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KHWPUII (pancada noxkropu (PhD) nuccepranmsici aHHOTAIUSICH)

Juccepranusi MAaB3yCMHMHT J10J13ap0Juru Ba 3apypusitu. JKaxoH Mukécuaa
om0 OOpmIaéTraH Kymiad WIMHA Ba aMajddil TaJAKUKOTIAp aKCapHAaT Xojulapiaa
HOUMBUKJIM JIMHAMUK CHUCTEMAJApHU TaJKUK KWIUII Macajlajapura KeITUPUIAJIu.
Jluaamuk cuctemanap omatdaa auddepeHnman TeHrnamangap (y3IyKCU3 IUHAMHUK
cucTeMaiap), aimpMaiiy TeHrjaamazap (IUCKpEeT TMHAMUK CHCTeMaliap) Xxamia 0ab3u
xorapaa nuddepernuan-adupMany TeHriIaManap (KSUMKUI CHCTEMATIApH) OPKAIA
ubonananaan. JlMHaMUK cUcCTeManap Ha3apUsSCUHUHT aXaMUSTH >Kapa&HHUHT
JIacTiaa0Kd MabiIyM XoJjaTura HUcOaTaH KEHMMHIM HOMAabJIyM XOJIATUHH acoCid
NPOrHO3 KWiMml Oynub, y ¢usuka, Ouosorus, TUOOUET, HUKTUCOAUETIATH
MacajlaJlapHd Xall JTHIIAAa MyxuM pon VitHaiiau. Iy Oouc, JUCKpEeT BaKTJIU
HOUM3HKJIM JUHAMHUK CHUCTEMAJIAPHHU, XYCyCaH, MOMYJSIUOH TE€HETHKala KEHT
KYJUTAaHYBYM KBaJPATHK CTOXACTHK OIEPATOpiap XOCKI KWITaH JUHAMUKAHU TaJIKUK
ATUII JUHAMUK CUCTEMAasiap Ha3apuscUIard MyxXyuM Ba J1013ap0 BasudanapaaH oupu
OYMb KOJIMOK/IA.

XO03Upru BakTAa JUHAMUK CHUCTEMallap Ha3apusiCH, alHUKCa HOYU3UKJIU
JUHAMUK CHUCTEMalap Y4YyH TPACKTOPUSIHUHT JIMMHUT HyKTajap TYIUIAMUHU
TaBcuanl, Ky3raamac Ba JaBpUil HyKTAJIAPHUHT MaBXKYJIMTHHU XaMmJla yJIapHUHT
TYpYHU aHUKJIAIll, THBAPUAHT TYIUTAMJIAPHU TOMHII, OudypKaiuys coaup OYIUIIMHNA
TEKIIUPHUIL, CUCTEMAHUHI TYPFYHJIMTH €KM XAOTHUK XapakTepra sra SKaHJIUTHHU
ypranuin kabu mMyamMMmolap Kymiad amanuii mMacajallapHd TaxJIWl KWIHIIIA KEHT
KyJUlaHuIMOKa. by Oopama okeaH »dKOcHCTEMAacH Y4YyH 4YYKyp OHOJIOTHK
TaJAKUKOTJIapra acocjaHraH ONTHUMal MOJACIUIAPHU SIpaTUl, TYpPAH 3MUAEMHOJIOTHK
MOJICJUIAPHU TAJKUK KWIHII Xamja yJIapHU MaTeMaTUK OMOJIOTUSHUHT TOIYJISIINS
Macajaiapura KyJuian Makcayid WIMUN TaJKUKOTIapIaH XUCOOIaHa Iu.

Mamnakatumuzfa cyHITH Wuuiapaa dyHaameHTan (paHJapHUHT WIMHNA Ba
amMauii TaTOMKUra sra OyiraH reoJyiorusi, OWOJIOTHSl, MareMaThKa Ba (Qu3MKa
dannapura >pTHOOpP KywalTupuiamokaa. KymianaH, MOMYJSIMOH OHOJOTHS,
THOOMET, MEeXaHMKa, DJJIEKTPOHMKA, WKTUCOAUET Ba ONTHMal  OOLIKapyB
HazapusUlapua KEHr TaTOuMKura jsra OViraH HOYM3UKIM JAUHAMHUK CHCTeMasap
HA3apUsICUHU PUBOXJIAHTUPUINTA alloXyJa 3BTHOOp KapaTtuiamokga. by Oopana
JUCKPET BaKTJIM Y3JIYKCU3 oOfmeparopiap, >KyMmjaJaH KBaJpaTUK Ba KyOuWK
orepaTopiap JIWHAMUKAacH OwujaH OOFIMK CaJMOKJIM HaTKajgapra SpUILAIIIH.
«DyHKIIMOHAT aHAU3, MaTeMaTUK (PU3WKa Ba CTATUCTHK (U3MKa» (DaHIapUHUHT
yCTyBOp HyHanmumuiapu Oyiinya XaJKapo CTaHmapTiap Japakacujaa WIMHAN
TaJAKUKOTIAp oJub Oopuiln MaTeMaTtuka (haHUHUHT acochil Basudaiapu Ba (haonusr
iynamnuiapy >ti6 Genruwnanau’. By Basudanap MXpOCHHM TabMHHIAILLA MIMUN
HaTIKaIapaaH WiM-(GaHHUHT TypJoII coXanapuaa GhoialaHuIl MaKCaau/Ia TCKPET
BaKTJIA JUHAMUK CUCTEMasIap Ha3apUsICUHA PUBOMKIIAHTHPHUII MyXUM axaMHsITTa ora.

V36exncron Pecny6mukacu Ipesunentunmar 2017 iun 7  depangarn
«V36eknucTon PecryOnMKacMHM SIHAga PUBOMUIAHTHPHIN OyifMua XapakaTiap

1 V36ekucron Pecniybnukacu Baszupnap maxxamacu 2017 iiun 18 maiimarun «V36exkucton Pecny6nukacu Mannap
aKaJIeMUSICHHUHT SIHTWJIAQH TalKWI OTWITaH WIMHH TaJKUKOT Myaccacajapd (GaoiusSTHHU TalIKWI OTHII
TYFpUCUAANTH 292-COHIIN KapOpH.
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ctparerusicu Tyrpucuiantu [1d-4947-con ®apmonu, 2019 #Hun 9 wurongaru
«MaremMatuka TabJMMUA Ba (paHJIApUHU SIHAJlA PUBOXJIAHTUPUIIHU  JaBJiaT
TOMOHHJAH KyJUIab-KyBBaT/JALl, IIYHUHIZEK, Y30eKucToH Pecry6imkacu ®ammap
AxanemusicnauHr  B.M.PomanoBckuii  HOMupmarm — MarematMka <~ MHCTUTYTH
(baonusITHHY TyO1aH TAKOMUJUTAIIITHPHII Y0opa-Tanoupiaapu Tyrpucugantu [1K-4387-
con Kapopu Ba 2020 i 7 maiimarn «MaTeMaTHKa COXacHAard TabJuM crudaTuHu
OUPUIIT  Ba  WIMHNA-TAIKUKOTIAPDHH  PUBOKJIAHTUPHIN  YOpa-TaaOupiapu
tyrpucuaantu [1K-4708-connu Kapopu xamaa Maskyp (aonusitra Teruinig OoIka
HOPMaTUB—XYKYKUH XyXoKaTiapaa OelruiaHral BazudalapHu amalra OUIMPHUIIIA
yiIoy AuccepTanus TAAKUKOTH MyalsiH Iapakaga Xu3mar Kujaiu.

TaagKuKOTHUHI pecnmy0auKa GaH Ba TEXHOJIOTMSAJIAP PUBOKJIAHMIIMHUHT
YCTYBOp HYHAJTMILIAPUTa OOFIUKJIUIH. Ma3kyp TaaKuUKOT pecryOnuka (aH Ba
TEXHOJIOTUSUIap pUBOKIAHUIIMHUHT [V. «MaTtemaruka, MexaHuka Ba HH()OPMATHKA
YCTYBOp MyHaIMIIM Joupacuia OaxapuiraH.

MyaMMOHMHI YPraHWITaHJIMK aapaxkacu. Kynruna Ouonoruk €xku (usuk
CUCTEeMAJIADHUHT JUHAMUKACUHU TaBCU(IAIl HOYU3UKIM JUHAMUK CHCTeMasiap
Hazapusicura acocnanaau. Andpen Jlorka Tomonuaan 1910 innga OupuHYM MapTa
“UupTKUY-YIoKa” MoOJeIM Takiu@ KWIMHTaH XamJa y TOMOHWAaH 1925 Hunna
WUPTKUY Ba YIDKAHUHT Y3ap0 TABCHPUHU TaxXJWI KWIMII YYyH TEHIJIaMasap
kentupwirad. ['apun 1926 vimnga Buto BonsTeppa TOMOHMIAH XaMm Xyaau IIyHAAu
TeHr1aMajap Oepuiran Oyica-na, y ¥3 moaenuHu JIoTkagaH MyCTakui paBUIIIA
uIuiad YMKKaHUHU YbTUPOG ATUI Kou3. PU3UK EKU OMOJIOTHK CUCTEMarap/a Macca
Ba SHEPIUSIHUHI CaKJIaHWII KOHYHM aMai KwimimM kepak. Opartma, skocucreMa
MO/IEJIApUHU KypHIIl Ba YPraHUIIl Ky1a KT apaMeTpiap XOCHI Oymuim Ty daiiiu
OoupmyHuya Mypakka0 caHamagu. H. Bputron ToMoHumaH a3oT OwilaH O3UKJIAHYBYU
(UTOIIIAHKTOH XamJ1a (PUTOTUTAHKTOH OMJIaH O3MKJIAHYBYH 300TUIAHKTOHIAH TAIIIKHII
TOITaH JACTIA0KK OKEaH SKOCHCTEMACH MOJENHU Y3IIyKCU3 BaKTIN JUHAMUK CUCTEMa
cudaTuaa KeITUPUWITaH Ba Oy cucTeMa Ky3FaliMac HyKTaJJapUHUHT TYpFYHJIUTU OaéH
KuauHrad. A.Mwutpa Ba Oomkamnap ToMoHumaH 2016 #wiga (QUTOIUIAHKTOH,
300ILJTAHKTOH, MUKCOIUIAHKTOH, 3pUTaH OpraHuK Mojanap, Oakrepusuiap Ba 3pUraH
HOOPraHUK MOJIAJIAPHUHT aJIMAIIMHYBH OMOJIOTMK TOMOHAH acociad OepuiraH.

