is typically
parameterized by a neural network where the weights are adjusted to maximize
the cumulative reward. The reward function R provides feedback based on the
system’s behavior. The main architecture of the PPO has two neural networks,
actor and critic with fully connected layers, as shown in Figure 2. Table 1
presents the parameters of PPO.

3.1.1. Reward formulating. In the searching task, As we mentioned
the PPO receives the light sensor readings as inputs and produces wheel
velocities as outputs, Figure 2. The learned velocities attempt to adjust the
robot’s trajectory toward the light source (boxes). To formulate the equation
of the reward function to motivate robots to steer their directions to the light
sources where the boxes are located, it is better to measure the intensity of the
light between two states at times # — 1 and # and be rewarded if it is increased.
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State Vector

For searching S=[LS0, LS1,..., LS7]
For navigation S=[D, 8]

4 ; o )
i Aﬂi speed 1 P
/ + —>» Advantage
—> speed2

< Sx128x64x32x2 FC Sx128x64x32x1 FC

5

E

v
[ Update networks' weights by PPO ]
| Gussian process action
- J
Fig. 2. PPO architecture
Table 1. PPO hyperparameters

Parameter Value
max training timesteps RL:1000000, IRL-RL:250000
max timesteps per episode 800
state space dimension Searching:8, Navigation:2
action space dimension 2
discount factor (y) 0.99
PPO epsilon clip 0.2
PPO K epochs 80
optimizer learning rate actor 0.0003
optimizer learning rate critic 0.001
Layers size input,128,64,32,output

An additional value 1.1 is given when the robot finds the box, as in
Equations 1 and 2. Notably, both shaping and sparse methods were used.

1.1 if LS > FindThresholdsearehing
Foox = { 1.1 if LY > FindThresholdsearcing - (1)

0 otherwise
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LSy " —18Y)) + (Lsi ) — LsY))
2

R(t)searching = =+ Tboxs (2)

where:
R(t)searching — Reward value at each time step 7.

LSg) , LSgt) — The current readings of light sensors 0 and 7, respectively, at time

t.

LS((;_I) ,LSgt_l) — The previous readings of light sensors 0 and 7, respectively,
attimer — 1.

FindThresholdsearching — The threshold value for the light sensor where the box
is found.

rvox — The additional reward when the robot finds the box.

For the navigation task, the inputs of the PPO network are the robot’s
current distance and angle relative to P, where the outputs modify the wheel
velocities to navigate P. Additional reward is sparse for successfully reaching
P, as in Equation 3, incorporating the shaping method to speed up the learning
process, as in Equation 4.

~J0.1 if Dy < FindThresholdpayigation 3)
o otherwise ’
cos(6
R(t)navigation = (Dt—l - Dt) +rp+ 10(0(;) 5 (4)

rp — The additional reward when the robot reaches P.
FindThresholdpayigation — The robot is inside P.

Dy — The distance between the robot and P at time t.
Dy — The distance between the robot and P at time t-1.
6; — The angle between the robot and P.

3.2. IRL-RL model. In this approach, instead of formulating the
reward mathematically train RL to find the policy. IRL is implemented to
infer the reward by demonstrations collected via a pre-trained swarm. RL used
them to generate the policy to obtain the searching and navigation behaviors,
as in Figure 3.
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Fig. 3. IRL-RL model

IRL components:

Data loader: it is a container for the data that flows from the expert
and training process. Expert data is collected by an expert pre-trained model
while training data is collected during the PPO training process. Both of them
contain only state frames with flags without actions. The flags are indicators
of completing the task like finding a box in the searching task or reaching P
in the navigation. The model is able to cope with two types segmented and
continuous states. Both types of states were tested in the results section. In
segmented mode, the sensors’ readings after normalization are divided into
five ranges between 0 and 1, each corresponding to a value.
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Features extractor: the given Table 2 shows the types of data and
functions that are used on the received data from the data loader. The received
data is raw, where the values of the light sensors are measured in a range of
[0,4095]. While the distance D is in the range of [0,3]m and the angle 0 is
[~ 7, m|rad, the purpose of ¢ (s) in Equations 5, and 6 is to convert raw states
S into a feature vector which is more suitable as input for the model. The shift
function is applied to the states after normalization to obtain the valuesin ¢ — 1.
These values are used to produce the correlation between states to encourage
the R network to perceive the directions of changes in states.

Table 2. Features Extractor Input and Output for Searching and Navigation Tasks

Input of features extractor (from

Task the data loader)

Output of features extractor

Normalized [Lsg’w, LS((;)’ LS§t71)7
L5\"], flag (Finding a box)
Normalized [D®D, DO 9®D 907,
flag (Reaching P)

Searching LSy, LSV, flag (Finding a box)

Navigation DO, 9", flag (Reaching P)

o(s): S —[0,1], (5)

_ MaXOutpu[ - Manutput

9(s) =

- (S — MaxValue) + MaXOutputa (6)
MaXValue - Manalue

Maxvane — the upper value in the raw range of states, for example, in the
searching task equals 4095 according to the light sensor reading
Miny,,. — the lower value in the raw range of states, for example, in the
searching task equals 0.
Maxoupu — the upper value in the output range of ¢(s), equals 1 as in
Equation 5.
Mingygput — the lower value in the output range of ¢ (s), equals 0 as in Equation 5.
Deep IRL — the backpropagation process of the reward network is
performed by calculating the losses according to Equation 7, which guarantees
updating the weights of the reward neural network. This objective function
is the binary cross-entropy loss function applied for distinguishing between
expert and training rewards. This loss function is designed to penalize the
deviation of the predicted rewards from the "true" rewards indicated by the
expert’s behavior.

Informatics and Automation. 2024. Vol. 23 No. 5. ISSN 2713-3192 (print) 1493
ISSN 2713-3206 (online) www.ia.spcras.ru



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YIIPABJIEHUA

loss = —log(sigmoid (Rexpert)) — (1 — log(sigmoid(Riraining))) (7)

Rexpert — the output of the reward neural network for states from the expert.
Riraining — the output of the reward neural network for collected states from the
training process.

Reward network — The purpose of the reward neural network is to
approximate the reward function. This is done by passing the feature vector
through the neural network. Then, producing a scalar reward value as an output.
It is constructed as fully connected layers of length( feature — vectors) x 15 x
1FC, where the length of feature vectors in the proposed tasks is 5, as in
Table 2.

4. Results and discussion. We have focused on examining the reward
that affects swarm behavior in a simulated environment, demonstrating how
IRL can approximate the reward function without the need for mathematical
formalities. Our implementation involved two tasks: searching for boxes in
continuous RL and segmented features, and navigation task to a pre-defined
position known as P also in continuous RL but in continuous features. The
swarm’s performance was evaluated by comparing the rewards between the
IRL-based model and an expert-pre-trained RL model, demonstrating the
ability to generate behavior to achieve the required tasks. Finally, we analyze
the generated behavior of the swarm under both models. Choosing the features
plays a major role in recovering a correct reward function. They differ based on
the defined problem and objective function of the swarm system as in Table 2.
This table illustrates the differences in the chosen features for searching and
navigation behavior. In addition, consider the readings in the time step ¢ and
t — 1 to make the R network recognize the difference in the light intensity for
the searching task or change in the distance in the navigation task. Using a
deep neural network to represent R with binary cross-entropy loss function
makes the model able to handle continuous environments. So, in our models,
we recovered reward in the continuous and segmented mode of the IRL model
to generate the policy in RL with continuous states and action spaces.

4.1. Searching task. In this task, the reward structure is related to the
change in the intensity of light detected by sensors. The reward increases as
the robots move towards stronger light intensity, collecting a higher reward
once the boxes are located.

The training process required three rounds to recover the reward which
generates a successful behavior as follows.

1494 Undopmaruka u asromarusanus. 2024. Tom 23 Ne 5. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

In the first round, the reward neural network was initially configured
with arbitrary weights, denoted as @y. So, RL learned a stochastic policy 7.
Based on this policy, data was collected and forwarded to the data loader. By
harnessing both expert and collected data, the IRL part conducted training
on the reward network, resulting in an update to the weights, yielding ;.
Subsequently, the RL part in Figure 2 trained again to generate its policy 7; by
the new weights of reward. The iterative process finished with the weights w,,
so the robots trained to learn policy 72 achieved the required task as shown
in Figure 4. The reward function in the expert-RL model, indicated by a red
line, maximizes the reward as the robot approaches the light source (box) and
maintains peak values upon reaching it. In contrast, the inferred reward by
the IRL-RL model, represented by a blue line, captures the increasing light
intensity in a segmented fashion, echoing the RL model’s behavior but with
discrete transitions due to the segmented mode of features. Thus,the data is
segmented into specific ranges, such as states from 0 to 0.2 representing darker
areas rewarded uniformly.

Normalized IRL and RL Rewards Over 3 Episods
1,0 e IRL Rewards
RL Rewards

0.8

Reward
1)
Y

0.0

0 500 1000 1500 2000 2500
TimeStep

Fig. 4. Normalized IRL and RL rewards over 3 episodes for w2-searching task

As shown in Figure 5, the IRL-RL model effectively reconstructs the
reward function, when sensor readings LSO and LS7 in the O to 0.2 range
result in minimal rewards, increasing as the robot transitions to the 0.2-0.4
range — the reward spikes in the 0.8-1 range, indicating the robot’s proximity
to the box. The comparative visualization of the reward functions from the
expert RL model (pre-trained) and the IRL-RL model highlights differences,
with the darker blue associated with the RL model. Nonetheless, a crucial
observation is the shared gradient pattern between the models, suggesting a
direct correlation of rewards with incremental light intensity, affirming that the
robots have learned to search and find boxes, thereby validating the designed
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behavior. The IRL-RL model’s ability to mimic the decision-making strategy
of the pre-trained robot.

Interpolatad IRL Reward Interpolatad RL Reward

-0.9

"N

0.0 0.2

X 10
0.4 1S0 0.6 0.8 1.0 0.0 0.2 04 0.6 .

LSo
Fig. 5. Heat map of the true reward (right) and the recovered reward (left) for the

searching task

For the robot’s behavior, the bar chart in Figure 6 highlights a successful
behavior of the IRL-RL model compared to pre-trained expert RL across ten
incremental collected boxes, The IRL-RL model generates a behavior that
enables the robots to collect the boxes in a round-trip manner. However, it is
notable that there are differences in the collecting box’s times which reflect
different behaviors. This means the IRL-RL model does not clone the behavior
or actions of RL instead, it learns how to achieve the task with its own generated
behavior. This suggests that IRL successfully learns the complex reward
structures governing task completion rather than merely copying actions.
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Fig. 6. Swarm searching behavior by IRL and RL
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4.2. Navigation task. The same process with the same number of
rounds was applied to the navigation task. Initially, the reward neural network
was configured with random weights, labeled as @0, leading to the production
of a stochastic policy 70 from which the RL model began its learning process.
After the first round, the collected data was used to train the reward network,
updating the weights to @1, which in turn allowed the RL model to refine
its policy to 1. The process concluded after a second round of adjustments,
resulting in final weights @2, enabling the model to successfully execute the
required navigation tasks as depicted as in Figure 7.

Normalized IRL and RL Rewards Over 3 Episods
o [RL Rewards

RL Rewards / /

1.0

Reward o
=%

=
=
=

B R i

0.0 — ==

0 500 1000 Timestep 1500 2000 2500

Fig. 7. Normalized IRL and RL rewards over 3 episodes for w2- Navigation task

Figure 8 illustrates both the interpolated IRL reward and interpolated
RL reward models under these conditions. It shows a gradient of colors from
red to blue, indicating varying reward intensities based on the robot’s angle
and distance to the target.

High rewards are shown in red, corresponding to smaller angles and
distances — indicative of the robot directly facing and being close to the target.
As the angle increases or the distance increases, the reward diminishes, as
shown by the gradient transitioning to blue. Unlike the search, there is no
segmentation into discrete state ranges. The continuous nature of the data
allows for a smoother gradient in the visual representation and a more nuanced
adjustment of the reward based on the robot’s proximity and alignment with
the target.

The similarities between the paths in both graphs in Figure 9 indicate
that the IRL has effectively learned from the RL data, closely replicating the
expert RL’s behavior. This suggests the successful application of IRL where
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the algorithm has inferred the strategies and decisions that the RL considered
optimal.

Interpolated RL Reward

Interpolated IRL Reward
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Fig. 8. Heat map of the true reward (right) and the recovered reward (left) for the
Navigation task
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Fig. 9. Robots navigation paths

5. Conclusion. This paper presented an advanced model employing
IRL to effectively recover the reward function by demonstrations of expert
behaviors. Instead of directly learning the behavior, IRL seeks to understand
the reasons behind specific actions or strategies by inferring the reward to
solve the task by generating its own behavior. It eliminates the need for
extensive manual tuning of reward functions and facilitates a more intuitive
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setup via demonstration-based learning. The proposed IRL-RL model has the
ability to handle continuous state spaces and dynamic environments to deal
with continuous RL problems due to employing a deep neural network for
representing R, in addition, to recovering reward function based on two types of
data that flow from data loader: segmented features and continous features for
naunce stratgies. This model was tested across two tasks, navigating towards
a predefined position and searching for specific objects within a simulated
swarm robot environment. It demonstrated its robust capability to infer and
adapt the reward structures essential for guiding autonomous robotic swarms
to accomplish tasks. Moreover, our findings highlight the potential of the
proposed model to generalize across different scenarios. For future directions,
this model will be developed to achieve composed and more complex tasks
like generating foraging collective behaviors and aggregation behavior.
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A. UCKAHJIAP, A. XAMMY]I, b. KOBAY
CKPBITBHIN CMBICJI: JERKOIUPOBKA POEBOI'O IOBEJAEHU A
POBOTOB C ITIOMOIIBIO INTYBOKOTI'O OBPATHOI'O
OBYYEHNUA C IOJAKPEIIJIEHUEM

Hcekanoap A., Xammyo A., Kosau B. CKPBITBIN CMBICJI: JeKOAHPOBKA POEBOr0 MOBEJeHIs
POGOTOB € MOMOIIBIO ITyOOKOr0 00PAaTHOTO 00yYeHNs C MOAKPeNJIeHneM.

Annoramusi. Vcrionp3oBaHue 00ydeHust ¢ MOAKPEIUICHHEM VIS CO3/IaHHsI KOJUIEKTUBHOTO
MOBEJCHUSI POEBBIX POOOTOB SIBJISIETCS PACIPOCTPAHEHHBIM IOAXONOM. TeM He MeHee,
(opmynmpoBaHue cOOTBETCTBYIOIIECH (DYHKIMKM BO3HArpakACHHUs, KOTOpask COOTBETCTBOBAJIA
Obl KOHKPETHBIM LIEJISIM, OCTAeTCsI CePhe3HON MPOOJIEeMOii, 0OCOOEHHO 10 Mepe YBEIMYeHUs
CIIOKHOCTH 3a7a4. B 97101 cTatbhe Mbl pa3padaThiBaeM MOJEJb [IIyOOKOro 0OpaTHOro 00y4YeHus ¢
HOZIKPEIJIEHHEM, YTOOBI PACKPBITh CTPYKTYPbI BO3HAIPAKACHHUSI, KOTOPHIE TOMOTAI0T aBTOHOMHbBIM
poOOTaM BBINOJHATH 3a7a4l MOCPEJCTBOM JEMOHCTpauuid. Mozjem nry6oKoro oOpaTHOro
00y4eHHs ¢ HOAKPEMIEHHEM OCOOEHHO XOPOIIO MOAXOAST VIS CIOKHBIX U AMHAMUYHBIX Cpe, Ie
MOJKeET OBITh CIIOKHO YKa3aThb 3apaHee onpejie/ieHHble (DyHKIMY Bo3HarpaxaeHus. Hamra Moners
MOXKET IeHepUpPOBATh PA3IMYHOE KOJUIEKTUBHOE IOBEJEHHE B COOTBETCTBHU C TPeOyeMbIMU
HensaMu 1 3G QEKTUBHO CIPABIISETCs C HEMPEPHIBHBIMY IPOCTPAHCTBAMK COCTOSIHUM U JICHCTBHIA,
obecrieynBas JeTAIbHOE BOCCTAHOBJICHHUE CTPYKTYpP BO3HArpakAeHusi. Mbl MPOTECTHPOBAIIM
MozeJb ¢ roMoIpio podotos E-puck B cumysitope Webots 1151 penieHust ABYX 3a7a4: HOKUCKa
paccpeIoOTOYEeHHbIX KOPOOOK M HABUTALMK K 331aHHOM no3unuu. TlonydeHre Bo3HarpakaeHus
3aBUCHUT OT AEMOHCTPALWi{, COOPAHHBIX HHTEJUICKTYaJIbHBIM IIPEIBAPUTEILHO 00y YECHHBIM POEM,
HCIIONb3YIOIMM O0y4YeHHe ¢ MOJKPEeIUIeHHEM B KayeCTBe dKCrepTa. Pe3ysbTaThl OKa3bIBAIOT
YCIIEIIHOE TIOTyYeHHE BO3HATPaXACHUs KAaK B CErMEHTHPOBAHHOM, Tak M B HENpPEpPHIBHOM
JEMOHCTpALM [BYX THIIOB MOBEJEHHMsI — IMOKMCKa W HaBurauuu. HaGimopast 3a M3yveHHbIM
HOBEICHUEM POsl KCIIEPTOM H MPEJUIOKEHHO MOJIEIIBIO, MOXKHO 3aMETUTb, YTO MOJIEJIb HE IPOCTO
KJIOHHPYET ITOBEICHHE SKCIIEPTa, HO TeHEPUPYET CBOM COOCTBEHHbIE CTPATErHH IS AOCTHXEHHSI
1eJIel CUCTEMBI.

KuroueBble ciioBa: obpatHoe oOydeHHe ¢ HOAKpEIUIeHneM, (pyHKIUSI BO3HArPAKICHNU,
J€MOHCTpALMH, TIOUCKOBOE ITOBE/ICHHE, HABUTALIMOHHOE TTOBE/ICHHE.
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A.A. IlInmnH, X. @AM YoHr, B. HI'YEH BOHI
CHUHTE3S FUZZY-PEI'YJIATOPA OBBEKTOM BTOPOI'O
MHHOPAIKA C 3AIIA3JBIBAHUEM

Hluaun A.A., ®am Yonz X., Heyen Bonz B. Cunre3 Fuzzy-peryisiropa 00beKTOM BTOPOro
NOps1JIKa C 3ana3AbIBAaHHEeM.

Annortamusi. B pabote npessiaraeTcst MeTos peai3alui CHHTE3a ONTUMAILHOTO YIIPaBJIeHHs
JMHAMIYECKUM OOBEKTOM BTOPOTO NMOpsAAKa C 3amas3jbiBaHueM Ha Oasze Fuzzy-koHTpomepa.
IpumeHeHa uaes nocrpoeHus (hazoBoil HOBEPXHOCTH, COBMELIAIONIEH ONTUMAJIbHOE peJieiiHOe
yIpaBJieHHe B yOaJeHUH OT OOJIACTH PaBHOBECHOTO COCTOSIHUSI U JIMHEiHOe yIpaBleHHe B
camoii obsactu. Takoil 1Moaxon Mo3BoJseT U30ekaTh ABTOKOJIEOAHWIl B YCTaHOBHBILIEMCS
peXuMe, IpH 3TOM COXPAaHUB CBOMCTBA ONTUMAIBHOTO YIPABIEHUs IO OBICTPOAEHUCTBHIO.
Tpaekropus nepekmoyeHus B (pa3oBOM NPOCTPAHCTBE, COOTBETCTBYIONIAsA PEMIEHUIO 3a1a4l
ONTUMAJBHOIO YNpPAaBJICHHS] COMIACHO MPUHIMIY MakcuMyMa, OIpeenseTcss MeTOIOM
00paTHOTO MO BPEMEHH BBIYKCIIEHUS PA3HOCTHOTO ypPaBHEHHA 00bEKTa BTOPOro nopsaka. [{na
orpe/ie/ieHlst 00JaCTH BOKPYT TOUKM PAaBHOBECHOTO COCTOSIHHSI, ITie MPUMEHSETCS JIMHEHHBIi
PEryJsITop, NpPEeAoXKEeHO MCIONb30BaTh PE3yIbTaThl MOJAECIHPOBAHMS J[BIKEHUS TOYKU B
(azoBOM mpocTpaHCTBE NMPU ONTUMAILHOM YIIPAaBICHUU AJisl OOBEKTa C 3ara3/blBaHHEM B
pexuMe aBToKoeOanuil. [JaHHast 06;1acTh IpeICTaBIeHa SIUIUIICOM, OIMCHIBAIONINM ABIKCHIE
B (pa30BOM IpOCTpaHCTBE NPH aBTOKOJIEOATENIbHOM pesknume. s JajbHeHIero NCKIIIYeH s
aBTOKOJIeOaHMiT COMIACHO N3BECTHBIM METOJaM CyOOINTHMAJILHOIO yIIPaBJIeHUs B 3TOI 001acTH
NPUMEHEH JIMHEHHBIN PETYIATOP, HACTPOEHHHIH CPEACTBAMU PEIleHHs BapUALIOHHON 3a1a4n
ONTUMAJIBPHOIO yIHpapieHus. IIpeasokeHO MCNONB30BaTh HHCTPYMEHTapUil U CHHTE3a
Fuzzy-perynsropa, rae MOBepXHOCTb NEPEKIOYCHHS M BBIUMCICHUS 3HAUCHUS YIPABICHIS MOKET
3aJaBaThCs NPOU3BOJIBHO. B pe3yibTaTe mosiydyeHa NnepeMeHHasi CTPYyKTypa peryisaropa majs
COBMEIIEHHS TUX ABYX noaxonos. CchopmupoBaHHast Moaenb Fuzzy-perynsropa npeacrabieHa
cranaptHoii FLS-cTpykTypoii, KoTopas Oblla peain3oBaHa Ha s3bike Python Bo BcTpanBaeMom
kommbioTepe Orange Pi. s MOAK/TIOYEHHsI K SHCTBYIOLIEMY O0BEKTY yIIPaBICHHUsI HCIONb30BaH
npombiieHHb kouTpouiep FX3U-24MR, cBa3anHbI ¢ KommbloTepoM no cetd ModBus.
IpuBeeHBI UCTIBITAHUS HA SKCILTyaTHPYEeMOM OOBEKTE yHPaBJICHHsI TEMIIEPATypOi ropsidero
BOJIOCHA0KeHH I, KOTOPBIIf MaKCHMMAJIbHO OJIN3KO COOTBETCTBYET HCCIE yeMOi MOJIeT OObEKTa.
Mertog, nies 1 pe3y/IbTaThl, MOJTy4YeHHbIE B pab0Te, MOKHO IPUMEHSATh 1 UCCIIEIOBATh B CUHTE3E
yIpaBJIeHHs] JUHAMUYECKUMU OOBEKTaMH B CKOJIB3SIEM PEXHMeE ISl PelICHUs] aKTyaJbHbIX
3a/a4, CBA3AHHBIX C HCKJIIOUEHHEM HexkellaTesbHoro chattering-addekra.

KuroueBble cjioBa: onTHMalbHOe ynpasieHue, Fuzzy-perymnsrop, da3oBast TpaeKTOpHs,
MOBEPXHOCTH nepekmodenus, [1/1-peryasarop.

1. Beenenne. B teuenue nociegHux ABYX AECATWIETHH TeOopUs
HEUYE€TKOTrO yIpaBJeHus1 NpuoOpesa OTAEJbHOE Hay4yHOe HallpaBJieHue,
KOTOPOMY TOCBSIIIICHBI LIeJIble HaydYHble H3JaHHs, HMEIHe OOJIbIIyI0
MOIYJISIPHOCTH B Hay4HO# cpeze [1 — 3]. OpHuM U3 BaKHBIX NMPEUMYIIECTB
HarpaBJICHUA ABJIACTCA BO3SMOXHOCTD MCITIOJIb30BaHUA SKCIIEPTHBIX OLEHOK
Ha JIMHIBUCTUYECKOM YpPOBHE, MOHATHBIX CllelualucTaM-TexHonoram. [lpu
9TOM TEXHOJIOraM HeoOs13aTeJIbHO TIIyOOKO 3HATh TEOPUIO aBTOMATHUECKOTO
yIpaBJieHUsI, MaTeMaTHYeCKoe MOAEINPOBAaHWE W [pyrue HayKOeMKHe
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HarpaB/ieHus1. B pe3yabpraTe caM NOIXo[ K CO3JaHUI0 CUCTEM YIpaBieHus [4, 5]
MO3BOJIACT UCIIOJIb30BAaTh MHTYUTHUBHBIC 3HAHUSA IKCIIEPTaA, IPEACTABJICHHBIC
Ha JJOCTATOYHO MPOCTOM U MOHSTHOM SI3BIKE.

Ipouenypa daszudukanum u nedasudukanmm Takxke MOXET OBITh
peanu3oBaHa HECKOJIBKMMHU IOTOKAMH C WCIOJb30BAHUEM KOHBEHEPHBIX
Borurciennii B Fuzzy-xontpomnepax. [lostomy, HecmoTpss Ha OoJjbloe
KOJIMYECTBO Bbl‘ll/lCJ'lCHMﬁ, COXpaHACTCA BO3MOXHOCTL HCIIOJIb30BaHUA
MOJyYEHHBIX METOIOB B OBICTPOIEHCTBYIOIIMX CHCTEMax C BPEMEHEM
NPUHATUSA PellieHNs] MEHbIINM MIJUIMCEKYH b [IprMepoM MOXKeT MOCITy KUTh
CUCTEMa yIpaBJIeHUs JIETATEeJIbHBIM aNlapaToM, TIe BpeMs JUCKPETU3aLUN
B KOHTYpax YIPaBJICHUA CKOPOCTBIO [BUTaTesieil BpAIeHUs COCTAaBIIAET
€AVHHUIIBI MIJUTCEKYH/I. [JaHHOE IPerMyIecTBO Yalle OTMEeYaeTcs B 3a/1a4ax
pacrnio3HaBaHus [6, 7 — 9] uzoOpaxeHuil, rue TpedyeTcst GOIIBIIOE KOTMYECTBO
BbIUMCJICHUI.

