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LOI CAM DOAN

Toi xin cam doan luan an: “Nghién cttu mot s6 mo hinh truyén nhiém phan
th m& va ing dung trong mang cam bién khong day” la cong trinh nghién ciu
ctia chinh minh duéi sy huéng dan khoa hoc ciia tap thé huéng dan. Luan &n st dung
thong tin trich dan tit nhiéu nguon tham khao khac nhau va cac thong tin trich dan dugc
ghi 16 nguon goc. Cac két qua nghién cttu clia toi duge cong bo chung véi cac tac gid khac
da dugc sy nhat tri clia dong tac gid khi dua vao luan an. Céc s6 lieu, két qua duge trinh
bay trong luan an 13 hoan toan trung thuc va chua ting duge cong bd trong bat ky mot
cong trinh ndo khac ngoai cac cong trinh cong bo clia tac gid. Luan an dude hoan thanh
trong thoi gian t6i lam nghién cttu sinh tai Hoc vién Khoa hoc va Cong nghé, Vién Han

lam Khoa hoc va Cong nghé Viét Nam.

Ha Noi, ngay ... thang ... nam 2023

Tac gia luan an



LOI CAM ON

Luan an tién si duge thiyc hién tai Khoa Cong nghé thong tin va Vién thong, Hoc
vién Khoa hoc va Cong nghé, Viéen Han 1am Khoa hoc va Cong nghé Viet Nam (Vién HL
KH&CN Viet Nam), duéi sy huéng dan khoa hoc tan tinh ctia PGS.TS. Hoang Viét Long
va PGS. TS. Nguyén Long Giang. Tac gia xin bay t6 long biét on chan thanh va sy kinh
trong sau sac doi véi cac thay trong Tap thé hudng dan khoa hoc, nhitng ngusi khong chi
truyen dat nhiéu kién thic quy bau, kinh nghiém nghién citu khoa hoc ma con khuyén
khich, dong vién tac gid vuot qua nhitng khé khan trong chuyén mon va cudc song. Su
chuyén nghiép, nghiém ttc trong nghién citu va nhitng dinh huéng ding dan clia cac thay
1 tien dé quan trong gitp tac gid c6 dude nhitng két qua trinh bay trong luan an nay.

Tac gia xin tran trong cadm on Ban lanh dao Vién Cong nghé Thong tin, Ban Giam
déc Hoc vien Khoa hoc va Cong nghé, Phong Dao tao, cdc Phong Ban chiic nang cia
Hoc vién va dic biét cac nha gido, nha khoa hoc tai Vien HL. KH&CN Viet Nam da quan
tam gitp d6, tao moi diéu kién thuan 1gi vé co sé vat chat, nguon hoc lieu va cac thi tuc
hanh chinh cho tac gia trong qua trinh hoc tap, nghién cttu va hoan thanh luan an nay.

Trong sudt thoi gian hoc tap va nghién citu tai Hoc vien Khoa hoc va Cong nghe,
Vien HL KH&CN Viet Nam, tac gid da nhan dude sy hd trg vé tai chinh va tao nhiéu
diéu kién tham du cac bai gidng dai chting clia cdc nha khoa hoc hang dau, tham gia trao
ddi hoc thuat tit Quy D6i méi Sang tao VinGroup (VinIF), Vien Nghién citu Dit ligu 16n
(VinBigData) thong qua Hoc bong tién si trong nuée cac nam 2020, 2021 va 2022. Qua
day, tac gia xin bay to su biét on sau sic v6i su hd trg kip thoi clia Quy Ddi méi Sang
tao VinGroup dé téc gia c6 thé toan tam tap trung cho viéc hoc tap, nghién citu va dat
duge cac két qua trong luan an.

Tac gia xin chan thanh cdm on sy quan tam, dong vién va nhiing ¥ kién gop ¥ quy bau
cua cac giao su, cac nha khoa hoc, cac chuyén gia va cac ban dong nghiép trong nhiing
lan trao doi chuyén mon tai seminar “Giai tich-Toan ting dung”, (Khoa Toan - Trusng Dai
hoc Su pham Ha Noi 2), seminar “Toan tng dung” (Trung tam Tin hoc va Tinh toan -
Vien HLKH&CN Viet Nam) va seminar “Giai tich mo va tng dung” do PGS. TS. Hoang
Viét Long va PGS. TS. Nguyén Thi Kim Son cht tri. Dac biét, tac gia xin gui sy biét on
va kinh trong sau sic t6i PGS. TS. Hoang Viet Long va PGS. TS. Nguyén Thi Kim Son,
nhitng vi an su da tan tinh diu dit tic gid tiu khi con 1a sinh vien va da hét long chi day,
dong vien dé tac gia c6 thé toan tam trén con dudng nghién ctu khoa hoc.

Tac gia xin chan thanh cdm on Ban Giam hiéu, Ban Chti nhiém khoa Toan, B6 mon

Giai tich va cac ban be dong nghiép tai Truong Dai hoc Su pham Ha Noi 2 da luon dong
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vién, ho tr¢ va tao moi diéu kién thuan lgi trong cong tac gidng day cho tac gid xuyeén
su6t qué trinh hoc tap, nghién cttu va thyc hién luan an.

Su quan tam, chia sé va dong vién cua moi thanh vién trong gia dinh la mot dong luc
quan trong dé tac gia nd luc hoc tap, nghién citu vd vudt qua nhitng khé khan. Tac gia
xin chan thanh cdm on tat ci va luan an nay nhu mot mén qua tinh than xin dap lai su

quan tam, ung ho cla gia dinh, cac thay co, dong nghiép va nhitng ngudi ban than hitu.

Ha Noi, ngay ... thang ... nam 2023

Tac gia luan an
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MG DAU

1. Tong quan van dé nghién ciu

Mang cam bién khong day (“Wireless Sensor Network - WSN”) bao gom mot tap hop
cac thiét bi cAm bién c6 nang lugng gidi han, goi 1a cac nait, st dung cac lién két khong
day nham cac muc dich dic thit nhu thu thap thong tin dit lieu phan tan véi quy mo 16n,
khao sat, thu thap, danh gia thong tin trong cac linh vitc san xuat, y té, sinh thai hoc, khi
tuong thiy van hay an ninh. Vai thap ky qua, su pho bién nhanh chéng ctia mang cam
bién khong day luon phai doi mit véi thach thic vé ddm bao an toan thong tin trude sy
tan cong clia cic loai ma doc nhu virus, sau mang hay phan mém gian diép. Véi muc tieu
danh giad va du bao si lan truyén ciia cac loai ma doc, cach tiép can dya trén mo hinh
héa duge stt dung pho bién véi cac mo hinh he vi phan [1-6], mo hinh mang [7,i8] hay mo
hinh di liéu [9,10]. Mo hinh héa dau tién clia sy lan truyén cac doi tugng doc hai dugce
giéi thieu nam 1927 bdi Kermack va McKendrick [1] v6i viec mo té sy lay nhiém dich
benh trong cong dong bang mo hinh toan hoc dang ngan SIR (Man cam - Lay nhiém -
Ho6i phuc) va sau do, cac tac gia phan tich dic trung dich té va dy bao chiéu huéng bung
phat cta dich bénh dua trong cac cong trinh |2 3]. Nghién cttu tién phong nay da mé ra
mot huéng tiép can méi va duge tng dung rong rai trong nhiéu nghién ctu dé mo hinh
héa sy lan truyén ctia cac loai dich bénh trong cong dong nhu sy lay nhiém ctia virus
corona [11,|12], virus HIV [13], virus viem gan E [14], virus Ebola [15], virus ZIKA [16]
hay virus vien gan B [17]. Ldy cdm hing tit sy tuong dong gitta sy lay nhiém céac loai
bénh dich trong cic quan thé sinh hoc véi su lan truyen cac loai ma doc trén cac hé thong
thong tin khi ching ta xem xét mot nit mang khong nhiém ma doc véi ca thé khoe manh,
nit mang méa doc véi ca thé lay nhiém va nat da dude loai bé ma doc véi ca thé da khoi
bénh, huéng nghién cttu st dung mo hinh dich t& dé mo hinh héa va phan tich su lan
truyén ciia cac loai ma doc trén cidc he thong thong tin hién dang nhan duge nhiéu sy
quan tam (tham khao [4-8,/10,18-22]).