ONUAEeMUONIOTUK MoJemiap Xxap Oup cuHdgary AMHAMUKaHU TaBCU(DIOBYU
onmuit nuddepeHiman TeHMIamanapaaH uOopar. byHpall MoAENUTapHUHT 3HT
COJLTIACH TabCHUPYAH, KACAJUIAHTaH Ba Ty3aJraHjap JMUHAMUKACUHU Y3 WUYUTa OJIU.
by monen 6upunun mapta Kepmak Ba MakKenapuk Tomonunan 1927 iiwnna takmud
kuuarad. 1996 iinnna Jle Monr Ba Gomkanap TOMOHMIAAH KOpamoJuiap Opachia
pecnuparop CHHCULMAI BUPYCH TapKAJIMIIMHU YpPraHull Y4YyH cToxacThk SISI
Mozaenu sparwiraH. Keimauanuk Jpun ['pmaxan Ba Oomkamap SISI momenmam
OMIIAIITHA XUCOOTa OJIraH X0J/1a TaJAKUK KWIAIITaH Xamaa Oy MOJISITHUHT YyJyKaiapaa
AyecKH KacaJTurura KyJUIaHWIMIITN MyXoKama KWINHTaH.

Onunemuonorusana ukkurta moaen SEIR Ba SEIS mopennmapu xyma keHr
kywtanniand. SEIR Monenu ydyH SHIAEMUK MYBO3aHATHMHI TJ100all TYPFYHJIMTH
OupuHun wmapta Jlu Ba Mangaynu TomonujaH 1995 #wmnma  kypcartuiras.
Keinnuanuk KopoOeithukoB Ba Maitnun 2004 #imnma SEIR Mopenuaa sHaeMuk
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MYBO3aHAaTHUHT TJI00ad TYpPFyHJMTUHU JIAMyHOB QyHKuMAcHAaH ¢oiiananran
xonza ucootnarad. 2019 vinmauHr oxupuaa saru supyc (COVID -19) naiino 6ynaray,
OyTyH TyHEHUHT TUKKAT MapKa3d Ym0y KacaUIMKHUHT TapKAIMIIUTA KapaTHIIIH.
2020 ¥wunma Panynecky Ba Oomika myamwmduap anbanaBuii SEIR MopenmHUHT
napamerpiaapuan  COVID-19 kacaumrn y4yH MOCHAIUTHPAM Xamaa KacaylluK
TApKATUIIMHAHT ~ TPOTHO3WMHKM Wnpiad uwukau. [llyHunrnmex, ymap Hazopar
YOpAIAPUHUHT (KUPUII-YUKUIITHY YEKJIalll, XapaKaTJIaHUI YEKIJIOBIAPHU, MKTUMOUM
macoga) camapamopiauruau 6axonanu. FOxkopumaru Oapuya Mojeiiap HOUM3UKIU
JMHAMUK cucTemanap OYnuO, MUCKpPET BakT YYyH YMyMHM Hazapusira sra smac.
Houmsuknm cucremanap HazapuscH XaM KyII'MHA MaTeMaTHKIAp, MacajaH,
B.ApnHonba, A.A3zamoB, I'.Ocunenko, K.Mypakamu, }O.A. Ky3nenosnap ToMoHUAaH
PUBOXKITaHTUPUIMOK A, KBasipaTk Ba KyOMK CTOXACTHK orepaTropiiap Ha3apuscu 3ca
y30exk Matemarukinapu P.H. Fanuxiykae, H.H. Fanuxyxkaes, V.A. Po3ukos,
®.Myxamenos, V.Y. XKamunos, O.H.XakuMoB Ba OolIkagap opKajld PUBOXKIAHUO
oopmokaa. [lomymsiums JOuUHAMHMKAacH Ha3apusaCM XaMJa KBaJpaTHK Ba KyOHK
CTOXAaCTHK OIlepaTropiiap XOCWUJ KWIraH JUCKPeT BaKTIM JAWHAMHUK cCHCTeMasap
Gopacuiard OXHprH HaTwkanap Y.A.PosukoBHMHT «ITONyJIAIMS JIMHAMHUKACK)
HOMJIA KUTOOM 1A KEITUPHUIITaH.

Juccepranusi TAAKUKOTHHUHI JHCCEPTALUA OaKAPWITAH OJHHA TabJIUM
MYacCcacaCHHMHI WUIIMMA-TAAKHKOT UILIAPU pexkaiapu OMJIaH OOFJIMKJINTH.
Huccepranus tagkukotu B.M.PomanoBckuit Homugaru MaremaTtika HHCTUTY TUHHAHT
OT-®4-87 pakamnm “EBkiup Ba mnceBao-EBkmma dazonmapugaru 3rpu 4M3uKiIap Ba
CUPTJIApHUHT TJ100aJ1 MHBApUAHTIIAPU HA3apHICH Ba YHUHT MEXaHUKara TaToukiapu’”
(2017-2020 #it), OT-D4-82 pakamiu “Ornieparopiiap Ba HOACCOLMATHB ajredpaapaa
nokan auddepeHipaian Ba aBToMophusMiap, HOUYM3UKIA JUHAMUK CHCTEMaap/ia
daza anmammmnuiap Ba xaoc” (2017-2020 iiif), EDA-Dr1ex-2018-78 “Amenaben
OynMaran rpadiapaa JUHaAMUK Ba TepMoAMHAMHUK cuctemaiap” (2018-2019 ik
MaB3yCHJard WIMHM TaIKUKOT JIOHUXalapu Joupacuaa OaxapuiraH.

TaagKUKOTHMHI MAaKCAAM OKEaH JKOCHUCTEMalap Ba 0ab3W 3MHUIAEMUOJIOTHK
MOJICJUTAPHUHT (COFJIOM, KacaJlJIaHTaH Ba Ty3aJraHJapHU aKC dTTUPYBYHM KapacHIap)
JUCKPET BaKTJIM JAUHAMHUK CHUCTEMAJApUHU CHUMILIEKCAA aHUKJIAHTaH KBaJpaTHUK
CTOXaCTHK OIeparopjapra KenTHpuill Ba Oy ONEPaTOPHUHI  XOCCaJapyuHU
ucooTamad nuoopar.

TagkukoTHUHT Basudagapu:

OKE€aH 3KOCHCTEMAJIapu Ba 3IMUJEMHUOJIOTUK MOJEIUIAPHA KBAJIPATUK CTOXACTHK
orepaTopapra KeJITUPHUIL yUyH [apameTpiapra maptiap TOMHIIL

OMPETOPJIAHUHT KY3FaJIMaC HYyKTaJapUHU TOIHUII Ba YJIAPHUHT TYypJIapyuHU
aHKWJIAIlI;

oTpeTopiiapra HUCOaTaH MHBAPHAHT TYTUIAMIIAPHU TOTIHIIL;

KapalaéTraH KBaJIpaTHUK CTOXACTHK OMepaTopiap TPAeKTOPUSIIAPUHUHT JTUMUT
XapaKTepJIapuHU YpraHulll.

TaakukoTHUHI 00beKkTH. 2-Bonbreppa Ba 4-BonbTeppa omnepaTtopiap XOCHI
KWIraH okeaH »kocuctemMacu wmozemnapu xamuaa SEIR, SISI snuaemuonoruk
MoOJIeJuIap.



TaaKuKOTHUHI TpeaMeTH. MaTtemaTuk Ba (DYHKITMOHAJ aHAIM3 Ha3apHsCH,
JUCKPET BaKTJIA JUHAMUK CHCTEMAJIAP HA3apUSICH.

TaakukoTHUHr ycy/uiapu. [lucceprammsga MaTeMaTuk Ba  (YHKIIHOHAT
aHaIW3, HOYM3HMKIM JUHAMHUK CHCTEMAJIAp HA3apusICH XamJla WHBAapUAHTIAP
Ha3apUsICH YCYJUIApU KYJTAHUIITaH.

TaaKMKOTHUHT WIMHUM SIHTUJIMIM KyHuaaruiapIad noopar:

(DUTOTUTAHKTOH, MHKCOIIAHKTOH, 300IUIAHKTOH, OakTepusi KaOu THPHK
OpraHu3MJIap Xamja SpUraH OpPraHWK Ba HOOPTraHUK MOJJAJAPHUHT Y3ap0 TabCUP
)apaéHUHU UOTATIOBUM OKEaH SKOCUCTEMACH MOJICIIN TY3HJITaH;

OKeaH JKOCHCTeMajapu Ba Oab3M SIUIESMHUOJIOTUK MOJIC/UIAp XOCHJ KUJIraH
ONEPATOPJIAPHUHT TapaMeTpiiapura KUYMK VI4aMiid CUMIUIEKCIapHU Y3-y3ura
AKCIIAHTUPUIII IIAPTIapU TOMUIITaH;

OKe€aH 2KOocHCTeMajapu Ba 0ab3d SMUACMHOJIOTHMK MOACIIAp OPKAIA XOCHI
KWIMHTMH KBaJPaTUK CTOXACTHK OMNEpPaTOPJapHUHI Ky3FaJMac HyKTajapu Ba Oy
orepaTopiapra HucOaTaH MHBApUAHT TYTUIaMJyiap TOMUJITaH;

COFJIOM, KAaCaJUIaHTaH Ba TY3AJTAaHJIAPHU aKC STTUPYBYM MOJIEIAAH XOCHII
KWIMHTAH OMEPATOPHUHT PETYJISIPIIMIY UCOOTIAHTaH XaMa COFJIOM MOMYJISIIIUSTHUHT
FOKOPH YErapacy TOMWIITaH;

OKE€aH HPKOCHCTeMajiapy Ba 0ab3u AMUAEMHOJIOTHK MOJCIIApU XOCHJI KUJITaH
orepaTopiap Y4YyH UXTHEpUN OONUIAHFUY HYKTAaJlaH YUKYBUM TPACKTOPUSHUHT
JIUMUT HYKTaJapy TaCBUPJIAHTaH.

TagKUKOTHUHI aMaJIMA HATHKACH. /[hccepranusia OJIMHTaH HaTWKAJIap Ba
dolifanaHwral  yCyJUlapHA OJMM  VKyB IOpTJIapH MarucTpaHTiIapyd Ba TasHY
JIOKTOPAHTIApU YYYH MaxcyC Kypciapaa YKuTuIl MyMKUH. [IIyHWHTIEK, OkeaH
AKOCHCTEMACH Ba SMHUAEMHUOJIOTUK MOJICIUIAP YUYH OJIMHTAH HATHXKajaap IMOIyJISIys
IIPOTHO3M coxXacuaa épaam Oepaiu.

TaagKUuKOT HATHKAJIAPUHUHI WIIOHYWIMJIMTM MaTeMaTUK Ba (yHKIHMOHAI
aHanu3, JUCKPET BaKWIM JWHAMHK CHCTEMAllap Ha3apusch yCyJulapuaaH
doiinanaHwiranl xamja OJIMHTaH HaTkKajgap MaTeMaTHK >KUXaTAaH KaTbui
ncOOTIIaHTaH! OMJIaH acOoCIaHAIH.