CrnekTp 3amay, rae HUCHONIb3yeTCs TeOpUs HEYETKOIo YIPABJICHHS,
NIOCTOSIHHO pacimpsieTcsi 01arogapsi IpOCTOTE HCIIOIb30BaHUS METO/IOB
HEYETKOM JIOTUKU. DTOMY CIIOCOOCTBYET Psi HPUYMH:

— IPOCTOE U NOHATHOE IIPEACTABJICHUE PELLEHUI B BUJIE JOCTYIIHBIX
BOCIIPUSTHUIO CIIEUAIMCTOM IPU3HAKOB U BBIBOJIOB;

— €JVHBI ¥ TUIIOBOM MOAXO[ K CUHTE3Yy CHCTEMBI yIIPABJICHUS;

— MOJIyYeHHOE PElIeHUE peaau3yeTcs B paMKax eIMHOrO CTaHAapTa
peanm3anyy cucteM HedeéTKoro Beiozaa [10];

— HUMCIOTCA 6I/I6J'II/IOTCKI/I C OTKPBITBIM HMCXOAHBIM KOIOM IJIA
UCTONB30BaHUSA METOa B MPOrpaMMHUPYEMBIX JIOTMUECKHUX KOHTpoJuIepax
(IUIK) [11];

— pesyiabTaT  CHHTE3a  HEYETKOH  MOJENIM  UMEET  CTPOro
(popMas30BaHHYI0 CTPYKTYPY /IS pean3aliii Ha Pa3IMYHbIX MI1aTdhopMax,
Briovas [IJIK u mMaTemMaTuuyeckue nakeThl NPOrpaMMHOrO OOecreYeHust
MatLab nmu Scilab.

I 3ajad, BBINOJHSAEMBIX AHAIUTUYECKUMHM METOJaMH, Teopus
HEYETKOIO YIpaBJIEHUS MOXET pacCMaTpUBAaTbCA KaK OAWH U3 OYEHb
3(PEKTUBHBIX THCTPYMEHTOB alMpPOKCUMALNK HEJIMHEWHBIX JUHAMUYECKUX
MOJieJIEl B YIPABJICHUU U NIPUHATUM pelieHuil. BO3MOXHOCTE OCTpOEHUs
aHHpOKCl/IMaLlI/Iﬁ METOAAMU T€COPUU HEYETKUX MHOXKECTB YMECTHO, ITOCKOJIbKY
UMeIoTCsl padoThI, B KOTOPBIX JI0Ka3aHa BO3MOXHOCTH [12] m npurogHocts
K IpaKTHueckomy rnpumeneHmio [13]. Takxke B kauecTBe CIOCOOOB OLIEHKH
MOJIENIY, TIOCTPOCHHOW Ha HEYETKOH JIOTMKe, B MaTeMaTHYECKUX IMaKeTax
npemuiaraeTcsi rpauveckoe IMPEeACTaBICHHE B OBYX M TPEX MEpPHBIX
MPOCTPAHCTBAX HEYETKOTO BBIBO/IA T10 BXOAHBIM MTapaMeTpaM.
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Jns ynpaBieHus OUHAMUYECKMMH OOBEKTaMH TaKXke HMEIOTCs
IpUMepbl MoJepHu3anuu kinaccuueckux ITA]] peryaaropos 1yTéM npugaHus
HEOOXOMMBIX HEJIMHEeWHBIX CBOUCTB [14] IS JOCTHXEHHS JIydIIuX
rokKaszaTeJsiell KadecTBa paOOTHl 3aMKHYTBIX CHCTEM. B poiM BBIXOZHBIX
HepeMEeHHBIX HEYETKOTO BBIBOZIA MOTYT OBITh KaK repeMeHHble cocTostHus [T ]
perymsTopa [15, 16], Tak u ero nmapameTpsl [17]. BolsiBiieHHBIE TpenMyIIiecTBa,
KaKk TpaBWIO, ONpejesieHbl i 3aJaHHbIX OOBEKTOB B ONpEAESEHHBIX
pexumax. Tak Hanpumep, B padore [18] B KauecTBe peuMyIiecTBa MpUBEIEH
TMIOKa3aTeJb Il CHCTEMBI YIIPaBJICHHS] OOBEKTOM IOAJEPKaHUs TEMITEPaTyphl
¢ anemenToM Ilenbre. CI0KHOCTD IPAKTUYECKOTO UCIIONB30BAHUA AJIS IPYTUX
CHCTEM OrpaHMYMBACTCS OOBEKTOM, K KOTOPOMY MMEIOTCSI KaueCTBEHHbIE
SKCIIEPTHBIE OLIEHKH, YTO 3aTPYyAHSET pacCIpoCTpaHEHHE METOAa Ha JIpyrue
OOBEKTHI.

KacarenbHo MeTO/10B yNIpaB/ieH! s AMHAMAYECKUMU OObEKTaMK BTOPOTO
HopsAIKa CIOXWIACH NMPAKTUKA (DOPMUPOBAHUS HEJIMHEHHON MMOBEPXHOCTH,
ompeAesIsIoIeil CUTHAT yIpaBiieHHs B ¢pa30BoM mpocTtpaHcTse [19]. Hia
9TUX UeNeil B mporpaMmHoMm obGecrieueHnu MatLab u Scilab umelotcs
MHCTPYMEHTBI /715 OLIEHKU COOTBETCTBUSI TOBEPXHOCTEl BHIOPAHHBIX MHOKECTB
BXOJHBIX MIEPEMEHHBIX COCTOSIHUSA BHIXOAHBIM [20]. CriegyeT OTMETUTB, YTO
MOAOOHBIMY CPEJICTBAMU OLIEHKHM TOJIB3YIOTCSl B padoTax, CBSI3aHHBIX C
Pa3sBUTHEM ONTHUMAJBHOTO yNpaBJeHus Mo ObicTpoaeiicTBuio [21], a Takxke
po6acTHOro yrpaBjeHHs B CKONb3siiieM pexume [22]. WccnepoBanue B
9TOro HaIpaBJIeHUs TI0O3BOJISIET MOy YUTh METO/IbI, 00JIa/1al0IIMe MOJIe3HBIMH
CBOICTBaMU OTHOCHUTEJILHO OBICTPOIEHCTBUS M poOacTHOCTH [23]. DTH MeTOAB,
B OTJMYHE OT IOCTPOEHMS SKCIEPTHHIX OLICHOK Mg Fuzzy-perynsropa,
OCHOBaHbI Ha AaHAJIUTHYECKUX METOJAX YHNPABJICHHS UCTIONb3YIOIINX TPUHIVIT
MaxkcumymMma [24] 1 Teopun CKOJB3SIIEro ynpasieHus [25].

Bompocam cuHTe3a ympaBieHHs, TIJe pe3yJbTaTOM SBIISIOTCS
ceMelicTBa (ha3oBBIX TPAGKTOPUIl, MOCBANIEHO JOCTATOYHO MHOIO pador.
B wactHOcTH B pabote [26] ucronb3yeTcss XOpOIIO M3YYEHHBI IOIXOM
aHaJM3a MOBEJEHUA 3AMKHYTOI0 KOHTypa Ha (pa30BbIX OPTPETaX JBHKEHUSA
JUHAMUYeCKOR cucTteMsl. [IpoaHann3upoBaB TPacKTOPUM MNEPEKJIIOUEHUS
B CKOJB3SIIMX peXUMax Ha (pa30BOH IUIOCKOCTH, MOXHO JOCTaTOYHO
HaJISIAHO MPEACTAaBUTh CEMENHCTBA TPAEeKTOPUI MEPEKIIIOUEHUS C JIyUIIUM
OBICTPONEIICTBIEM MJIM C INMUPOKMMHU OOJACTSMH M3MEHEHHs! NapamMeTpoB
00BbEeKTa pOOACTHBIX PEXMMOB. Y aBTOPOB HAaHHON pPabOTHl MMEITCS
HCCJIEJOBAHUSA IO CHUHTE3Y ONTHUMAJIBHBIX PETYJIATOPOB, I/leé HA OCHOBaHUU
aHanm3a (hba30BbIX TIOBEPXHOCTEN CUHTE3UPYETCS PETYAATOP, (POPMUPY I
MporpaMMHoe JBHKeHue [27].
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CraHgapTHasg mpolegypa CHUHTE3a ONTHUMAJbHOTO YIPaBJICHUs
Mo OBICTPONEHCTBHMIO COIJIACHO NpuHIMIA MaKkCUMyMa BKJIIOUaeT B
cebs1 BbruucieHUs yHKIMA [aMUIbTOHA, Tlle pe3yJbTaTOM CHHTE3a
SIBJISICTCS TIEPEXOIHBII TPOIecC ¢ 3alaHHBIMA MOMEHTAMH TMEPEKITIOUCHIS
yHpasysoLero Bo3aeictaus [28]. OgHaKko 3TO peleHue sSBIISIeTCS YACTHbIM,
MOCKOJIbKY pacCMaTpUBAIOTCS HavaslbHbIE YCJIOBHS He B o0ieM Bue. [lis
¢dopMHpOBaHUs ANTOPUTMA YINpaBJIeHUS Uil MPOU3BOJBHBIX HayabHBIX
ycloBUil TpeOyeTcsl MCCIIeIOBaHME HECKOJNBKUX (ha30BBIX TPACKTOPHil C
eJbI0 cO3MaHust 0000mMEHHOTO anroput™a [29]. CaM anropuT™ BIYKCICHUS
yHOpaBJIeHUs MOXET BKJIIOUATh KaK HeJWHeWHble (DyHKIMH, TaK M YCIJIOBHS,
MEHSIOIINE CTPYKTYPY PEryisTopa.

C pa3BUTHEM TEOPUM ONTUMAILHOTO YIPABJICHUS], UCTIONb3YIOIINN
npuHimn Makcumyma [30], BO3HHMKAIOT HECTaHAAPTHLIE YWCJIEHHbIE
pelIeHusT ONTUMAJIBFHOTO yIpaBJieHus, rie 3¢ (PEeKTUBHOCTh U MOKa3aTeH
OBICTPONEICTBUSA TaKKe aHATM3UPYIOTCS Ha (Pa30BBIX TPACKTOPUSIX.

[Mpuanmm MakcuMyma 1 METOABI CHHTE3a YIIPABJICHHUS B CKOB3SIIEM
pexrMe UMEIOT OOIINIA HHCTPYMEHT aHaiu3a ha30BbIX TPACKTOPUH, I/ie MOKHO
MoKa3aTh, KaK MOI00p TPAaeKTOPHHU MepekoueHus [31] mo3BosseT noinyJuTh
HECKOJIbKO PEKUMOB YIIPABJICHHUS], BKJTIOUAs ONTUMAJBHBII [0 OBICTPOJIEHCTBHIO
C KOHEYHBIM YHCJIOM TIepEeKTIOUCHHUI.

OpnHako OONMBIIMHCTBO YIAYHBIX C TOUKHU 3PEHHsSI PeaIM3alvy PEIIeHUI
CBSI3aHBI C AMHAMUYECKIUMH 0ObEKTaMK BTOPOro nopsiaka. [lpuMeHenue aTux
peleHuii 11t 00beKTOB O0Jiee BHICOKOTO MOPSIAKA CBSI3AHHO C MPOOJIEMOMA
BO3HUMKHOBEHHS HekeJlaTeJlbHOrO chattering-adpdexra. Dtoil mpodieme
TIOCBSIIIEHO MHOTO UCCIIeJOBaHMIA, 0 KOTOPOI MOXKHO TIPOYUTATh B padoTe [32].

B mpukiagHBIX 3aJayax 9acTO Pe3yJbTaTOM SIBIISETCS CEMEHCTBO
BBIOpaHHBIX (pa30BbIX TpaeKTopuii [33] ¢ Leblo uX JaJibHEAIIero NpUuMeHeHuU 1
B aJIroputrMe, MPOTPAaMMHOM KOjE€ WIM MaTeMaTudyeckoi monenu. s
peanu3aiuu KcrnepuMeHTa Tpedyercs obecrneunts padoty I1JIK cornacHo
MOJIyYCHHBIM TPAeKTOPUSAM Ha INTAaTHOM SI3bIKE TMPOTrPAMMHUPOBAHUS
BBIOPAHHOTO KOHTpOJLIepa.

Ecnmu  Bocmonb3oBathesi  crocoOHOCThIO  Fuzzy-perynsitopa
PEaTN30BBIBATH AMMPOKCUMAIIHIO TPOU3BOIbHBIX MHOTOMEPHBIX IOBEPXHOCTEH,
TO MOXXHO IPUMEHUTH Pe3yJIbTaThl HECKOJBKUX UCCIIEOBAHUIA, /i€ aJTOPUTM
BBIYUCJICHHS COAEPKUT 000OMEHHYIO IOBEPXHOCTH MEPEKITIOUCHUS B (pa30Boii
rtockocTh. Takas peanu3arnys yrpasieHuUs OyaeT mpeIcTaBeHa CTaHqapTHOU
FLS-cTpykTypoii, KOTOpPYI0 MOXHO UCHOJIb30BaTh B poMblluieHHbIX T1JIK.

ManHast paboTa MOCBSIEHA WCCIIEAOBAHUI0 METOJa MOCTPOCHUS
9KCMEepPTHBIX OlleHOK Fuzzy-perynstopa, MOCTPOEHHBIX HA W3BECTHBIX U
XOpOIIO 3apEeKOMEHJIOBABIINX CeOsl PEeIICHUsAX B 00JACTH ONTUMAJILHOTO
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yIpaBjieHUus 10 OBICTPOAEHCTBUIO JJISI CTAIOHAPHOTO AMHAMUYECKOTO
00BEKTa BTOPOTO MOPsiJIKa C aCTATU3MOM U 3aria3/ibiBaHueM. JInHeiHast uim
JIMHEapU30BaHHAS MaTeMaTHUYeCcKasi MOJIeIb TAKOro OOBeKTa MOXET OBITh
MpeJICTaBJIeHa BbIPAKEHUEM

1

1
Wo(s) = =
) = T T Ts)

—TS) (1)

re: T, — BpeMsi IHTETPUPOBAHKUS YacTH 00BEKTA, 00JIA/IA0INIEN ACTATU3MOM;
T, — BpeMs1 UHepIMH 00bEKTa; 7 — OOOOIIEHHOE BpeMsl 3amla3/bIBaHMs,
BKJIIOYAIoIIast B ce0s1 MHEPLIMOHHbBIE CBOMCTRA JaTUMKOB, IpeoOpa3oBateiell u
(ubTpoB. Ha curHai ynpasjieHre HaJIOKEHO OTpaHIeHHe

lu| < 1,0. (2)

ITockonpky uHTErpanbHas yacte KoHtypa IIM]I-perynaropa BkioyeHa
B COCTaB 0OBEKTA yIPaBJIEHHs U ONpe/iesieHa BpeMeHeM 1, CHHTE3Y MOJJICKHT
U3MEHsieMasl 4acTh PEryjsATopa, NpeACcTaBJIEeHHasl MPONOPLUUOHATBHOW U
muddepenuunansHoi coctapisioweit (I11) perynsropa.

2. Cunres. [Tockonbky o0bektT (1) He sBIsieTcss OOBEKTOM
BTOPOTO TOPSIKA, JJISI KOTOPHIX 3ajjadya ONTHUMAJBHOTO YHPAaBJICHHUS IO
OBICTPONEICTBHIO C OrpaHUYEHHWEM Ha 3HAYeHHEe YIIPaBJICHUsl pelleHa,
TO 3TO HECOOTBETCTBHME, KaK IPaBWJIO, NPHBOIUT K aBTOKOJIEOAHWSIM
B 00JacTH paBHOBECHOTro coctostHus [34]. [ns cucteMm yrpaBieHus: B
CKOJIB3AIIEM peXUMe Halnure oOOOIEHHOrO 3ama3[bIBaHKs NPHBOAUT K
HexenateabHOMY chattering-agpgexty [35], KOTOphIii Takke BO3HUKAET
B 00JIaCTM PaBHOBECHOTO COCTOSIHHMSI 3aMKHYTOW CHCTEMBbI YIPaBJICHUSI.
IIpu stom JyuHennsbld I1/1-peryasarop BO3MOXHO HACTPOUTb WU3BECTHBIMU
METOJaMH TaK, YTOObI B 00J1aCTH pAaBHOBECHOTO COCTOSIHUS 0OecTieunBalach
aCHMITTOTUYECKAs YCTOMUMBOCTS B Lien ynpasieHus (1). Tak kak cBoiicTBa
JIMHEHHOTO PeryjsiTopa 0O0eceYnBaloT aCUMITOTHYECKYIO YCTOYMBOCTD B
00J1aCTH PAaBHOBECHOT'O COCTOSIHMsI, MOXKHO IPUMEHUTh W3BECTHBIA METO[
UCIIOJIb30BaHMSI IIEPEMEHHOIT CTPYKTYpHI peryisaropa [36, 37], rue BHe odnacTu
PaBHOBECHOTO COCTOSIHUSI MOXKHO HCCJIEI0BaTh paboOTy OBICTPOJEHCTBYIOIIETO
peryasTopa Ha OCHOBE KPHMBOIl mepexynoueHuil B (pa30BOM MpPOCTpPaHCTBE
paccoriacoBaHus U ero Npou3BOAHON. B yrnoMsHyTHIX paboTax mogpoOGHO
Npe/ICTaBIeHbl XOPOLIO 3apeKOMEHAOBaBIINe ceOs METOAbl COBMEIIEHHUS
HECKOJIbKUX MPHUHIIMIIOB YIPABJICHUs JUIsl JOCTHXEHHUS ObICTPOJCHCTBUS 1
ACHMIITOTHYECKON YCTOWYMBOCTH B 00J1aCTH PAaBHOBECHOTO COCTOSTHUSI.
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[MpuknagHas 4YacTh, oOOecreyMBaiollas —peaM3aluio  MeTona
yhOpaBJieHUsl, OpPHUEHTUpOBaHa Ha nocTymHeie 30 JieT Hazax CrocoOwl,
OrpaHUYEHHBblE TEXHOJIOTMYECKMMU BO3MOXHOCTSIMH TOTO BpPEMEHHU.
YunThIBasi COBPEMEHHBIE BO3MOXKHOCTU DPEaM3alliil CJIOXHBIX METOJOB
yTpaBJieH!sI, MOXHO BBIJEIUTh AKTYyaJbHOE HAIpaBJICHWE HCCJIEOBAHUH
u pa3paboTku Gonee 3P(PEKTUBHBIX M IMPOCTHIX B peav3alid METOJOB.
AHamM3 BO3MOXHOCTe! HHCTPYMEHTOB B CHHTe3e Fuzzy-ynpaBieHus B paMKax
MareMaTrnyeckoro nakera Scilab 11 pernieHust nofgoOHbIX 3aa4 MO3BOISIET
NOMy4YUTh 3(PEeKTUBHBIE METO/BI U AJITOPUTMBI PeaM3alluy yripasieHus. B
pabote npeasaraeTcs IpoLeLypa CHHTE3a MeTOa YIPaBJIeHHs], TOCTPOSHHAS
Ha OCHOBE [IBYX IOBEPXHOCTEH B (Da30BOM IIPOCTPAHCTBE, i€ TPaHUYHAS
00J1aCTh OMpe/esiseTcs U3 pe3y/ibTaTa MOJEIMPOBAHUS ABTOKOJIEOATEILHOTO
pexuma.

[Mpouenypa cuHTE3a 3aKJII0YACTCS B CIIEAYIONIMX dTarnax:

— PpelleHue 3a/la4d ONTHMAJBHOTO yIpaBlieH:us 00beKTOM (1) ¢ yuéTom
orpanmuenuii (2) LQR-meToqoM MuUHIMI3aIiH (PyHKIIMOHATA;

— TIOCTpOEHMEe KPHUBOH MEpeKIOUeHus A 00JacTH, He BXOAAMIEH
B OKPECTHOCTh PaBHOBECHOT'O COCTOSIHMSI, YUCJICHHBIM METO/I0M 0OpaTHOTO
JBIKEHUS 110 BpEMEHH, NpeJIokeHHbIM A.A. Penprdaymom;

— ompenesneHde  00JacT  PaBHOBECHOTO  COCTOSIHMS, — Ile
obecrieunBaetcs (2);

— 0000IIeHre  TMOJYYEHHBIX  pelleHuit Wi  (HOPMUPOBAHUS
COBMEILEHHON MOBEPXHOCTH CPEACTBAMHM aNNpPOKCHUMAallMM B cpele
Fuzzy-tools;

— (popmupoBaHMEe  SKCIEPTHHIX  OIEHOK  hasudukanmm u
nedazupukanuu Fuzzy-perynsaropa;

— peanu3anus noiayderHoit FLS-cTpykTypsl Ha 6a3e ITJIK.

3. OntumanbHbiii LQR. [I1s perieHust 3agaun MOMCKa ONTUMAJIbHBIX
MapaMeTpoB BOCMOJB3YEMCS YWCJIEHHBIMM METOJaMHM JOCTYIHBIMU B
MaTemaTHueckux naketax Scilab mmm MatLab. TlepeunciiiM ocHOBHBIE
rcnosib3yemble (PyHKIIMY Ha ripuMepe cpeabl Scilab.

— Oyukuus [f, Tope] = optim(cst,po) BHIIOIHSET BapUALHOHHYIO
3ajady MOMCKAa MUHUMYMa (PyHKIMOHAIA f, Hoadupasi BEKTOp NapamMeTpoB
p. HavaynpHble 3HaueHHs 3TOro BEKTOpa IpPEACTaBJIEHBl MEPEMEHOH pg.
®yHKIMA BO3BPAIAET ONTUMAJIbHBIA BEKTOP MApaAMETPOB T,y U 3HAUEHHUE
COOTBETCTBYyIoLIEro emy (yHkimoHana. OnvcaHnne OOBEKTa BKJIOUEHO B
yHKLHMIO cSt.

- ®yukuysa [f, g,ind] = cst(p,ind) ¢ 3aaHHON CTPYKTYpOIi
ompefeisieTcsl MOJb30BaTeJIeM M BKJIOYaeT NPOLENypy BBIUMCIICHUSA
(ynkimonana f st Tekymiero BekTopa napamerpos p. Kpome ¢yHkumonana,
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HEeoOXOOMMO BO3BpaIaTh IPaJUeHT OT TEKYIIero M3MEeHEeHHs apaMeTpoB,
KOTOPBIIl BEIYUCIIAETCSA CPeJCTBAMU MaTeMAaTUYECKOro MakeTa ¢ MOMOIIbIO
BCTpOEeHHOH (pyHKIMH g = numderivative(fnk,p).

— Oyukiusa J = fnk(p) BbluucieHnst 3HaueHus (PyHKIMOHATA
JUISL TEKYIIET0 BEKTOpa MapaMeTpoB p OmpefaesseTcs moib3oBaTesneM. B
JaHHOM CJlyyae 3HaueHue (yHKLIMOHaIa (DOPMHUPYETCS B BUAE CYMMBI
CpeIHEeKBaIpaTUYECKUX OTKJIOHEHUI MepeMeHHbIX COCTOSIHUS CO CBOMMU
BecoBbIMU Ko3(punnentamu cornacHo LQR-meToaa ontummsarnuu. Cymma
OTIpeiesIsIeTCs 10 BCeMY IepEXOAHOMY IMPOLECCy B PEIIEHNH OTHOPOIHOTO
muddepennmanbHoro ypasaeHus. [1o 3Toil mpuinHe HavasbHBIA BEKTOP
[apaMeTPOB JOJKEH COOTBETCTBOBATh YCTOMUMBOM 3aMKHYTOH CUCTEME.

- @yukuusa y = ode("tk", xg, to, t, systl) peleHHs] OAHOPOJHOTO
JuddepeHIMalIbHOTO ypaBHEHUs I KOTOPOH cledyeT yKa3aTb MEeTO[
YyucJIeHHOro peienust ypaBHeHus ('rk"— Pynre-KyTtra), ucxoaHnole BEKTOp
MIEPEMEHHBIX COCTOSIHHS 1 BPEMsI, BEKTOP 3HaYEHHI BPEMEHH ITEPEXOIHOTO
nponecca, (yHKOUA systl, ONMUCHBAOIIAS 3aMKHYTYIO AWHAMUYECKYIO
cucteMy B MaTpuyHOi ¢opme. PyHKIMs Bo3BpauiaeT HabOp BEKTOPOB
MEPEMEHHBIX COCTOSIHUS B BU/IE MATPHLIBL.