Trong thuec té, cac hé thong diéu tiét giao thong, giam sit moi trudng va sinh thai, cac
hé théng thong tin hodc mang luéi sinh hoc, v.v. ... thudng dude mo ta chinh xac hon béi
cac mo hinh mang phiic hgp khong dong nhat (“heterogenous complex network”), trong
d6 cac mang quy mo tur do (“scale-free networks”) 1a mot 16p mang phiic hgp khong dong
nhat quan trong mo t& tot cho nhiéu heé théng thong tin nhu mang xa hoi [23], World
Wide Web [24], mang cam bién khong day [25], hé thong an ninh [26] ho#c Internet [27].
Trong céac mo6 hinh c6 dién mo ta su lan truyen mé doc, cac tac gid thuong gia st céc

nit trong mang duge phan bé déu va do do, ty 1é nhiém ma doc do tiép xtc 1a nhu nhau



7

v6i moi nit trong mang, titc 1 vai tro clia cic nit trong mang 13 tuong dong. Gia st nay
gitip cho viéc nghién citu tré nén don gian va dé xit Iy hon nhung trong thuyc té, diéu nay
chua hgp 1y khi ma cac loai mang phttic hgp nhu Internet, mang xa hoi hay mang cam
bién, v.v., luon c6 s6 lugng nit rat 16n va vai tro ciia cac nit khac nhau trong mang hién
nhién 14 khong giong nhau. Vi vay, viéc thiét 1ap cAc mo hinh lan truyén ma doc trén
mang doi héi can xét dén tinh khong dong nhat veé tiép xtc clia cdc nit mang. Nghién ctu
clia Pastor-Satorras va Vespignani 28] dugc biét dén nhu mot cong trinh tién phong cho
nghién citu cdc mo6 hinh todn hoc mo ta sy lay nhiém ciia doi tuong doc hai trén mang
phiic hop. Cu thé, cong trinh nay dé xuat moé hinh dich SIS duwa trén mang va trinh bay
mot nghién ciu chi tiét vé dac tinh dich té co ban va két qua gidi s6 cho mo hinh dich
té dé xuat. Dugc tao dong luc tir [28], nhiéu nghien cttu tiép theo vé cdc mo hinh dich té
dita trén mang phitc hgp duge tién hanh va thu duge nhiéu két qua dang chu §. Trong bai
bao [29], Huo va cong sy da dé xuat mot mo hinh dich ba ngén véi cac trang thai man
cam, lan truyén virus va phuc hdi dé mo td qué trinh lan truyén virus trén mang quy mo
tu do. Trong nghién citu nay, cac tac gia xac dinh hé s6 lay nhiém thi phat Ry va thao
luan vai tro ciia gia tri ngudng Ry déi véi dang diéu tiem can ctia mo hinh. Trong nghién
ctu [30], Li va Yousef da gidi thieu mo hinh dich SIRS dua trén mang véi ham xit Iy ma
doc bao hoa dé mo ta ré hon kich ban thuc té khi sé lugng ngusi nhiém bénh cé thé vuot
qua kha nang diéu tri. Bai bdo [30] da chi ra he s6 lay nhiém tht phat Ry va lien két
gi4 tri nay véi sy 6n dinh tiém can ctia diém can bing ciing hién tugng ré nhanh lui tai
Ry = 1. Mot diém méi clia nghién citu nay 1 viee sit dung ham xit Iy ma doc bao hoa thay
vi tuyén tinh dé phit hgp hon véi kich ban bing phat dich trong thuc té. Ngoai ra, cac
mo hinh dya trén mang ciing duge tng dung dé nghién ctu sy lan truyeén thong tin trén
mang x4 hoi nhu mo6 hinh lan truyén tin don trén mang xa hoi dudce nghién citu bdi Zan
va cong su [22], trong d6 cac tac gia xay dung mo hinh lan truyén SICR dya trén mang
gom 4 ngin: Man cam (Susceptible) - Tung tin (Infective) - Phan bac (Counterattack)
- Kién dinh (Refractory) va thdo luan vé du bao xu huéng lan truyén ciia tin don ciing
nhu diéu kién dé tin don duge dap tit. Diém méi ciia nghién ctu nay la giéi thieu ngan
phan bac tin don (C) trong mo hinh dé danh gid higu qua ctia viéc ngan chan lan truyen
dya trén dinh chinh tin don. Trong mot nghién citu gan day, Hosseini va Zandvakili [8]
da dé xuat mot mo hinh toan hoc SEIRS-C dé mo ta qua trinh tin don lan truyén trén
mang x4 hoi. Ké thita ¥ tudng tir [22], nghién cttu nay ciing dé xuat st dung mot ngan
méi (C) dé nghién citu tac dong clia yéu t6 phan cong trong viéc kiém soat tin don. Ngoai
ra, viec sit dung logic mo dé biéu dién téc do truyeén ciing la mot diém méi clia nghién
cttu. Sau khi thiét 1ap mo hinh dich SEIRS-C dya trén mang, bai bao nay da tinh toan
hé s6 lay nhiém thit phat Ry tuong ng véi mo hinh va dua ra mot s6 thao luan vé tinh

on dinh tiém can dia phuong ctia trang thai can bang khong tin don ciing nhu hiéu qua
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clia cach tiép can dya trén logic md déi véi ctia mo hinh dé xuat. Mot s6 nghién cttu lien
quan khac vé cdc mo hinh dich t& diya trén mang c6 thé tham khao tai [311-35].