TagKMKOT HATHKAJAPUMHMHI MJIMHI Ba aMajidil axamMMsaTH. TaakuKoT
HATVKAJAPUHUHT WIMHM aXaMHUSTH KBAJPATUK CTOKACTUK OIEpaTopiap XOCHII
KWITaH JUHAMUK CHUCTEMaJapHUHT Oapkapop €ku Oekapop XaTTH-XapaKaTjapuH!
aHUKJIaIIIaH noopar.

JluccepTalMsiHUHT aMaivi aXaMHsITH YHUHT OK€aH 3KOCHCTEMACUTa, XauBOHJIAP
opacuza 0ab3u BUpYyClIap Ba OJlaMmyiap Opacuja KOPOHABUPYC TapKAJUIINATA TATOWK
STUJIUIIN OMJIaH U30XJIaHa .

TagKMKOT HATHKAJTAPUHUHT sKOpuM KumHumu. OKeaH 3KocUcTeManapy Ba
AMHUIEMUOJIOTHK MOJCUIAPHUHT JWCKPET BaKTIM JWHAMUK CHCTEMayiapu Oyiuda
OJIMHTaH HaTWXaJiap aCOCUIA:

OKE€aH JKOCHUCTEMAcCH XOCWJI KWIraH OmepaTop y4yH HMXTUEpUN OoLUIaHFUY
HYKTaJlaH YUKYyBYM TPACKTOPUSHUHI JIMMUT HYKTaJapyu TacHU(DUIAH XOPKUN
wimuii xkypHaiapaa (Linear and Multilinear Algebra, 2021; China Automation
Congress, 2021; Springer Proceedings in Mathematics & Statistics, 2022) kBagparuk
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CTOXACTUK OMepaTopliap AMHAMUKACHMHM TaxJwil Kuimiia doitnananuirad. Mnvui
HATW)KAHVHT KYJUITAHWILIY YE€KCHU3 YIIY4aMJIM KBaJIPaTHK CTOXACTHK ONEpaTopiap y4yH
YM3UKITH JISTyHOB (DYHKIMSCHHU KypHUIIHU Ba KOMITBIOTEP BUPYCIapH TapKaIUIITHHA
udponanoBun  SIS-SIR Momemmapu ydyH Ky3raimMac HyKTajap TYPFYyHJIUTHHU
ucOOTIaIl UMKOHUHU OepraH;

HOYM3HKJIM OIEpaTOpJapHUHT JaBpUil HyKTajmapu Ba Oy omeparopriapra
HUCOaTaH TOMWITaH WHBAPUAHT TYIUIAMJIApJaH XOPWKUU-WIMHN KypHaiapaa
(Bulletin of Mathematical Biology, 2022, 84(67); International Journal of
Biomathematics, 2021, 14(8); Complexity, 2021) HOYM3MKIH “HHUPTKUY-YIDKa”
MOJIeIJIapy  JMHAMUKACH XOCCAJIApUHU TeKumpuiiaa doinananunrad. Mnvuit
HATIKAHUHT KYJUIAHUIIU “UUPTKAY-YIDKA® MOJeIUIapu YuyH OudypkKauus XOCHI
Oy Ba JISIyHOB KYpCcaTKUWIAPUHU Tax 1A KWITUIIT UMKOHUHU OepraH.

TagKUKOT HATHKAJTAPUHUHT anpodanmusicd. Mas3kyp TaIKMKOT HaTWKalapu
8 Ta xankapo Ba 3 Ta pecnyOiMKa WIMHNA-aMaIUid aHXyMaHJIapuaa MyXOoKamaJaH
VTKa3WIraH.

TagKNKOT HATHXKAJAPUHUHT IBJIOH KWJIMHIAHJIUIY. J(uccepranus MaB3ycu
6Vitnda skamu 20 TA MMM UIN YOI STUIITaH, IMyJapaH, ¥Y30ekucTon Pecry6iikacy
Onuii arrectanusi KOMUCCUSICHHUHT (asicadha JOKTOpU AMCCEepTaIUsUIapyd acoCuid
WIMHANA HaTHKaJIapUHK YOIl 3THUIL TAaBCUS TWITaH WIMHK Hampiapaa 9 ta Makona,
AKyMJIaJlaH, 5 TaCH XOPKUM Ba 4 Tacu pecyOIIMKa )KypHaJUIapyU1a Halp STUJITaH.

JluccepTallUsIHUHT TY3WIHINN Ba Xa:XKMM. /[uccepranys KUpUI KUCMU, y4Ta
000, xynoca Ba QoHgamaHWITaH anaOuéTnap pyHWxaTugaH TaIIKWI TOITaH.
JucceprarussHuHT XakMe 113 O€THU TaIIKWII ATTaH.

JUCCEPTAIIMSAHUHT ACOCHUI MA3MYHHA

Kupumn xucmmuma auccepransi MaB3yCHHHHT JION3apOJIMrd Ba 3apyparu
acocimaHran OYnu0O TaJAKUKOTHUHT pecryOonuka ¢aH Ba  TEXHOJOTUSIIApU
PUBOXKJIAHUIIIMHUHT YCTYBOP HYHATUIUIApUra MOCIWIU KYpcaTWIraH, MyaMMOHUHT
VpraHwiralivk Japaxacu KeJNTHUPWUJITaH, TaJKUKOT Makcaau, Bazudanapu, 0ObeKTH
Ba TNpeaMeTd TaBcU(IaHTaH, TAJKUKOTHUHI WJIMHUNA SHTWIATH Ba aMalldd
HaTwXkajapy OaéH KWIMHTaH, OJIMHTaH HATWKAJIAPHUHT Ha3apuil Ba amaiuid
axamMusiTh oun0 OepwiraH, TAAKUKOT HATWKAJIAPUHUHT >KOPUA KUJIMHUIIM, HaIIp
STWJITaH UIIIAp Ba AUCCEPTALMS Ty3WIHIIN OYiUYa MabIyMOTIap KEITUPUIITaH.

HMuccepranusHuHr “/lacTiialku MabJIyMOT/Iap Ba JMCKPeT BAKTJIHM OKEaH
IKOCHCTEMACH IMHAMHMKACH” 11¢0 HOMJIAaHTaH OWpUHYM O00HMIa, JHUCCEPTALUS
MaB3yCHHHM TyJa EpUTHUIN Y4YyH 3apyp Oynaran acocwii Tabpudiaap Ba MyXuUM
TymryHyanap kenrupwirad. [IlyHuHriek, a3or, (GUTOIUIAHKTOH Ba 300IJIAHKTOH/IAH
nOOpaT OKeaH IKOCUCTEMACH TMHAMHUKACH XaKUAard HaTikaaap 0aéH KUIMHTaH.

JlacTnabku JUCKpeT-BakmIv nomysius Mojenu Mansty3uan (Tomac ManbTys,
1766-1834) tenrnamacu 1e6 HOMJIAHYBUM KyHHIaru

N, = (1+b—d)N, = AN,

TeHrnaMaiaH (4m3uKim) ubopar, Oy epma b—Bakr Oupnurm wumpa ypraua
TYFIJIHAIDIAP COHM, 0 — BaKT OMPJIMIY WYMIArW MHIMBUIHHUHT Yiui sxTamord, N,
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sca tBakTmarv MOMyJsIMs MUKIOpU, A— Ycumn Te3nuru. PaBmianku, arap A
y3rapmac con Oyiica y xoma Manbry3uan TeHriamack N, OONUIaHFIY HyKTara MocC

N, = N A" eunmra sra 6ymamm.

YMyMaH ojrasja Yu3uKIM MojieJutapaad KeHr dhoiaananuo OyiManu, IyHUHT
ydyH OW3 0J1aT/a HOYM3UKIM MOJCIUIApHU YpraHaMmus. bup y3rapyBUMHUHT JUCKPET
JTMHAMUK CUCTEMAacH Kyhuaarnya

N,,=f(N) f:U->U, N eUCcCR, teZ,
E€KH
f:U—->U,x— f(x), xeUcR (1)
udoaananagm.

JIMHaMUK CUCTEMaHUHT acocuii Macaniacu (1) HUHT opOuTaapuHu, SbHHU,
Kyiuaru Hykranap Tymiamunn ( T Teckapunanysuu 6ynca)

{"" fﬁn(xo)""fil(xo)’xo’ f(xo)v"' f n(xo)""}

éxu ( T Teckapunanysuu 6ynmaca)

{XO’ f(XO),---fn(XO),---}’

(V) (V) n -Nn
TYIUIaMHH Ypranumiian uoopar, 6y epna X, €U Gonutamrna nykra, f"sa f ™ map
MHJIYKTHB Tap3/1a

£206)= F(F7(1,)
£0) = F(17(x,)

KaOu aHUKJIaHA !,
Ymywman onranaa 6y 6yamaran U — R" Tymmam yayH N — YI490BIA AUCKPET
JUHAMUK CUCTEMA XaM

f:U->U, x> f(x), xeUcR" (2)

CHHTapH aHUKJIaHAIH.
1-rabpud. Acap p nykma T"(p)=p menenuxnu kanoamianmupca, y xo10a
p nyxkma f axcnanmupuwnune N oaepnu oaspuii nyxmacu deiiunaou. f"(p)=p

MeHeNamMan KAHOAMIAHMUPY84UU dHe KUwuk mycoam N coHuea P HYKMAHUHE
acocuti 0aspu 0euunaou.