Jlnst obecrieueHrst BBIYKMCIEHUI MAaTEMaTHIECKYI0 MOJIENb 3aMKHY TO
cucTtemsl yrpasieHus mist oowvekta (1) u I1JI-perynsaropa mpeacraBuM B
MaTpu4HO# popme. [I71s1 3TOro 0ObEKT NpeACTaBUM B BUIE

_ b 1 1
C Tus (14 5(r/3)° (1 + Tops)’

Wo(s) (3)

ra€ 3BEHO 3arasblBaHusd MNPEACTaBUM B BHAC aIlllIPOKCUMAIIUN TpEeMA
anepuoANYecKUMH 3BeHbsIMU. BripaxkeHue (3) pa3gesum Ha NepeMeHHbIe
COCTOSIHHSI

Xayi X X
X5 = L‘rv X3+i = %7)(2 = 735)(1 = 727 (4)
3S) N~ =S a obS S
(1+3s) (1+3s) Ta(1 + Tops)
(i€0,1)

T7ie N300pakeHNs IePEMEHHBIX COCTOSTHUS X 1 M X5 CO OTBETCTBYIOT 3HAYCHHIO
PpaccoriacoBaHus U €ro MPOM3BOTHONW B TOYKE PABHOBECHOTO COCTOSIHHSL.
B sTOM ciy4yae 3HaueHHME BBIXOAA JIMHEHHOTO PEryasropa MpeicTaBJIEHO
BBIpKEHUEM

U=—(K,X, +TyXs). (5)
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B pesynbrate nocie obparHoro rpeodpasosanus Jlariaca (4) u (5)
3aMKHYTasl CHCTEMa yIpaBJIeHHsI OyAET MpeJicTaBIeHa B MaTpUIHO popme

l“1 0 1 0 0 0 X1
j?g 0 22 a23 0 0 T
i’g = 0 0 ass Aa34 0 (T3], (6)
{,I.;‘4 0 0 0 g4 Q45 Ty
T5 as1 asz 0 0 oass T5

ra€ HEHYJIEBbIC 3HAYECHNUA MaTPULIbI A BBIUHCTIAIOTCS BbIpAKECHUAMN

4 _ _ 1. o 1.
a12 = 1l;a33 = aaq4 = a55 = =37 ";a34 = a5 =37 (7)
_ —1. _ —1. _ -1, _ -1
a51 = —3KpT ;a5 = —3TdT ;29 = _Tob ;23 = (TobTa) .

Hﬂﬂ HaXOXIC€HUA ONTHUMAJIbHBIX IIapaME€TpPOB peEryjasdaTopa Kp u
Td onpeaejiumM BapUallMOHHYIO 3a/a4y MHWHUMU3AlUMU KBaJApaTUYHOTO
Q)yHKHI/IOHa)Ia Jq nu (1)yHKIII/IOHaJ1a th, COOTBETCTBYIOIIETO ONITUMAJIbBHOMY
YIIpaBJICHUIO 10 6bICTpO,I[eI7ICTBI/IIO, KOTOPBIC IPEACTABJICHbI BBIPAKCHUAMMN
_ tmax 2 2
Jo(Kp, Ty) = [,75° (23 (t) + Kua? (1)) dt,
(8)

J(Ep, Ty) = [0 (3 (8) + K22 (1)) -t dt,

rae BbIOpaHbl JJIsi MUHUMU3alMK 3HAUeHUsl BHIXOAA O0BEKTa L1 U CUTHAIA
yHOpaBJeHUsT Ty C BECOBBIM Ko3(pduiueHtoM K,. DTOT K03(hULIUEHT
nogoupaeTcss I BBIOJNHEHUs] ycioBus (2). MakcumanpbHoe BpeMs
WHTETPUPOBAHUS tpqq NOKHO OBITH HAa CTOJNBKO OOJIBLIMM, YTOOBI BCE
JVHAMUAYECKHE MPOLIECCH B 3aMKHYTOH CHCTEME 3aKOHYMINCh. UpesmepHoe
yBEeJIMYEHHE STOrO BPEMEHM YBeJIMYMBaeT BpeMs BeluMcieHus. Crienyer
OTMETHUTh, UTO T5 COOTBETCTBYET yNpaBJeHuUo (5) o aMIumTynae u gopme,
MIOCKOJIBKY MEX 1y HUIMH MMeeTCs He3HAUUTebHAsI 3aIePKKa paBHast 3HAYEHUIO
(7 / 3). OmHako Ha pelleHWe BapHAIMOHHON 3a1aui 9TO NPAKTUYECKH He
BiusieT. CKpUNT peann3aliiy BapualMoHHOM 3a/1auu ormyOrkoBaH B [38, 39].
Pe3ysbTaThl BEIYMCICHUSA 1)1 00BEKTa ¢ ABYMs HAOOpaMy IIapaMeTpOB

n, =3,

T, =0,3713 ¢, Tpy = 43,10 ¢, 7 = 7,880 ¢;
n‘r = 17 Ta = 9

3729 ¢, Tpy = 41,24 ¢, 7 = 8,706 c; (9)
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npuBejieHbl B Taosmie 1. [lapameTpsl 0ObeKTa B3SITH U3 Pe3YJbTAaTOB
SKCIepUMEHTA, OMUCAHHOTO B pasfese — Peanuzanus, Ha IeHCTBYOIEM
00BEKTE yMpaBJICHUs TEMIIEPATYpPOil BOJIBI TOPSYETO BOJOCHAOKEHUS, TJIe
3BEHO 3ala3/blBaHue arIpOKCUMUPOBAHO TPEMs 3BeHbsMH (n, = 3) U
onHuM 3BeHOM (n, = 1). B pe3ynbrare, paccMaTpuBasi BAPHAHTHI C ABYMS
dbynkuuonanamu Jy() 1 Jg(), ¢ nopsiakom anmpokcumanuu n, € (1;3) u
HaYaIbHBIMU yClIoBUsAMHU (1 = —10) u (x2 = 0, 5) moayudeHsl pe3yabTaThl
BBIUMCJIEHUI /1J1s1 BOCbMU ciiydaeB. Ha pucynke 1 npuBejeHbl nepexoaHble
MPOLECCHI [IJI51 ITUX CIIy4YaeB.

Tabmuma 1. OnTrManbHBIe TApaMeTPBl IMHEHHOTO peryisiropa

N PaccornacoBanue nr J (8) Ky Ta.c | Ku | teaies©
1 1 = —10;22 =0 3 Jq = 2686 0.0610 | 1.35 120 | 30.7
2 1 = —10;22 =0 1 Jq = 2989 0.0486 | 1.15 200 | 37.3
3 1 =0;22 =0.5 3 Jq = 635 0.0604 | 1.84 30 12.3
4 1 =0;22 = 0.5 1 Jq =770 0.0593 | 1.68 50 20.0
5 1 = —10;22 =0 3 Jqt = 34656 | 0.0664 | 1.47 150 | 269
6 1 = —10;22 =0 1 Jqt = 42222 | 0.0538 | 1.27 250 | 36.1
7 1 =0;22 =0.5 3 Jqt = 12877 | 0.0633 | 1.77 70 40.2
8 1 =0;22 =0.5 1 Jqt = 14234 | 0.0565 | 1.65 70 329

HayvaspHble yc10BUS NpecTaBieHb! JBYMs BApHAHTAMMU:

— W3MeHeHHe 3aJIaI0Iero 3HaYeHHs Korja lesieBasi epeMeHHas He
paBHa HymO 1 = —10;

— U3MeHeHHe 00bEMa NOoTPedIIAeMOil BOIb IPUBOJAUT K CMEIIEHUIO
MIPOU3BOAHOI OT LieJIeBO IepeMeHHOH o = 0.5.

Becopoit  ko3dppunuent K, MEPEeMEHHON  COCTOSIHUS,
COOTBETCTBYIOIIAsl CUTHATY YIpAaBJEHHs, MOAOHpaeTCs WTepalMOHHBIM
crniocoboM Jiist obecrieuenust yeaoBus (2). B Tabnmiie Takxke NpuBeIeHO BpeMsi
BBIYMCJIEHUS] BAPUALIIOHHOW 33JauM tcq)c JJIS1 OJHOTO siapa Ipolieccopa ¢
qactoTtoi 1,7 I'ro.

Kak BUOHO W3 TaOJMLBL, pelleHHue BapHallMOHHOM 3aJa4d ITOWCKa
ONTUMAJIBHBIX TAPAMETPOB HE3HAUUTEJILHO 3aBUCUT OT HaYaJIbHBIX YCIIOBHIA B
petienny oqHOpoaHOro nuddepeHnaibHOro ypapHeHus. Bo Bcex ciydasnx
3Ha4YeHHe (PyHKIMOHANAa MEHbIIE MPU MCIOJIB30BAHUM aIIPOKCUMAIN
3BEHa 3alla3[blBaHUsl TPEMsl 3BEHbSIMH, & BPeMsl BHIYUCIICHHUS] MEHbIIE MPU
aNIpOKCUMAIMY OJHMM MHEPLMOHHBIM 3BeHOM. PasHuIly B ObICTPOIEHCTBUN
IO 3HAYEHHI0 (PyHKIMOHANOB Jy () 1 Jy: () OLlEHUBATh HEKOPPEKTHO, IOSTOMY
Ha pUCyHKe | npuBeleHbl NepexofHble npouecchl. MOKXHO OTMETUTb, UYTO
OHM HE CUMMETPUYHBI Ha BTOPOM U TPETheM KoJIeOaHUM IS CllydyaeB, Korjua
HavajbHbIC YCJIOBUSI COOTBETCTBYIOT T3 = (.5, HO MpHU 3TOM aMIUIUTYAa
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OTKJIOHEHHsI PacCOIJIACOBAHMS MEHBIIIE YeM JIJIsl HACTPONKH MPH HadaIbHBIX
ycioBusax r; = —10.

«°C: 0 «)°C: )

J,0,n=1,x=-10 S0, n=1,x=-10

T T T T T T
0 50 100 150 1, C 0 50 100 150 £, C

e0,°C; u(t) e(0,°C; u(t)

Jy,0,n =3, x=-10 JylO),n=3,x=-10

T T T T T T
0 50 100 150 £, C 0 50 100 150 £, C

e(0,°C; u() o[\ dD°Ciu

J,0,n=1,x=0,5 0, n=1,x%=0,5

T T T T T T
0 50 100 150 f, C 0 50 100 150 £, C

e0,°C; ult) o), °C; ult)

0, n=3,x=0,5 Jy0, n=3,x,=0,5

T T T T T T
0 50 100 150 ¢, C 0 50 100 150 ¢, C

Puc. 1. [TepexoaHbie MpoLecChl HACTPOSHHON CUCTEMbI IPU U3MEeHEeHUH T2 = 0.5

Kone6aTeIbHOCTh COOTBETCTBYIOIIUX POLIECCOB A (DyHKIIMOHANIA
J4() He3HAUMTEILHO MEHBILIE, YeM IIPH UCIIOIb30BaHnK (pyHKuMOHaNA Jy; ().
B panpHeiieM npu MOJEIMPOBAHUU PabOThl 3aMKHYTOH CHUCTEMBI U IIPH
peanu3alyy SKCIepUMEHTOB Ha 00BbEKTE JUIsl pa3JIMIHbIX HAOOPOB NapaMeTpoB
[1d-peryastopa B paMKax TaOJIMIBI | CYIIECTBEHHYIO pa3HUILy OIpeleInTh
JOCTaTOYHO CJIOXKHO M3-3a CXOXECTH MpoueccoB. ITockobKy Bce HabOpHI
[apamMeTpoB 00ECIIeUNBAIOT PHEMJIEMOe Ka4eCTBO PEryJIMpOBaHus B 00J1aCTH
TOYKH PAaBHOBECHOT'O COCTOSIHMSI M MOXKHO BHIOpATh Ji0O0M. [1J1s1 nanbHeimei
HACTPOMKHU BBIOpaH Clydaii, Ie NepexoHbli Ipolecc Hauboee CUMMETPUYEH
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C MUHUMAJIBbHOH KanebaTenabHOCThiO. IIpy TakoMm BEIOOpE HCIONB3YeTCs
OOBIYHBIN KBaApaTUUHBII (DYyHKIIMOHAT JIs1 0OBEKTa, IJie 3BEHO 3ara3/ibIBaHus1
annpoOKCMMHUPOBaHa OJJHUM MHEPLIMOHHBIM 3BEHOM JIJIs1 BApHAIIMOHHON 3a1a4n
C HAYaJIbHBIMHU YCJIOBUSIMH, COOTBETCTBYIOIMMH 21 = —10.

4. Tpaekropus. [Ipouenypa npumereHus npuHOuna Makcumyma Jis
00BEKTOB C 33laHHBIM KOHEYHBIM TTOPSIAKOM JH((DepeHINaNIbHOTO YpaBHEHHS
00BeKTa pelieHa U o0oOImieHa. [oaToMy B AaHHOM cCllydae JOCTATOYHO
BOCIIOJIb30BAThCSI TEOPEMOIA U YKCIIe TIEPEKTIOUEHHIT B ONITUMAaJIbBHOM Hpoliecce
1o OBICTpOJENCTBHIO, KOTOpast JokazaHa Penpadaymom A.A. B padore [40].

Cama Teopema yTBepxkIaer cienylomiee. Ecim oObeKT ynpaBieHue
npenacTaBieH auddepeHanbEpM ypaBHeHueM B ¢dopme Komm wm B
MaTpUYHON (hopMe, KOTOpOe MMEET N MOPAAOK, TO MpH orpaHuyeHuu (2)
yIpaBJieHHue TpeJCTaBIeHa KYCOYHO-TIOCTOSIHHOW (PYHKLIMII B 3a/laHHOM
unrepBaie Bpemenn (0 < ¢ < 1) ¢ TOYKAMH MEPEKIIOYEHHs, IUCIIO
KOTOpPBIX He mpeBbimaeT (n — 1). [Ist 9acTHOro ciydasi, Koraa OObeKT
npeacTaBieH AnddepeHraIbHbIM ypaBHEHHEM BTOPOrO MOpsAKa, A
MPOU3BOJILHO 33JaHHOTO COCTOSIHUS 0OBEKTa MOMEHT IepeKJIIouYeHs OyIeT
OIMH M ONTUMaJbHOE ymnpaBieHwe B uHTepBate (0 < t < t1) Oyzmer
COOTBETCTBOBATh JJBYM MAaKCHMaJIbHO BO3MOXHBIM 3HAUEHUSIM U3 yCJIOBHS (2).

MoMeHT BpeMeHH MepeKJII0UeHNs CUTHANIA YIIPABJICHUs ONpeessieTcs
HavyaJbHBIMM 3HAUCHUSIMU IIEPEMEHHBIX COCTOSIHUSI OOBbEKTa YIpaBJICHHUS.
J17151 00beKTa BTOPOTO MOPSIKA ITH NePEeMEHHbIE COCTOSIHUS COOTBETCTBYIOT
3HAYEHUIO BBIXOJa OOBEKTA U ero Mpou3BogHOi. Eciii 00001UTh pe3ybTaThl
peLIeHus Uil Pa3HbIX Ha4YaJbHBIX YCJIOBUIl, TO TOUKH MEPEKITIOUESHUST MOXHO
NIpeACTaBUTh B BUJIe TPaeKTOpHHU B (pa3oBoM mpocTpaHcTBe. Kak oTmevaer
B cBoeil padore Pempidaym A.A., [Uist 00bEKTOB BTOPOTo NMOPSIIKA JAHHYIO
TPaeKTOPHIO MOXKHO MOJIYyYUTh METOAOM BbIYMCIIEHUS A epeHIaIbHOrO
ypaBHeHHs1 B OOpaTHOM MO BPEMEHM HampapjieHHd. [Jisi 3TOro MOXHO
MPUMEHUTD JAMCKPETHOE NMpeodpa3oBaHusl, I/ie, B OTJIMYKE OT CTaHAapPTHOTO
Pa3HOCTHOTO YpaBHEHHSs, 32 3HaK PAaBEHCTBA BBHIHOCUTHCS Mpeplayliee
3HaYeHUE BBIXO/IA, a HE MOCTeayIoIIee.

Takum 06pa3zoM, TPaeKTOPHIO IIEPEKITIOYEHHUS B (ha30BOM IIPOCTPAHCTBE
HOCTPOMM A1 00bEKTa BTOPOTO MOPsIAKa C IEPEMEHHBIMU COCTOSIHUA 21 U T2,
e v = x3 .llpeapiayiiee 3HaUeHUE IEPEMEHHOMN COCTOSIHUSI HA OCHOBAHUU
(4) MOXHO NOJTyYUThb U3 PA3HOCTHHIX YpaBHEHUI

2o(t — At) = za(t) — (u(t) 7= — z2(1)). 725,

51t — At) = 21 (8) — (AL, (10)
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rne At — Bpems auckperusanuu. Jlnsa yuéra BpeMeHHM 3ama3[bIBaHUs
00001IEHHOE BpeMsi 00BbEKTa BTOPOTO MOPSI/IKA PACCYUTHIBAETCS C TOMOIIIBIO
yHKIIMU

k,T

Tobz = Tob-(1 + Tob

). (11)

IMpoucxoxnenre koapduumenTa k, pacCMOTPAM B MPOLIECCE aHATM3a
¢pazoBoro noptpera. [Iporpamma BEIYHCICHUS TPACKTOPHU (PUCYHOK 2(a))
HanvcaHa Ha si3bike Cu [38, 41].

ITocnie Toro kak nosnydeHa TpaeKTOPUs NEPEKITIOUEHN S ONTUMAJIBHOE
yTpaBJieHHe 10 OBICTPOAEHCTBUIO /U1l pacCMaTPUBAEMOTrO OOBEKTa MOXKHO
MpPEACTABUTDh B BUJE MOBEPXHOCTH B KOOPAMHATAX X1 U Xy (PUCYHOK 2(0)).
Jlanee 7OCTaTOYHO HAMUCATh IIPOrPAMMY BBIUMCIIEHHS 3TOH MOBEPXHOCTH IS
[TJIK Ha BCTPOEHHBIX sSI3bIKaX MPOrpaMMHUpoBaHusl. Ipyrum, He TpeOyonmm
nporpammupoBanus IIJIK, cnoco6om MoxkeT cTarh HCIOJIb30BaHUE
Fuzzy-perynsropa.

0 L L L L T~

3.0 25 20 -15 -1.0 05 0 X2
a)

Puc. 2. TpaekTopus nepekoueHus v NoBepxHocTh Fuzzy ynpasnenus

Hactpoiiku  Fuzzy-perynsatopa MoiayuydM  BCTPOEHHBIMUA B
ScilLab-cpencTBamu anmpoKCUMAIIUK TOBEPXHOCTH yIIpaBJieHus (PUCYHOK 2(0))
ucnone3ys ckpunt [38, 42]. Jlna storo B makere Fuzzy-Tools umeercs
pyHKIMSA

fls = fuzzapp([zmin Tmax; Ymin ymaxL [711]3 [nparﬁ npart]v F),

i€ YKa3bIBAIOTCS AMANIA30H U3MEHEHUI: 3HAUCHUI TIEPEMEHHBIX COCTOSHU
00BEKTA 1 U T3 B MATPULE [Timin Tmaz; Ymin Ymaz)» SHAYCHHI yIPABICHHUSI
u B BekTOpe [—11]. B BEKTOPE [Mpart; Mpart] YKA3BIBACTCS KOMUIECTBO YacTel
B CETKE U3MEHEHUs T1 U xo. PyHKIHMS Bo3BpauiaeT rotoByio FLS-cTpykTypy,
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KOTOPYIO MOXXHO IIPUMEHHTb B JIIOOOM KOHTPOJUIEPE, UMEIOIIUM HOIAEPXKKY
Fuzzy-perynaropa. ®yHKIUM NIPUHALJIE)KHOCTH 110 NEPEMEHHBIM T1 U T2
NpeACTaBJIEHbl TPEYTOJIbHBIMY, KOJIMYECTBO KOTOPHIX COOTBETCTBYET YMCITY
(Npart — 1) ¥ Mo KpassM z U s GbyHKUMU. Bce onM cornacHo (yHKUMM
fuzzapp paBHOMEpHO pactipe/ie/ieHbl U He HecyT B cede 0co0oil mH(popManuy,
MO3TOMY B CTaThe He mpuBoasTcs. Takxke u mpaswia aedasudpuxanyun
He MMeeT CMBICJIa MMOJPOOHO OMUCHIBATH, MOCKOJIBKY OHU C(OOPMUPOBAHBI
aBTOMATMYeCKM [JiA 3ajady anmnpoxkcuManuu. Ha naHHOM sTame BaxHO,
yro noiydeHa FLS-cTpykTypa, 0 KOTOPOil MOXXHO IMOJTy4UTh TPEXMEpHOE
n3obpaxenue (pucyHok 1(6)) cpencreamu Fuzzy-Tools.

PaGora Fuzzy-peryasitopa ¢ monydenHoit —FLS-ctpykTtypoit
HCCJIEJOBAHA Ha MAaTEeMAaTHUYECKOH MOJEId, IIOCTPOEHHOW B cpene X-
Cos Scilab. ®yHkiMoHalbHas cxXema IoKa3aHa Ha pucyHke 3. Kak yxe
OTMEYaJIoCh, 4TO B Mojesu (1) 3BeHO 3ana3abiBaHusI MOXET ObITh 3AMEHEHO
KaK Ha alepuofrdecKoe MepBoro mposiaka (n = 1), Tak W IpeacTaBlieHa
Tpemsi 3BeHbsiMu (1 = 3). B Liernb OLeHKH IPON3BOIHON B YCIOBHUSX [IyMOB
kaHana AT 1 ommOOK JUCKpPEeTH3alUU BKIIOUYEH (PHIIBTP C MOCTOSIHHOM

Bpemenu 1.
1 1 1
Tas 1+Tob<s‘ (T+ (Tz/n)s)"

Puc. 3. ®yHkunoHabHAS CXeMa MaTeMaTHYeCKON MOJEITH

Juana3oH BXOJHBIX NepeMeHHbIX Fuzzy-perynstopa orpaHuveH
COOTBETCTBYIOUIMMHU OJIOKaMH 00J1acThio, TJie OIpeJeieHa TPaeKTOpHs
(pucyHok 2). Hactpoiika Fuzzy-perynsaropa (FLS) nmpousBoautcst BEIOOpoM
¢aiina, KOTOpbHIA CcHOPMUPOBAH M COXpaHEH BCTPOCHHBIMH B TMaKeT
«Fuzzy Toolbox» ¢yukumeit flsl = fuzzapp(...,F) u dyHKumei
savefls(flsl,”Tr”).

PesysnbTaThl MOsieIMpOBaHusI peCcTaBIIeHb! B BIJE (ha30BOro MOpTpeTa
(pucyHok 4(a)) m mepexomHoro nporecca (pucyHok 4(0)). KoagdummeHnt
(k. = 6,6) nogoOpan TakuM 0Opa3oM, 4TOOBI TPAEKTOPHS IBUKEHHUS
NEePEMEHHBIX £ U X2 IPH IIEPBOM MPUOIMKEHNH K JUTAICY BXOAWIIA B HETO,
CTpeMsICh K TOUYKE PABHOBECHOT'O COCTOSIHHSA, KaK MIOKAa3aHO Ha PUCYHKe 4(a).
Hanee HaOmomaeTcss aBTOKOJeOATebHBIN mporecc (pucyHok 4(6)) 1o
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TpaeKTOpuM 3umMIca. B nporecce nccienosanusa Gha3oBblii MOPTPET MONyYEH
17151 06oux ciyyaes (n = 1) u (n = 3), npu 9TOM pe3yibTathl ((hopma, pazmep
SJUIMIICA, TOYKA BXOJA B HETO) MOJHOCTHI0 coBmagaay. 1o 3Toi mpuunHe
IpUBEIEH TONBKO OMMH HaOGop (ha30BOro MOPTPETA M IHEPEXOMHOTO MPOLIECCa.

X, Xy
20 20

u
. " //\//
1 08 -06 04 02 0 02 X, 0 20 40 60 80 100 ¢

a) 6)
Puc. 4. ®a30BbIif TOPTPET U NEPEXOIHBII poLIece

B obnactu ¢azoBoro mpocTpaHcTBa, NMPEACTABICHHOW 3JUIUIICOM,
HEBO3MOXHO 00ECHIEUNTD UCHOJIb3Y S IOy YEHHYIO TPACKTOPHUIO EPEKTI0UCHNU
KaK OINTUMAJIbHOE YIIPaBJICHHE 110 OBICTPONIEHCTBUIO, TAK U ACUMIITOTHYECKOE
npuOIMKEHHe K TOYKE PaBHOBECHOIO COCTOsIHMSI oObekTa. [Ipu sTom
HacTtpoeHHblil [1]]-perynsitop crmocobeH obecneunTh acHUMIITOTHYECKOE
MpUOIIVKEHIIE.

Tak kKak MoBepXHOCTb Fuzzy-perynsTopa MOXHO CTPOUTH NPOU3BOJIBHO,
TO B OKPECTHOCTH 3JUIMIICA MOXHO OpraHusoBath padoty I1[I-peryastopa,
KOTOpPBII  OOECleurBaeT acCHUMITOTHYECKOE TPHOIMKEHWE K TOUKe
PaBHOBECHOTO cOCTOsIHMS. IlOBEpXHOCTh mepeKJIoYeHus, 00J1agalomast
OBICTPOZIEICTBHEM OT TPACKTOPUH MEPEKJIOUeHUsT W aCUMITOTHYECKOI
ycroitunBocTbio I1/1-perynsatopa npeacrasiena Ha mctunre 1. Co BceM KOIoM
MIPOrpaMMBbI MOXXHO O3HAKOMHTHCS B [38, 43].

Kp=0.0486; Td = 1.15;

x2l =4; x11=0.5;

function y =F(x)

If ( (x(:.2) % x(:,2)) / (x2 = x2I) +
(x(:,1) * x(:,1)) / (x1l * x1l) )< 1.4

then

y=Kp * x(:,2) +Td * x(:,1);

if y>1then y=1; end

if y<—1then y=-1; end
else

y =sign( x(:,2) — interp ( x(:,1), Xt, Yt, dk) );
end

endfunction

Jluctunr 1. @yHK1MSA COBMELIEHUsI IOBEPXHOCTEH
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IToepxHocTs I1/I-perynsropa mpu yciaoBuu (2) mpeicTaBiieHa Ha
pucyHke 5(a), a COBMEIIEHHAs C TPACKTOPHEH NMEPEKII0UEHHUs ee TOBEPXHOCTh
MoKa3aHa Ha pucyHke 5(0).