Giai tich phan thtt ma cu thé 1a khai niem dao ham véi bac a tuy ¥ xuat hien lan dau
vao nam 1695 va ¢6 mot qua trinh dai hoan thién va phat trién. Mac dit linh vic nghién
citu nay ra doi kha sém nhung trong khoang 30 nam trd lai day, giai tich phan thd noi
chung va cac hé dong lic phan thit noéi rieng méi c6 nhitng budce phat trien manh mé va
dang 13 mot van dé nghién ctu tinh thoi sy va tng dung. Cu thé, giai tich phan thi dugc
chiing minh trong cac cong trinh [36-38] 1 mot cong cu httu hiéu khi mo hinh héa céc
hién tugng khong dia phuong, cic qua trinh c¢6 nhd, qua trinh c6 tinh di truyén hay cac
chuyén dong trong moi truong dan hoi nhét. o) day, tinh nh6 duge thé hién trong ham
nhan ctia dao ham phan thi, goi 1d ham nhé. Vi du, dé thé hién cac thudce tinh ctia vat
licu dan hoi nhét véi bo nhé trong mo hinh Kevin, mo hinh Voigt, mé hinh Maxwell, cac
tac gia da dé xuat sit dung ham nhan (¢ — s)®, trong khi dé biéu dién cho cic qua trinh
vat ly phan ra, ham nhan dang exp(t — s)* hodc E, s((t — $)*) duge st dung. Diéu nay
dan téi cac khai niem dao ham phan thi khac nhau. Mot s6 dao ham phan thi ndi tiéng
nhu dao ham phan thi Caputo, Riemann—Liouville hodic dao ham phan thit theo nghia
ctia Griinwald, xem [39-41]. Song song véi s pho bién nhanh chéng ctia tinh toan phan
thi, viéc nghién cttu hé dong luc phan tht cing duge cac nha nghién citu quan tam va
dat duge nhiéu két qua dang cht ¥ ting dung trong nhiéu linh vitc khoa hoc co ban va ki
thuat nhu hé théng mach [42}43], nhiét dong hoc [44], sinh thai hoc [45], dong luc hoc
chat 16ng [46], khoa hoc vat lieu [47], ma héa &nh [48] hay dich té hoc [49]. Mot trong
nhiing van dé dinh tinh quan trong khi nghién ctu cac hé dong lyc phan thi 1a khao
sat dang diéu tiém can ciia cac hé dong lic nay. Gan 15 nam qua, cac nghién cttu vé 1y
thuyét 6n dinh cling nhu céc phuong phap on dinh theo nghia Lyapunov cho cac hé dong
litc phan thit da va dang thu hut nhiéu sy quan tam nghién citu ciia cac nha nghién cttu
trong va ngoai nuéc va tré thanh tien dé cho nhiéu nghién ciu 1y thuyét va ting dung,
tham khéo Diethelm [50], Li va cong su [51,52], Duarte-Mermoud va cong su [53], Tuén
va cong su [54,[55]. T thyc té rang co ché phat tan ma doc dya trén qua trinh truyén
dan tin hiéu trong mang va qué trinh nay c6 su phu thuoe dang ké vao dic tinh clia moi
truong va két cau, tinh chat ctia vat liéu, nhiéu nghién citu gan day da st dung cidc mo
hinh phuong trinh vi phan phan tht dé mo hinh héa st lan truyén ctia ma doc trén céc
hé thong mang nhu mang x4 hoi Instagram [56] hay mang méy tinh [57]. Tuy nhién, can
chi ¥ raing mang may tinh hay mang xa hoi Instagram c6 tinh phan bac r6 rang va do do,
chiing ta can tinh dén tinh khong dong nhat ctia mang dé thiét lap dugc mo hinh thuc
té hon. Ké thita § tudng trén, mot s6 mo hinh dich nhu [11,/12,58,59] da cung cap nhiing
nghién cttu ban dau vé cdc mo hinh dich trén mang phtc hop khong dong nhat véi dao
ham phan tha. Noi dung nghién citu ctia cidc cong trinh nay duge cho trong Bang :



Bang 1: Mot sd nghién cttu vé cac mo hinh dich dya trén mang véi dao ham phan thi

TT| Tailieu M5 hinh Két qua chinh
Tinh toan hé s6 lay nhiém thd phat Ry; Khdo sat tinh

Chen va Mo hinh dich SIR | | )
on dinh tiém can dia phuong va toan cuc cla cac diem
1 cong su phan tha dya trén

R .| can bing; Nghién cttu bai toan diéu khién t6i wu cach
(2014), [58] | mang c6 dieu khien

ly-diéu tri.
Huo v& M5 hinh dich SIRS | Xac dinh hé s6 lay nhiém thit phat va diéu kién cho sy
2 Zhao phan thit diya trén | ton tai diém can bing dic hitu; Dang diéu tiem can
(2016), |59] mang clia cdc diém can bang lién két vai gia tri Ko — 1.
Mo hinh dich SIRS . .
El Saka va Xé&c dinh tap bat bien duong tuong ting v6i mo hinh;
phan tha dya trén ) R N )
3 cong sy Xac dinh cac diem can bang va dieu kién cho sy on
mang cho su lay )
(2019), [16] dinh tiém cén cta cac diém nay.

nhiém virus ZIKA

Lu va cong | Mo hinh lay nhiém | Sy ton tai nghiém khéng am clia md hinh; Tinh toan

4 su COVID SEIHRD hé s6 lay nhiém thit phat va sy én dinh tiém can ciia
(2020), [12] lien thanh phd diém can bing khong dich.
. Mo hinh dich Su ton tai duy nhat nghiem va tinh én dinh Ulam;
fuva SEIQR phan tht | Tinh toan hé sé lay nhiém thi phat Ro va ude lugng
° Wang dya trén mang c6 | do nhay tham sé; Bai toan diéu khién t6i wu véi dieu
(2022), [11)

cach ly khién ngira chiing vi céch ly.

Trong thuc té, do moi truong ciia cac qua trinh truyén dan thong tin luon bi anh
hudng bdi nhitng yéu t6 bat dinh nhu chinh sach bdo mat ctia mang, tinh dong bo ctia hée
thong,... nén ching ta can tinh dén cac dai lugng biéu thi sy khong chic chin khi moé hinh
héa va dién gidi cdc van dé trong moi truong tir nhien. Chd § rang néu cc tham so-di
kien dau vao la cac dai lugng bat dinh véi sai lech khong qua 16n thi ching ta thuong biéu
dién ching duéi dang tdp mo (fuzzy sets) va kéo theo cac mo hinh thiét lap duge la céc
mo hinh md. Cac mo6 hinh mo mo ta bdi cac phuong trinh vi phan-dao ham riéng mo da
va dang thu hat nhiéu sy quan tam nghién cttu ctia cac nha khoa hoc trong khap cac linh
viie khoa hoc-ky thuat, tham khao [60-67]. Trong nghién ctiu [62], Agarwal cling céc cong
su da dwa ra khai niém phuong trinh vi phan phan thi mo (“fuzzy fractional differential
equations”), dai dién cho mot loai phuong trinh vi phan két hop gitta dao ham phan thi
va ham nhan gia tri mo. Lép phuong trinh nay la mot cong cu hiéu qua cho phép mo
ta dang dieu khong chic chan clia cac hé dong huc theo ca khong gian va thoi gian. Mot
s6 nghién citu tieu biéu vé phuong trinh vi phan phan thit mo c6 thé ké dén nhu cong

trinh [68] v6i nghien cttu vé diéu kién t6i wu cho bai toan diéu khién t6i wtu véi rang buoc