Tapkuanam KepakKw, aKCIAHTHPHUIIHUHT KY32IMAC HyKmacu OWp IaBpid
JaBpuii HyKTa cudaruaa Kapaiaiu.
2-tabpud. Kyiuoaeu (m—1)-ynuammu
S™ =X = (X, X,.., X ) ER™ X >0, DX, =1}
i=1

CUMNJIEKCHU Y3U2a AKCIAHMUPYEYU Xamoa
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V(¥), = ZPukxli, ke{l,2,...,m} (3)

i,j=1

kypunuwoa anuxnanzan V §™ s AKCIAHMUpUWL  K8AOPAMUK  CMOXACMUK
onepamop (KCO) odeuunaou, 6y epoa, P,, Koeguyuenmuap yuuoazu wapmiaphu

KaHoamﬂaHmupaOu
P20, Py =P YR =L i jefl2...m} 4)

Arap (4) maptnapra kymmmua pasuiiga kK £ {i, j} 0ynranga P

ij k

=0 Oynca, y
xonga V' oneparop Bonereppa Tunuaaru KCO peivnany.
Dumu | €{1,2,...,m} connu puxcupnaiiMus Ba papas KUIaMU3KH, P, map

KyWUJard mapTmiapHi KaHOATIaHTHUPCHUH:

P..=0, arapk ¢{i, j}, Vke{l,2,..,1}, i,j €{1,2,...,m} e
P« >0, arapk g {i, J}, Vk e {l +1,...,m}, xamuna Ourra (i, j) xypTamk yayn ©)

3-tabpud. Xap xanoaii guxcupnanean | efl,2,....m} yuyn (3), (4) sa (5)
wapmanap ounan anukianean KCOea [-Bonemeppa munudazu KCO oetiunaou.
bupunun 600HUHT UKKUHYM aparpaduaa ymoy
XY =x(1—b+dy)
Viiy® =y@d-a-dx+cz) (6)
2 = z(1—cy) +ay + bx
orepaTrop XOCWJI KWIraH TWHAMHK CHUCTeMa KapairaH. by epna X —300MIaHKTOH

TApKUOUTAa KUPYBYH A30T MUKIOPH, Y — GUTOIUIAHKTOH TapKUOUTa KUPYBYH a30T

MUKIOPH XaMmaa Z—HUCTehMOJ YYYH MaBXKyJ a30T MHUKIOPHUHHUHT OOIIIaHFUY
XonatiHu udoaanaimm, a,b,c,d € R.
1-tacamk. Aeap napamempiap Kyuuoacu

a,bel[0]], a—1<c<a+1, b-1<d<l-a (7)
wapmnapnu Kanoamaanmupca (6) onepamop S° cumnnexchu y3uea axcaanmupadu
sa onepamop (1) wapmaap 6unan 2-Boremeppa KCO 6ynaou.

V onepaTopHUHT Ky3FaiMac HyKTajnapy KyHuaaruiap:

=(0;0,1), /TF(O;l—E;Ej (c>a,c=0), 1 = cd—ad-bc.b.a-b+d
ccC d(c+d) d c+d

1-reopema. Acap Cd(C+d)=0 6Gyuca y xornda wxmuépuii (X,y,z)€S°
bouwanauy HyKma y4yH Kyuuoacu Iumumea 32a 0ynamus:
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((x,Y,2), arap a=b=c=d=0
(x,0,1-x), arap a=0,b=c=d=0
0,y,1-vy), arap a=c=d=0,b=0
(0,0,1), arap ab=0,c=d=0
(1-2z,0,2), arap a=b=c=0,d>0
0,1-2z,2), arap a=b=c=0,d <0
0,y,1-Y), arap a=c=0,bd #0
(X,0,1-X), arap b=c=0,ad #0
imV " (x,y,2) = (0,0,1), arapc=0,a>0,b>0,d =0
N> (x,1-x—a/c,a/c), arap ¢>0,b=d=0
(x,0,1-x), arap b=d=0,c<0
(0,0,2), arap b#0,c<a,d=0, ékuy=0
(0,1-a/c,a/c) arap b=#0,c>a,d=0, y>0
(0,0,1), arap b=0,c=-d #0,0<c<a,
(X,0,1-X), arap b=0,c=-d #0,c<a,
(0,0,1), arap b=0,c=-d,c>a,y=0,
(x,0,1—x), arap b=0,c=-d,c>a,y=0,
(0,1-a/c,a/c), arap c>a, y>0,

6y epoa X,Y, X nap bownanzuy nykmaza 60&nux pynkyuanap.

2-teopema. Aumaiinuk CA(C+d)#0 sa A°=(x°;y%;2°) Gowmnanzuu mykma
oyncun. YV xonoa gytiuoazu macouknap ypuriu.

(1) Azap c<a, b=0 6yrcay xonoa

Ao, X°=0
IimV”(ﬂO):{ ’ arap

()_(;0;1—)_(), arap X’ >0

(2) Aeap c>a, b=0 6yncay xonoa

A, arap X" =0
. (x%;0;1-x%), arapx°>0,d=0
limvo(a)=1 > " _
i (x;0;1-x), arap X° >0,d >0
A, arap X" >0,d <0

(3) Aeap c<a,b>0 6yncay xonoa
limv"(1°) =4, =(0,0,2),
(4) Aeap €>a,d <b,b>0 6ynca y xonoa
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(x°,01-x°), arap y°=0,b=0
limV"(1°) =1 4,, arap y°=0,b#0

n—o0

A arap y°>0
(5) Aeap C>a,d >b>0 é6ynca y xonoa

A, arap X' #0,y’#0
InimV”(/Io): Ao» arap Y'=0
A, arap X’ =0

6y epoa X Gowwnaneuy HYKmaza 6a napamempiapea 60nuK.

JucceprauusHuHr “IIIaHKTOHJIAp JMCKpeT BaKIJIM JMHAMHUK cucTeMacHu”
ne0 HOMJIaHTaH MKKMHYM 000mna, 6 Ta y3rapyBuuaaH ubopar 12 mapameTpnu sSHTU
OKEaH dKOCUCTEMACU MOJEIIN TY3WIAU Ba JUHAMUKACH YpraHWIIU.

Kyitugaru W : R®° — R°® oneparopHu Kapaitiuk:

X1(l) = X1(1_ a, +aXx,—a,X,— asxs)
Xgl) = Xz (1_ as - a'6 + a2)(1)
W : Xs(l) = Xa(l_as _ag +a3x1+a7x6)

o (8)
X, =X,(1—-a,+ax +a,x,)
X =X +aX +aX, +aX, —a XX
X =x(1—ax —ax,—a,X,)+ax, +ax, +a,X,
Oy epnia 6apya nmapamerpiap KaTbHil Mycoar.
2-TacauK. Aeap kamwuti mycobam a,...,a, napamempiap Kyuuoazu
WApPMAGPHU KAHOAMIAHMUPCA
a <1, a, <1, a, <1, a, <1,
a,+a, <1, a+a, <1, a+a<1 a+a,<1, 9)

[, -a,|<1, [a, —a,[<1
y xonoa W (85) < S° 6ymaou. Yuoan mawxapu (9) wapmaap acocuoa W onepamop
4-Bonvmeppa KCO 6ynaou.
PaBmranku, A= (0,0,0,0,/1,1—1), YAe [0,1] nykra W  omeparopHHHT

Ky3rammac HykTacu Oymamu. Jluccepramumss wmmaa W omeparopHuHT Oapya

Ky3FaJIMac HyKTajaapy TOMUITaH.

3-reopema. Uxmuépuii A° = (Xf ,XS,X;’,XE,XSO,XQ) € S° bownanzuy Hykma yuyn

Mpaekmopust Kyuuoazu iumumiapea 32a
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(0,0,0,0,1,0), arap X =x" =0

(0,0,0,0,0,1), arap X, =x’=0Baa,<a,
a12 a12 0 (€}
0,0,0,1——%,0,—= |, arap X. =X."=0Baa, >
InimW“(lo): ( l au\] p X 5 a,>a,
(0,0,0,0,1,1- 1), arap X, =0
(0,0,0,0,4,1- 1), arap X’=0 Baa <a +a,a,+a,<a,
(0,0,0,0,4,1- 1), arap X'=x'=0Baa <a,, a,+a,<a,

0y epoa A, aap A° 2a 6oznuk Qyuxyuaiapoup.
4-teopema. Aeap 8, <a,, a,<a.+a,, a,+a <a,+a,, a,+a,<a, oyicay

yonoa uxmuépuii 2° = (X, X5, X, X, X5, Xg) e S° bounaneuy nykma yuyn

limw"(2°) =(0,0,0,0, 1,1 1)

n—o

aumum Jpurau, 6y epda A = A(A°).

JluccepranustHUHT “Inckper-BaKT/IN HOUYM3BHUKJIU AMUAEMHUOJIOTUK
Moje/u1ap” 1e0 HOMJIAHTaH y4uHYM 000uza, y4 YIYOBIM CHMIUIEKC/A aHUKJIAHTaH
HOYMBHKJIM ONlepaTopiap AMHAMUKACH YPraHuraH.

Yuunun 00OHUHr OupuHuM maparpapuaa COVID-19 Bupycu TapKanuIIMHU
udonanorun Kyinaaru SEIR (Susceptible-Exposed-Infected-Recovered)

ds/dt =—AS(1 +gE) /N
dE/dt=8S(l +gE) /N —E /&
di/dt=E/5—11y
dR/dt=1/y

MOJ€EIra MOC
X =x=px(u+ay)
yY =y—ay+ Bx(u+aqy)

L: 10
u® =u—bu +ay (10)
v® =v+bu
orepatop ypranuiras, 0y epaa a>0, b >0, >0, q>0xamaa
S E I R 1 1
X=—, y=—, U=—,V=—, a==, b==.
N N N N o y
3-Tacauk,. Aeap napamempaap
a,b,f€[0]] 6a pg<1 (11)

WapmiapHu KaHOAmiaHmupcd, y Xoaod L(Ss) < S° 6ynaou xamoa (11) wapmnap
ounan L onepamop KCO 6ynaou.
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4-tacmuk. Azap napamempnap (11) wapmnapnu xanoamnanmupca (10)
onepamop pezyisap onepamop 6y1aou.

L omepTopHUHT Ky3FaiMac HyKTajdapy TypiIaMu Kyinaarnda:
Fix(L) ={A(x) =(x,0,0,1-x): Vx €[0,1]}

5-racauk. Aeap B =0 6ynca y yonoa wxmuépuii A° =(X’,y’,u’v°)eS’
OowIaneuy HyKma yyyH mpaekmopus Kyuuoaeu iumMumea 32a.
limL"(1°) =(x°0,0,1- x°).
5-teopema. @apaz xunainux (11) wapmnap daxcapuncun. Y xonoa uxmuépuil

A" =(x°,y°,u° V°) eS® Gowmnansuu nykma yuyn mpaexmopus Kyruuoacu umumead
s2a:

limL"(2°) = (X,0,0,1- X).

ab
B(a+ba)

6y epoa X napamempnapza éa bounanzuy nykma A° 2a 602mux xamoa X <

oynaou.

YuyuHun OOOHMHT WKKMHYM Taparpaduua KaiTa KacaulaHHII XucoOra
osmnra smuaemuk SISI (Susceptible- Infected- Susceptible - Infected) moxenuauHT
KyWHUJard JHACKPET KYPUHUIIM YYyH Ky3FajMac HyKTajap, YJApHUHI TypJlapH,
MycOaT Ky3rajiMac HyKTJIAPHUHT MaBKy UITH Macaiajiapy KapajraH:

XY = x+b—bx— BA(U,V)X
u® =u—bu—au+ BA(U,V)X
y® =y -by+au-B,AU,V)y
v =v—bv+ B,AU,V)Yy

(12)

oy epma A(U,V) =ku+Kk,v.
6-racmuk. Aeap wmomangui  b,a, B, B,,K,K, napamempnap  kytmoaeu
WaApmMAGPHY KAHOAMIAHMUPCA

a+b<1, Pk, <2, LK <2,
b+ Bk, <1 |b-pk|<1 |b-pBk,|<1, (13)
b—pBk,|<1 |a+b-pk|<1, |a-b-pgk|<1

y xonoa Q(S*)c=S® (S® myniam Q onepamopea nucbaman uneapuanm) xamoa

Q —ksadpamux cmoxacmux onepamop 0yiaou.