Puc. 5. IToBepxHocTtu I1]] perynsropa u Fuzzy-perynstopa

UroOsl onpenesmThb NpenmyliectBa Fuzzy-perynsropa paccMoTpum
HCXOJIHOE COCTOSIHUE paccoriacoBanus (xo = 22;x; = () Ha pucyHke 6
cootBeTcTBYeT Touke A. Tpaexropus guxenus ( A, By )u (Cy, Dy )
COOTBETCTBYIOT OIITUMAJILHOMY IO OBICTPOIEHCTBUIO YIPABJICHHIO B YCIOBUSAX
orpaHudeHus1 Ha ynpasnenue (2). Tpaektopust meukenust ( A, Bpg, Epq )
MPOXO/UT B JIMHENHOM 06J1aCcTH 3HAYEHHI yIIpaBJIeHH s, T/ie Ipearoaraercs
GoJiee AMTENBHBINA EPEXO/IHBIN MPOIecC 3aMKHYTO# cucteMsl. B aTomM MoxHO
yOeIuThCs, BBHIIOJHIB MOJAEIMPOBAaHUE 3aMKHYTOM CHCTEMBI (PUCYHOK 3),
WCIIONB3Y s IOBEPXHOCTH yMpaBJieHus Ha pucyHke 5 B Fuzzy-perynsarope.

5. Peasm3zamus. [ins 9KCIIEPUMEHTAIBHOTO MOATBEPKICHUS
pe3y/IbTaToOB KCIHOJNB30BAaHUSI MeETO/a BBIOpaH OOBEKT YyIpaBJICHUs
TeMIeparypoii ropstaero BogocHaoxenus [44, 45], KOTOpBIil UIMeeT acTaTu3M
1-ro nopsiaKa, THEPIMOHHbIE CBOMCTBA U 3ara3/ipiBaHue. JInHeapr3oBaHHAs
Mojenb oObekTa [46] coorBercTByerT (1), MOITOMY JUIsl TOMYYEHHSs
MEPEXOAHOTO MPOIIEcca UCIONb3yeM MaKCUMaJIbHO BO3MOXKHOE BO3/IEHiCTBIE
Ha MPUBOJ KJIallaHa B TeUeHUe 5 ceKyH[. B pe3ynbpTaTte MomyynM nepexoaHblit
NpoLIecC AJIsl YacTh OOBEKTa, IJie acTaTU3M OTCyTcTByeT. Ha pucynke 7 oH
MpeACTaBJIEH KPACHOM JIMHUEN.
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60 70 80 90 tc
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-10
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0 10 20 30 40 50 60 70 80 90 tc
Puc. 6. [lepexonnsie mpouecce [11-perynsropa u Fuzzy-perynstopa
X
I i S - PR WY
T T T T
S 10 15 20 fc¢
() T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 f¢

Puc. 7. Ilepexoansie npoueccs! I[1[1-perynsaropa u Fuzzy-konrposiepa

ANNpokcuManuio MaTeMaTHYecKoil Mojesn OyaeM BBIIOIHSATH s
nepeaToOuHOM (PyHKIMN

1 1 1

Win(s) = Toums (14 Tops) (14 (7/n)s)™’

(12)
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UCTIONb3Ysl ITOPUTM IOMCKA MUHMMyMa (DyHKIMOHAJIa IO IapaMeTpam
(Taum » Tom s Tem), TOCTPOCHHOTO HAa PAa3HOCTH 3HAYEHHH MEPEXOMHBIX
npoueccoB. UroObl m30ekaTh TOSIBJICHUS HECKONBKUX JIOKAJIBHBIX
9KCTPEMYMOB, 3BEHO 3ala3/bIBaHNs 3aMEHEHO OOBIYHBIM allepHOANYECKUM
WIN TPEeMsI OAMHAKOBBIMHU allepHOANYECKUMH 3BeHbsIMUA. CKpPUINT Ha SI3BIKE
SciLab goctynen B [38, 47], pe3y/IbTaThl BHIYKCIICHHS IAPAMETPOB 0ObEKTa
MpUBeJeHbl B BBIpaXXeHUH (9), Ha IpUMepe KOTOPBIX BBIIOJIHEH CHUHTE3
Fuzzy-perynsTopa 1 yke nosydeHsl NOBEPXHOCTH HA PUCYHOK 2 1 5 BMecTe
¢ ero Hactpoiikamu. CHHSS JIMHUSI COOTBETCTBYET arpOKCUMAIMN OJHUM
3BEHOM, a 3€JIeHHas — alllpOKCHMalud TpeMs 3BeHbsAMH. [1OCKOMBKY
MePEXO/HBIIi POLIECC, MPEICTABICHHbIA 3eJIEHHOMN JIMHUEH, JTydIM 00pa3oM
MOBTOPSIET PE3YJIbTAT SKCIIEPUMEHTA, TO MOXKHO CJIeJIaTh BBIBOJ, YTO OOBEKT
numeeT 3arnasjpBanue. OHaKo, KaK MOKa3aHo BHIIE, MOXKHO HCIONIb30BaTh
mMoOO0il M3 3TUX BApPUAHTOB /ISl BBIYMCIIEHUs ONTUMAaJbHBIX NapameTpoB
I1d-perynsropa.

Hna peammzanum Fuzzy-perynstopa WCIONb30BaH OAHOIIIATHBIN
kommbloTep Orange Pi 3 ¢ onepannonHoit cuctemoii Debian, roe peann3oBan
uHTepnperartop si3bika Python 6ubmorekamu PyIT2FLS u MinimalModbus.
CTpyKTypHas cxema KCIepUMEHTAIbHON YCTAaHOBKY MOKa3aHa Ha pUCYHKe 8.

PT1000, FX3U-24MR
4-20mA

D01

Open
Close

Trac.°C g

PT1000

D02

Orange Pi-3 Modbus

Trec,°C
—hIFBC Fuzzy Controler l—DOl’ D2

Puc. 8. CpykTypHast cxema SKCIIepIMEHTAIbHON YCTAHOBKH

s compspkeHUs C  JaTYMKOM — TeMIlepaTypbl  IPUMEHEH
npeoOpasoBatenb conportusienuss B Tok (pt1000 — 4-20 mA), KOTOpBbIit
nofkoueéH K KoHTpowiepy FX3U-24MR, rae mMeeTcst aHATOTOBBI BXO[,
(4-20 mA) u peasmzoBan ModBus-mipoTokois. Pe3ynbTaThl sKCniepuMeHTa
MIpeJCTaB/IECHB Ha pUCYHKEe O, Irle MOMEHThl BPEMEHH, COOTBETCTBYIOIINE
azooit tpaekropuu asmxenust ( A, By, Cy, Dy ) ¢ 3KCTpeMasbHbIMU
3HAYCHUSIMH YTIPABIICHAS OTMEYEHBI COOTBETCTBYIOIIIMMI CUMBOJIAMH Ha OCH
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BpemMeHHU. Takxke Ha PUCYHKE OTMEUEHO BpeMs IEPEXOAHOro Ipouecca U3
3HAYEHUH KOTOPBIX OYEBUJHO MPEUMYIIECTBA MPEIJIOKEHHOIO METoja IO
ObicTponeiicTBIIO Ha KinaccudeckuM [1]]-perynsitopom U acuMnToTHYECKast
YCTOMYMUBOCTh B OKPECTHOCTU TOUYKHM PABHOBECHOTO COCTOSTHHUSL.

6. Oocyxaenne. CpoiictBa Fuzzy-perynsaropa ¢ HCIOJIb30BaHUEM
ONTHMAJIBHOM 1O OBICTPOIEHCTBUIO TPAGKTOPHH IEPEKJII0UYSHN s TO3BOJISAET
HECKOJIPKO  YJIYUIIUTh TIOKa3aTeId MepexoJHOro Ipolecca IMepen
Fuzzy-perynaropom, rge He y4YuTHIBAIOTCS OrpaHWYEHUs] Ha CHUTHAJ
yhnpaBjeHus, MNOCKoibKy oTHomeHne Bpemenu IIIl no cpaBHeHuio ¢
[1/I-perynsaTopoM MeHblIlie YeM JIOCTUrHyTas B padote [48]. OnHako y aBTOpOB
CTaThU €CTh UCCIIEJOBAHUSA AJIs1 00bEKTa BTOPOro Nopsaka 6e3 acraTu3Ma,
7€ yYUTHIBAIOTCS OTPAaHUYEHHS HA YIPABISBIIMI curHai [49] npu co3nanuu
Fuzzy-noepxHocTu. JIOCTaTOYHO MOMHO U aJeKBaTHO OLIEHUTH MOy YEeHHbIE
pe3yabTaThl U CPABHUTD C UX Pe3yJIbTaTaMU OKA3aJI0Ch JOCTATOYHO CJIOKHO,
MOCKOJIBKY TaM He NPUBEIEHBI IepeXOJHbIE IPOLIECCH CUTHAJIA YIIPABJICHU.
Tem He MeHee, BaKHO OTMETUTb, YTO B OTJIIMYME OT paboThl, II¢ B 00JIaCTH
OITUMAJIbHON TPaeKTOPUH UCTIONb3YETCsI JIMHEHHAsH SKCTPAIoJsLus ¢ 6onee
opicTpoeiicTByonmu napamerpamu 1] (Fig. 11 B crathe [48]), B Halleit
paboTe 3Ta YacThb NpejICTaBIeHa TpaeKTOpUel NepeKkmoveHus. B pesynbrare, B
00J1aCTSIX, OTMEYEHHBIX HAa PUCYHKE 5 UCTIONb3YETCs] MAKCUMAJIbHO BOBMOKHBIN
CUTHAJ ympaBieHus (pUCyHOK 6, t = 0-23 c. u 27-40 c.), 9TO COOTBETCTBYET
Gosiee OBICTPOMY YIIPABJICHHIO.

[Monyuennsiit Fuzzy-koHTpoiulep BkJoyaeT B cebs 32 mpasmiia
(hazucpukanuii Mo AByM nepeMeHHBIM COCTOSIHUS M O0JIee THICSYH JIOTMYECKHUX
BBIBOJIOB, MOJIyYEHHbIX B ABTOMATHYECKOM pEXHME, YTO OrPAHUYMUBAET
npumeHenne Mmeropa s Hegoporux IIJIK u mukpokoHTposuiepoB. B
TabJuLe 2 NPUBEACHB Pe3Y/IbTaThl IPAKTUYECKOTr0 UCTIONb30BAHH ST HEKOTOPBIX
W3BECTHBIX MOAXOMAOB, [Ie YKa3aHbI CIIEAyIOHe TIOKa3aTeNu:

— N¢qic — KOIMYECTBO Map BBIYMCIIEHUH (YMHOXEHHE, CIIOKEHHUE);

— teqlc — BpeMs BBIYUCIIEHUS B CEKYHJaX Ha OMH IIar JUCKPETU3aLuHL;

— 04 — OTHOCHUTEJIbHAS ANCTIEPCHS IIyMa ¥ OIIMOOK JANUCKpPETHU3aINN
MO0 OTHOIIEHUIO K HIMPHHE JOMYCTHMOIO JMala30Ha OTKJIOHEHUS LIEJIEeBON
BEJIMYMHBI B YCTAHOBUBILIEMCS PEXUME;

— Ha3BaHKe NPUMEHEHHOTO MPHUHIMIA ONTUMAIBHOCTH.

Cnenyer 3aMeTUTh, 4YTO OOJBINOE KOJMYECTBO  BBIYHUCIICHUI
MOXET BBIIIOJTHEHO 34 CTOJb MaJoe BpeMs NpPH YCJIOBHU UCIOJIb30BAaHUSA
CTHEeLaIN3UPOBaHHBIX Fuzzy — KOHTPOJUIEPOB € BO3MOKHOCTBIO NApaJIyIeIbHbIX
BelunciieHuit. U eciu npensioxkenHass Fuzzy-noBepxHocTh OyzeT co3ngaHa
MyTEM BBIOOPA ONTUMAJBHBIX TIPaBUIT (pa3upUKAIMU U JIOTUYECKUX BBIBOJIOB,
UCTONBb3Y$ PA3IMYHbIE METO/Bl U MOAXOABI IOCTPOSHHUS JTOTUKU HEYETKOTO
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BBIBOJA, TO BPEM: BBIUKMCJICHUS MOXET OBITh YMEHBIIEHO A0 HECKOJIBKHX
MUKpoceKyH[. OnTuMu3anus He4ETKOrO BIBO/IA, TAKKE MOXET MO3BOJMUTh
WCKJIIOYUTD HEKeJIaTeNIbHBII CIIaKeHHBIN 1epexo] B 00J1aCTH epeKIIoueH s
UCKJIIOYUB IJIABHBI NIEpexo/l CUrHaja ynpasJieHus (PUCYHOK 6, t = 23-27 c.).
OpHako OIMHMCaHWe 3THX METOAOB BHIXOAWT 3a PaMKH CTaTbH, M JOJKHBI
paccMaTpuBaThCs B OTIEJBHOM padoTe.

Ta6ymma 2. CpaBHATEIbHBIE XapaKTEPUCTHKN

Perynsrop Neaic teales © o4 IMpuHIMI ONTHMATLHOCTH
PID 10 - 20 < 0.001 < 0.2 LQR

Slide 10-20 < 0.001 < 0.05 PobGacTHble

CBOICTBa

A — Slide 20 - 40 < 0.001 < 0.5 BricTponeiicTBue
Fuzzy > 4000 < 0.001 < 0.05 beictponeiicteue

Optimal > 40 < 0.00001 < 0.05 BrictponeiicTeue
Fuzzy

CornacHo Tabauibl Oojiee MPEANOUYTUTEIBHBIM KakeTcss A —
Slide — perynsarop, ogHaKo MpH CBOEH YCTOWYMBOCTH K LIyMaM B KaHaJle
n3mepenus [50] obecrieynBaeT ONTHMAIBHBII MPOLIECC MO OBICTPOAEHCTBUIO
TOJIBKO JUTSI 33JJaHHBIX HAYaJIbHBIX YCJIOBHI MIEPEXOJHOTO MpoIecca.

Peann3oBaTh npeokeHHbII METO/ YIIPABICHNS MOXHO HE UCHIONb3Y 51
VHCTPYMEHTBl HEUETKOM JIOrUKU. bosiee Toro, BO3MOXHO HanucaTh [porpaMmy
yIIpaBJIeHHs], KOTOPast JOCTATOYHO JIAKOHMYHO OYAET UCTIOJIb30BaTh PECYPCHI
MHUKpPOKOHTposuiepa. OfHaKo il Takoil peaau3anuu TpeOYIOTCs HaBBIKU
MPOTrPaMMHPOBAaHNSI W 3HAHWS TEOPUH ONTHUMAJIBHOTO YIIPABJIEHHS, UYTO
MOXET CTaTh MPENATCTBUEM [UIs1 MCHOJIB30BAHUSA METOJA B WH)KCHEPHON
JesTeabHOCTU. Vicnonb3oBaHKe HHCTpyMeHTalbHbIX cpeacTB Fuzzy Toolbox
Scilab coBMecTHO ¢ pa3paboTaHHBIMU B paMKaXx 3TOil pabOThl CKpUNTAMHU
MO3BOJISAET aBTOMAaTU3UPOBATS Npoluecc (popmupoBanus Fuzzy-koHTposepa
BMECTE C €ro CTPyKTYpOoH M mapamMeTrpaMu. DTO [TAET BO3MOXKHOCTH
UCIIONB30BaHMsI METOAA B TEXHOJOTMYECKHX IpOLeccax i OOBEKTOB C
JIMHEapU30BaHHOM MaTeMaTUYeCKOl Mozebio (1).

7. 3akmaouenne. [IpennoxeH HOBbII OIXOM 1S pealnu3aliui METOIOB
MOCTPOEHUS] ONTUMAJIBHBIX MM POOACTHBIX PEryJIsITOPOB, MCHOJIB3YIOIIUX
NpUHIMN MakcuMyMa WM CKOJNB3SIIMX pPeXUMOB. B Takmx Meronmax
ynpasienue (opmupyeTcs B Buae (pa3oBeIX TpaekTopuil. [lokazaHo, 4to
peanu3anys ynpasJjeHHs MOXeT OBbITh BBINOJHEHA Fuzzy-uHCTpyMeHTaMu
A CpeACTBAMU TEOPUM HEYETKON JIOTMKU. BO3MOXHOCTH MNOCTPOEHHUS
MIPOU3BOJILHOI MOBEPXHOCTHU B (ha30BOM MPOCTPAHCTBE CUTHAIA YIIPaBJIEHHUS,
MO3BOJIMJIA PEaIM30BaTh MIPEUMYILECTBA JIMHEIHOTO peryisropa B 00JacTu
PaBHOBECHOTO COCTOSIHMSI CHCTEMBI YIIPAaBJIEHHS C IPEeHMYIIECTBAMH
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OBICTPOAEHCTBYIOLIMX UK POOACTHBIX PETYJIATOPOB C PeJICiiHbIM yIpaBieHUEM
B YIQJIEHHBIX OT 00J1aCTH PAaBHOBECHOI'O COCTOSIHUS TOUKax. Takum oGpaszom,
TMIOJIXOJ1 O3BOJISIET PeaIM30BaTh OoJiee rTHOKUil MeTo 1 (hOpMUpOBaHuUsI (Da30BOM
TPaeKTOPHH yTIpaBJIeHUsT 00be quHs 0N [1]]-peryasarop 1 onTuMabHBbIi ¢
pernieitHpiM yripaBieHueM. [{si 00beKTUBHOIO U KaYeCTBEHHOTO CPABHEHUsI
padoThl JIMHEHHOrO pEryisiTopa U ONTUMAIBHOTO IO OBICTPOIEHCTBUIO
WCTONB30BaH METOJ, MHHHUMH3AIMM KBaJpaTU4YHOro QyHKIMoHana. Ilpu
9TOM MOKAa3aHO, YTO METOJ ONTUMasibHOM HacTtpovku II/-perynsropa
HECYIIECTBEHHO BIIMSIET Ha KAYECTBO YIIPaBJICHUS B OOJIACTH PAaBHOBECHOTO
coctosiHus. [ToaTomMy B IIpeyIoKEHHOM METOJE peau3alMid ONTUMAJIbHOTO
yOpaBJIEHUs] JOIYCTUMO MCIIOOJb30BAaTh HEPKYPCUBHBIE IPOLIELYPbI
BBIYKCJICHUS] TAPaMETPOB HACTPOHKM, YTO MO3BOJMT COKPATUTh BpeMs
BBIUMCJICHUH.

B pabote He paccMaTpUBaICs PEKUM CKOJIb3SIIETO YIIPABJICHHS, HO CaM
MOAX0J MOXET IPUMEHEH U JIJIsl UCCJIEJ0BAHMUS PETYJISITOPOB B CKOJIb3SIIIEM
pexume. s 3TOro AOCTaTOYHO CPOPMHPOBATH (PA30BYI0 TPACKTOPHIO
COIVIACHO U3BECTHBIM METOAAM IOCTPOEHUS U NPEICTABUTDh €€ CpelCTBAMU
dasudukanuu u gedazudukaiyu B cpegax ScilLab nim MatLab.

IIpennoxeHHblt METOA pealu3allid YIpaBJIEHUS TaKke MOXeT
OBITH TTOJIE3EH IS UCCIIeAOBaTeN el METOJOB, CBSI3aHHBIX C YIpaBJICHUEM
JVMHAMAYECKIMHI O0BEKTaMH, TIe Pe3yJIbTATOM SBJISETCS CeMeNHCTBO (pa30BBIX
TPAEKTOPUil yNpaBJleHUs], COCTABJISIOLIEE CIOKHYI0 IOBEPXHOCTh. Pean3zanus
HaTYpPHOTO 3KCIIEPUMEHTa C HCIOJb30BaHMEM IpeasoKEHHOTO MOoAXona
HE COCTaBUT OCOOOro Tpy/Aa NP HAJMYMW HABBIKOB ITOCTPOCHUsS MOJENN
Fuzzy-noBepxHocTtell [IJ1 BCTpauBaeMbIX KOMIIBIOTEpPOB cepuu Raspbery,
Orange v Apyrux aHajuoroB. Ha mpakTrke JaHHBIX MMOJXO] LIeJIeco00pa3HO
MCHob30BaTh nocie ontumusauun FLS-monenn Fuzzy-koHTposepa.
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A.SHILIN, H. PHAM TRONG, V. NGUEN VUONG
SYNTHESIS OF A FUZZY CONTROLLER BY A SECOND-ORDER
OBJECT WITH DELAY

Shilin A., Pham Trong H., Nguen Vuong V. Synthesis of a Fuzzy Controller by a Second-Order
Object with Delay.

Abstract. The paper proposes a method for using Fuzzy controller tools to synthesize optimal
control of a second-order dynamic object with a delay. The idea is to construct a phase surface
that combines optimal relay control away from the equilibrium state region and linear control in
the region itself. This approach made it possible to avoid self-oscillations in a steady state, while
maintaining the properties of optimal control in terms of speed. The switching trajectory in phase
space, corresponding to the solution of the optimal control problem according to the Maximum
principle, is determined by the method of inverse time calculation of the second-order difference
equation of the plant. The region near the equilibrium state, where the linear controller is used,
is determined from the results of modeling the motion of a point in phase space with optimal
control for an object with a delay. This region is represented by an ellipse that describes motion
in phase space in a self-oscillatory mode. To further eliminate self-oscillations in this area, a
linear controller is used, tuned by means of solving the variational optimal control problem. It is
proposed to use a tool for the synthesis of Fuzzy controllers, where the switching surface and
calculation of the control value can be set arbitrarily. As a result, a variable controller structure is
proposed to combine these two approaches. The resulting Fuzzy controller model is represented
by a standard FLS structure, which was implemented in Python on the Orange Pi embedded
computer. To connect to the current control object, an industrial controller FX3U-24MR is used,
connected to a computer via a Modbus network. Full-scale tests are presented on a hot water
supply temperature control object, which corresponds as closely as possible to the object model
under study. The method, idea and results obtained in the work can be applied and investigated in
the synthesis of control of dynamic objects in sliding mode to solve current problems related to
eliminating the unwanted Chattering effect.

Keywords: optimal control, Fuzzy controller, phase trajectory, PID controller.
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T.A. ®ENOPOBA, B.A. PbikoB, K.C. CA®POHOB
HUCHOJb30BAHUE TMBPUIHO KOMMYHUKAIIMOHHOM
APXUTEKTYPHI IOJIBOJHOM BECIIPOBOJHOM
CEHCOPHOM CETH JJ151 IOBBILIEHWS EE BPEMEHU
KN3HU U DOPOPEKTUBHOCTH

Deooposa  T.A., Puwwwcos BA., Cagponos K.C. HWcenoap3oBanue rudpHaHoii
KOMMYHHMKALMOHHOI apXMTEKTYPbl MOJABOJHON 0ecripOBOJAHON CEHCOPHOH ceTH s
NOBBIIIEHNS ee BpeMeHH KM3HM U P (PeKTUBHOCTH.

AHHOTanusi. B paGoTe BBHINOJIHEH CPaBHUTEIBHBIN aHAIN3 OCHOBHBIX (DYHKIMOHAIBHBIX
XapaKTepUCTHUK NOABOHBIX OecrpoBomublx ceHcopHsIx cereil (IIBCC) co crammonapHoit u
rUOpUIHON KOMMYHHMKALMOHHBIMU apXuTeKTypamu. YkazaHHble [IBCC cocToaT U3 CeHCOPHBIX
y310B, pAcCIONOXKEHHBIX HAa MOPCKOM JHE M HAaJABOAHBIX MEXKCPEJHBIX IIIIO30B,
00eCIIeunBalONINX Nepeaady HHGOPMAINOHHBIX MAKETOB MEXTY IOJBOXHBIM M HAJBOAHBIM
cerMeHTamu cetd. B crammonapHoii [IBCC ponb 1UTI030B BBINONHSIOT 3asKOpPEHHbIE OyH, B
TUOPHIHOM — MOOMIIbHBIE TPAHCIOPTHBIE MIATGopMbL. C HCHOIB30BAHMEM MATEMaTHYECKOTO
ammapara, OCHOBAaHHOTO Ha BEPOSTHOCTHOM IOAXOJE, IPOBEIeHa OLEHKA ()YHKIHOHAIBHBIX
XapaKTEePUCTHK aTbTEPHATHBHBIX KOMMYHHKAIMOHHBIX apxuTektyp IIBCC ¢ sHepreTnueckoi
TOYKH 3PEHUS - ONPE/IeIICHBI O0IINE YHEPTeTHYESCKHE 3aTPaThl CETH Ha MEPECHUIKY COOOLICHNH
U BpeMs JKU3HH CEHCOPOB CeTH. [l YHCIeHHOro aHaau3a (YHKIHOHAIBHBIX XapaKTePHCTHK
ITIBCC paccMOTpeHBI TOCTaTOYHO LIMPOKHE NHANA30HbI M3MEHEHHS! NMPOCKTHBIX IapaMeTpOB
CeTH, TaKHX KakK: pa3Mep aKBaTOpUH, TpeOyeMoe KOIMYEeCTBO W BapHaHTBHI Pa3MEIICHHs
CCHCOPHBIX y37I0B, BEPOATHOCTH JOCTABKH IIaKeTa B aKBAaTOPHU ((U3MUYECKHE MapaMeTphl
cpensl), B KOTOPBIX OCYIIECTBIISUICS MOMCK «ONTUMAIBHOIO» C YHEPIeTHUECKON TOUKH 3PECHUS
penieHus. BrimonHeHHOE aBTOpaMH HCCIEIOBAaHHE IOKa3bIBAaeT, YTO MOOWJIBHOCTH HIpaeT
Ba)KHYIO POJIb B IIOBBIICHHM KadecTBa (pyHKIMOHMPOBAHUS IIOJBOJHOHM CETH B acCIeKTax
MOKPBITHS (0OEcTIeueHns CBA3HOCTH), FHEProd(HHEKTUBHOCTH M BPEMEHH KU3HU. MOOHIbHBII
3JIEMEHT B BUJIE BOJHOBOTO TJIaii/iepa, BBIMOIHSIOIIMI PO MEKCPEJHOTO IITI03a, CIIOCOOEH
(yHKIMOHUPOBATH B AKBATOPDUHM B TEUEHHE INPOJOJDKHTEILHOTO BPEMEHH, YTO TOBOPUT O
MEepPCHEKTHBHOCTH €ro HCIONb30BAaHMS JUI INPUKIAJHBIX 3aJad cOopa, HAKOIUIEHUS W
peTpaHcisIiK HHQOPMALHHK B paMKax HHTEPHETa IOIBOAHBIX Belieil.