10

hé phuong trinh vi phan phan thit md v6i dao ham kiéu Caputo. Trong bai bao [69], Hoa
va cac cong syt da nghién citu sy ton tai va tinh duy nhat clia nghiém mo cho bai toan
Cauchy ctia phuong trinh vi phan phan thi Caputo-Katugampola md. Trong linh vuc 1y
thuyét diéu khién, Mani va cong su [48] da giai quyét bai toan dong bo héa ciia cac mang
no-ron té bao md phan tht hén loan thong qua viéc thiét ké mot luge do didu khién thich
ting. Trong bai bao [70], Moezi v& cong sy da sit dung phuong phap diéu khién ché do
trugt bude lui phan thit gia tri s6 mo khoang loai 2 thich tng dé thiét ké bo diéu khién
cho mot s6 16p co hé phi tuyén véi gia tri khong chic chin. Tinh on dinh tiém can cla
céc hé dong luc phan thit mo cing duge quan tam nghién cttu trong bai béo [71], trong
dé céc tac gia da thiét lap mot so tieu chuan cho tinh 6n dinh thoi gian hitu han ctia mot
16p hé phuong trinh vi phan phan tht md véi tré ty 1é va tng dung dé nghien ciu tinh
on dinh cho mang no-ron mas. Ngoai ra, cac phuong phap s6 cho hé phuong trinh vi phan
phan thit mo cing duge quan tam nghién ciu (tham khéo [67,72]). Trong linh vuc dich
t& hoc, mot s6 mo hinh dich thiét lap béi cac phuong trinh vi phan md véi bac nguyén
dugce thao luan trong [61,66,(73,74]. Diém méi cia cong trinh nay 1a xem xét tdc do lan
truyen ma doc va ham xtt 1§ ma doc dudi dang s6 mo va tit d6, dua ra cac danh gia ban
dau vé dic diem dich t& ctia mo6 hinh dé xuat. Tuy nhién, cac két qua méi dimg lai & viec
gi6i thieu mo hinh dich téng quéat v6i tham s6 hoiic diéu kien dau md, cac tinh chat giai
tich sau sac hon va dic trung dich té clia cac mo hinh lan truyén ma doc chua duge thao
luan mot céch chi tiét. Mot s6 nghién cttu gan day vé cdc mo hinh lan truyén méa doc da
két hop 1y thuyét he dong Iuc véi Iy thuyét mang va 1y thuyét tap ma. Cu the, Zan va céc
cong sy [22] da nghién cttu sy lan truyén clia tin don trén mang xa hoi véi viéc stt dung
mo hinh toan hoc dya trén mang két hop véi dai luong bat dinh dang sé md trong tham
s6 phan bac tin don. Trong mot nghién citu gan day, bang cach st dung logic md va co
s6 luat mo, Hosseini va Zandvakili [8] da nghién ctu sy lan truyén tin gid trén mang va
chiing minh ¥ nghia ctia 1y thuyét mo trong ngan chin tin gia.

T nhitng van dé tong quan trén, nghién ctu sinh nhan thay cac van dé md va trién
vong phét trien huéng nghién cttu vé mo hinh héa va du bao lan truyén ma doc trén mang
cam bién khong day dya trén cadc mo hinh phuong trinh vi phan phan thi va ly thuyét

md. Cu thé, cac hudéng tiép can kha thi ctia luan an bao gom:

(A1) Nghién cttu cAc mo hinh lan truyén ma doc phan thit trén mang cam bién khong
day vdéi dit lieu ban dau md. Véi huéng tiép can nay, do dit lieu ban dau duge gia
stt nhan gia tri s6 md, luan an thiét lap mo hinh lan truyén ma doc trén mang cam
bién khong day véi ham tuong téac dua trén biéu thic gia tri mo va dao ham phan
thtt md. Sau do6, luan an sé xay dung co sé ly thuyét vé giai tich phan thit mo theo
nghia Atangana-Baleanu va bai toan gia tri ban dau cho hé phuong trinh vi phan

phan tht mo mo ta4 mo hinh lan truyén ma doc vdéi dit lieu ban dau ma.
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(A2) Nghién cttu cdc mo hinh lan truyén ma doc phan thit trén mang cAm bién khong day
thiét 1ap bdi mo hinh phuong trinh vi phan phan thit dya trén mang (“network-based
systems”) va logic md. Khi mo hinh héa sy lan truyén ma doc tréen mang, ching ta
luon cb ging dua vao mo hinh nhiéu thong tin, dic diém ciia sy lay lan trong thuec
té dé gitp cho mo hinh thiét lap dugc sat véi thuc té hon va cho nhitng danh gia
chinh xac va phit hop hon. Véi muc tiéu nay, nham thé hien dong thsi cau tric phiic
hop khong dong nhat clia mang cam bién khong day va anh hudng ciia cac yéu to
bat dinh trong qua trinh lan truyen, luan an st dung cich tiép can nghién citu su
lan truyén ma doc trén mang dua trén két hop mo hinh phuong trinh vi phan dua
trén mang, giai tich phan thit va Iy thuyét tap mo-logic mo.

2. Muc tiéu, déi twong va pham vi nghién citu

2.1. Muc tiéu nghién ciu

Luan 4n nghién citu mot s6 moé hinh toan hoc mo ta sy lan truyén cdc phan mém doc
hai trén mot 16p mang phiic hgp khong dong nhat (mang cdm bién khong day). Cu thé,

ba muc tiéu chinh ctia luan 4n gom:

e Thiét lap dugc mot sé mo hinh toan hoc moé ta sy lan truyén ma doc trén mang

cam bién khong day.

e Xac dinh dugce chi s6 ngudng lan truyén Ry-gia tri ngudng dic trung clia cdc mo

hinh lan truyén méa doc.

e Khao sat cac tinh chat dinh tinh nhu: sy ton tai duy nhat va tinh duong ctia nghiem
ddi v6i bai toan Cauchy cho cadc mo hinh lan truyén méa doc, su ton tai cac diém can

bang, tinh 6n dinh tiem can, su ré nhanh va bai toan dicu khién én dinh héa.

2.2. Déi tugng va pham vi nghién ciu

Luan 4n tap trung nghién citu cac mo hinh toan hoc mo ta sy lan truyén ma doc trén

mang cam bién khong day vé6i ddi tuong va pham vi nghién citu nhu sau:

e Céac mo hinh toan hoc clia sy lan truyén ma doc trén mot 16p mang phtic hgp khong
dong nhat biéu dién béi cac 16p hé phuong trinh vi phan phan thi v6i tham sé mo
hosc thiét lap bdi logic mo;

e Tinh chat dinh tinh nhu tinh duong, chi s6 ngudng lan truyen, su on dinh tiém can

va bai toan diéu khién cho mo hinh lan truyén ma doc de xuat.
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3. N6i dung nghién ctiu

Nghién citu cia luan an tap trung vao cac noi dung sau day:
No6i dung 1: M6 hinh lan truyén méa doc SIQR phan thit véi dit lieu mo:

Trong nghién citu 75|, Gémez va cong su da chi ra rang mot s6 hién tugng c6 tinh
phan ra duge mo ta t6t hon bing loai ham nhan khac thay vi nhan dang lily thita, chéng
han nhu mé hinh sinh hoc mé ta co ché mét méi ciia van dong vién dién kinh, qué trinh
phan hily ctia xac chét trong moi truong yém khi hodc qué trinh truyén dan séng trong
moi trudng cé stic nén. Gan day, Caputo va Fabrizio [76] da dé xuat khai niem dao ham
phan thit v6i nhan dang ham mii. Tiép d6, Atangana va Baleanu [44] nghién citu giai tich
phan thi v6i nhan dang ham Mittag-Leffler. CAc khai niém mdi vé tinh toan phan thi
Atangana-Baleanu dudce ky vong sé mo hinh héa tot hon hiéu ting ctia bo nhé trong cac
hé vat 1y phic tap. Trong tai lieu [77], Saad va cong su da so sanh ba khai niém dao ham
phan thit: Liouville-Caputo, Caputo Fabrizio, Mittag-Leffler va 4p dung dé nghién citu
cac mo hinh phan thi cai tién cho phuong trinh Burgers. Mot s6 ting dung khac ¢ thé
tham khao tai [14,42,78,79]. Mot két qua gan day vé phép tinh phan thi ctia ham nhan
gia tri mo duge dé xuat bdi Son va cac cong su trong [80] véi viec nghién cttu cac dao ham
phan thit Caputo Fabrizio va Riemann-Liouville Fabrizio mé duéi tinh kha vi Fréchet ctia
mot 16p ham mo tuwong quan tuyén tinh. Trong luan an nay, tac gia dé xuat két hop giai
tich mo va giai tich phan thtt kiéu Atangana-Baleanu dé mo ta va diy bao lan truyén mé
doc trén mang cam bién khong day véi dit lieu bat dinh thong qua mo hinh lan truyén

ma doc SIQR phan tht dang nhu sau:
(@egB(t) = A— AS(HI(E) + wQ(t) + oR(t) — uS(t)

eIty = AS)I(t) — (v +~+ u)I(t)