7-tacauk. Q onepamopnunz Kyzearmac nykmanapu myniamu Kyiuoazuda.
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{e}
{e,JUA,, arap b =0
A UA,, arapb=a =0
A, UA,, arapb=/4=0
AUA,, arapb=4,=0
{e,JUA,, arapb=k =0
A, UA,, arapb=Kk, =0
A,UA,, arapb=a=4=0
A,UA,, arapb=a=4,=0
Fix(Q) = AUA,, arapb=a =k =0
AUA,,, arapb=a =k, =0
A, arap b= =£,=0
A, UA,, arapb=p4=k =0
A, arapb ==k, =0
A, UA,, arapb=/4,=k =0
A, arapb=/4,=k, =0
S?, arapb=a =k =k, =0ékub=a=8=4,=0
{e,, A4} arap b> 0, =0, gk, >b
{e,, 4.} arapb>0,a>0,8,=0, pk >b+«
{e,. 4.}, arap abf gk >0

Oy epa KyJnaMK yayH Kylujaaru Oenruianuiap KUpUTHIITaH:
e =(1,0,0,0), e,=(0,1,00), e=(0,010), e =(0,0,01),
A, ={A=(xu,y,v)eS*:x=u=0}, A, ={A=(xu,y,v)eS’:x=y=0},
A, ={2=(xu,y,v)eS*:x=v=0}, A,={21=(x,u,y,v)eS*:u=y=0},
A, ={A=(xu,y,v)eS*u=v=0}, A,={21=(xu,y,v)eS’:y=v=0},
A, ={A=(xu,y,v)eS*:x=0}, A,={A=(x,u,y,v)eS*:u=0},
A, ={A=(xu,y,v)eS*:y=0}, A,={A=(xu,y,v)eS’:v=0},
45:[ b ’ﬂlkl—b’o’oj’ /116:(b+a’b(ﬂlkl—b—a)’a(ﬁlkl—b—a)’o}
Bk Bk pk  pkb+a) Pk (b+a)
A :[ b bBA abBA af. B, A j

b+BA (b+BA)b+a) (b+ LA+ LA b+a) b+ LA+ LA +)
Oy epaa A conn

bk . aBBkA  _
(b+FAb+a) (b+AAb+EAb+a)

TECHI'JIaMaHUHT My06aT CUHNMU.
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8-tacmuMK. Aeap pS,=p,=0 Oyaca y xonoa uxmuépuii /10:(x°,u°,y°,v°)es3

bouinaneuy HyKma yuyH (Ky3eaimac HyKmaoan mawkapu) mpaexmopusi Kyuuoazu
uMUmea 32a

A°, arap a =b=0
limQ"(A°) =< (x°,0,1—x° —Vv°,v°), arapb=0,a >0
e, arap b>0

O-tacmuk. Aeap b=a =0 6ynca y yonoa wxmuépuii 2°=(x°,u°,y°,v°)eS®

bowinaneuy HyKma yuyH (Ky3eaimac HyKmaoan mawkapu) mpaexmopusi Kyuuoazu
uMUmea 32a

A°%, arap ku’+kyv’=0
IMQ"(A%) =1 (0,1-y° —v°,y",V"), arap B> 0.8, = 0,ku’ + kv’ >0
(0,u’,0,1-u"), arap 3,>0,,>0,ku’ +k,v° >0

10-racmuk.  Aeap p£.=0,6,>0 oyrca y  xonoa  uxmuépuii
A= (X° u’, y°,v°) € S® bowmnansuy mykma yuyn (Kyzzammac HyKmaoaw mawikapi)
mpaekmopus Kyiuoazu 1umumaa 32a

A°, arap a =b=0,ku’ +k,v° =0

(x°,1—x°,0,0), arap ¢ =b=0,ku’ +k,v°>0,y’=v°=0

(x°,u®,0,1—x° —u°), arap a =b=0,ku’ +k,v°>0,y° +Vv° >0
LiLQQ”(AO) =4 e, arap b >0

(x°,0,¥,1—x° —¥), arapb=0,a0>0,k, =0, Gyepna Y= y(1°)

(x°,0,1—x°,0), arapb =0, >0,k, > 0,ku’ + kv’ =0

(x°,0,0,1—x°), arap b =0, > 0,k, > 0,ku’ + k,v° >0

11-tacauk. Aeap o =K, =0 6ynca y yonoa uxmuépuii 2° =(x°,u°,y°,v*) e s®

oouLnaneuy HyKma yuyH (Ky32aimac Hykmaoan mawkapu) mpaexmopusi Kyuuoacu
JUMUmM2a 32a

limQ"(1°) = e, arap Bk <b &mn ljozo
N—»o0 /115, arap ﬂ1k1>b Ba U’=0
12-racauk. Aeap B, =0, B >0 6ynca y yonoa wxmuépuii 2°=(x",u’,y°,v°) e s*

bowwnaneuy HyKma yuyH (Ky3eaimac HyKmaoan mawkapu) mpaexmopusi Kyuuoacu
JUMUM2a 324

(x°,0,1-x—=v°,v°), arapb=0,a>0 Ba ku’+kyVv’' =0
(0,0,1-Vv°,Vv°), arapb=0,a>0,kVv’ >0
LiLQQ”(/io) =4 (X,0,1-X-V°,V°), arapb=k\Vv’ =0, ku’>0,a>0
e, arap ba >0, ku® + k,v° =0,
e, arap ba >0,k vV’ =0,8k <b+a,
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6-reopema. Aeap f,=0 ea BK >b+a,ba >0 6ynca y xonoa A, nyxmanune

wynoai. U(A,) ampopu maexcyoku, uxmuépuii A° = (Xo,uo, yO,VO) eU(4,)

bouwnaneuy HyKma yuyH (Ky3eaimac HyKmaoan mawkapu) mpaexmopusi Kyuuoacu
JUMUMea 32a:

InLrQ Q" (/10) = /116'

7-treopema. Azcap k,=0 xamoa Uu°=0 éxu Bk <b+a 6yrca y xonda

uxmuéputi A’ :(Xo,uo,yo,vo)eS3 bowwnaneuy HyKma yuyn (Ky32aimac HyKmaoam

MawKapuy) mpaexmopus Kyuuoazu iumMumad 32a.
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limQ"(41°) =&, =(1,0,0,0).

XVYJI0CA

Jluccepranys MM aCOCaH CUMILIEKCIIApa aHUKJIAHTaH Y3JIYKCU3 KBaJpPATHK
CTOXACTUK OIEPATOPIIAPHUHI THCKPET BAKTIM AUHAMHUK CHCTEMATapUHU TaIKHK
KWuInra OarvinuIaHraH.

TaaKMKOTHUHT acOCUW HaTWXKajlapu KyWHaarmiapaaH uoopar:

1.

A30T,  (QUTOIUIAaHKTOH  Ba  300IUJIAHKTOHJAH  HOOpaT  OKeaH
DKOCUCTEMAaCHHHUHI JUCKPET BaKTJIA JWHAMHUKACU ONEPATOPHU HKKH
ynmuamin cuMiuiekaa anvkiaaniran KCOra KenTupuin opKaiu YpraHwiif.
bynna  ky3rasimac HyKTamap TypJiapd  aHMKJIaHAM Ba  Oapya
TPACKTOPUSIIAPHUHT TUMUT HyKTajJapu TYTUIaMH TaBCU(pIaHTaH.
[InankTonnap, OakTepua Ba OpraHMK MoOJJajap/aH HOOpaT OJTHUTA
y3rapyBUMIIM OKE€aH 3KOCHCTEMAacd MOJEIM TY3WIAU Ba Oeml Yiyamiu
CUMIUICKC/Ia aHHWKJIAHTaH OMEPATOPHUHI Oapya Ky3raJMac HyKTajgapu
TONWIIN Xama TPAEKTOPUSHUHT JIMMUT HyKTaJapH TaJKUK dTHIIIH.
S-cornom, E-kacamnmuk roktupran (cummromuapcu3), [-xacammaHrax
(cumnTomitap Ounan), R-Ty3anran axonu kaTtinamnapugan uoopat SEIR-
ANUAEMUK MOJAEIHUHT JUCKPET-BaKTIM JMHAMHUKACU Tyja YpraHwigu Ba
SARS-Cov-19 kopoHaBUpyC TapKaJuIIUTra TaA0MKU Kapaan.

Katita kacammanum xuco6ra onuHrad SISI snugeMux MojeaHUHT Oapua
Ky3FajiMac HyKTajJapu Ba 0ab3u Ky3faliMac HYKTAJApHUHT YJIapHUHT
Typiapu anukiaadaud. SISI  snugeMuk Mojenu €paaMuja yd yidamiiv
CUMIUIEKC/Ia aHUKJAHTaH OINpPEaTOPHUHI MycOaT Ky3FaiMmac HyKTajapu
MaB Xy IJTUTY UCOOTIIaH IH.

HMuckper-Baktiu SISI snmaeMuk MoaeNy XOCWII KWJITaH ONepaTrop y4yH
VMHBAPUAHTINK Ha3apHsICH, TONOJIOTHK KYIIMa OlepaTopiap XoccalapuiaH
¢oiinanannd TpaeKTOPUSIAPHUHT ACUMIITOTUK XapaKTepH YPpraHuiau.
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INTRODUCTION

Actuality and demand of the theme of the dissertation. Many scientific
and practical researches conducted worldwide are mostly related to the research of
nonlinear dynamic systems. Dynamical systems are usually represented by
differential equations (continuous dynamical systems) or difference equations
(discrete dynamical systems). Some situations may also be modeled by mixed
operators, such as differential-difference equations (time-delay systems). The
importance of the theory of dynamic systems is reasonable forecasting of the next
unknown state of the process in relation to the initial known state, and it plays an
important role in solving problems in physics, biology, medicine, and economics.
Therefore, the study of discrete-time nonlinear dynamic systems, in particular, the
dynamics generated by quadratic stochastic operators widely used in population
genetics, remains one of the important and urgent tasks in the theory of dynamic
systems.

Currently, the theory of dynamical, especially for nonlinear dynamical
systems, problems such as describing the set of limit points of the trajectory,
determining the existence of fixed and periodic points and their types, finding
invariant sets, checking the occurrence of bifurcations, and studying whether the
system is stable or chaotic are widely used in analysis of many practical issues. In
this regard, the creation of optimal models for the ocean ecosystem based on deep
biological research, study of various epidemiological models and their application
to population problems of mathematical biology are targeted scientific researches.