KiioueBble ciI0Ba: IOABOAHBIC OECIIPOBOAHBIC CEHCOPHBIC CETH, THOPHIHBIC CETH,
MOOUIBHBII MEXCPEAHBIN MITI03, THAPOAKYCTUIECKasl CBSI3b, KpUTEpH 2(QEeKTHBHOCTH CETH,
BpEMsI JKH3HH CETH.

1. BBeaenne. B nocneanue aBa MecATUNIETHS aKTUBHO Pa3BUBACTCS
KOHIIETIIIUST MHTEpPHETa MOABOAHBIX Bemeld [1]. MHTepHET MOIBOAHBIX
BeIel MpeACTaBIsieT COOOH CeThb WHTEIUIEKTYaJbHBIX B3aHMOCBS3aHHBIX
MTOJTBOJTHBIX OOBEKTOB, OCHAIIECHHBIX HCIIOJHUTEIHHBIMH YCTPOHCTBAMH U
CEHCOpaMHU, MO3BOJISIONIUMH BBIMIOJIHATD Pa3iMyHbIe JEHCTBUS, CBSI3aHHBIC
C MOHHUTOPHHTOM, KOHTPOJIEM M VIpaBJICHHEM. JTa CeTh o00JaaaeT
BO3MOKHOCTSIMH CaMOOOYUYCHHS U HHTCIICKTYAIbHBIX BHIYHCICHUH.

WHTepHeT NOABOAHBIX BELIEH NIPU3BAH CTaTh MOLIHON TEXHOJOIUEH
JUIsl TIOMJIEPIKKU Pa3yIMYHBIX NPUIIOKEHUH, TaKMX Kak cOop MHGpOpManuu
0 BOJIHOM cpelie B PEaTbHOM BpPEMEHHU, BOCHHBIC IMPHJIOKEHUS, MOPCKas
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HaBUTanust W 0E30MacHOCTh, HMPOTHO3MPOBAHWE M KOHTPONIb CTHXHHHBIX
OelCcTBUN, KOHTPOJb JKOJOTHYECKOW HM TEXHOTCHHOH 0e30MacHOCTH,
pa3BelKa MOJE3HBIX HCKOIMAEMbIX, KOHTPOJIb OMopecypcoB U Ap. Takum
00pa3oM, MHTEPHET IOABOJIHBIX BEIICH HMMeeT OONbIINE INEPCHEKTUBBI
CTaTh Cephe3HONW OCHOBOM «yMHOTO OKeaHay [2 — 3].

Jlis  ycmemHoro  pa3BepTHIBAHMSA — NPHIOKEHHH  HMHTEpHETa
MOJBOAHBIX  Belled HEOOXOAMMBI CETH CBS3M, OOECIEeYMBAIOIINE
ONTHUMAIBHYIO IPOM3BOAUTEIBHOCTb, 3()(EKTHBHOCTH M HAIEKHOCTh
repesiauy JaHHBIX.

CymiecTByIOIIME Ha CEroJHs pelleHrs] IOABOJHOIO HWHTEpHETa
Belled OOBEIUHSIIOT MOPCKHE TEXHHYECKHE OOBEKTHI, TaKMe Kak Oyw,
HaJIBOJHbIE W TIO/IBOJIHBIE CyJa M ammapaTbl, CUCTEMbl HaOIIONEHHS 32
OKEaHOM, a TaKKe OeperoBble IEHTPHI 0OPAOOTKH NAHHBIX B TE€TEPOTCHHBIC
CeTH Pa3InIHOTO MaciiTada M Ha3Ha4YeHus [4 — 6].

B nBa mocnemHMX AECATHIETHS AKTUBHO CO3JaBaJHCh KaOEIbHBIC
ceTn HaONMOOCHHUS 32 OKeaHOM (Hampumep, Australian Integrated Marine
Observing System, Ocean Networks Canada, Dense Oceanfloor Network
System for Earthquakes and Tsunamis), mpegHa3HaYeHHBIC IS
JIOJITOCPOYHOTO M HENPEPHIBHOIO MOHHUTOPWHIA IOJBOJHBIX AaHHBIX U MX
nepeayu B HeHTpsl 00pabdotku [7 — 10].

OpHako BBHIY TOrO, YTO pa3BepThIBAHUE KaOeNbHBIX CeTel B
MOPCKHX YCIIOBUSIX — BECbMa JIOPOTOCTOSIIEE MEPOIPHUITHE, TO HAPSIY C
UX BHEJpPEHHEM B TO JK€ camMoe BpeMsi aKTUBHO pa3palaThiBajach
KOHLEeNIusl OecnpoBOIHBIX ceTell. MMeHHO pa3paboTka OecrpoBOAHON
TEXHOJIOTUM WHHIMHMpOBaJa MEepexXo]] MOIBOJHON CBS3M HA KAadECTBEHHO
HOBBII ypoBeHb. [IpuMepoM NpaKkTHUECKOW peanu3alud TaKUX CceTei
sBisiercst, Hanpumep, Persistent Littoral Undersea Surveillance Network
(PLUSNet) [11].

HUccnenoBanus PaaroYacTOTHOM, ONTUYECKOM,
MAarHUTOMHAYKTHBHOH W  aKyCTHYECKOW TEXHOJOTHUH OecrmpoBOIHOM
nepenadu MHYOPMALMHK MO BOAOH MMOKa3aly NPEeHMMYIECTBA U HEIOCTaTKU
KaxJoiH u3 HuX. PagnoyacToTHas M MarHUTOMHAYKTHUBHAsl CBSI3b MOTYT
oOecrieunBaTh BBICOKYIO CKOPOCTh IIepeJaddl HAaHHBIX, HO TOJBKO Ha
KOPOTKMX paccTOSHUsX. OmNTHdeckas CBsI3b OOECIEYMBACT XOPOIIYIO
MIPOM3BOAUTEIBHOCTh, KOTJAa OHA peaJu3yeTcs B Ipejenax MpsaMon
BUJIUMOCTH ¥ TIPU  YCIOBMHM HE3HAUUTEIbHOW MYTHOCTH  BOJBL
Axyctuueckas CBSI3b  MOXET O0ECHEYHTh OTHOCHTEIBHO OOJbIIYIO
JaJbHOCTh TIepe/iauy, OJJHAKO €€ UCIIOJIb30BaHHE CYLIECTBEHHO 3aBHCHUT OT
CBOICTB MOPCKOi1 CpeaBbl.

HecMoTps Ha HaymM4y#e MOJOKUTEIBHBIX U OTPHLATEIBHBIX Ka4eCTB
y KaXIOM U3 YKAa3aHHBIX TEXHOJOTUMH IOABOJHOW CBS3H, MOKHO
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KOHCTaTHPOBAaTh, YTO Ha CETONHAIIHWA [€Hb THAPOAKYCTHICCKHE
texHonoruun IIBCC sBisroTcst Hawboyiee TNPUMEHUMBIMH B MOPCKOM
npaktuke [12, 13].

[pu MIPOEKTUPOBAHUN THIIPOAKyCTHIECKAX TOJTBOJTHBIX
0ecIIpOBOTHBIX CEHCOPHBIX CEeTeH pa3iIMYHOTrOo MacmiTaba 1Mo KOHKPETHHIE
3a1aud Ha TIEPBBIH IUIAH BCTAET MPOOIeMa CO3MaHUs TaKOW apXUTEKTYPHI U
KOMITOHEHTOB CETH, KOTOpbIe OyAyT 00ecreYrBaTh BBICOKYIO HaIEXHOCTh
JIOCTaBKH  cOOpaHHOW MHGpOpPMAlMM KOHEYHOMY IMOJB30BATENI0 H
JUINTEJIbHYI0O aBTOHOMHYIO paboTy CETH B CJOXHBIX YCIOBHAX MOPCKOI
cpensl [14].

CymectByeT  OoJibllIoe  KOJUYECTBO  pabOT  MOCBSIIEHHBIX
MozenupoBanuio [IBCC [15 — 24]: pazpaboTke anropuTMOB pa3BepThIBAHUS
ceTel, MPOTOKONIOB paszinmyHbIX ypoBHer OSI, obecriedeHUIo CBA3HOCTH
ceTel, SHepreTHIecKoil OamaHcupoBKe ceTeil u ap. 3amaun pemanucsk B 2D
u 3D nocTaHoBKax.

Jnsa mepenaun nHbOpMANWU, COOpaHHON MOJBOTHBIMH CEHCOPaMH,
B HAJIBOJHBIA CETMEHT CETH HCIIONB3YIOTCS MEXKCPEIHBIC ILIO3BI, POJIb
KOTOPBIX YacTO BBIIOJHSAIOT cTaluoHapHbIe Oyu [5]. B mocnennee Bpems B
CBSI3U C aKTHBHBIM Pa3BUTHEM MOPCKHX POOOTOTEXHHYECKUX MIaTdopm, B
KayecTBE MEXKCPEAHBIX IIII030B HAdalM pPacCMaTpUBAThCA  TaKue
MEePCIEKTUBHBIC TPAHCIIOPTHBIC MIAT()OPMBI, KaK BOJHOBBIC U MOJBOIHBIE
rnaitaepsl [25 —29], 6e33kunaxHbie katepa U Ap. B cBA3M ¢ yKa3aHHBIM
IIBCC, B 3aBHCHMOCTH OT THIA MEXKCPEIHOTO IIII03a, MOXKHO
KIaccH(QUIIMPOBATh KaK CETH CO CTallMOHAPHOW WIM THOPHIHON
KOMMYHUKAIIHOHHBIMH apXUTCKTYPaMHU.

HeoOxomnmMo ~ OTMETHTH, 4YTO  CYIIECTBYIOLIME paboThl IO
UCIIONIb30BaHMIO MOOWIIBHBIX 3JIEMEHTOB B OECIIPOBOIHBIX CEHCOPHBIX
CeTAX B OCHOBHOM CBSI3aHBl C Ha3eMHBIMH NpWIOKEHHAMH. Pabor,
MOCBSILCHHBIX (YHKIIMOHUPOBAHHIO THOPUIHBIX TIOZBOTHBIX
OeCIIPOBOTHBIX CEHCOPHBIX CEeTel (BKJIIOYAIONIUX B CE0S CTAIMOHAPHBIC U
MOOWJTLHBIC Y3JIbI), YUYUTBHIBAIOIINX CHEIU(PUKY pacIpOCTpaHEHHsI CUTHaIa
B BOAHOM cpene B paMKax pasIHYHBIX MPAKTUUYECKUX MPHUIOKEHHH,
cymiecTBeHHO MeHsbIe [30].

B paborax TO TOABOIHBIM AaKyCTHYECKHM OECHPOBOIHBIM
CEHCOPHBIM CeTSIM C MOOWIBHBIMH areHTaMH PacCMaTpPHBAIHCH 3a/1a4d
MOJZIEIIMPOBaHUS (PYHKINOHAIBHBIX XapaKTEPUCTUK B 3aBUCHMOCTH OT THIIA
MOOMJIBHOTO areHta M HNpUpOAbl MOOWIBHOCTH. OTH pabOThl ObLIN
MOCBSILEHBI: YY4eTy MOOHMJIBHOCTM areHTOB (y3JIOB CETH), CBS3aHHOH C
¢u3MYecKMMHU  IpolleccaMHd  OKeaHa —  TEYCHUSIMH,  BHEIIHHMH
BO3MYILEHUSIMU [31, 32]; HCTI0JIb30BAHUIO MOOMIBHBIX y3JI0B,
BBINOJHSIOIINX POJIb PEePEePEHCHBIX Y3JIOB CETH M POJIb MEXCPEIHBIX
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NUTIO30B  TIepeadyd CHUTHaJla Ha TpaHuWle Boma-Bo3myx [33,34]. B
MOCTIENHEM CiIydae pojh MOOWJIBHOTO ILTI032 BBIONHSIIA pPa3IMdHBIC
POOOTOTEXHUYECKHE TPAHCIIOPTHBIE IUIATPOPMBI — Kak IOJBOAHBIE —
aBTOHOMHBIE HeoOWTaeMble MmonBonaHbie ammaparel (AHITA), momBomHbIe
mravigeper  (I1I'), Tak W HagBOAHBIE — BOJHOBBIE Tnaimepsr (BI),
6e3skumnaxnsie karepa (bIK).

IMpumenenne AHIIA, kak MOOWIBHBIX arcHTOB, B OECIIPOBOJHBIX
ceTsIx 00Ccy)aanoch B paborax [35 — 37].

PaccmarpuBanocs  ucnonb3oBanue  AHIIA,  BwImonHsomero
¢ynxunu MobunbHoro 31ementa [IBCC B paMkax cleqyIOMmnX CLEHapHEB.
(1) AHITA wucnonb3oBaJICS Kak MOOWIBHBIH pedepeHCHbIH  y3el-
HAKOIUTEJb, COOMpAIOMINA HH()OPMAIMIO CO CTAIlMOHAPHBIX Y3JIOB CETH
(C TOJIOBHBIX Y3JI0B KJIACTEPOB) IO TaK Has3bIBaeMoMy «rendezvous-based»
CIEHAPHIO — TIOCIENOBaTEeIbHBIII O00XOX BCEX TOJOBHBIX  Y3JIOB
u 1T030B [38, 39]. O6mmit 06beM nepesadn JaHHBIX MPU TaKOM CIIEHAPUH
cBoguTCA K MUHUMYMY. Kpome Toro, ympammsemas moouinsHOCTE AHITA
MTO3BOJIIET MCIIONB30BATh IIOIBOHEII KaHA OJMKHETO JEHCTBHUS C BEICOKOH
CKOPOCTBIO TI€penadd JaHHBIX I [epeqadn  OoNpomx 0O0BEeMOB
ndopmanuu. (2) AHITA wucnoms3oBaics Kak MOOWIBHBIH — areHr,
BHIMOJIHSIOMIMKA ~ POJIb  «3aMEIIAIONICT0»  JJIEMEHTa  KaKOro-JmOo
CTAllMOHAPHOTO y3JIa B CIy4yae €ro «CMepTH» B MEISIX COXPaHCHHUS
cBsizHocTH cetu [40].

B mepeuncieHHBIX paboTax paccMaTPHUBAIKCH 33Ja4M JIOKAIH3AIHH
y370B ceTu ¢ wucrnonb3oBanneM AHITIA [41], npemiaranuck pa3iIudHbIE
METO/Bl IUIAHUPOBAHMSA IIyTH MOJBOJHOTO ammapara W CIeHHaIbHbIC
MIPOTOKONBI Mapmpytu3amun [35, 36, 42 — 46]. Pemenne paccmarpuBaioch
B paMKax 3a/Jadd KOMMHBOSDKEpA, C WCIIOJIE30BAHHEM TEHETHYECKHX
aJTOPUTMOB, MOJIETIH O0YYICHHUS C TIOIKPEIITICHHEM H JP.

B caywae wucmomp3oBaHHA B KadecTBE MOOWIBHOTO —MITIO3a
HA/IBOTHOU TPaHCIOPTHOM IaTQOPMBEI, cbop HHPOPMAITUH
OCYIIECTBISICTCA OT pe)epPEHCHBIX Y3JIOB, PACIIOJIOKCHHBIX JINOO HA JHE,
0o B o0beMe akBatopuu [2,27,47]. Ilpu 3TOM HaABOIHBIA MOOWIBHBIN
LIJTF03 OCYLIECTBIISIET HAKOIUICHUE U Tepeaady coOpaHHOH MH(pOpManuu B
LUeHTp 00paboTku. be3yclnoBHO, WCMHONB30BAaHHE KOHKPETHOTO —THIIA
HA/IBOJAHOW TPAHCIIOPTHOW IJIaTGOpMBI 3aBUCHT OT OCOOEHHOCTEH
pemaeMolf TPUKIATHONH 3aAadyd, B YACTHOCTH, OT TpeOOBaHHH TIO
MIEPUOJIMIHOCTH CheéMa CeHCOpaMH MH(OpMAIX M PEKUMY JOCTaBKU €€ B
IeHTp 00paboTKH — ONM3KOM K peallbHOMY BPEMEHH WIH C BO3MOXKHBIMHU
3aJepKKaMH, a TakKe OT MacIiTa0oOB W TITyOMH akBaropuu. HecMmoTps Ha
aKTUBHOE MPAKTUIECKOE WCIONIb30BAaHIE BOJHOBHIX IJIAWIEpOB, YHCIIO
paboT,  TMOCBAMCHHBIX  HAABONHBIM  MOOWIBHBIM  TPAaHCHOPTHBIM
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miarpopmam, kak areHram IIBCC HeBenmmko. B  atux paborax
paccMaTpMBalNCh 3aJa4d, B OCHOBHOM CBSI3aHHBIE C HCIOJIB30BAaHHEM
BOJTHOBBIX TJIAHIEpPOB IS JIOKATU3AIMH y3JIOB CETH.

Takum obpa3om, 0630p JIUTEPATYPHI IO COOPY JAHHBIX C ITOMOIIBIO
MOOMIBHBIX IUIATGOPM  TIOKA3hIBAET, YTO CYMIECTBYIOIIHE PaOOTHI
B OCHOBHOM IIOCBSIIIEHBI HCIIOJIb30BAaHUIO U yKa3aHHBIX Leneil AHIIA.
K coxaneHuio, SHEpPreTHUECKUi pecypc TaKUX TPAaHCIOPTHBIX ILIATGOpM
BEeCbMa OrPaHMYCH W ISl peasibHBIX JOJITOCPOYHBIX MHUCCHI 1O cOopy
naHHbIX ¢ ceHcopoB IIBCC oHM Mayno NpUMEHHMBI. AJBTEpPHAaTUBHBIM
pELLIeHUEM SIBIISIETCSl UCIOJIb30BaHNE B Ka4eCTBE YIIPaBIsieMON MOOHIBHOM
wiaropMbl  BOJIHOBOTO  IIaiiiiepa, o0Najalomero  3HaYUTENIbHBIMU
SHEPreTHUECKUMHU pecypcaMH 3a CUeT HCIOJIB30BaHUSA SHEPTMH BOJIH U
CONHIIA, W CHOCOOHOTO BBIONHATH JOJNTOCPOYHBIE Muccuu  [28].
CymecTByeT OONBIION KiIacC MPAaKTUYCCKUX TPIIIOKCHUH, U KOTOPBIX
BpeMs IOCTaBKH COOOIICHHS HE SBISCTCS KPUTHYCCKHM MapaMeTpoM, a
Oolplliee 3HAYCHWE MMEET HANEKHOCTh ceTH. Jlns pemreHus 3THX 3amad
HCTIONB30BaHie BOJHOBOTO TIaiifepa, MMEIOMIETO HEBBICOKYIO CKOpPOCTBH
MIepEeMEIICHIS, SBISICTCS BEChMa aKTyallbHBIM.

B cBs3u ¢ ykasaHHBIM, B JJaHHOI paboTe paccMmaTpuBaeTcs 3ajada
HCCIIeIOBaHUSA KOMMYHMKAIIMOHHONW HMHOpacTpykTypsl rubpuanoii I1bCC,
B COCTaB KOTOPOW BXOJMT BOJIHOBOW Iiaiifiep, BBIMOMHSIOUMNA (YHKIHN
MOOWMJILHOTO TIITI03a. ABTOpaMH TpEIaracTcsi aHaJTUTHYEeCKHUH MeToJ
IUTAaHUPOBAHUS ONTHMATBbHOM TPAaeKTOPHUH IBIKCHHUS BOJTHOBOTO IvIaljepa
Ut 3¢ hekTHBHOTO cO0Opa JaHHBIX IO 3aMpOCy CO CTAIIHOHAPHBIX CEHCOPOB
cetn. [y peanm3anuy YKa3aHHOTO METONA HCIIONB3YETCS OpUTHMHAIbHAS
cToxacThdyeckas — Monenb  (yHKuoHupoBanus — rubpumHoit  I1BCC,
YYUTBIBAIONIAsE 0COOCHHOCTH TIOIBOTHOTO KaHAIa.

[Ipemnaraemast pabota MMeeT CBOCH IIENBIO JAaTh CPaBHUTEIHHYIO
KAaYeCTBCHHYIO M KOJUYECTBCHHYIO OIICHKY OCHOBHBIX (DYHKIMOHAIBHBIX
xapaktepucTuk ruapoakyctuiaeckux [IBCC co cranuonapHoOi U THOPHUIHOM
KOMMYHHUKAITIOHHBIMH apXUTEKTYpaMH C TOYKU 3PCHHUS HX SHEPTeTHICCKON
3(h(PEeKTHBHOCTH M BpEMEHH KU3HU CETEH.

C WCmonb30BaHWEM TPEUIOKCHHOH aBTOpPAMH  BEPOSTHOCTHOM
Mozaenu [48] B paboTe NMPOBOAWMTCS aHAIM3 BIUSHHUS TaKUX IMPOCKTHBIX
mapaMeTpoB KakK TOIIOJIOTHYECKHE XapaKTEePUCTHKH CETH W (pru3ndeckue
XapaKTePUCTHKH CpeAbl (BEPOSTHOCTh JIOCTABKM IIAKETa) HA IIOJIHBIC
sHepreruueckue 3arparsl [IBCC u Ha BpeMs JKU3HU CEHCOPOB.

IlomyyeHHbIE  TEOpETHYECKHE  3aBUCUMOCTH U Pe3yJbTaThl
MOJETUPOBAaHUSl TO3BOJWIA JaTh OJHEPreTUUYECKYI0 OLICHKY Ppa3Iu4HBIX
MoJienield pa3MelleHHusT OOBIKHOBEHHBIX U pe(epeHCHBIX areHToB JUIs
CTallMOHAPHOM W THOPUIHOW CeTeH, cleNnaTh BBIBOJBI OTHOCUTEIHHO
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MPEANOYTUTENILHOCTH UCIIOJIb30BaHNUA TOH MM MHOW KOMMYHUKAIMOHHON
APXHUTEKTYPHI.

2. ITocTaHoBKa 3a7a4H

2.1. KoMMyHUKanMOHHAS apXuTeKTypa MOIBOIHOM
OecnipoBoHOIi ceHcopHO#i ceTH. PaccMaTpmBaercss KOMMYHHKAaIMOHHAS
apxXuTeKTypa ToABOAHOH OecmpoBomnoit ceHcopuoit ceru (IIBCC),
BKJIIOUaromass B ce0s TIpynmy CTalMOHAPHBIX areHToB (CEHCOPOB),
pa3MelIeHHbIX Ha ITyOOKOBOAHOM IUIOCKOM JIHE, U MEKCPEIHBIE IUTIO3bI,
pOJIb  KOTOPBIX MOTYT BBIMOJHATh JHOO CTallMOHApHBIC OyH, JHO0
MOOMJIbHBIE TPAaHCIIOPTHBIE POOOTOTEXHUYECKHE IIaTGOPMbI (BOJHOBOU
rianep, 0e39KUIaXHbINH Katep U 1ap.) (pUCyHOK 1).

Puc. 1. Ctpykrypa mo1BogHOM 6eCIIpOBOTHOMN CEHCOPHOU CETH: a) C MOOWIIBHBIM
[IUTI030M, 0) CO CTAlMOHAPHBIMHE IITF03aMHU. | — OOBIKHOBEHHBIN CEHCOP, 2 — YTh
hop-by-hop no pedepencHoro arenta, 3 — peepeHCHbIN areHt, 4 —
THIIPOAKyCTUIECKUI KaHAI CBSI3H, 5 — MOOWIBHBIN LT3, 6 — TPaeKTOPHS
JBIKEHHsT MOOHIBHOTO 1IUTI03a, 7 — LHEHTP 00paboTKu aHHbBIX, 8 — CTalMOHApHbIN
Oyit

CeHCOpBbl ~ BBINOJNHSIOT — HEPHOANYECKHE 3aMepbl  HEKOTOPBIX
XapaKTEePUCTHK CPeJIbl M MEPENatoT UX 10 IMAPOaKyCTHUECKOMY KaHaIy.

CymiecTByeT OIpeJelIeHHOE KOJIMYEeCTBO pedepeHCHBIX areHTOB, K
KOTOPBIM CTeKaeTcs MH(OpPMamus OT BCEX OCTAIBHBIX — OOBIKHOBEHHBIX
areHToB cerd. Ilepenada makera OT OOBIYHOTO K peepeHCHOMY arcHTy
ocymiecTBIsIeTcsT 4epe3 Ommkaiimero cocema (hop-by-hop). [lamee
pedepeHCHbIE areHTHl MEePEeChUTAI0T TONyYeHHBIE (32 UK PaOOTHI CETH)
MaKeThl B IIUTIO3.
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O4eBUIHO, YTO MPU 3TOM BEPOSITHOCTH TOCTABKH MAKEeTa 3aBUCHT OT
PACCTOSIHUSL MEXK/Y HepeJaolM U IPUHUMAIOIIUM areHTaMu (y3JaaMu) u
OT (PM3WIECKUX XapaKTEPUCTHK CPEAbl, TAKAX KaK KOI(POHUINEHT 3aTyXaHUs
curHama [, ypoBeHb IryMa B akBaTopuu SNR.

Bauny HCIOJIb30BAHUS OJIHOITyTE€BOM MHOTOILIIaroBOM
MapuUIpyTH3alliM 4epe3 OOBIKHOBEHHBIE Y3IIbl, HAXOISIIHECS PAIOM C
pedepeHcHBIMU, W Yepe3 caMu pedepeHCHBIE, HMPOXOAUT CYLIECTBEHHO
Oounbinit THPOPMALMOHHBIH TpaUK.