PLQ1) B = (4 p+w)Q()
(@ DIRE) = i)+ Q) — (0 + WR(E),
v6i didu kien ban dau (S(0), 1(0),Q(0), R(0)) = (So, I, Qo, Re) € &*, trong d6 2 ()
ky hiéu cho toan tit dao ham Caputo Atangana-Baleanu phan thid md bac g € (0,1) va
cac ham nhan gia tri mo S(¢), I(t), Q(t), R(t) lan lugt ky hiéu cho céc trang thai man
cam, lan truyen virus, cach ly va hoi phuc. Cac tham s6 clia mo hinh duge gia thiét khong
am va dugdc giai thich trong Bang . D6i v6i mo hinh (FDE1)), luan 4an tién hanh két
hop céc k¥ thuat ctia gidi tich mo, giai tich phan tht dé xay dung nén tang ly thuyét co

(FDE1)
vl

vl

( (
( (

ban vé phép tinh phan tht kiéu Atangana-Baleanu cho ham nhan gia tri s6 md va tng
dung dé thiét lap bai toan Cauchy cho mo6 hinh lan truyén ma doc SIQR phan tht ms
duéi tinh gH-kha vi va ching minh sy ton tai duy nhat nghiém cho bai toin nay.

No6i dung 2: M6 hinh lan truyén ma déc SE;E,IQR phan thit dua trén mang
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véi ham lan truyén xac dinh bdi logic mé:

Do cac khu viic muc tiéu ciia mang cam bién khong day trong thé gidi thuyc luon co6
dia hinh phtc tap va khi hau bat thuong, téc do truyén thong tin trong mang bi dnh
hudng sau sic bdi cac yéu té dia Iy va khi hau. Thém vao d6, do cic nit cam bién co
nang luong giéi han v khong thé tu sac nén hoat dong ctia mang cam bién khong day
sé duya trén co ché tiét kien nang lugng va téc do truyén dit licu sé thay doi phu thuoc
vao nang luong thang du ciia mang. Ngoai ra, trong mang cadm bién khong day, cac cum
mang khac nhau sé thuyc hién cac tac vu cdm bién, do luong va thu thap khac nhau nén
dé thay rang toc do truyen dit licu sé khong dong déu. Mat khac, viéec mot nit cdm bién
bi nhiém méa doc nhanh hay cham ciing phu thudc vao mat do ctia cadc nut nhiém ma
doc lan can. Cac yéu t6 nay thuong khong thé do luong chinh xac ma duge thé hién phi
hop hon thong qua cac bién ngon ngit nhu “cao”, “trung binh”, “thap”. Sy xuat hién cta
cac yéu t6 bat dinh goi ra ¥ tudng sit dung 1y thuyét tap mo cho cac mo hinh lan truyén
ma doc trén mang cadm bién. V6i muc tiéu thé hien dong thoi tinh khong dong nhat ciia
mang cam bién khong day va do bat dinh ctia qua trinh truyén dan déi véi mo hinh lan
truyen ma doc, luan an dé xuat nghién cttu mo hinh lan truyén ma doc SE;E,IQR phan
thtt dya trén mang véi ham lan truyén dya trén luat mo gom n hé phuong trinh vi phan
phan thit, trong d6 16p hé thit k cho bdi:

(CD7S.(1) = Alk) — (01(k) + 02(k)) SL(B)O(E) — uSi(t) + ORu(2)
COVEL(1) = o1 (R)SDO() — (n+ w1 + 1) Bralt)
( )0
)

SO/ Eas(t) = 0a(k)Su(t)O(t) — (1 + we + w3) Bay(t) + nE1(t) (FDE2)
COPL(t = w3 By (t) —
§D/Qu(t) = wiB1x(t) + weBai(t) + cli(t) — (ra + 1) Qx(t)
k005‘351“31<(?5) = r1l(t) + r2Qr(t) — (1 + 0) Ri(1),

v6i diéu kien ban dau Sy (0) = SP, E14(0) = E%k, FE51(0) = Eg,m I;(0) = I, Qx(0) = QY,

R(0) = R, trong d6 cac diéu kién ban dau va cac tham sé dugc gid st 1a céc s thuc

(1 4+ ) I(t)

khong am. Ham ©O(t) cho bdi dai dién cho xac suat ma mot lien két cho trude két ndi véi
mot nit lan truyén ma doc. D6i véi mo hinh lan truyén ma doc dang (FDEZ2), luan an
két hgp gii tich phan thit, 1y thuyét mang phitc hgp khong dong nhét véi co s6 luat mo
dé thiét lap mo hinh lan truyén ma doc dya trén mang gom 6 ngan, trong dé nhém céc
nit nhiédm ma doc chiém 3 ngan bao gom: Mang ma doc loai 1, Mang ma doc loai 2 va
Lan truyén ma doc. O day, logic mo duge ap dung dé bidu thi tinh khong déng nhat cta
mang, xac dinh su chuyén trang thai gifta cdc ngan va udc tinh hing s6 lan truyén méa
doc. Sau do6, luan an tién hanh khao sat cac tinh chat dinh tinh cia mo hinh dé xuat gom

sy ton tai va duy nhat ctia nghiém khong am, sy ton tai tap bat bién duong, tinh toan
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chi s6 ngudng lan truyen M, va lien hé chi s6 ngudng nay dé khao sat tinh 6n dinh tiem
can dia phuong-toan cuc va tinh ré nhanh ctia mo hinh.

No6i dung 3: Bai toan 6n dinh héa cho mé hinh lan truyén ma doc SIRS
phan thit dua trén mang c6 diéu khién véi ham xi& 1y ma doc bao hoa

Trong thuc té, kha ning tng phé véi sy lay lan ma doc ciia mdi hé théng mang va
chuong trinh x1t Iy ma doc déu c6 mot miic t6i da nén chi khi s6 nit nhiém ma doc chua
dat ngudng ciia gidi han xt Iy ma doc, gid tri ham x@ 1y méi ty lé thuan véi s6 luong nit
bi nhiém ma doc. Ngude lai, khi ma s6 nat bi nhiém da dat cyc dai va vuot gidi han xit
1§ ctia hé théng thi hien tuong céc nit bi nhiém ma doc nhung bi cham tré xtt Iy ¢6 thé
xay ra. Diéu nay ndy sinh nhu cau thiét 1ap cdc mo hinh lan truyén ma doc c6 tinh dén
yéu t6 su lan truyén ma doc biing phat dé nghien ciu duge dic diém, dong luc ciia mo
hinh trong truong hop nay. Hién tugng nay da duge xem xét nghién citu trong cac cong
trinh [13}/30,/81,/82]. Gan day, nghién citu vé bai toan diéu khién t6i wu cho cac mo hinh
lan truyén méa doc dya trén mang v6i dao ham nguyén da c6 mot s6 két qua 1y thuyét
nhu [11431}34}35,/58]. Cac cong trinh nay tiép can nghién ctu tinh én dinh héa dya vao
nguyén 1y cic tri Pontryagin dé dua ra cac diéu kién du cho tinh t6i wu clia mot cip chap
nhan duge (x*,u*). Tuy nhién, cac diéu kien thu duge cling dit ra mot thach thitc cho
viec kiém tra, danh gia ciing nhu giai s6. Trong noi dung nay, luan 4n xem xét mo hinh
héa hién tuong ma doc lan truyén rong rai trong mang cam bién khong day béi mo hinh
lan truyen ma doc SIRS phan tht dua trén mang c6 dieu khién v6i ham xit 1y ma doc

bdo hoa gom n hé phuong trinh vi phan phan thit ¢6 dang sau:

/

CDISL(t) = A—0,Ot)Sk(t) — (+ ug(t)) Se(t) + wRk(t)
SO0 = aBBSKO) ~ khlt) - s (FDE3)
FOIRE) = wl)St) + s — ()il

voi k= 1,2,...,n, diéu kién ban dau Si(0) = SP, I,(0) = I} va R;(0) = RY, trong d6 uy,
dai dien cho ham diéu khién cach ly cac nit man cam khéi st tan cong ctia ma doc. Déi
v6i mo hinh lan truyén ma doc dang (FDE3|), luan an tién hanh khdo sat cac tinh chat
dinh tinh dic trung nhu: sy ton tai duy nhat nghiém khong am va tap bat bién duong,
tinh toan chi s6 ngudng lan truyén Ry, nghién citu dang diéu tiém can dia phuong va toan
cuc; xac dinh diéu kién cho syt ré nhanh Iui ctia mo hinh. Cudi cling, luan 4n nghién ctu
bai toan diéu khién 6n dinh héa cho mo hinh lan truyén méa doc SIRS phan thi dya trén
mang nham khong ché sit lan truyén ctia ma doc trong mang dia trén cach tiép can hé mo
Takagi-Sugeno phan thi lién két (interconnected fractional Takagi-Sugeno fuzzy system).
Hé mo Takagi-Sugeno gan day da duge tng dung rong rai dé nghién ctiu cac phuong trinh
vi phan phan tha [33]83-86] hodc phuong trinh vi phan dua trén mang [84),87,88]. Tuy
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nhién, hién tai chua c6 nghién citu ndo vé he mo Takagi-Sugeno cho mo hinh lan truyén
ma doc phan thit dira trén mang dé gidi quyét dong thoi tinh phiic hop khong dong nhat
clia mang phitc hop khong dong nhat va tinh khong dia phuong ciia mo hinh lan truyén
ma doc phan thi. Do d6, luan an da dé xuat khai niem hé mo Takagi-Sugeno phan thi
lien két dé nghién ctiu bai toan diéu khién 6n dinh héa cho mo hinh lan truyén ma doc
SIRS phan thit dua trén mang cé diéu khién. Cu thé, luan 4n dua mo hinh lan truyén ma

doc nay vé he mo Takagi-Sugeno phan thi lien két gom n hé con c6 dang:

§D/ei(t) =D wl (z:(1))  Alei(t) + Blui(t) + Y alie;(t) ¢,
p=1 i=1

i
trong d6 i = 1,2,...,n, A}, B} va o}; la cdc ma tran, z(t) la bién tien dé do dugc,
w? (z;(t)) 1a ham trong chuan tic cho biét mitc do kich hoat ctia luat mo thit p trong hé

con thit 4. Sau d6, luan an xay dung vecto diéu khién phan hdi trang thai u(t) va cac diéu

kien du ¢ dang bat dang thic ma tran tuyén tinh dua trén phuong phap ham Lyapunov.

4. Phuong phap nghién ctu

Luan 4n da két hop cac phuong phap cua giai tich phan thi, 1y thuyét tap mo, ly
thuyét on dinh cho céc hé dong luc phan thi, giai tich ma tran va céc ki thuat uéc luong,
bién doi bat dang thic ma tran. Cu thé:

e D6i v6i Noi dung 1, luan an da két hop ly thuyét ctia gidi tich mo va tinh toan
phan tht dé xay dung céc khai niem dao ham va tich phan phan thi v6i nhan ham
Mittag-Leffler v& stt dung nguyén 1y anh xa co tong quat dé ching minh si ton tai

duy nhat nghiém cho mo hinh lan truyén ma doc dé xuét.

e D6i v6i Noi dung 2, luan an st dung co sé luat mo dé thiét lap mo hinh lan truyén
mé doc va sau d6, ap dung 1y thuyét dinh tinh ctia hé dong luc phan thi dé ching
minh tinh ton tai duy nhat nghiém khong am ctia mo hinh. Tiép d6, phuong phap
ma tran thé he mdi (“next-generation matrix method”) dugc sit dung dé xac dinh
chi s6 ngudng lan truyén MR, v cac phuong phap on dinh theo nghia Lyapunov cho
hé dong luc phan thit duge ap dung dé khao sat dang diéu tiém can ctia mo hinh.

e D6i v6i Noi dung 3, luan an st dung ham xtt Iy phi tuyén dé mo ta cho truong hop
s6 luong nit nhidm ma doc vudt qua kha nang xit 1y clia phan mém diét ma doc. Ly
thuyét dinh tinh ctia hé dong lyc phan thit sau d6 dugc 4p dung dé chitng minh sy
ton tai duy nhat nghiéem khong am clia mo6 hinh. Bang cach ap dung phuong phap
ma tran thé hé mdi, chi s6 ngudng lan truyén R,y duge xac dinh. Phuong phap on
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dinh theo nghia Lyapunov cho hé dong luc phan tht duge sit dung dé khéo sat dang
diéu tiém can ctia mo6 hinh. Cudi ciing, luan an sit dung hé mo Takagi-Sugeno phan
thit lien két va phuong phap ham Lyapunov dé nghién citu bai toan 6n dinh héa cho

mo hinh lan truyén ma doc SIRS phan thi dya trén mang c6 diéu khién.

5. Cac két qua da dat dudc

Luan an thiét 1ap va nghién ctu tinh chat dinh tinh ctia cac mo hinh toan hoc mo ta
cho sy lan truyén ma doc trén mang cam bién khong day. Cac két qua dat duge ctia luan
an go6p phan hoan thien 1y thuyét dinh tinh va ting dung ctia phuong trinh vi phan phan
thtt va 1y thuyét mo trong mo hinh héa va nghién ciu cac qua trinh trong thic té. Mot
s6 ¥ tudng va phuong phap nghién citu st dung trong luan an nay cé thé ding dé nghién

cttu mé rong cho mot s6 16p mo hinh khac. Cac két qua dat duge ctia luan an bao gom:

e Thiét lap mo hinh lan truyén ma doc SIQR phan thit véi dit licu mo st dung cac
khai niem dao ham Caputo-Atangana-Baneanu phan thit mo (Dinh nghia va tich
phan Riemann-Liouville Atangana-Baleanu phan thi mo (Dinh nghia , ching
minh sy ton tai duy nhat nghiem tich phan md ctia mo6 hinh (Dinh 1y va Dinh

Iy [2.4) va thuyc hién mot s6 mo phong s6.

e Thiét 1ap mo hinh lan truyén ma doc SE;E;IQR phan thi dia trén mang véi ham
lan truyen xac dinh bdi cac luat mo va ching minh mot s6 tinh chat dinh tinh cta
mo hinh nay nhu tinh duong ciia nghiém, chi s6 ngudng lan truyén R, (Cong thitc
, st 6n dinh tiém can ctia trang thai can bing khong c6 ma doc P, (Dinh ly
va Dinh 1y [3.4) va tinh r& nhénh tién tai % = 1 (Dinh ly [3.3).