In our country much attention has been paid to mathematics, physics, geology
and biological sciences, which have scientific and practical applications of
fundamental sciences. In particular, special attention is paid to the development of
the theory of nonlinear dynamical systems which has wide application in
population biology, medicine, mechanics, electronics, economics, and theories of
optimal management. In this regard, important results related to the dynamics of
discrete-time continuous operators, including quadratic and cubic operators, have
been achieved. Conducting scientific research at the level of international standards
in the priority areas of “Functional analysis, mathematical physics and statistical
physics” was defined as the main tasks and areas of activity of mathematics®. It is
important to develop the theory of discrete-time dynamic systems in order to use
scientific results in related fields of science to ensure the performance of these
tasks.

The subject and object of research of this dissertation are in line with tasks
identified in the Decrees of the President of the Republic of Uzbekistan UP-4947
of February 7, 2017 “On the strategy of action for the further development of the
Republic of Uzbekistan”, PD-2789 dated February 17, 2017 “On measures to
further improvement of the activities of the Academy of Sciences, organization,

! Decree of Cabinet of Ministers of the Republic of Uzbekistan at the 2017 year 18 May « On measures on the
organization of activities of the first created scientific research institutions of the Academy of Sciences of the
Republic of Uzbekistan» Ne 292 dated May 17, 2017.
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management and financing of research activities”, PD-4387 from July 9, 2019 “On
measures to further development of mathematical education and science, and also
root improvement of the activity of the Uzbekistan Academy of Sciences
V.I.Romanovsky Institute of Mathematics”, and also PD-4708 from May 7, 2020
“On measures to improve the quality of education and research in mathemtics™ as
well as in other regulations related to basic science.

Connection of research to priority directions of development of science
and technologies of the Republic. This study was performed in accordance with
the priority areas of science and technology of the Republic of Uzbekistan IV,
“Mathematics, Mechanics and Computer Science”.

The degree of scrutiny of the problem. The description of the dynamics of
many biological or physical systems is based on the theory of dynamical systems.
In 1910, first prey-predator model proposed by Alfred Lotka and 1925 he provided
equations for analyzing the predator-prey interaction. In 1926, Vito Volterra
developed his model independently from Lotka and by him the same equations
were given. In all physical or biological systems, the law of conservation of mass
and energy must hold. Typically, the construction and study of ecosystem models
iIs more complicated due to the large number of parameters. In 2003, N. Britton
considered first ocean ecosystem model in continuous time consisting of
phytoplankton feeding on nitrogen and zooplankton feeding on the phytoplankton
and the stability of fixed points was investigated. In 2016, by A.Mitra et al., the
cycle of phytoplankton, zooplankton, mixoplankton, dissolved organic matter,
bacteria and dissolved inorganic matter was given with biological explainations.

Epidemiological models consist of systems of ODEs that describe the
dynamics in each class in popolation. One of the simplest models involves the
dynamics of susceptible, infectious, and recovered individuals. The model was first
proposed by Kermack and McKendrick in 1927. In 1996 by De Jong et al, it was
build a stochastic SISI model to study the spread of bovine respiratory syncytial
virus (BRSV) amongst cattle. Later, in the article of David Greenhalgh et al.
considered SISI models with vaccination and discussed applications to Aujesky’s
disease (pseudorabies virus) in pigs.

In epidemiology, two models SEIR (Susceptible-Exposed-Infected-
Recovered) and SEIS (Susceptible-Exposed-Infected-Susceptible) models are very
widely used. The global stability of the endemic equilibrium for the SEIR model
was first established by Li and Muldowney using different techniques.
Korobeinikov and Maini proved the global stability of the endemic equilibrium of
the SEIR model using Lyapunov function. After the novel coronavirus (COVID -
19) appeared in late 2019, the whole world focused on this disease. By Anca
Radulescu et.al adapted a traditional SEIR epidemic model to the specific dynamic
compartments and epidemic parameters of COVID-19. They generated predictions,
and assess the efficiency of these control measures (closures, mobility restrictions,
social distancing). All of the above models are non-linear dynamical systems that
do not have a general theory in discrete time. The theory of nonlinear systems is
also being developed by many mathematicians, for example, V.Arnold,
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A.Azamov, G. Osipenko, K. Murakami, Y.A. Kuznetsov. The theory of quadratic
and cubic stochastic operators is developing by uzbek mathematicians R.N.
Ganikhodzhaev, N.N. Ganikhodzhaev, U.A. Rozikov, F. Mukhamedov, U.U.
Jamilov, O.Khakimov and many others. In the book “Population dynamics” of
U.A. Rozikov, the results about the theory of population dynamics and discrete
time dynamical systems generated by quadratic and cubic stochastic operators are
presented.

Connection of the theme of the dissertation with the research works of
higher education, where the dissertation is carried out.

The dissertation research is done in accordance with the planned theme of
scientific research OT-F4-87 “The theory of global invariants of curves and
surfaces in Euclidean and pseudo-Euclidean spaces and its applications in
mechanics” (2017-2020), OT-F4-82 “Local derivations and automorphisms of
operator and nonassociative algebras, phase transitions and chaos in nonlinear
dynamical systems” (2017-2020) and scientific research YoFA-Ftex- 2018-78
“Dynamical and thermodynamical systems on non-amenable graphs” (2018-2019)
at the V.1. Romanovskiy Institute of Mathematics.

The aim of research work is to study of discrete-time dynamical systems of
ocean ecosystems and some epidemiological models (illustrating the interaction
between susceptible, infected and recovered populations) that are reduced to
quadratic stochastic operators (QSO) on the simplex.

Research problems:

to find conditions for parameters of ocean ecosystems and epidemiological
models for reduction them to quadratic stochastic operators;

to find fixed points for the operators and to determine their types;

to investigate invariant sets with respect to operators;

to study the limit behaviour of trajectories of the considering QSOs.

The research object: Ocean ecosystem models generated by 2-Volterra and
4-Volterra QSO, SEIR and SISI epidemic models.

The research subject: Mathematical and functional analysis, discrete-time
dynamical systems.

Research methods: In the dissertation the methods of mathematical and
functional analysis, theory of nonlinear dynamical systems and the methods of
invariant theory are applied.

Scientific novelty of the research work consists of the following:

it was constructed of an ocean ecosystem model representing the interaction
process of living organisms such as phytoplankton, mixoplankton, zooplankton,
bacteria, and dissolved organic and inorganic matters;

there were found conditions to the parameters of the operators generated by
ocean ecosystems and some epidemiological models that map low-dimensional
simpleces into itself;

fixed points of quadratic stochastic operators generated by ocean ecosystems
and some epidemiological models and invariant sets with respect to such operators
were found;
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the regularity of the operator generated from the model representing
susceptible, infected and recovered population was proved, and the upper bound of
the susceptible population was found;

for operators generated by ocean ecosystems and some epidemiological
models, limit points of the trajectories started from any initial point were
described.

Practical results of the research. The taken results and used methods in the
dissertation can be taught as a graduate course for masters and doctoral students of
higher educational institutions. In addition, the results obtained for ocean
ecosystem and epidemiological models allow to verify about the prediction of
population.

The reliability of the results of the study. The results have been obtained by
using the methods of mathematical and functional analysis, theory of discrete-time
dynamical systems. The obtained results are proved mathematically correct.

Scientific and practical significance of the research results. The scientific
significance of the research results is to determine the stable or unstable behavior
of the dynamical systems generated by quadratic stochastic operators. The practical
significance of the dissertation is given by its applications to the ocean ecosystem,
spreading some viruses among animals and coronavirus among humans.

Implementation of the research results. The scientific results obtained
during the research of the dissertation are implemented in the following research
projects:

The description of the limit points of the trajectory starting from any initial
point for the operator generated by ocean ecosystem was used in the analysis of the
dynamics of quadratic stochastic operators in foreign scientific journals. (Linear
and Multilinear Algebra, 2021; China Automation Congress, 2021; Springer
Proceedings in Mathematics & Statistics, 2022). The application of the scientific
result made it possible to construct the linear Lyapunov function for infinite-
dimensional quadratic stochastic operators and to prove the stability of fixed points
for SIS-SIR models representing the spread of computer viruses.

The periodic points of nonlinear operators and the invariant sets with respect
to such operators were used in the investigation of the dynamics of nonlinear
predator-prey models in foreign scientific journals. (Bulletin of Mathematical
Biology, 2022, 84(67); International Journal of Biomathematics, 2021, 14(8);
Complexity, 2021). The application of the scientific result made it possible to
analyze the occurrence of bifurcations and Lyapunov exponents for predator-prey
models.

Approbation of the research results. The main results of the research have
been discussed at 8 international and 3 national scientific conferences.

Publications of the research results. On the topic of the dissertation 20
research papers have been published, 9 of them are included in the list of journals
proposed by the Higher Attestation Commission of the Republic of Uzbekistan for
the defense of thesis of the Doctor of Philosophy, including 5 of them published in
foreign journals and 4 in national scientific journals and 11 abstracts.
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The structure and volume of the thesis. The dissertation consists of an
introduction, three chapters, conclusion and bibliography. The total volume of the
thesis is 113 pages.

THE MAIN CONTENT OF THE DISSERTATION

In the introduction besides the motivation of research theme and
correspondence to the priority research areas of science and technology of the
Republic, we present a review of international research on the theme of the
dissertation and the degree of scrutiny of the problem, formulate our goals and
objectives, identify the object and subject of study, and state scientific novelty and
practical results of the research. Moreover, we reduce the theoretical and practical
importance of the obtained results, and give information on the implementation of
the research results, the published works and the structure of dissertation.

In the first chapter of the thesis, titled “Preliminaries and discrete-time
ocean ecosystem dynamics” we give main definitions and important notions
necessary to cover the dissertation and research the subject. Also, the results about
the dynamics of the ocean ecosystem consisting of nitrogen, phytoplankton and
zooplankton are described.

Suppose N, is the population size of some continuously breeding population,

such as a human population, at time t. Let d be a probability of any individual
dying in the considering time period (per capita mortality), and let average number
of birth of individual in the same time period (per capita reproduction) be b. Then
total number of population is N, =(1+b—-d)N, = AN, at time t+1. Therefore,

the simplest model (linear) is
Nt+l = /th

which is known as Malthusian equation (Thomas Malthus, 1766-1834) in discrete
time, where A is called the growth ratio.
It is easy to see that if A is constant then Malthusian equation has solution

N, = N,A" with initial point N,.
In general, linear models can not be used on longtime intervals, so we should

consider a nonlinear model. The discrete dynamical system of one variable can be
formulated as following

N,=f(N) f:U->U, N eUCcCR, teZ,
or alternatively,
f:U->U, x> f(x), xeUcR (1)

The main problem of dynamical system is to study orbits of (1), i.e., sequence of
points (if f is invertible)

{"" fﬁn(xo)""fil(xo)’xm f(Xo)""fn(Xo)""}

or the sequence (if f is non invertible)
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{Xo’ f(xo),...f”(x0)1...},
where x, €U is initial pointand f" and f™ are inductively defined by
fr(x%) = F(f" (%))
f7(x,) = F7(F"(x))

In general, for the nonempty subset U c R", the n— dimensional discrete
dynamical system is defined as following:

f:U->U, x> f(x), xeUcR" (2)

Definition 1. Consider the map x+ f (x). The point p is called a periodic

point of period n if f"(p)=p. The least n>0 for which f"(p) = p is referred to
as the prime period of p.