OueBUIHO, YeM OOJbIIe JAHHBIX MPOXOJIUT Yepe3 y3ell CETH, TeM
Oouble ero pacxon sHepruu. Kak ciencrTsue, B CeTH BO3HHMKAET IpodieMa
nmucOaaHca HEPronoTpedICHNs, MPUBOAAIIAS K TOMY, 9TO pedepeHCHBIe
y3JIBl PaHbIIE OPYTHX BBIXOJAT M3 CTPOS M3-3a paspsia aKKyMyJsSTOpPOB,
YTO BJIEYET 3a CO0OM yMCHbBIIEHHE BPEMEHHM JKM3HHM CEHCOPHOWH CeTH B
nenoM. [l BBIpaBHUBAHUSI pacXo/ia SHEPTHH BCEX Y3JIOB CETH HCIIOIBb3YIOT
Ppas3yIMgHbIE METO/IBI SHEPTETHUECKOH OaTaHCHPOBKH:

—  WHIWBHAYaJbHBIA 0A00p eMKOCTH OaTapel B 3aBUCHMOCTH OT
MIOJIOKEHHSI YCTPOMCTB B CETH M BBINOJHSIEMBIX MMHU (yHKUIMA. B aTtom
ciyyae pedepeHCHbIE areHThl MOTYT OCHAILIATHCSI OOJIBIIUMH 110 €MKOCTH
aKKyMYJIATOpaMHU,

—  pasHas IUIOTHOCTh pa3MeEIIEHHUs Yy3JI0OB CETH B aKBAaTOPUH B
3aBUCHMOCTH OT IPEIII0JIaraeMoil MHTEHCUBHOCTH Tpaduka B KOHKPETHON
30HE;

—  WCIIOJB30BaHME MPOTOKOJIOB MAapIIPyTH3alUH, OCHOBAHHBIX,
HarpuMmep, Ha TaKUX NPHHIHUNAX KakK, YepeOBaHHWE JaJbHEH W OMmmKHEH
nepesiadd, OIEHKa BEIMYMHBI OCTATOYHON 3HEPrMH Y3JIOB HA IyTH 10
IIJTI033;

—  KJIacTepH3aIus;

- HCIOJIb30BaHNE MOOUILHOCTH OTACIBHBIX KOMIIOHCHTOB CCTH
(B ToM umcie, MOOWJIBHBIX IITIO30B). B KauecTBe MOOWIBHOTO ILTIO3a
MOTYT HCIIOJB30BATHCA aBTOHOMHBIC HeoOHUTaeMEbIE IMOJABOOHBIC armapaTbl
(AHITA), nonsogusie rmaiineps! (I1T7), BomHOBEIE THalAeps! (BI).

B nanHO# paboTe B IeENsIX SHEPreTUYECKOW OalaHCHPOBKH CETH
UCTIONB3YIOTCS MJEH KilacTepu3alud M MoOmibHOCTH. Ponb MoOmibHOTO
areHTa BBIMOJHSACT HAABOJIHAs pOOOTOTEXHUUECKas IutaThopma (HanmpumMep,
BOJIHOBO¥ Itanzep).

KauecTBo pa3OueHnsi ceHCOpHOH CeTH Ha KJacTephl OIpelelseTcs
NPEXJE BCEro ONTHMAIBHBIM PACHOJIOKEHHEM peepeHCHBIX Y3IIOB, TaK
KaKk MMEHHO K HUM CTeKaeTcsl Bcid MHQOpManus OT OOBIKHOBEHHBIX Y3JIOB
cetu. OUeBHIHO, YTO TMPOIYCKHAs CIOCOOHOCTh pPEePEPEHCHBIX Y3JI0B
OrpaHWYeHAa W TpH OONBIION pPa3MEPHOCTH CETH M HX HEyJadHOM
PAcIOI0KEHUH BO3MOXKHO TOSIBICHHE «Y3KHX MECT», B KOTOPBIX PE3KO
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BO3pAcTalOT  3HEPro3aTparel, MPHBOAIIME K OBICTPOH  pa3psake
aKKyMyJsTopoB. [l MonenupoBaHHS TOJOOHBIX CHUTYaIlWid, B JaHHON
paboTe MCcIeayloTCs [Ba BapHaHTa Pa3MEMICHUs] peEepPEHCHBIX arcHTOB,
BIMSIOIINX Ha IPOIYCKHYIO CIIOCOOHOCTh CETH, M KaK CIEICTBHE, Ha €€
HA/ICKHOCTH U 3PPEKTUBHOCTE.

Bapmanr 1. Crammonapras wmogmems [IBCC.  Pasbuenme
OpPTOTOHAIFHON CETKHM Ha KOHEYHOE YHCIIO KBaJPATHBIX «IOAPELICTOK»
MEHBIIEH pa3MepHOCTH (PHUCYHOK 2(a)), B LIEHTPE KOTOPBIX PACIIOJIOKEHBI
CTalMOHAPHbIE LUIIO3bI, POJIb KOTOPBIX BBHINONHIIOT Oyu. Ha kaxmoi
«IOJIpeIIeTKEe» OOBIKHOBEHHBIE areHThl MEepeialoT COOOIIeHHsS B IEHTp —
pedepeHcHOMY areHTy, KOTOPBIH B CBOIO O4epe/ib nepenaeT HHHOPMALHIO B
BEPTHKAJbHOM HalpaBiIeHMM Ha 1uno3. [Ipuy sToM nuIIO3 nepenaer
COOOIIeHNS AaJbllie B OEperoBoii HeHTp 00pabOTKH JaHHBIX.

Bapmanr 2. TI'mbpummas wmozmens IIBCC. Pacmomoxenwue
pedepeHCHBIX areHTOB Ha KBAJpaTHOM KOHType (pucyHOK 2(0)). B stom
cllyyae WCIHONB3YyeTCsl MOOWIBHBIH IIUII03, KOTOPOMY HEOOXO0IMMO
00XOIUTB 3TOT KOHTYP.

OO0OO0O0OO00OOOO OO0OO0O0OO0O0OOOOO
OO0OO0O0OO00OOOO0O OO0OO0O0OO0O0OOOOO
OXOX JONOl(OXOX XOXO) 000000000
OO0OO0O0OO00OOOO OO JNONOXONOX NOXO)
Q000000000 OXOX JNONOXONOX NOXO)
OO0OO0O0OO00OOOO OO JNONOXONOX NOXO)
OO0OO0OO0O0O0OOOO0 OO JNONOXONOX NOXO)
CO@O0O00O@OO0 COC00000O00OO
OO0OO0O0OO00OOOO OO0OO0O0OO0O0OOOOO
Q000000000 000000000

a)

0)

Puc. 2. Monens IIBCC npu pa3HbIX BapHaHTax pa3MeIeHUs peepeHCHBIX y3II0B:
a) pa3bueHne ceTH Ha KBaapaTHBIE «IIOAPELICTKI», 0) pacioyioxkeHne pedepeHCHbIX
y3JI0B Ha KBaJ]paTHOM KOHTYype. KpacHble Kpy»Xku — pehepeHCHbIE areHThI,
Hepearolie COOOIeHNs Ha [IUTI03

PaccMoTpuM (yHKIMOHMpPOBAaHHME CETH Ul yKa3aHHBIX BapHaHTOB
pa3mereHus peepeHCHBIX areHTOB.

2.2. IocTaHoBKa MojeabHOM 3axauu. B pabore paccmarpuBaercs
3aja4a B ClIEAyIOUIed MOJEIbHOW IOCTaHOBKE. Tpedyercst BBINOJIHHUTH
U3MEpeHNe HEKOTOPOW XapaKTepHCTHKH Cpelbl M IepeiaTb ITy
HHPOPMALIUIO OT KaXJOTO OOBIKHOBEHHOTO CeHcopa (depe3 IEeTMOouKy
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OCTaJBHBIX CEHCOPOB CETH) peepeHCHBIM CEHCOpaM, KOTOpPHIE B CBOIO
odepes TOJDKHBI MIepeaaTh MaKeThl B IIUT03.

Ilonaraercs, 4ro:

—  ceHCOpHble  y37Bl  (OOBIKHOBEHHBIE W  pedepeHCHEIC)
000pyIOBaHBl ~ THAPOAKYCTHYECKMMH  MOJAEMaMH C  OJHHAKOBBIMHU
XapaKTePUCTHKAMH — MMEIOT HECYIIYIO YacTOTy f , MOJIOCY IMPOITYyCKaHHsI
B, aHTCHHA SIBJICTCS] HEHATIPABJICHHOM.

— Bce makeThl § (comepikampe TIONE3HYI0 H  CIIY)KeOHYIO
uH(OPMAlLIUIO) UMEIOT OJMHAKOBYIO IIMHY Ny, M IepenalTcs ¢ OUTOBOMH

CKOPOCTBIO f,, .

—  BpeMsi pabOTBl  CeTH  MEXAYy ABYMsS  H3MEPEHUSIMU
XapaKTepUCTUK cpenasl (IUKka) 7 OrpaHWYeHo. 3a 3TO BpeMs Bce
OOBIKHOBEHHBIC CEHCOPBI JIOJDKHBI TIEPEIaTh PE3yIbTaThl U3MEPEHUI Yepe3
pedepPEHCHBIX areHTOB B MIUTKO3 U MPUCTYIUTH K CICAYIOUIEMY H3MEPCHHUIO.

2.3. ®usuveckass Moaedab. V3BeCTHO, 4TO OJHHM W3 KPHUTEPUCB
MPOU3BOIUTCIBHOCTH IH(POBBIX CHUCTEM CBS3H SIBIISCTCS 3aBUCHMOCTH
BEPOSATHOCTH TIOSABJICHUSA ONIMOOYHOTO OHUTa OT OTHOIICHHUS JHEPTUU

CHUTHAJa, NPUXOJslIelics Ha OJUH OUT — €, , K CIEKTPaJbHOU IUIOTHOCTH
MOIIHOCTH aJJMTHBHOro 0Oejoro rayccosckoro myma — N, . 3to
oTHoIIeHUEe ¢, / N, ompenemnsercs depe3 CPeIHIO MOMIHOCTh CHrHana P

N

U CPEeJIHIOI0 MOILIHOCTB ITyMa P, ciieyronumM odpasom [49]:

e_b = Ei R (1)
N, 0 Pn fbit
rae B - HIMprUHa I0JIOCHI NPONYCKaHUA, fbit — OuroBas CKOpPOCTh

nepenadu nHGopMaIum.
IMotepu HpH pacmpoCTpaHEHHH aKYyCTHYECKOTO CHI'HAja 4acTOTON
f Ha paccCTosiHHE 7 OT WCTOYHHKA B TPOCTEHIIEM Clydyae MOTYT OBITH

OIIPEACI/ICHBI KaK

A(r, f) = rsa(f)r R

rJie cTeneHb s =2 g chepuaeckor BOJHBI B § =1 ISl THHAPUICCKOM.
CumuTasg, 4YTO pacCIpPOCTPAaHCHHE TMPOUCXONUT Ha TIyOOKOH Boxe
U paciidpeHue (poHTa BOJHBI SIBISETCS C(EpUUECKUM, BO3BMEM s =2 ,
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a(f) — CBs3aH C KOS(l)(l)PIIII/ICHTOM 3aTyXaHUs CUTHajla BbIPA)KCHHOM

B 1b/kM 110 hopmyIte

10 logg a(f)=B(f)-

B npenenax 3amanHoi akBaTOpUU OyJieM CUHMTATh, YTO TEMIIEPATypa,
COJICHOCTh M KHCJIOTHOCTH ITOCTOSIHHBI, TOTJa KOI((QHIMUEHT 3aTyXaHHs

p ( f ) TIPH 33IaHHOM YaCTOTE 3BYKOBBIX KOJeOaHHH f MOKHO OIICHHUTH TI0

0000meHHoM phopmyne Topma [50]:

_ 017 4047 o g2
B(f)= e +4100+f2+z.75 107 7 +0.0003. @)

OTHol1IeHNE CI/II‘HaJ'I/HIyM Ha pacCTOsSAHMM F OT MHOepeAaryuKa
0003HaYUM F(l’) " onpeaciainum 4e€pe3 HOPpMHUPOBAHHOC OTHOLICHUC CUTHAJ

/ITyM ¥ IOTEPH MIPH PACTIPOCTPAHEHUH CUTHANA KaK

r(r)=—o:2 %

- NoA(r, f) B Norta(f) .

B 1noaBomHOM KaHalle C POJICEBCKUM 3aMHPaHHEM CKOPOCTh
BO3HUKHOBEHHS OWTOBOW oOmuOku (BER) s 1IBOWYHOH  (ha30BOM
Moyt BPSK mMoxeT ObITh BEIUUCIeHa Kak [31]:

I RIG
a.(r)=5|1 Ty | PR (3)

Torga mns makera JIMHOM Ny, BEPOATHOCTH YCIELIHOW Iepenadu
Ha paccTosiHue » OyJeT paBHa

p(r)=(1-q. ()" 4)

2.4. IIpoToKO0IBI CETEBOr0 U KAaHATBHOI0 ypoBHA Moaeaun OSI. B
KauecTBe MPOTOKOJIA MapLIpyTH3auuu B paboTe paccMaTpHBaeTCs
JMHAMHUYECKUI TPOTOKON mepefaud HHPOpMALUKM Yepe3 Oimkaiimiero
cocena (hop-by-hop), KOTOpBIi CBOAMTCS K TOMY, YTO OOBIKHOBCHHBIC
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CCHCOpPBI JOJDKHBI MEpPEeNaBaTh COOOLICHUSI TONBKO ONMKaIMM cocemsM.
Ecnu nmocne ¢puKCHpOBaHHOTO YMCIIA TIEPead BCEM COCEAsSM COOOICHNE HE
MepeIaHo, OHO CYUTAETCA MOTEPSIHHBIM M CEHCOP MEPEXOAMT K MEPEChUIKE
CIIEIYIOMIETO CTOSAMmEero B odepean cooOmenus. [Ipm sTom B Tabmmie
MapHIpyTH3aUK AT KaXJOr0 CEHCOpa OMNPENeNICHO, KaKOW COCell MMEET
JUIl HEero Oosee BBICOKMH NPHOPHUTET ISl NMEPECBHUIKH COOOIIEHUS, KaKue
coceiu UMEIoT 0oJiee HU3KHUH IIPHOPUTET, 8 KaKHe — HYJIEBOH.

IIpotokon ympaBinenus pocrynoM k cperne (MAC-npotokon),
paccmarpuBaeMblii B pabdoOTe — HECHMHXPOHM3MPOBAHHBIM JOCTYI K
THJPOaKyCTHUECKOMY KaHally, OCHOBaHHBIH Ha KOHKypeHIuH. [Ipumepom
TaKOTO IPOTOKOJA MOXKET CIYXKHUThb XOPOILIO H3BECTHBIN KIACCUYECKHUM
nporokonr ALOHA [51].

3. BepositHocTHast Mmogeab. Ilycte IIBCC pacnonoxeHa B
¢u3uYecKn OXHOPOAHON Cpele M MMEET BHJ KBaJPATHON OPTOTOHAIBHOM
CeTKM Pa3MEpHOCTH 7 X7 , B y3JaxX KOTOPOH pPAaCHONOXEHbI CEHCOPHI.
PacrionoxeHnue CEHCOPHBIX Y3J0B Ha OPTOTOHAJILHOM CETKE yJIOOHO TeM,
YTO €€ TEOMETPHYECKHUE XapaKTEPUCTHKH JIETKO BBIYUCIHTH. bBynem
TOBOPHTb, YTO OOBIKHOBEHHBII areHT (COOOIleHHE) HAaXOJUTCs Ha k-OM
YPOBHE YIAJIEHHOCTH OT pPe(EepeHCHOrO areHra, €CJIW Al JIOCTABKH
coobmernnss TpeOyercss k mepecsUIoOK. IlycTh BEpOSTHOCTh YCHEUTHOMN
nepeiadu COOOIIEHNsT MEX/y COCEIHUMH CEHCOPaMH IOCTOSIHHA B TaHHON
aKBaTOPUH U paBHA p .

BBenem ocHOBHble (U3MUECKHE XapaKTEPUCTUKH HCCIIEayeMon
cucremsl (Tadbnuna 1).

Tabauua 1. OcHoBHbIE QU3HUECKUE XAPAKTEPUCTUKH UCCIIETYEMOl CHCTEMbI

O06o3HayeHUE Ornmcanue
L, ( n) Ob1ee 03KHAaEMOE YUCIIO IIEPECHUIOK B CETH Pa3MEPHOCTH.
Ofmmee OXHIaEMOE 4HCIO IEPEChUIOK, KOTOpPOE COBEpIIACT OIUH
L, (k ) OOBIKHOBEHHBII CEHCOp, HAXOMSNIMICS Ha k-OM ypOBHE yHAICHHOCTH OT
pedepeHcHoro.
T, Bpewmsi, 3aTpaunBaeMoe CEHCOPOM Ha cOop HH(OPMALUH.
T =N, /f, Bpewmst nepeniaun cOOOIICHHS 1 MOy EHHS TTOATBEPKICHHS O JOCTaBKeE.
s bit bit
T Bpemst oxxumaHus 1 preMa cooOIeH it (IpocTymBaHus 3hupa).
w
T Bpemss oT Havanma BBINOJIHEHWS H3MepeHHs (chbeMa HH(pOpMALMH) 0
¢ 3aBepIICHNUS JOCTABKH BCEX COOOMICHUH B IILTI03 (UK pabOTHI CETH).
Bpemsi, koTopoe ceTh HAaXOMUTCA B PEXUME CHa (BpeMs MEXTY IByMs
T, IUKJIAMH CheMa HH(OpMaluy, BO BPeMsi KOTOPOTO CEHCOp He MOTpeOisieT
DHEPIHUIO).
T=T+T, Umrepean, coctosmuii w3 mukia paborst cetn I, i Bpemenu cHa I 10
c
CIICIYIONIEr0 H3MEPEHHUSL.
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3.1. PacueT BpeMeHH KH3HH CEHCOPOB. 3Hasl HAYAIHHYIO YHEPTHIO
6atapen E, u MomHoCTh F, , HOTpeOIseMyl0 CEHCOPOM Ha k-OM ypOBHE

yIAICHHOCTH, MOXHO NPUOJIM3UTENBHO OIEHHTh BPEMsI XHM3HH CEHCOpa
(y3na ceTn) Kak

by =—. )

Wnrepsan pabotst cencopa 7' COCTOMT u3 BpemeHu T, , BO Bpems

2
KOTOPOTO OH TPAaTUT JHEPIHUI0 E,’c”f Ha cOop wuHpOpMaImu, o00mIero

Bpemenn L, (k)Ts Ha L, (k) MIEPECHIIOK COOOIIEHUH, TPH KOTOPBIX

TpartuTcs oHeprusi E; , BpeMeHH mpociyiusanus d¢upa 7, npu KOTopom

TpaTutcs dSHeprus ;' Ha mpueM cooOuieHui M oxuganue, u Bpems T,

KOTOpPOE€ CETh HAaXOIUTCSA B PEXHUME CHA (BpeMsI MEXIY ABYMs IHUKJIaMU
cbeMa MH(POPMAIMH, BO BPEMsI KOTOPOTO CEHCOp HE MOTPeOIIsieT SHEPTHIO),
TaK 4To

T=T,+T =T, +L,(k)T,+T,+T,,
TO €CTh 06111a5{ 3aTpavyCHHas 3a MUKII SHCPIUst Ek OIIPEACIACTCA KaK
E, =E" +E +E}. (6)

B pexuMe cHa SHEpPrust CEHCOPOM HE TPATUTCS, II0O3TOMY 3TO
cinaraemoe B popmyie (6) paBHO HYIIIO.

3amumeM BbIpaXEHHE Ui OOLIeH SHepruu, 3aTpauyuBaeMoi
CEHCOPOM 3a IUKJI paboThl T, :

E,=RT =P

4 inf

Ty +L,(k)PT,+P,T,. 7)

Yuarem, uro F,~F

i w?

a BpeMmMs chemMa HHQOpPMAMH U

npociyumsanus ogupa 7, +7,, MOXKET ObITh BBIMUCICHO KaK BpEeMs, HE

3aHATOC MEPEChIJIKaMU COO6HI€HI/II>1
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Ly +T,=T.~L, (K)T,. @®)

N3 dopmyn (5), (7) u (8) HecIOKHO HOIYYUTH BpeMs, KOTOpOE
CEHCOp MOXET TMPOBECTH B paboyMxX pexuMax cbeMa HWHPOpMAaIuH,
MEPeChIOK COOOMmeHnH ¥ TpociaymnBaHUS 3dupa Ha k-OoM ypOBHE
YAIEHHOCTH:

E,T,
L, (kK)RT, +P,(T.—L, (k)T ) ©)

L (k):

Oto Bpems paboTel ceHcopa (0e3 ydera BpeMEeHH CcHa) Oymem
Ha3bIBaTh BPEMEHEM XXHM3HHU CEHCOpa Ha k-OM YPOBHE Y/IaICHHOCTH.
3.2. Pacuer »JHeprermyeckux 3arpar. IlycTp momHOE dYHCIIO

NePECHUIOK Ha CeTH pasMepHOCTH nxn paso L(n) . Tlpu 3amaHHOl
BEPOATHOCTH JIOCTABKH COOOIIEHHS OT CeHcopa OmmkaiileMy cocemy
PaBHOH p M BO3MOKHOCTM OTIIPABIATh COOOIICHHS HEOrPAHHUYEHHOE

YHUCIO pa3, MaTeMaTHYeCKOe OKUJAHUE KOIMYECTBAa IOMBITOK INepeaadu
COOOIIEHNsT MEXIY COCEAHUMH CEHCOPaMH, HEOOXOAMMOE Ul YCIICIIHON

nocTaBku, paBHO 1/ p . OOmee OXHTaeMOe YHCIO MEPECHUIOK B CETH
Pa3MEPHOCTH /X1 ONPEACIUTCS BHIPAKCHUEM

L,(n)= : (10)

Ecmu  uynciio  pedepeHCHBIX  y3JI0B paBHO M, TO  YHCIO

OOBIKHOBEHHBIX CCHCOpPOB, a <CJeA0BAaTCIbHO, W YHUCIO COOﬁmeHHﬁ,

TpeGytomux otnpaskn S(n,m)=n’—m.

Bymem cumraTh, YTO BCE CEHCOPHI B CETH PAaBHOMEPHO
pacmpelieieHbl MO  KiacTepam, T.e. B KaXJ/JIOM KJacTepe €cTb OAUH
pedepeHCHBII W OJMHAKOBOE KOJIUYECTBO OOBIKHOBCHHBIX CEHCOPOB

U ypoBHeH ypameHHoctd k,, . Ha KkaxkIoM ypoBHE CEHCOpPBI Takxke
Pa30OHUTEI IO KJIACTEPaM B CPEHEM PABHOMEPHO.
IMycts [ ( p,k) — CpeiHee 4YHCIO TEPEChUIOK, HEOOXOMUMBIX JIIs

JIOCTaBKH  OJHOTO COOOIIeHHWs C Kk-rO YpOBHS YyJAJICHHOCTH Ha
pedepeHcHsIit y3en. O4YeBUIHO
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k
l(p’k):;

3Hasi KOIMYECTBO YPOBHEH k,, M KOJIMYECTBO COOOLICHHIA,

Tepe/IaBaeMBIX  Yepe3 Kaxublli yposens S, (n) , 1<k <k MOXKHO

max
MOJYYHUTh OOIIYI0 (popMyITy JUis OOIIEro 0KUIAeMOTO YHcia MEPEChUIOK B
CeTH:

L, (n)= ZSk(n)~%. (11)

Crnenaem eire OIHO JomymieHHe. [IpermonoxkuM, 4To B PEKHME
OXMJaHUA U IIpUeMa COOOLIEHU MOLIHOCTH NpeHeOpexumo Mana P, =0 .

Takoe mpeanoaox)eHne Mmo3BosieT He OIEHUBATL SHEPTETUUECKUE 3aTPATHI
Ha OXUJaHWE W IpociTymuBaHue d¢pupa. [TomHbIe YHEPTETHUECKNE 3aTPATHI
TaKOW «HMIeaTbHON» CETH CBSA3aHBI TOJBKO C TIEPECHUIKAMH COOOIICHHMIA

E,(n)=L,(n)PRT,. (12)

Heo06xomuMo OTMETHTH, YTO YEM BBIIIC 3arpy3ka CETH, TEM OJMKe
paccMaTtpuBaeMasl CeTh K «MICalbHOI», TaK KaK OOJbIIAs YacTh BPEMCHH
JIEHCTBUTENILHO TPATUTCS HA MEepeiavdy COOOIICHUI, a He Ha OXHIaHue. DTO
CHOBa TIPUBOJIUT K HEOOXOJMMOCTH PACCMATPUBATh TOJIBKO BBICOKYIO
3arpy3Ky CeTH.