e Thiét lap mo hinh lan truyén ma doc SIRS phan thi dya trén mang c6 dicu khién
v6i ham x1t Iy ma doc bao hoa va bai toan 6n dinh héa cho mo hinh nay dua trén
hé mo Takagi-Sugeno phan thit lien két véi cac két qua dat duge gom tinh duong
ctia nghiém, chi s6 ngudng lan truyén Ry (Cong thiic (4.4)), tinh 6n dinh tiém can
(Dinh 1y [4.3 va Dinh 1y [4.4), tmh r& nhanh lui tai Re = 1 (Dinh 1y 4.5) va mot s6
di¢u kién di dang bat dang thiic ma tran cho tinh 6n dinh héa (Dinh ly clia

trang thai can bang khong c6 ma doc Py,

Cac két qua chinh ctia luan an dugce cong bo trong 03 bai bao & cic tap chi thuoc danh

muc ISI, 01 ban thao da gii dang:

P1. N.P. Dong, H.V. Long, N.L. Giang, 2022, The fuzzy fractional SIQR model of com-
puter virus propagation in Wireless Sensor Network using Caputo Atangana—Baleanu
derivatives, Fuzzy Sets and Systems, 429, pp. 28-59. (SCIE-Q1)
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P2. N.P. Dong, H.V. Long, N.T.K. Son, 2022, The dynamical behaviors of fractional-

order SE;EsIQR epidemic model for malware propagation on Wireless Sensor Net-

work, Communications in Nonlinear Science and Numerical Stmulation, 111, 106428.

(SCIE-Q1)

P3. N.P. Dong, H.V. Long, N.T.K. Son, 2023, The analysis of a fractional network-
based epidemic model with saturated treatment function and fuzzy transmission,
Iranian Journal of Fuzzy Systems, 20(1), pp. 1-18. (SCIE-Q2)

P4. N.P. Dong, N.L.. Giang, H.V. Long, 2023, Interconnected Takagi-Sugeno intelli-
gent system and fractional SIRS epidemic model for stabilization of Wireless Sensor

Network. (da gui dang)
va da duge bao cao tai cac Hoi nghi, Hoi thao khoa hoc va Seminar:

e The 9™ Iranian Joint Congress of Fuzzy and Intelligent Systems (CFIS2022), March
2-4, Bam city, Iran 2022.

e Hoi théo khoa hoc can bo tré trusng Dai hoc Su pham Ha Noi 2 - Vién Toéan hoc,
thang 11, 2021.

e Hoi thao khoa hoc cac nha nghién cttu tré: Truong Dai hoc Su pham Ha Noi 2 -
Vién Toan hoc - Truong Dai hoc Khoa hoc Ty nhién, thang 8, 2022.

e Seminar Gidi tich - Todn ing dung, Truong Dai hoc Su pham Ha Noi 2.

e Dai hoi Toan hoc Viet Nam lan thtt X, nam 2023, Tiéu ban Phuong trinh vi phan
va Hé dong Iec.

e Hoi thio quoc té “Optimization and Control Theory with Applications”, Truong Dai
hoc Su pham Ha Noi 2 - Vién Toén hoc, thang 8/2023.

e Hoi thido Qudc gia lan thit XX VI “Mot s6 van dé chon loc vé Cong nghe thong tin
va Truyén thong" (VNICT 2023)

6. Cau tric cua luan an

YORNA4

Ngoai cac phan “Md dau”, “Két luan chung”, “Danh muc cong trinh ctia nghién citu
sinh” va “Tai lieu tham khao”, luan an dugc két cau gom 4 chuong, trong dé cac két qua

chinh dugc trinh bay tai Chuong 2, Chuong 3 va Chuong 4.

Chuong 1: Day la chuong kién thitc chuan bi gom 5 muc. Muc 1.1 gidi thiéu tong quan
ve gidi tich phan thid. Muc 1.2 trinh bay vé Iy thuyét tap ma, logic md va gidi tich clia
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cac ham nhan gia tri mo. Muc 1.3 va 1.4 gidi thiéu so luge vé hé mo Takagi-Sugeno
va hé mo Takagi-Sugeno phan thit lien két. Muc cudi cliing ctia chuong nay giéi thieu
vé mang quy mo ti do Barabasi-Albert.

Chuong 2: Chuong nay nghién citu ting dung ctia giai tich phan thi md trong bicu dién
dang diéu ctia mo hinh lan truyén ma doc SIQR phan thit véi dit lieu mo trén mang
cam bién khong day. Trudc tién, luan 4n thiét 1ap mo hinh lan truyén ma doc SIQR
mo dya trén hé phuong trinh vi phan phan thid V6i muc tiéu nay, luan an trinh
bay trong Muc 2.1 vd Muc 2.2 cac két qua vé dao ham va tich phan phan tht kiéu
Atangana-Baleanu va bai toan gia tri ban dau cho phuong trinh vi phan phan thi
md& dudi tinh gH-khé vi va dao ham Caputo Atangana-Baleanu. Cac muc sau do gidi
thiéu mo hinh lan truyén ma doc SIQR phan thi mo va mo phong dang diéu cua

md hinh dé xuét.

Chuong 3: Chuong nay nghién cttu mo hinh lan truyén ma doc SE;E;IQR phan thit dia
trén mang v6i ham lan truyen dya trén luat mo. Trong Muc 3.1, luan an thiét lap
mo hinh lan truyén ma doc gom 6n phuong trinh vi phan phan thi. Muc tiép theo
trinh bay vé cac tinh chat dinh tinh clia mo hinh dé xuat nhu tinh khong am ctia
nghiém, tinh toan chi s6 ngudng lan truyén Ry va cac trang thai can bang, tinh ré
nhanh tién va dang diéu tiém can ctia mo6 hinh. Cudi ciing, Muc 3.3 trinh bay mot

s6 danh gia va tinh toan mo phéng cho mo hinh dé xuat.

Chuong 4: Chuong nay nghién citu mo hinh lan truyén ma doc SIRS phan thit dya trén
mang c6 diéu khién véi ham xi 1y ma doc bao hoa va bai toan diéu khién 6n dinh
hoéa. Sau khi thiét 1ap mo hinh trong Muc 4.1, cac tinh chat dinh tinh ctia mo hinh
nay dugc thao luan trong Muc 4.2 bao gom tinh khong am ctia nghiém, tinh toin
chi s6 ngudng lan truyén va cac trang thai can bang, sy on dinh tiém can clia trang
thai can bang Py va tinh ré nhanh lui. Muc 4.3 trinh bay bai toan diéu khién én
dinh héa diya trén hé mo Takagi-Sugeno phan thi lién két va cac diéu kien du dudi
dang bat déng thitc ma tran tuyén tinh.



Chuong 1

KIEN THUC CHUAN BI

Trong chuong nay, luan an trinh bay mot sd khai niém co ban lién quan dén giai
tich phan thi va phuong trinh vi phan phan tha [44}50,/52,53,189,90], tap ma va logic
md [65,91], Iy thuyét mang phtic hgp khong dong nhat [9293], hé mo Takagi-Sugeno va
hé mo Takagi-Sugeno lien két [88,/101]. Dong thoi, luan an ciing trinh bay mot s6 kién
thitc bd trg duge sit dung trong chimg minh cac két qua chinh ctia luan an.