Note that a fixed point may be regarded as a periodic point of period one.
Definition 2. The quadratic stochastic operator (QSO) is a mapping of the
simplex

S™ =X = (X, X ) ER™ X, zo,ixi =1

into itself, of the form

Vix = iiPﬂkx,xj, k=1,.,m, (3)

i=1 j=1

where the coefficients P, satisfy the following conditions
P20, B, =P, Z =1, (,),k=1,.,m) (4)

One of simple cases is Volterra QSO, i.e., the parameters satisfy the condition
P =0 ifked{i,j} forany i, j<E.

Fix ¢e{1,...,m} and assume that the parameters P, , satisfy

P, =0 if ke{i, j} forany ke{l,.., 0}, jeE, )
P, >0 foratleast one pair (i, j),i=k, j=kforany ke{(+1,..,m}

Definition 3. For any fixed ¢ {1,...,m}, the QSO defined by (3), (4) and (5)
is called ¢-Volterra QSO.

In the second paragraph of the first chapter we have investigated three-
dimensional dynamical system generated by 2-Volterra QSO. The operator is
defined by:

x® = x(1—b +dy)
Viy® =y(l-a-dx+cz) (6)
7 =z(1-cy) +ay + bx
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where x—the concentration of zooplankton, y-the concentration of
phytoplankton, z —the concentration of nitrogen and a,b,c,d eR.
Proposition 1. The operator (6) maps S° to itself if
0<ax<l, 0<b<l, —-(1-a)<c<l+a, —(1-b)<d<il-a. (7)

Moreover, under condition (7) the operator is a 2-Volterra QSO.
The fixed points of the operator V are:

2, =(0;0;2), /Z:(O;l—é;éj(cza,cio)’ 7= Cd—ad—bc;g;a—md
cc d(c+d) 'd c+d

Theorem 1. If cd(c+d) =0 then for any initial point (X,y,z) € S* we have

(X,Y,2), if a=b=c=d=0
(x,0,1-x), if az0,b=c=d=0
0,y,1-y), if a=c=d=0,b=0
(0,0,2), if ab=0,c=d=0
(1-2z,0,2), if a=b=c=0,d>0
(0,1-1z,2), if a=b=c=0,d<0
0,v,1-Y), if a=c=0,b>0,d=0
(X,0,1-X), if b=c=0,a>0,d=0
imV " (x, y,7) = (0,0,1), ifc=0,a>0,b>0,d=#0
N> (x,1-x—-a/c,a/c), if c>0,b=d=0
(x,0,1-x), if c<0,b=d=0
(0,0,1), if b+0,c<a,d=0, or y=0
(0,1-a/c,a/c) if b+0,c>a,d=0, y>0
(0,0,1), if bx0,c=-d=0,0<c<a,
(X,0,1-X), if b=0,c=-d=#0,c<a,
(0,0,1), if b+0,c=-d,c>a,y=0,
(x,0,1—x), if b=0,c=-d,c>a,y=0
(0,1-a/c,a/c), if c>a, y>0,

where X, ¥ and X are some functions of the initial point (x,y,z).

Theorem 2. Let cd(c+d)=0 and A° = (x’,¥°,2°) be an initial point. Then

the following cases hold true
(1) If c<a,b=0 then

limV"(1°) =

n—o

Ao, if x°=0
(x;0:1-x), if X°>0
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(2) If c>a,b=0then

/Il, if xX’=0
_ (x%0;1-x%), ifx°>0,d=0
limV"(A°) =< _ _ _
N (x;0;1-x), if x*>0,d>0
s, if xX’>0,d<0

(3) If c<a,b>0 then
limV"(2°) =1,=(0,0,1),
(4) If c>a,d <b,b>0 then

7 : 0 —
imvey=. Ty =0
N A, if y*>0

(5) If c>a,d>b>0 then

Ay, if x°>0,y°>0
InimV”(AO) = ZO, if y0 =
A, if x°=0

where X depends on initial point and parameters.

In the second chapter of the dissertation entitled “Planktons discrete-time
dynamical system”, a new model of ocean ecosystem consisting of six variables

and twelve parameters was created and studied its dynamics.
Define the evolution operator W : R® — R® by
P =x(1-a,+ax, —axX,—ax,)
XV =x,(1-a —a,+a,X)
Wl % =Xl-a —a rax +ax)
XV =x,(1—a, +a,x +a,x)
X =X +ax +aX, +aX, —a XX
X =x(1—ax —ax,—a,X,)+ax, +ax, +a,X,
where all parameters strictly positive.
Proposition 2. We have W (SS) < S° if the strictly positive parameters
a,...,a, satisfy the following conditions

a <1, a, <1, a, <1, a, <1,
a+a, <1, a+a, <1, a+a,<1, a, +a,<1,

‘3.7 —ag‘ﬁl, ‘all_alz‘gl'
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Moreover, under conditions (9) the operator W is a 4-Volterra QSO.

Obviously, the point A =(0,0,0,0,4,1- 1), ¥4 €[0,1] is a fixed point of the
operator W. In the dissertation, we found all possible fixed points of the operator
W.

Theorem 3. For any initial pointA° :(xf,x§,>g?,xj,x5°,x§)es5the trajectory
has the following limits:

(0,0,0,0,1,0), if x°=x® =0
(0,0,0,0,0,2), if XX =xY=0anda,<a,
w2 [0,0,0,1—%,0%), if X"=x¥=0anda,>a,
7 (0,0,0,0,7.1- 7). if X’ =0
(0,0,0,0,4,1- 1), if X’=0anda <a +a,a,+a,<a,
(0,0,0,0,4,1- 1), if XX=x'=0anda <a,a,+a,<a,

where 1,4, 1 — are some functions of 1°.

Theorem 4. If a <a,, a,<a.+a,, a,+a <a,+a,, a,+a, <a, then for any

0 0

initial point A° = ()(f,xz,xg,x4,x§,x§) e S° (except fixed points) the following holds
limW"(4°)=(0,0,0,0,4,1- 2),
where 1= 1(1°).

In the third chapter of the dissertation entitled “A nonlinear discrete-time
epidemiological models” we study the dynamics of the nonlinear operators
defined on three-dimensional simplex.

In the first section of the third chapter we investigated discrete-time SEIR
(Susceptible-Exposed-Infected-Recovered) epidemic model for the COVID-19
spread:

ds/dt=-AS(1 +qE)/ N
dE/dt=BS(l +qE)/N-E /&
di/dt=E/S5—1/y
dR/dt=1/y

and corresponding operator is

[x® = x— Bx(u+qy)

LYY =y —ay+ px(u+ay)
u® =u—bu+ay

v® =v+bu

(10)
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where a>0,b>0, #>0,g9>0 and

S E

=— y=— u b=
N y N

R
v=—, a
N

< |~

1 1
N’ 5

Proposition 3. For the operator (10) we have L(S°)<S°® if
a,b, f€[0,1] and Bgq<l. (11)

Moreover, under this conditions the operator L isa QSO.

Proposition 4. If the parameters satisfy conditions (11), then operator (10) is
regular operator.

The set of fixed points of the operator L is:

Fix(L) ={A(x) =(x,0,0,1-x): ¥x [0,1]}

Proposition 5. If =0 then for any initial point 2° = (x°,u’,y°,v’) S’
(except fixed point) the trajectory has the following limit
limL' (1°) =(x%0;0;1-x°)

Theorem 5. Assume (11) is satisfied. Then for any initial point
2°=(x*,u’,y°,v*) e S* (except fixed point) the trajectory has the following limit

lim L"(A°) = (X;0;0;1-X)
ab

where X depends on parameters and initial point A° and X < ———.
B(a+ba)

In the second section of the third chapter we consider epidemic SISI
(Susceptible- Infected- Susceptible - Infected) model in discrete-time and we find
all fixed points of the operator related to SISI model, we define types of some
fixed points and prove the existence of positive fixed points.

The discrete-time version of the SISI model as following:

[ x® = x+b—bx— B,AU,V)X
u® =u—bu—au+ BA(U,V)X

© y? =y-by+au-g,AU,v)y (2
v =v—bv+ B,A(U,V)y
where A(U,V) =ku +k,v.
Proposition 6. We have Q(S°) = S* if the non-negative parameters
b,a, B, B,.K, K, satisfy the following conditions
a+b<1, Bk, <2, Bk <2,
b+ Bk, <1,  |b-Bk|<1, b—pBk,|<1, (13)

b-pgk,|<1, |a+b-pk|<1, |a-b-pAk|<1.
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Moreover, under conditions (13) the operator Q is a QSO.
Proposition 7. Let Fix(Q) be the set of fixed points of the operator (12). Then

{e}
{e.JUA,, if b=0
A UA,, if b=a=0
A,UA,, if b=4,=0
A UA,, ifb=4,=0
{e,JUA,, if b=k =0
A UA,, if b=k, =0
A UA,, ifb=a=4=0
A UA,, ifb=a=p4,=0
Fix(Q) = A UA,, if b=a=k =0
AUA,, if b=a=k,=0
A, ifb=4=4,=0
A UA,, if b=p=k =0
A, if b=4=k,=0
A, UA,, if b=p4,=k =0
A, if b=4,=k,=0
S, if b=a=k =k,=00rb=a=4=4,=0
{e,, 4.} if b>0,a=0, gk, >b
{e,, 4.}, if b>0,a>0,8,=0, Sk >b+a
{e,, 4.}, if abppk >0

where for simplicity we denoted the following:

e =(1,0,0,0), €=(0,1,0,0), e =(0,010), e =(0,001),
A ={A=(x,u,y,v)eS*:x=u=0}, A, ={A=(x,u,y,v)eS’:x=y=0},

A, ={A=(xu,y,v)eS*:x=v=0}, A, ={A=(xu,y,v)eS’:u=y=0},
A, ={A=(x,u,y,v)eS*:u=v=0}, A, ={A=(xu,y,v)eS’:y=v=0},
A, ={A=(xu,y,v)eS*:x=0}, A,={1=(x,u,y,v)eS’:u=0},
A, ={A=(xu,y,v)eS*:y=0}, A,={A=(xu,y,v)eS’:v=0},