3.3. Kpurepun ontuMajibHOCTH padoTbl  ceTn. OueHUM
TIPEUIO’KEHHBIE BEIIIE PACIIONIOXKEHUSI CEHCOPOB B aKBATOPHH — pa3OneHHe
Ha TIOJIPETIETKH W 00X0/I IepUMETpa — C TOUKH 3PEHUS IBYX KPUTEPHUCB:

—  Duepeosagpghexmusnocmu cemu — OOMMUX DHEPTETUICCKUX
3aTpar Ha MEPechUIKY BCEX COOOIIEHHH B IIII03 332 OJUH IUKI (YeM HIDKE
9TH 3aTpaThl, TeM Ooiee 3P (HEKTHBHA CETh);

—  Bpemenu owcusnu peepeHCHBIX CCHCOPOB f,,, M BCCH CCTH B

LETIOM.
4. CpaBHeHne pa0oThl ONTHMH3HPOBAHHBIX CTAIHOHAPHOM
urubopnanoii IIBCC B akBaTopum NPOM3BOJILHOIO pa3mepa.
[Mpexamnonaraercs, 4To pa3Mep aKBaTOPUM MOXKET OBITH BBIOpaH JIIOOBIM.
[Tpn 3TOM MMeeTcsi BO3MOKHOCTb Pa3MECTHTh B aKBaTOPHH JIIOO0E YHCIIO
CEHCOPOB Ha IOOOM pAacCTOSHUM JOpPYr OT Jpyra, a, Clel0BaTelbHO,
o0ecreunTs JM00YI0 BEPOSITHOCTh JOCTABKU COOOLICHUH B IIUTIO3.
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Jnst  cpaBHeHuss oddexTuBHOCTH PabOTHI  CTAIMOHAPHOH W
ruopugaoit [IBCC OyxeM cunTath, 9TO OHH PACIIONOXKEHBI B OAHOM W TOH
JKe aKBaTOpHH (C OJMHAKOBBIMU CBOWCTBAMHM CPEJIbl) U UMCIOT OJMHAKOBBIC
XapaKTePUCTHKH:

—  00lIee YHCIIO CEHCOPOB B AKBATOPHH 71” ;

—  4ncno peepeHCHBIX Y3JI0B 1 ;

—  TEXHHUYECKHE XapaKTEPUCTUKU MOJEMOB.

4.1. Pa3OueHue ceTH HAa paBHble mNoApelIeTKH. PaccMoTpum
ciydaii cranuonaproil [IBCC, korja B ieHTpax NOJPEIIETOK PACIOIOKEHBI
CTalMOHapHbIe OyH, cOOMparoLIHe COOOIIEHHUS C CEHCOPOB CBOETO KilacTepa
(cBOEH mOJpemeTKH) M Iepefalolre WX B LEHTP 00paboTKM JaHHBIX.
[Tyctp cerp pa3duTa Ha paBHBIC MOJPEIIETKH OJMHAKOBOH Pa3sMEpHOCTH
(pucyHok 2(a)). bynmem cumrtaTh, YTO KaxIas MOJpENIETKA HWMEET BHI
KBaJpaTHOMN ceTku [ X/ (tae / — HedéTHOe YKCI0) ¢ peepeHCHBIM Y3II0M,

PacCIoJIOKECHHBIM B LEHTPEC. HpeL[HOJ'IO)KI/IM, 4qTo n2 KpaTHO 12 , T.C.

2 2
n"=m-I° (m — 4gucno pedepeHCHBIX y3JI0B, OyIeM CUYHTaTh, YTO OHO

YeTHOE JJIs1 yA00CTBa CPaBHEHHS C THOPUIHOM CETHIO).

Yarem, 9YTO U3 OJHEPTETUYCCKUX COOOpaKeHHH, KOJHMYECTBO
pedepeHCHBIX Y3J0B M HPEAINOYTUTEIFHO BBHIOMpaTh mopsaka 5% OT
00111eT0 YHCcIa areHTOB B ceTH [52]

m z0,05n2.

C Y4YE€TOM CACIAHHOIO IMPEANOJI0KECHNSA, YUCJIO ar€HTOB Ha CTOPOHE
MOAPCHICTKH OKAa3bIBACTC HE 3aBUCAIIUM OT Maciraba ceTu

/ ~ 4,54

~on 1
Jm 0,05
U MOXET ObITh BbIOpaHo JOO paBHBIM 4, mubo 5. B nmanHOW pabore,
yuuThIBasi, 4yTo / — Heu€THoe 4Yucio, OyneT HCIOoJb30BaThCI HapameTp
pa30OueHns Ha moapemeTku [/ =5.
3aBUCUMOCTb 4YHCIIa HEPECHUIOK S, uepe3 ypoBeHb Ak OT JUIMHBI

CTOPOHBI ToOnpemieTkd [ B 00IIeM ciaydyaeM MOXET ObITh OmucaHa
(bopmynoi:

S, =4mmin(k,l—k), 1<k <I-1, k,, =11, [=5.
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OGliee 0XKHaEMOE YHCIO TMEPECHUIOK B cetn L, (n) mpu
BEPOSTHOCTH JIOCTABKU p Ul ONTMMAILHOIO Iapamerpa pa3OueHHs Ha

noapenteTku [ =5 omnpenemnsiercs o popmyie (11) kak

4n2 12! 1242
L sub—latt 7n)=—SN"%-min k,[ —k = . 13
’ ( ) Plz kzz% ( )1=5 5p -

IMoncranoska nomy4yenHoro BeipaxkeHus (13) B gopmyny (12) naer
BO3MOXKHOCTb OIIPEJIEIIUTH ITOJIHBIE YHEPTETHIECKUE 3aTPAThl Ha IEPECHUIKY
COOOLIEHNH B CETH.

Baxno otmeruTh TOT (akT, UYTO OOIIEe OKHIAEMOE YHCIO
MIEPeCchIIOK 3aBUCHT B cTanroHapHOi [IBCC Tonbko OT IBYX mapaMeTpoB —
OT OJHOKPATHOM BEPOATHOCTH IOCTABKH COOOLICHHS p M OT pa3Mepa CeTH
n’.

OOmiee 0XUIaEMOE YHUCIO IEPECHUIOK, KOTOPOE COBEpLIACT OJHMH
OOBIKHOBEHHBIH CEHCOp, HaXOJIIMHCS Ha k-OM YpOBHE YAaJIeHHOCTH
0T pe)epeHCHOr0 ONPENeIUTCs BEIPaKEHHEM

_ 1 [l S 1 1-1 mln(l,l—l)
L sub—latt k)= — i _ .
p ( ) S, % p min(k,l—k)g; P (14)

Obuiee 0XHMAAEMOE YHCIO INEPECHUIOK depe3 pedepeHCHBIC 3B
paBHO

wbla ? 25
L (k=0)=— == (15)
Pls P

3Has 3arpy’>KEHHOCTh y3J10B, MOKHO ONPEIEIUTh BPEeMS UX XKU3HU U
OLIEHUTH BpEeMs JKM3HM Bcel ceTn mnojactaBuB ¢opmynst (14) u (15) B
opmyay (9).

BaxHo oTmetuTh TOT (akT, uYTO oOOIIee OKHIAEMOE YHCIO
NepeChIOK Ha pedepeHCHbIe Y3kl 3aBUCHT B cTanuoHapHoi [IBCC Toabpko
OT OJHOTO IIapaMeTpa — OT OIHOKPAaTHOH BEPOSTHOCTH JOCTAaBKU
COOOIIeHHS p .

Hebompmioe KoIM4YecTBO MPOEKTHBIX IMapaMeTpOB B CTAI[MOHAPHON
CETH yMEHBIIIaeT BOZMOXKHOCTH JUISI €€ ONTHMHU3AIINH.
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4.2. O6xon1 BHYTpeHHero KoHTypa. PaccMoTpum  ciywai
ruopugaoit IIBCC, xoraa pedepeHCHBIE Y3IIbI paCTION0KEHBI HA HEKOTOPOM
KOHType, (hopMa KOTOPOTO COBIaAaeT ¢ (opMOH MepuMeTpa aKBaTOPHH.
MoOHUIBHBIN IIITI03, POJIb KOTOPOTO MOKET BBITIONHATH BOJTHOBOM Tiaumep,
00X0auT Bce pedepeHCHBIE Y3IIbI TI0 HeMPEPHIBHOM 3aMKHYTOH TPASKTOPHH.
[Iycte 9Ta Tpaekropus mMeeT GopMy KBaapara, MpHYeM IHEHTP KBaapara
COBIIAJIaeT C LIEHTPOM aKBaTOPHUHU.

B mpenmonokeHuw, 4to 7 — YETHOE, OMPEICIUM KOJIHUYECTBO
KOHTYpoB Vv =n/2 . [IpoHymepyeM 3TH KOHTYpHl, Ha4WHAs OT ILEHTpa
aKBaTOPHH K €¢ TEepPUMETpPY, W MPEATIONIOKNM, YTO peepeHCHBIC areHTHI
HaxomATcs Ha u -oM KoHType, 1< <v . Yucno pedepeHCHBIX Yy3II0B

OyzeT paBHO
m= 4(2/1—1).

PaccmarpuBas ceTd, B KOTOpPbIX JTUHEHWHBIH pazmep n kpateH 10
(n=10q , g € N ), Haiizem HOMep KOHTypa THOpHIHON CETH, KOTOPHIH

CONICPXKUT TaKOe K€ KOJIMYSCTBO pPEPEpPCHCHBIX Y3J0B, KaK U
paccMOTpeHHas BBINIE CTallMOHAPHAS MOJAETh pa3OMeHMS Ha ITOJIPEIIeTKH,
T.C.

2
4(2#-]):3—524q2, qEN (16)

Pewas ypaBuenue (16) u okpyrisist pe3yiabTaT B OOJBIIYIO CTOPOHY,
MOJyYHM HOMEp KOHTYpa [ :

2

qg 1
==—+—, geN.
H 73 q

[IpuBenem TabaMIy COOTBETCTBUS CTAIMOHAPHOH W THOPUIHON
MBCC ¢ npumMepHO paBHBIM YHCIOM pedepeHCHBIX y3II0B (Tadnmma 2).

[To otHOmEeHMIO K peepeHCHBIM y371aM OOBIYHBIC CEHCOPHI CETH
MOJKHO pa3[eNuTh Ha BHEIIHHE (JIeKamme B 00JacTH MEXIy KOHTYpPOM
pedepeHCHBIX y3JI0B M BHEIIHHM IIEPUMETPOM aKBAaTOPHUHU) M BHYTPECHHHE
(mexaniye BHYTPH KOHTypa pedepeHCHBIX y3ioB). OO003HAYUM YHCIIO

YpPOBHENU YAAJICHHOCTU Y3JIOB OT pe(l)epeHCHLIX kmax n KOJIMYCCTBO
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COOOIICHNH, TTepejaBacMbIX depe3 KaXIbli ypoBeHb S, Ul BHEIIHUX U

BHYTPEHHHUX CEHCOPOB Kak k.. , S}, kou , SP.

Tabauua 2. OcHoBHbIE QU3HUESCKUE XAPAKTEPUCTUKH UCCIIETYEMO CHCTEMbI

q n n2 msubflatt HOMep KOHTYypa U mcaunt
1 10 100 4 1 4
2 20 400 16 [2,5]=3 20
3 30 900 36 5 36
4 40 1600 64 [8,5]=9 68
5 50 2500 200 13 200
Onpenenenne k', S} naet:
krlr:lax =H -1,

S;{n =4(21u—2k—1), 1§kskrl:a‘c

Bennuunsl ke ko, S;* ompenensiores ciepyommmu GopMynamu:

ey =2(v = 12).

S,f'”=4-{ 2u+k—1 lsks(v—,u) .
v —(2u+k-1) (v-p)+1<k<2(v—p)

O6miee oXumpaeMoe YUCIIO MEPECHUIOK B CETH MPH YETHOM 71 B CETH
onpenemuM 1o opmyne (11). OHO OymeT cocTOSTh W3 IBYX ClIaraeMbIX
(COOTBETCTBYIOLIMX BHEIIHEH M BHYTpEHHEHl 00JacTsIM aKBaTOpUU
OTHOCHTENEHO KOHTYpa pehepeHCHBIX Y3JI0B):

wl o 2vem)
—+

chount (n) — ZS;{” . Z S/?M E .
k=1 k=1 p

VYrporasi, MOAy4dM, YTO YHCIO TEPEChUIOK 3aBHCUT OT TpeX
apamMeTpoB — OT BEPOSTHOCTH JOCTABKU p , OT Pa3MEPHOCTH CETH M U OT
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KOHTYpa f , KOTOPBII OmpeAemsieT TPaeKTOPHIO IBIKCHHS MOOMIBHOTO
IIUTI03A:

4
L (n,u) :a[(,u—l),u(Z,u—l)+6g[g—ﬂj(l+§—ﬂjJ. 17

IMoncranoBka momydeHHor dopmynsl (17) B dopmymy (12) maer
MOJIHBIE HEPTeTHYECKUE 3aTPAThI HA MEPECHUIKY COOOIICHHH.

OO1iee 0KUITAEMOE YHUCIO TMEPEChUIOK, KOTOPOE COBEPLIAET OJMH
OOBIKHOBEHHBIN CEHCOp, HAXOJIIIUICI Ha k-OM YpOBHE YAAJCHHOCTH OT
pedepeHCHOTO ONPEACTUTCS BBIPAKCHHEM

in 2(1/—/4) S_out

LPCOW[ (k) S out z_ z

ik P i P

(18)

Obmiee 0XHUIaeMOe YHCIO MEPEChUIOK depe3 pedepeHCHBIE Y3IIbI
paBHO

2
n

meunt (k — 0) — . (19)
4(2/1—1) p

3Has 3arpy’>KEHHOCTh y3J10B, MOKHO ONPEIEIUTh BPEMS UX XKU3HU U
OLIEHUTh BpEeMs XM3HH Bcel cetn mnoxactaBuB ¢opmyast (17) u (19) B
opmyay (9).

[Monyumnm, dro obmee OXuAaeMoOe YHCIO TIEPECHUIOK Ha
pedepeHcHbIE y37IBl 3aBUCHT OT TPEX IapaMeTpOB — OT BEPOSTHOCTH
JIOCTaBKU p , OT Pa3sMEPHOCTH CETU K U OT KOHTypa g , KOTOPBIH
OTIpeeTsieT TPACKTOPHUIO IBMKEHHUS MOOMIIBHOTO IILTI03a.

Takum o6pazom, B tHOpmmHOi IIBCC mosBnseTcs emie OIuH
mapaMeTp ONTHMH3alMM — JUIMHA KOHTYpa A , KOTOPBIA SIBISETCS

TpaeKTOpI/Ieﬁ JABHXXCHU S MOOUJILHOIO IILII034.

Ecimm  MeI 6y,ueM HCKAaTh ONTUMAJIbHBII KOHTYp HCXOJd U3
OHEPIrCTUICCKUX COOGpa)KeHHfI, HC NMpUHUMAsl BO BHUMaHHUC BPEMs CheMa
I/IH(IJOpMaIII/II/I B CCTHU, TO OTO JICIKO CACJIATH, Haﬁ[[ﬂ MPOU3BOAHYIO OT

Lp“"‘”” (n, 1) B dopmyie (17).
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count
dL,

dn (n, y) =0.
KopeHns nonyuaromerocss Ipu 3ToM KBaJpaTHOTO YpaBHEHUS U €CThb
ONTUMAJIbHBIA KOHTYD 4 = [,

(\/§—1)n+1

Hopy === 0,366n+0,5.

[TonyueHHBIE BEPOSITHOCTHBIE OLEHKM OBLIM HCIOJIB30BAaHBI JUIS
MPOBEACHUS BBIYMCIUTEIBHBIX JKCIEPHUMEHTOB C LEJNbI0 CpPaBHEHUS
(YHKIMOHANBHBIX XapaKTEepUCTUK crannoHapHod u rubpuanoit ITBCC.
Pe3ynbTaThl MpHUBEACHBI HIKE.

5. Pe3yabTartsl MOJeJTUPOBAHUS. Jst BBIYMCIIUTENBHBIX
9KCTIEPUMEHTOB OBIIM HCIIOIB30BaHBI CIEAYIOIINE 3HAUYEHHUS HMPOEKTHBIX
mapameTpoB (Tabnmma 3).

Tabnmma 3. 3HaueHHs IPOSKTHBIX TapaMeTPOB

HaumeHoBaHMe IPOEKTHOIO O6o3HaueHue, 3HaueHHe
napamMeTpa eIMHNIA H3MePEeHHsI

Jnuna coolmmeHus N,, , our 256
ButoBas ckopocTh Sy » KOHT/C 12,8
Hecymas yactora mogema f k1 60
Ilonoca nponyckanus B, xl'n 30
MomHoCTh MOZIEMa B PEIKUME

- o p P, Br 25
MTOCBIIKK COOOIICHUS $
MOoIIHOCTh MOJIEMa B PEXKHME

‘“ fIeMa B p P, Br 0.3
rpremMa coOOIICHNs
MomHoCTh MOZIEMa B PEIKUME

B A P P, Br 0,3
OXKUJAHUSA w
MoIiuHOCTh MOZIEMA B pEXXUME P1f , Bt

1

cbopa unpopmanuu (3amepa 0,3
XapaKTEPUCTHK CPEIbl) By =F,
DHepreTuveckas EeMKOCTb

P E,, xJIx 864

Oartapeu HanpspkeHueM 12 B

Vka3aHHble B TaOluIe MapamMeTpbl COOTBETCTBYIOT IIapaMeTpam
UCTONb3YEMBIX Ha MPaKTHKE MOAEMOB [53].

IMoxcTaBiss yka3aHHBIE BBIIIE 3HAUSHHUS NAPaMETPOB B BHIPAXKEHHUE
(9) m mepeBoAs BpeMsl B 4aChl, HOIYIHM (HOPMYITy, IO3BOJIIIONIYIO OIICHUTh
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BPEMsl JKM3HH CCHCOPOB [, (k) Ha JIOOOM YpPOBHE VAAICHHOCTH Kk OT

pedepeHcHOTOo

240
k)= .
' (k) 0,49L, (k)/ T, +0,3

(20)

s ¢opmynsr (20) Buamno, uro mpu 0,49L, (k)/ T <« 0,3 Bpems
KHU3HH CCHCOpa Ha JaHHOM YPOBHE YJIAIICHHOCTH TMEPECTaeT 3aBUCETh OT
YyHclla TepeJaBaeMbIX MakeToB, U ctpeMutcs k 800 yacam. HazoBeM Takoit
ciay4yall peXUMOM HU3KOW 3arpy3Kud CEHCOpa, a pPEXUM, IpU KOTOPOM
BbinonHeHo  4,94L, (k)/ T'=0,3 , pexxumMoM BBICOKOI 3arpy3ku. Ecnm

pedepeHCHBII areHT paboTaeT B peXXHMe HU3KOH 3arpy3KH, TO BPEMs €ro
KM3HH OyZIeT OYCHb MaJIo 3aBHCETh OT €r0 PACIONOKEHHs B akBaTopu. ITo
3TOH NpPUYMHE I HCCIENOBaHMS BPEMEHH >KH3HH DacCMaTPHBACTCS
TOJIBKO BBICOKAs 3arpy3ka CeTH. B MOJCIBHOM HCCIIEIOBaHHMH, HPU
CPaBHEHUU BAPHAHTOB PACIIOJIOKEHHS CEHCOPHBIX y3JI0B PacCMAaTPHBACTCS
IUKII TIpoJoIbKuTenbHOCTRIO 1, =120 c.

Bynem cuutaTth, YTO BEPOSTHOCTH JICKHUT B LIMPOKOM JAMAIa30HE
m3menenus 0,5< p<1.

B pamkax chemaHHBIX NOMYIICHWH HIDKE MPHUBOAATCS PE3yIbTATHI

BBIYUCITUTEIHHBIX 9KCIIEPUMEHTOB, TIO3BOJISFOIINX OTIpE/ICITUTH
ONTUMAJIFHBIN THIT pa3MEIIeHUSI CEHCOPOB IS Pa3JIMYHBIX Pa3MEpOB CETH.
5.1. IToubIe oxKuIaeMble JHepreTuYecKue 3aTparhbl

B crauuonapHoii IIBCC. Hcnonb3oBaHue BepOSTHOCTHOM oueHku (12)
mis  craumoHapHot  [IBCC  mo3BoiwnM — ONpeleuTh  IMOJIHBIE
9HEPreTUYCCKUC 3aTpaThl HA MEPEChUIKY COOOMICHHHA. DTH Pe3yJbTaThl
MOKa3aHbl Ha pUCYHKe 3. BHIHO, 4TO JHEpPreTHYecKue 3aTpaTbl CETH
MOHOTOHHO PacTyT B 3aBHCHMOCTH OT €€ pa3Mepa MpH JIOOBIX 3aJaHHBIX
BEPOSATHOCTSIX JTOCTaBKH COOOIICHUS p .

[Ipy 3a1aHHOM pasMepe CeTH 71° U BHIOPAHHOM KOJIHYECTBE
pedepeHCcHBIX  y31MO0B 5% OT OOIIEro KOJWYECTBa, JajbHEUIIas
ONTUMU3AIMS JHEProdPPEKTHBHOCTA B TAKOH MOJETH OKa3bIBACTCS

. 2
HEBO3MOXXHOH. Uem Ooipiie pazMep ceTd n°, TeM OOJIbIle OKa3hIBAIOTCS
9HEPro3arpaThl.

1552 Undopmaruka u agromartuszanus. 2024. Tom 23 Ne 5. ISSN 2713-3192 (nieu.)
ISSN 2713-3206 (ommaiin) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

6000
5000 f

4000}
[ —e— p=05

Ep(n), A

3000
: -=4--p=07
2000¢ ceedens p = 0,95

1000

0 Cl L L L L 1 L L L L 1 L i L L L L L L L 17
10 20 30 40 50

Puc. 3. 3aBHCHMOCTb MOITHBIX SHEPTETHYECKHX 3aTPaT E ,(n) OT JMHEHHOTO

pasMmepa ceTH n B cilydae pa3MelieHHs pe)epeHCHBIX Y3JI0B B LIEHTPax
HOIPEIIETOK MPH PA3IMYHBIX BEPOSTHOCTSIX TOCTABKH COOOIICHHS p

5.2. Bpems :xu3HH pedepeHCHBIX y3J10B B cTannoHapHoii IIBCC.
3Hasg 3arpy’kKeHHOCTh Y3JI0B, MOXHO OIpPEACIUTb BpeMs UX JKU3HU U
OLIEHUTH BpEMs JKM3HU Bcell ceTn mcrosb3ys Gopmyiny (20). PesymbraTs
YHCIEHHBIX OLIEHOK IIOKa3aHbl HA PUCYHKE 4.

2

Pasmep cetu n”~ B NAHHOM Cllydac HE BJIMSCT Ha BPEMS JKU3HH
ceHcopoB. J[0CTaTOYHO pacCMOTPETh OJAHY MPOHU3BOJIBHYIO IOJAPEHICTKY
C 3aJJaHHOMU JJTMHOW CTOPOHBI [ =5 .

900 [+ , . . .
800
:_; 700 —e—p= 0,5
= 600 —m4==p=07
we-#eee p=0,95
500
400L2 | . . .

0 1 2 3 4
k

Puc. 4. Bpemst KU3HH CEHCOPOB ¢, (k) Ha PasHbIX yPOBHAX Y/AICHHOCTH k OT
pedepeHcHOro arenTa, pacroNoKeHHOTO B IIEHTPE MOJPEIIETKN U3 25 CEHCOPOB TIPH
anurensHocTy ukiaa 7, =120 ¢
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Ha pucyHke 4 1oKa3aHO KaK U3MEHACTCS BPEMs JKH3HH CCHCODOB B
3aBHCUMOCTH OT HMX YAQIEHHOCTH OT pPe(QEepeHCHBIX Y3JI0B IIpH
anaTensHocTH muka 1, =120 c.

OtmeTuM, 4YTO ISl MOAPEIIETKH CO CTOPOHOM /=35 cymiecTByer
Bcero 4 ypoBHS YNAJIEHHOCTH OT pedepeHcHoro areHra. M3 rpaduxon
BUJIHO, 4TO ISl ypoBHEeH k=3 u k=4 BpeMs >XU3HH OKa3bIBACTCS
OJIM3KUM K MaKCHMaJbHO BO3MOKHOMY, paBHOMY 800 yacam, 94TO TOBOPHT
0 HHM3KOH 3arpy3ke 3Tux ceHcopoB. OmHako, Mt yposaei 0, 1 u 2 Bpems
YKU3HH 3aMETHO MCHBIIIEC, YTO TOBOPUT O TOM, YTO 3TH CEHCOPHI BBHIHAYT U3
CTpOsl 3HAYUTENILHO paHblie. Tak, mpu BeposTHOCTH noctaBku p = 0,95

BpeMsi JKM3HH pedepeHCHOro areHTra OKasblBaeTcs HeMHOro Menbure 600
4acoB.

Oty  HecOaJaHCHPOBAaHHOCTh  CTAI[MOHAPHOW  CETH  CJIOXKHO
yimyqmutb.  [IockonbKy — cTanmuoHapHBIE OyHM J)KECTKO  CBSA3aHBI C
pactionoxxeHreM pedepeHCHBIX y3710B (KOTOpBIe HAXOIATCS MOJ HUMH), TO
MOCNIe BBIXOJA PEPEPEHCHBIX Y37I0B M3 CTPOs, CBSI3HOCTH CETH Oyner
HapymeHa. HeoOxommMo ¢u3ndeckn mepeMecTHTh 3asKOpeHHble OyH
3aTeM BBINOJHUTH IIEPECTPOMKY MapIIpyTOB Iepeiadynd COOOIIEeHHH Ha
HOBble BbIOpaHHbIEe pedepeHcHble y3iubl. [lpouenypa nepeMelieHus
3asKOPEHHBIX OyeB Ha ITPAaKTHKE MaJI0 peallu3yema.

IlepeiineM k aHamU3y THOPUIHOMN CETH.

5.3.Iloanble  okMAaeMble JHepreTHYecKWe  3aTparbl B
rubpuanoii IIBCC. lVcnonp3oBaHue BepOSTHOCTHOW oreHku (12)
MIO3BOJISIET OLCHHUTH IIOJHBIE 3HEPreTHUECKHE 3aTpaThl Ha IIEPECBUIKY
cooOrmeHnii B crydae 00X0aa BHyTPEHHETO KOHTYpa MOOMIIBHBIM IILTIO30M.
Jnsa cerel ¢ JAMHEMHOM pa3MEpPHOCTBIO 71 =2V MOXHO PacCMOTPEThH
JBIDKCHHE NUII03a MO 4 pa3iMuHbBIM KOHTypaM, 1< p<v . Kaxabli

KOHTYp XapaKTepH3yeTcs CBOMMHM SHeprosarpatamu. [|Jis HarJIsmgHOCTH Ha
PHCYHKE 5 TIpeAcTaBieHa 3aBUCHUMOCTD IOHBIX SHEPTeTHIECKHUX 3aTpaT 3a
OIMH IMKJI OT HOMepa KOHTypa g TpH pa3HBIX pa3Mepax CeTH s

3aJaHHOM BEPOSITHOCTH JAOCTaBKH coobmienus p =0,95.

U3 rpadukoB (pUCYHOK 5) BHIHO, YTO KPHBBIC 3HEPro3arpar He
MOHOTOHHBI, OHA UMEIOT MUHHUMYM, TO €CTh JJISI K&KION CETH CYIIECTBYET
KOHTYp ONTHMAJIILHOW JUIMHBI, TPU BBIOOPE KOTOPOrO B KadecTBE
pedepeHcHOro, 3HEpro3arparbl OyayT MHUHHMaiIbHBL. OmHAKo, pemraeMas
3aja4a sBJISAETCS MHOTOKPUTEPHAIBLHONW M HENb3s BBIOpATh MHapaMeTp
00x0/1a aKBaTOPHUHU HE y4UThIBasi (hakTop BpeMeHu. VccnenoBanie BpeMeHn
cheMa HHPOpMAIMU KaK MapamMerpa ONTUMH3aLUK OYAET HCCIEeJI0BAHO B
cienyromieit pabore.
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30000F N ]
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25000 F v ]
—e— n=10
x 20000 ]
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€ 15000F b 1
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5000¢ ’."" I:"E'~l:l—l:|-|:|—|:l--1:|'E'“:' ] —¥—n=
AAA X.X T
0 5 10 15 20 25

u
Puc. 5. 3aBUCHMOCTD MOJHBIX SHEPreTHYECKUX 3aTpar £, (n) or HOMepa KOHTYpa

M B Cllydae pacCTaHOBKH pe)epEHCHBIX Y3JI0B Ha BHYTPEHHEM KOHTYpE IPH
Pa3IMYHBIX Pa3Mepax CETH N IPH BEPOSTHOCTH AOCTABKU coobmmeHust p =0,95

B OTIMYHE  OT  CTAalMOHAPHOTO  CHydas,  HOSABISAETCA
JIOTIONTHUTENBHBIN TapaMeTp ONTHMH3AIWU 4 , YIpPaBICHHE KOTOPHIM,

COBMECTHO C Y4YETOM BPEMEHM CheMa HH(GOPMAalMH MOXET YJIYYIIUTh
9HEProdPeKTUBHOCTh CCTH.

5.4. Bpems :xu3Hu pedepencHbIx y3n10B B rudpuanoii IIBCC.
3Hasg 3arpy’kKeHHOCTh Y3JI0B, MOXHO OIpPEACIUTb BPEeMs UX JKU3HU U
OLICHUTH BpEMs JKM3HU Bcell ceTn mcmonb3ys Gopmyny (20). PesymbraTst
YHUCJICHHBIX OLEHOK MJajH pe3ylbTaT, KOTOPHI IOKa3aH Ha Tpadukax

(pucyHok 6 u pucyHok 7). B maHHOM ciydae pasmep ceTu n* oxasbiBaer
CYIIECTBEHHOE BIIMSIHAE Ha BPEMs JKU3HH CEHCOpoB. [loaToMy, B oTinune
OT CTal[IOHAPHOW CeTH, JUisi THOPHIHOM OBLIO PACCMOTPEHO [(Ba Ciydas —
manas (n =10) u 6ompimas (7 =50) cern.

Ha pucynke 6 mns cetu u3 100 ceHCOpPOB TMOKa3aHO KaK pPacTeT
BpeMsi JKU3HH B 3aBUCHMOCTH OT MX YAAJIEHHOCTH OT pedepeHCHBIX Y3JI0B
npu mtesnsHoctd mukina 1, =120 ¢, U3 TaGnuipl cOOTBETCTBHSA CIEAYET,

gro cramuoHapuyo [IBCC mnsa cimywas n =10 crmemyer cpaBHHUBaTh C
ruopugHoit s u =1 . CpaBHEHHME OJTHX CIlydaeB Ha pPHCYHKE 5 H

puCyHKe 6 MOKa3bIBaeT, YTO OHHU AT HPUOJIU3UTEIBHO OJMHAKOBBIN
pe3yipTaT okoio 600 gacoB. OgHAKO, pacCTaHOBKA pehepeHCHBIX Y3JI0B Ha
JIPYTHX KOHTYpax C 4 >1 MOXET CyINICCTBEHHO YBEIMYHTH BPEMsSI JKU3HU.

Tak, npu BeposTHOcTH pAocTaBkH p =0,95 BpeMs XKHU3HM CaMoOro

3arpy»KeHHOTo pedepeHCHOro areHTa Ha KOHType 4 =3 oka3biBaeTcs Oojee
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750 gacoB. OagHako, HEOOXOAMMO HUMETHh B BHIY, YTO 3TO OJHOBPEMEHHO
YIJIMHHUT BpeMsi cheMa MHPOPMAIMd MOOMIIBHBIM [III030M, YTO HE BCEr/a
JIOITYCTHMO.

850

800

750

oK),

650

600

550

Puc. 6

700

0 2 4 6 8
k

. BpeMSI JKU3HU CCHCOPOB tp (k) Ha pasHbIX YPOBHAX YIaJICHHOCTHU OT

pe(l)epeHCHoro areHra B CiIy4a€ paCcCTaHOBKH peq)epeHCHBIX Y3JI0B Ha 3aMKHYTBIX

KOHTypax

/4 aKBaTOPHHU C BEPOSTHOCTBIO JOCTABKH COOOLIEHUH p = 0,95 mns cetn

u3 100 cencopos npu gnurensHocty nukna I, =120 ¢

Teneps paccMoTpuM cityyaii 6oubinoi cetit n =50 (pucyHox 7).

800

750

tp(k), u

0 5 10 15 20 25 30 35
k

PucyHok 7. Bpemst XXU3HI CCHCOPOB 1, (k) HA pa3sHbIX YPOBHAX YAAJICHHOCTH OT

pe(l)epeHCHoro areHra B CiIy4ac pacCTaHOBKH peq)epeHCHBIX Y3JI0B Ha 3aMKHYTBIX

KOHTypax

/4 aKBaTOPHHU C BEPOSTHOCTBIO JOCTABKH COOOLIEHUH p = 0,95 mns cetn

u3 2500 cencopos npu jurensHocTy nukna I, =120 ¢
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Ha pucynke 7 mns cetu m3 2500 ceHCOpPOB TMOKa3aHO KaK PacTeT
BpeMsi JKU3HH B 3aBUCHMOCTH OT MX YAAJICHHOCTH OT pedepeHCHBIX Y3JI0B

npu pumrensaoctd uukna 1, =120 c.

W3 tabmuibl cooTBeTCTBHS (TAOMUIA 2) CIEAYET, UTO CTAIlMOHAPHYIO
IBCC mis cmyyas cetu OonbplioN pasmepHoct — n =50 cuemyer
cpaBauBaTh ¢ THOpuanHO [IBCC must =13 .

CpaBHEHHE «TOYECYHOW» JIMHUU B Todke k=0 Ha puCyHKEe 4 U
«UIITPUXOBAHHOW» mwHUM ¢ =13 B Touke k=0 Ha pucynke 7

MOKA3bIBACT, YTO OHHU JAIOT MPUOTUUTEIHHO OJUHAKOBBIA Pe3yabTaT MO
BPEMEHH JKU3HU pedepeHCHOTO y37a 0kojio 600 4acos.
[Ipuyem paccTaHOBKAa pedepeHCHBIX Y3JIOB Ha KOHTypax ¢ <13

YXyAIIaeT pe3yibTaT, a Ha KOHTypaxX € f >13 MOXET CYIIECTBEHHO €ro

yiIyqmute. M3  3TOro MOXHO CHenaTh BBIBOJ, 4YTO MOSIBICHHE
JIONOJTHUTEIbHOTO napamerpa rubpuanoi IIBCC, takoro, kak TpaekTopHs
00xolla aKBaTOPHU TO3BOJISIET JIOMOJHHUTENIFHO ONTHMH3HPOBATH PadOTY
CeTu.

Kpome Toro, HeoOXoiMMO OTMETUTh, 4YTO B OTJIMYHE OT
CTalMOHAPHOM CEeTH, B TMOPUIHOI BO3MOXKHA JTUHAMHYECKasl MepecTporka
MapIIPYTOB NEPECHUIKH MAaKETOB IPH YMEHBILICHUH YPOBHS 3apsia Oarapei
pedepeHCHbIX Y3JIOB JO ONpPENCICHHON KPUTHYCCKOH BENMUYWHBI. T.e.
Ha3HaueHHE JPYTUX y3JIOB C JOCTATOYHOU dHEpruei — pedepeHcHbIMH. [Ipn
3TOM TPACKTOpPHs JBIDKCHHS MOOWIBHOTO MIII03a OYyJET COrjiacoBaHa C
MIOJI0’)KEHHEM HOBBIX pe(hEepEeHCHBIX Y3JI0B.

6. O6cy:xnenne  pe3yabTraTtoB. CpaBHUM  Mexay  coOoif
NIPEATI0KEHHbBIE BapUAHThl pa3MeIleHHus pe)epEeHCHBIX Y3JI0B B aKBATOPHU
Ha CTAalMOHAPHBIX M THUOPHUAHBIX CETAX pa3IMYHOTO pasMepa Ipu

nmurensHoctn mmkna 1, =120 c. Jlns momenupoBanus paboTel cetw u
MOCTICTYIOMIETO CPaBHEHUS ObLIa B3siTa BEPOSTHOCTH gocTaBku p = 0,95,
KOTOpas 00ecreYnBaeT XOPOIIyI0 HAJAeKHOCTh PaOOTHI CETH.

2
OO01miee YUCIIO CEHCOPOB B aKBAaTOPHH — M~ , YUCJIO pedepeHCHBIX

Y3JI0B COCTABIIICT IPUMEPHO 5% OT OOIIEero Ymciia CEHCOPOB, BEIIOJIHEHO

sub=latt _,  count
ycioBue M ~m (uncno pedepeHCHBIX Y3JI0B B IIEHTpax

MOJPEIICTOK ~ YHUCIY pPEPEPEHCHBIX Y3JI0B HAa TPACKTOPUH (BHIKCHUS
MOOWJIBHOTO 1UTR03a). JIJIsi JOCTIDKEHHS 3TOTO COOTBETCTBHS HAaMJieH
COOTBETCTBYIOIUI KOHTYpP 4 C PaBHBIM YHCIIOM pedepeHCHBIX Y3II0B.

Bce BhIOpaHHBIE TEXHMYECKHE XapaKTEPUCTUKA MOJEMOB B

crarmonapHoi U rubpuaHon [TBCC onuHaKoOBBI, Takke Kak U QU3NICCKUE
ycnoBusi B akBaTopuu. [1o/cTaHOBKA BBIOPAHHBIX MPOEKTHBIX 3HAYCHHUH B
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MOJydCHHBIE paHee (HOPMYIBI MPUBOANT K KOMIAKTHBIM AHATHTHYCCKAM
BBIPKEHUSAM JUII SHEPTETHUECKUX 3aTPaT M BPEMEHH JKU3HU CETH.

Jna cranmoHapHO# ceTH, Ui OOMMX SHEPTeTHIECKUX 3aTpaT MpH
BBEIOPAHHBIX XapaKTEPHCTHKAX MMOJydaeM KBaIpaTHUHYIO 3aBHCHMOCTH OT
JINHEWHOTO pa3Mepa CeTH 7 :

Epsubflan‘ (l’l) — 1’263 n2 .

Bpems xu3HH pedepeHCHOro y3lia He 3aBHCHT OT pa3Mmepa CeTH, a
OTIPENIeNIACTCS TOJIBKO KOJUYIECTBOM pe(epeHCHBIX Y3JI0B / TOIPEIIETOK /
kiactepoB / OyeB B akBaTopuH (y Hac 5% OT 0OIIero KOJIN9IecTBa):

poub=latt — 589 yacos.

ref

Huaue JACII0 00CTOHT ¢ FPI6pPIZ[H0ﬁ CCThIO. TyT BaXXHBIM ITapaMETpPOB
ONTUMHU3ALU OKA3bIBACTCA TPACKTOPUA o6xoz(a MOOUJIBHBIM IILTFO30M:

E,“" (n)=0,35 31{%—#+1)(§—yj+(2ﬂ—1)(ﬂ_l)ﬂ

DHeprosarpatsl 3aBHCAT OT pa3Mepa CeTH Kak n’ U, IpA HEYAagIHOM
BEIOOpE KOHTypa pa3MemeHHus pedepeHCHBIX Y3J0B OyAyT pacTh OYCHb
opicTpo Tipu pocTte 7 . OIHAKO, HECMOTPS Ha KyOWUYECKYIO 3aBUCHMOCTH
9HEPreTUYCCKUX 3aTPAT OT JIMHEIHOTO pa3Mepa CEeTU 71, POCT dHEPro3arpar
MOJKHO KOMIIGHCHPOBATh BEIOOPOM ONITUMAJIFHOM TPaeKTOpHUH 00X0/1a.

Bpems xu3HN pedepeHCHOTo y3ia 3aBHCHUT Kak OT pa3Mepa CeTH,
TaK M OT TPACKTOPHH 00X0/1a, OJJHAKO, YIUTHIBAsI OLCHKY, KOTOpas CIICAyeT
u3  Qopmynsl  (16) (c TOYHOCTBIO JIO BEJIMYUHBI  OKPYTJICHUS)

n’/(214—1)~100, nonyyaem OLEHKY JUIsi BPEMEHH XKH3HH PEePEHCHOTO

y3ia FI/I6pI/I,HHOI71 CCTHU, KOTOPOC HAXOAUTCA B COTJIACHU C BPEMCHEM KHU3HU
B CTaIIPIOHapHOﬁ CEeTH:

2400

tig" =———————~600 uacos.
0,01 —" 43

(2u-1)

ITpn BBIOpaHHBIX YCIIOBHSX B TaOiune 4 TNPHUBEIEHO CpaBHEHHE
MOJHBIX JHEPreTUUECKUX 3aTpaT CeTH, CBSI3aHHBIX C IEepPEeChUIKAMU
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coobmennit E =F B (n) W BPEMCHU IKM3HA pPeQEepeHCHBIX Y3JIOB
tr@f :tp (0)

Tabnmma 4. 3HaueHHs IPOSKTHBIX TapaMEeTPOB

Pa3mep | XapakTepucTHKH pabOThI CTALIMOHAPHOW | XapaKTepUCTHKU paboThl THOPUAHOM

ceTH CeTH CeTH
n2 YHUCIO0 Esuh—latt tstllbfflatt H YHUCI0 Ez‘uunt tm;mt

pedepeHcHbIX ref pedepeHCHBIX e
37108 msubflatt y3710B mcaunt

100 4 127 589 1 4 210 600
400 16 505 589 3 20 1186 631
900 36 1137 589 5 36 3528 600
1600 64 2021 589 9 68 5972 609
2500 200 3158 589 13 200 9555 600

W3 aHanmn3a pe3ynbTaToB, NIPUBEJCHHBIX B Tadiauue 4, ClIeayer, 4yTo
BpeMsl JKU3HHM CETH SBISIETCS BEIMYMHOM, 3aBUCALIEd B OCHOBHOM OT
pa3Mepa KiacTepa, HepeJaroniero cooOImeHns Ha OANH pedepeHCHBIN y3el,
a HE OT pa3Mepa CETH M KOJIMYECTBAa IEPECHUIOK, TPEOYIOIIUXCS IS
nocTaBkH coobmenus. [loaToMy, Mpy OMHAKOBOM COOTHOIIEHHH OOBIYHBIX
U pedepeHCHbIX Y3JI0B M CTAlOHApHAas, W THOpPHOHAS CETh JafoT
MpUOIM3UTETHHO OANHAKOBBIE PE3YIIBTATHL.

DHepro3((HeKTUBHOCTh CYIIECTBEHHO 3aBHCHT OT pa3Mepa CeTH H
KOJIn4ecTBa mepechbutok mo Hedl. B crammonapHoi [IBCC, pa36uroit Ha
MOJIPEIIETKH, SHEPro3arpaThl pacTyT 10 KBaJPaTHYHOMY 3aKOHY C POCTOM
JIUHEWHOTO pa3Mepa CeTH, a B THOPHUIHON — 10 KyOU4eCKOMY.

7. 3aka0uenne. B paboTe BBHINONHEH CpPaBHUTEIbHBIA aHAIU3
OCHOBHBIX (YHKIMOHATIBHBIX XapaKTePUCTUK CTalMOHAPHOI
(c 3asiKOpeHHbIMU OysiMH) W TUOpuAHON (¢ MOOWIBbHBIM nutto3oM) [1BCC
JUTS pa3JINYHBIX BAPUAHTOB PAa3MEICHHUS CEHCOPHBIX Y370B B aKBATOPHH.

Maremariyeckuii ~ anmapar, OCHOBaHHBIH Ha BEpPOSTHOCTHOM
MOJXOZe,  TO3BOJMWJI  OHEHUTh  XapaKTEePHCTHKH  PAacCMOTPEHHBIX
KOMMYyHHUKalMOHHbIX apxutektyp IIBCC ¢ »HepreTMueckod TOUKH
3pEeHUs] — ONPEICNTh OOIIME SHEPTETHIECKUE 3aTPAThl CETH Ha MEPECHUIKY
COOOIIEHNH U BpeMsI )KH3HU CEHCOPOB CETH.
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PesynbraTel MozenupoBaHUs (PYHKIMOHAIBHBIX XapaKTECPUCTHK
ceTell Al pacCMOTPEHHBIX KOMMYHHKAIMOHHBIX APXUTEKTYpP IO3BOJIMIA
CZeNaTh HECKOJIBKO Ba)KHBIX BBIBOJIOB.

Bo-nepBbix, Bpemsi ®KU3HHU CETH SIBJSICTCS BEIMYMHOM, 3aBUCSIICH B
OCHOBHOM OT pa3Mepa kiactepa. [loaToMy, Ipu OAMHAKOBOM COOTHOIIECHUN
OOBIYHBIX M pe(hepEeHCHBIX Y3JI0B U CTAI[IOHApHAs, ¥ THOPUIHAS CETh NAOT
NpUOJIM3UTENLHO OAWHAKOBBIE PE3yJIbTaThl BPEMEHH XXM3HHM CEHCOPOB Ha
OJIMHAKOBOM PAaCCTOSIHUU OT peepeHCHBIX.

Bo-BTOpBIX,  pacHoJOXKEHHE  CEHCOPOB, COOTBETCTBYIOIIEE
craumonapHoii I[IBCC, oGnagaer mnoxod cOaJaHCUPOBAHHOCTBIO C TOYKU
3peHHs BPEMEHM JKU3HU CEHCOPOB Ha PAa3HBIX YPOBHAX YJAJIEHHOCTH OT
pedepencuoro. Ilockonbky cTanpoHapHble OyHM JKECTKO CBsI3aHBI C
pacrojoxeHreM pedepeHCHBIX y3/I0B (KOTOPBIE HaXOISTCS MO HUMH), TO
Iocyie BbIXO/a pe(epeHcoB M3 CTPOs, CBSI3HOCTH CETH OyAeT HapyIlIcHa.
Heobxomnmo ¢u3M4YeckH NEpeMECTHTh 3asKOpeHHbIE OyW W 3aTeM
BBIIIOJHATh TEPECTPOWKY MapIIpyTOB Nepenaddl COOOIICHWH Ha HOBBIE
BBIOpaHHBIE pe)EPEHCHBIC Y3IIbI.

Jpyrum criocoboM coxpaHeHUs CBSI3HOCTH B cTannonapHoi [IBCC
SIBIISICTCA YBENIMYCHHE YHCIA TMOAPEIIETOK, T.€. YUCIa 3aIKOPEHHBIX OyeB-
IIUTI030B, OJJHAKO ATO MPUBEAET K CYIIECTBEHHOMY YBEIHUEHHIO CTOMMOCTH
CeTH.

Ot mpobieMbl pemarTcs Mpolne B THOpUAHON cetn. B Hel
BO3MOKHAa JHHAMHUYECKasi IepecTpoiika MapUIIpyTOB IIPH YMEHBUICHUU
yYpoBHS 3apsina Oarapeil pedepeHCHBIX y3JI0B, HE NOXKHAASACH MOJHOTO
HapyIICHHs CBSI3HOCTU ceTH. IJIsl 3TOro JOCTaTOYHO MU3MEHHUTH TPACKTOPHUIO
JIBIDKEHUS] MOOMIIBHOTO HITI03A.

Takum o00pa3oM, KOMMYHUKAallMOHHas apXHTEKTypa T'HOpUAHON
I[NIBCC oxasbiBaercsi Gosiee TMOKOM M HAcCTpamBaeMOil C TOYKM 3pEHHUS
COXpaHEHMs CBA3HOCTHU U yBEIMUYEHHs BPEMEHU >KHU3HU ceTu. Kpome Toro,
He 00nanast IBHBIMU MPEUMYIIECTBAMU C TOUKH 3PEHMSI IHEPro3arpat, OHa,
TeM HE MEHee, IOIYyCKaeT YyBEIWYEHHE 3HEProd(h(EeKTUBHOCTH IIPH
HCTIONB30BAaHUN JOMOIHUTEIBHOTO NapaMeTpa ONTHMU3AINN — TPACKTOPHHU
MOOWJILHOTO MDTI03a. M, HaKOHEI, C SKOHOMHYECKOW TOYKH 3pEHUs —
rHOpHUIHAs CEeTh SABIIETCS OoJsiee AEMIEBBIM pelIeHHEM. llepedncricHHbIE
(akTBl TOBOPAT O TpeHMyImiecTBax wucmons3oBanus TrudpumHoii [1BCC,
nepes; CTallMOHApHOM.

I[lpuy >TOM MOOHMIBHBIH  3JEMEHT — BOJHOBOW  riaiinep,
BBIMOJIHAIONIMHA POJb MEXKCPEAHOr0 III03a, 10 CPAaBHEHHIO C JIPYTHMMU
POOOTOTEXHUYECKHMHU IUIaTGOpPMaMH, CIIOCOOCH (YHKIMOHUPOBAaTH B
aKBaTOPUM B  TEYEHHE MPOJODKUTEIBHOIO  BPEMEHM,  3a4acTylo
MIPEBOCXOJIAIIETO BPEMsI JKU3HU CETU. DTO FOBOPUT O NMEPCHEKTUBHOCTH €T0
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WCTIONB30BAaHUS s TPUKIATHBIX  3amad  cOopa, HAKOIDICHHS U
peTpaHcIAnMK  HWHGOPMAIMK TPH pPEATH3ANUN  PA3NUYHBIX ITOJUTHK
obcyxuBanus [IBCC.

B pamkax nmpeanoXeHHOW CTOXaCTHYECKON MOJICNIN aBTOpaMH OBbLITH
HCCIICOBAaHBl  JpyTHe BaXXHble (YHKIHOHAIBHBIE XapaKTEPHCTUKU
rubpugaoii I[IBCC — Hajae)XHOCTh, MPOIYCKHAs CIMOCOOHOCTh CETH,
3a/IepKKU  Tepefayd  IMaKeTOB M KO3(QQUIMEHT UX  JIOCTABKH,
MOKA3bIBAIOIINE TOTCHIMAIBHBIE BO3MOXHOCTH TaKOW CeTH. OTH
pe3yabTaThl HE BOIUIA B HACTOSINYH) PaboTy ¥ OYAYyT MpPEICTaBICHBI B
OTJICJILHOM CTaThE.
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T. FEDOROVA, V. RYZHOV, K. SAFRONOV
THE USE OF HYBRID COMMUNICATION ARCHITECTURE IN
UNDERWATER WIRELESS SENSOR NETWORKS TO ENHANCE
THEIR LIFETIME AND EFFICIENCY

Fedorova T., Ryzhov V., Safronov K. The Use of Hybrid Communication Architecture in
Underwater Wireless Sensor Networks to Enhance Their Lifetime and Efficiency.

Abstract. The paper presents a comparative analysis of the main functional characteristics
of underwater wireless sensor networks (UWSNs) with stationary and hybrid communication
architectures. The UWSNs consist of sensor nodes located on the seabed and intermodal
gateways facilitating the transmission of information packets between the underwater and
above-water segments of the network. In the stationary UWSNs, anchored buoys serve as
gateways, while in the hybrid UWSNs, mobile transport platforms fulfill this role. Using a
mathematical framework based on a probabilistic approach, an evaluation of the functional
characteristics of alternative communication architectures for UWSNSs is performed from an
energy perspective. The overall energy consumption of the network for message transmission
and the sensor network's lifespan are determined. or the numerical analysis of the functional
characteristics of UWSNs, a wide range of design parameters is considered, such as the size of
the water area, the required number and placement options of sensor nodes, and the packet
delivery probability in the water area (physical parameters of the environment). The search for
"optimal" solutions from an energy standpoint is conducted within these parameter ranges. The
conducted research demonstrates that mobility plays a crucial role in improving the functioning
of underwater networks in terms of coverage (ensuring connectivity), energy efficiency, and
lifetime. The mobile element, represented by the wave glider acting as an intermodal gateway,
is capable of sustained operation in the water area for an extended period, indicating its
potential for practical tasks such as data collection, storage, and information relay within the
context of the Internet of Underwater Things.

Keywords: underwater wireless sensor networks, hybrid networks, mobile intermodal
gateway, hydroacoustic communication, network efficiency criterion, network lifetime.
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