45:{ b ’ﬁlkl—b’o’oj’ 216:(b+a’b(,Blkl—b—a)’a(ﬂlkl—b—a)’oj’
Bk Bk Bk Bkb+a)  pkb+a)
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A= b bgA abf A af BN’
" \b+BA b+ A Db+a) b+ BANb+BAbD+a) (b+ LA b+ BADb+a))
where A is a positive solution of the equation

J . aB Bk, A _
b+BAb+a) (b+BADb+LAbD+e)

Proposition 8. If = /3, =0 then for any initial point 2° = (x°,u’,y’,v*)S°
(except fixed points) the trajectory has the following limit

A%, if a=b=0
limQ"(1°) =< (x°,0,1—x° —v°,Vv°), if b=0,a>0
e, if b>0

Proposition 9. If g, =0, 8, >0 then for any initial point
2°=(x*,u’,y°,v*) e S® (except fixed points) the trajectory has the following limit

A%, ifa=b=0,ku’+kyv’ =0

(x°,1-x°,0,0), ifa=b=0,ku’+kv’>0,y°=v"=0

(x°,u®,0,1-x"-u’), ifa=b=0,ku’+kyVv’>0,y°+v°>0
imQ"(2°) =1 4, if b>0

(x°,0,¥,1-x"—Y), ifb=0,a>0,k, =0, where y=y(1°)

(x°,0,1-x°,0), ifb=0,a>0,k,>0,ku’+k\v"=0

(x°,0,0,1-x°), ifb=0,a>0,k,>0,ku’+kv’>0

Proposition 10. If b =« = Othen for any initial point A° = (x°,u°, y°,v°) €S’
(except fixed points) the trajectory has the following limit

A%, if ku®°+k,v°=0
InimQ”(lo) =2(0,1-y° =v",y"Vv°), if3>0,8=0ku’+kVv’ >0
(0,u®,0,1-u"), if 5,>0,8,>0,ku’+k\Vv° >0

Proposition 11. If & =k, =0then for any initial point 1° = (x°,u°, y°,v°) €S’
(except fixed points) the trajectory has the following limit

e, ifpk<boru’=0

limQ"(1°) =
me4) {ﬂﬁ, if Bk, >b and u°>0
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Proposition 12. If £, =0, S, > 0then for any initial point
A’ = (x°,u°, y°,v0) e S° (except fixed points) the trajectory has the following limit

(x,01-x"=v°v’), ifb=0,¢>0 and ku’+kyVv°=0
(0,0,1-Vv°,v%), if b=0,a>0,k,\V’ >0
LiLQQ”(AO) =4 (X,0,1-X—-Vv°v°), if b=k,v°=0,ku’ >0,a>0
e, if ba >0, ku® +k,\v’ =0,
e, if bar > 0,k,v° = 0,8k <b+a,

where X = X(4°).
Theorem 6. If £,=0 and gk >b+a,ba>0 then there exists a
neighborhood U(A4,) of the fixed point A, such that for any initial point

2°=(x°,u%,y°,v*) el (4,)
limQ"(4A°) = A,.

n—oo

Theorem 7. If k,=0 then for any initial point A° :(xo,u",y",v")es3
(except fixed points) the trajectory has the following limit
InirQQ”(/IO) =e =(1,0,0,0) if u’=00r Bk <b+a.

CONCLUSION

The dissertation work is mainly devoted to the study of discrete time
dynamical systems of continuous quadratic stochastic operators defined in
simplexes.

The main results of the study are:

1. The discrete-time dynamics of the ocean ecosystem consisting of nitrogen,
phytoplankton and zooplankton was studied by reduction the operator to the
QSO defined in a two-dimensional simplex. At the same time, the types of
fixed points were determined and the set of limit points of all trajectories
was described.

2. A six-variable ocean ecosystem model consisting of plankton, bacteria, and
organic matters was built, and all fixed points of the operator defined in the
five-dimensional simplex were found, and the limit points of the trajectory
were studied.

3. The discrete-time dynamics of the SEIR-epidemic model was fully studied
and applied to the SARS-Cov-19 coronavirus spread.

4. All fixed points of the SISI epidemic model were found and determined their
types. It was proved the existence of the positive fixed points of the operator
defined in a three-dimensional simplex.
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5. The asymptotic behavior of the trajectories for the operator generated by the
discrete-time SISI epidemic model was studied using the properties of the
invariant theory and topological conjugacy.
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BBEJIEHUE (anHoTauus auccepraunu qoxkropa ¢pusaocopuu (PhD))

Heabo ucciaeqoBaHus SBISETCS H3YUYEHUE JUCKPETHBIX BO BPEMEHU
JMHAMHYECKUX CUCTEM OKEAHCKUX YKOCHUCTEM M HEKOTOPBIX AIHUIEMHUOJIOTHYECKUX
Mozelen (WILTIOCTPUPYIOIINX B3aUMO/ICHCTBUE BOCIIPUUMYHBBIX,
WH()UIMPOBAHHBIX W BBI3IOPOBEBIINX TOIMYJISAINN), CBOJUMBIX K KBaJIpaTHIHBIM
croxactuueckum omneparopam (KCO) Ha cummekce.

O0bekT uccaenoBanus: Mojenu SKOCUCTEM OKEaHa, CTEHEPUPOBAHHBIC C
noMoipto 2-Bonsreppa u 4-Bonbsreppa KCO, »3nuieMuOIOTHYECKHE MOJICIH
SEIR u SISI.

HayuyHnasi HOBH3HA HCCJIEIOBAHMS COCTOUT B CIIEAYIOIIEM:

co3laHa MOJENb JIKOCHUCTEMBbl OK€aHa, TMpEJCTaBJAIomas  MPOIEcC
B3aMMOJICUCTBHUS )KUBBIX OPTaHU3MOB, TAKMX KaK (PUTOIJIAHKTOH, MUKCOIIJIAHKTOH,
300IUIAHKTOH, OAaKTEpUM W PACTBOPECHHBIE OPTraHUYECKUE M HEOPraHUYECKUe
BEIIIECTBA;

HaifIcHbl  YCIIOBUSI K  [apaMeTpaM  OIEpaToOpoB, T'€HEPUPYEMBIX
OKEAHMYECKUMHM  DKOCUCTEMaMU UM  HEKOTOPBIMH  SMHAEMHUOJOTHYECKUMU
MOJIEISIMU, OTOOPAKAIOIIMMU HU3KOPA3MEPHBIE CUMILIIEKCHI B CEOS;

HaiiJICHbl HETIOJABUKHBIC TOUKH KBaJAPATHUUYHBIX CTOXACTUUECKUX ONEpPaTOPOB,
MOPOKJIAEMBIX OKEAHMYECKUMH SKOCUCTEMaMH, HEKOTOPHIC AIUIEMHOJIOTMYECKUE
MOJIEIU U UHBAPUAHTHBIE MHOKECTBA OTHOCUTEILHO TAKUX ONEPATOPOB;

JI0OKa3aHa pEryJsSIpHOCTh ONEpPaToOpa, CrEHEPHUPOBAHHOTO W3  MOJIENH,
MPEICTABIAIONICH BOCHPUUMYUBYIO, HHQPUIMPOBAHHYIO U  BBI3JIOPOBEBIIYIO
NOMYJISIIUIO, HalJIeHa BEPXHsIS TPAaHUIA BOCTIPUUMUYUBOUN NOMYJISALINY;

JUISL  ONEepaTopoB, IMOPOXKICHHBIX OKEAHWYECKUMH JSKOCHUCTEMAaMHU U
HEKOTOPBIMU 3MUAEMUOJIOTUYECKUMU MOJEJSIMUA, OMMCAHBI TMPEJIEIbHbIE TOYKHU
TPACKTOPUIA, UCXOIALIUX U3 JIFOOON HaYaIbHOW TOYKH.

Buenpenne pe3yabTaroB Hccaed0BaHMs. Pe3ynbTaThl, CBS3aHHBIE C
JTUHAMHUYECKUMHU CHCTEMaMH C JUCKPETHBIM BPEMEHEM HSKOCHUCTEM OKeaHa |
SIUJIEMHUOJIOTUYECKUX ~ MOJieliel, ObUIM  KCIOJIb30BaHBl B CJICAYIOIIUX
HCCIIEIOBATENbCKUX MTPOCKTAX:

Onucanve m0OpeneiabHbIX TOYEK TPACKTOPUHU, BBIXOIAIIEH U3 000N
HAayaJdbHOM TOYKHM, [JIsi OImeparopa, MNOPOKIACHHOTO JKOCUCTEMOM OKeaHa,
UCIIOJB30BAJIOCh TIPU  aHAIW3€ JUHAMUKM KBaJIpPaTUYHBIX CTOXACTHYECKUX
OIepaTopoB B 3apyOeHbIX Hay4HbIX KypHanax. (Linear and Multilinear Algebra,
2021; China Automation Congress, 2021; Springer Proceedings in Mathematics &
Statistics, 2022). IlpumeHeHHe HAy4YHOrO pe3yJibTaTa MO3BOJIMIO TMOCTPOUTH
muHelnyto  ¢yuknuio JlsmyHoBa i OECKOHEYHOMEPHBIX — KBAJAPATUYHBIX
CTOXACTUYECKHUX OMEPATOPOB U JI0Ka3aTh YCTOMYMBOCTh HETOJBHKHBIX TOUEK IS
mozaeneii SIS-SIR, mpeacTaBasomuUX pacpoCTPaHEHUE KOMITBIOTEPHBIX BUPYCOB.

[lepuonuyeckre TOYKM HEJIMHEWHBIX OMNEPATOPOB U  HHBAPUAHTHBHIC
MHOECTBa OTHOCUTEJIBHO TaAKHUX OTNEPATOPOB UCMOJIb30BATUCH MPU UCCIICIOBAHUHT
JUHAMUKH HEJIMHEHHBIX MOJENIed XMWIIHUK-)KePTBa B 3apyOEKHbIX HayUYHBIX
xypuanax. (Bulletin of Mathematical Biology, 2022, 84(67); International Journal
of Biomathematics, 2021, 14(8); Complexity, 2021). IlpumeHeHHE HAy4HOIO
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pe3ysbTaTa MO3BOJIMJIO IPOAHAIM3UPOBATh BO3HUKHOBEHHE Oudypkauuii u
rokaszaresnen JlsmyHoBa s MOAenen XUIHUK-KEPTBA.

Ctpykrypa m o0bem amcceprammu. J(uccepranus COCTOMT M3 BBEIACHUS,
TpEX TJaB, 3aKIOYCHHS W CIHCKa HCIIOJNB30BAHHON JnuTepatypbl. O0beM
nucceprauuu coctasiaeT 113 crpanu.
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