1.1. Mot s6 van dé vé giai tich phan tha

Gan day, giai tich phan thtt va cac hé dong liyc phan thi dan 13 mot cht dé thu hat
v6i nhiéu ting dung trong céac linh viiec khac nhau ctia khoa hoc va k¥ thuat [12,15,39,43~
45/48.149,75,94]. Sau day, luan &n sé trinh bay mot s6 khai niem co ban vé dao ham, tich
phan phan tht va tinh 6n dinh ctia cac hé dong luc phan thi:

Dinh nghia 1.1 ( [50], Definition 1.2). Ham Gamma I'(z) dugc dinh nghia dudi dang

tich phan Euler loai hai nhu sau:

Dinh nghia 1.2 ( [50], Definition 2.1). V6i méi 8 > 0 va [a,b] C R, cho f : [a,b] = R
1a ham s6 thoa man f € L'([a, b],R). Khi d6, tich phan Riemann-Liouville phan thit véi
bac § > 0 ctia ham f(t) duge cho béi
~8B 1 ' B—1
JEF() = m/@ (t =) f(r)dr, t>a.
Dinh nghia 1.3 ( [50], Definition 3.1). Cho m := [] la s6 nguyén bé nhat 16n hon hoac
bang 3. Khi d6, dao ham Caputo phan thit v6i bac 8 ciia ham s6 f € C™ ((a,b), R) duge
cho bdi
CD/f(t) = ﬁ /at(t — )AL (D dr, > a.
Dic biet, néu 8 € (0,1] thi dao ham Caputo phan thi véi bac 8 € (0,1] ctia ham s6
f e C'((a,b),R) dugc cho béi

SO0 = = | (4=
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Téng quét, dao ham Caputo bac phan thit ctia mot ham vecto f = (fi f ... fn)T duoc

dinh nghia nhu sau:

.
COYf(t) = (YDV A1) EDalt) .. EDVult))

Dinh nghia 1.4 ( [50], Definition 4.2). V6i mdi cip tham sb «, 8 > 0, ham Mittag-Leffler

E, s(z) v6i hai tham s «, 8 theo bién z duge dinh nghia bdi

Eop(2) := Z Tlah 1 7) z€eR.

k=0
Dac biet, néu 8 =1 thi ching ta ¢6 ham Mittag-Leffler E, ;(2) := E,(2) cho bdi
k

z

_z R.
Flak+1) ~°©

WE

E.(z) :=

=
Il

0
Xét bai toan Cauchy cho phuong trinh vi phan phan tha duéi day:
§o/x(t) = f(t.x(t), t>0 (1.1)
v6i dieu kién ban dau
x(0) = Xo, (1.2)

trong d6 B € (0,1] va f : R x R® — R"™ 13 ham kha vi lién tuc, théa man diéu kien
f(t,0) = 0 va Lipschitz theo bién thit hai. Tiép theo, luan an trinh bay dinh 1y ton tai
duy nhét nghiém cho bai toan Cauchy (1.1))-(1.2):

Dinh 1y 1.1 ( [50], Corollary 6.9). Cho G = [0,00) x R* C R™™! va f: G — R™ la dnh
za lién tuc va théa man dieu kién Lipschitz theo bién thii hai vdi hang so Lipschitz L > 0.

Khi do, bai toan Cauchy — c6 duy nhat nghiem x € C ([0, 00), R™).

Nhan xét 1.1. Dac biét, néu anh xa f(¢,x(¢)) c6 thé biéu dién dudi dang

f(t,x(t)) = Ax(t) + g(x(1)),
trong d6 A € Mat,»,(R) va g : R® — R" la anh xa kha vi lién tuc thi hang s6 Lipschitz
cho béi L = ||A|| + L, v6i L, > 0 1a héng s6 Lipschitz clia anh xa g.

Cho ¢ : [0,00) — R" la nghiém ctia bai toan Cauchy (1.1)—(1.2). Tiép theo, luan an
trinh bay khéi niem on dinh va 6n dinh tiém can ctia nghiém tam thuong ctia 1}

Dinh nghia 1.5 ( [50], Definition 7.2). Nghi¢m tam thuong x* = 0 ctia phuong trinh vi
phan phan thit (1.1) duge goi la
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e on dinh néu véi moi e > 0, ton tai § = §(¢) > 0 sao cho v6i moi nghiem (¢, x,) clia
bai toan Cauchy (1.1)(1.2) théa man ||xo|| < d sé& kéo theo ||(t,%0)|| < € v6i moi
t>0.

e on dinh tiem can dia phuong néu nghiém nay on dinh va hit, ttc la, ton tai hing
s6 v > 0 sao cho véi moi nghiem ¢(t,xo) ctia bai toan Cauchy (1.1)-(1.2) théa man
Ixo]] < 7 sé& kéo theo tlim llo(t, x0)|| = 0.

—00

Cac khéi niem tren duge minh hoa trong Hinh [L.1]

(@ e
x(1)4
A ——
(b) 71 N ne

Hinh 1.1: Minh hoa cho céc khéi niém 6n dinh [Hinh [1.1{(a)] v& én dinh tiém can [Hinh [1.1] (b)]

Nhan xét 1.2. Nghiém tam thudng x* = 0 ctia phuong trinh vi phan phan thi 1}
duge goi la on dinh tiém can toan cuc néu nghiém nay 1a on dinh va hat véi moi diéu

kién ban dau xo € R™.

Tiép theo, luan an trinh bay cac diéu kién cho sy on dinh ctia 16p phuong trinh vi

phan tuyén tinh phan thi:

Dinh 1y 1.2 ( [50], Theorem 7.20). Cho A € Mat,x,(R) va zét hé phuong trinh vi phan
tuyén tinh phan thi SOPx(t) = Ax(t). Khi dé, nghiem tam thuong x* =0 la

7 . A A A N 2 s ﬂﬂ- . P . ., . N 5
e on dinh tiém can néu va chi néu |arg (\;)| > 5 ding vdi moi gid tri Tiéng A\; cia

ma tran A.
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o

. X N ? X m - P . 4 . P ? A
o on dinh néu va chi néu |arg (\;)| > % ding vdi moi gid tri riéng \; ctia ma tran A

s PN

- T ‘
va cac gia tri riéng tdi han, tic la ching thoa man dieu kién |arg (A\;)| = %, co boi

hinh hoc bang 1.

Hinh (1.2 minh hoa cho sy én dinh cho nghiém tam thudng x* = 0 clia hé phuong trinh
vi phan tuyén tinh phan thi §Dx(t) = Ax(t):

Im(\) 4

2% Khéng én dinh

On dinh tiém cin

Re(A

Nai

Hinh 1.2: Mién én dinh ctia phuong trinh vi phan phan thi

Dinh nghia 1.6 ( [52], Definition 6.1). Ham lién tuc 7 : [0,t) — [0, 00) dugc goi 1a thude
vao J# -16p néu ham nay tang ngit va thoa man v(0) = 0.

Tiép theo, luan an trinh bay mot md rong ctia phuong phap ham Lyapunov cho hé
dong lyc phan thi khong 6-t6-nom (|1.1)):
Dinh 1y 1.3 ( [52], Theorem 6.2). Cho x* = 0 la mot diém can bing clia phuong trinh
vi phan phan thi . Gid st rang ton tai ham Lyapunov V (t,x(t)) va cdac ham ~;(-)
thuoc vao A —1dp (i =1,2,3) sao cho

N(x@I) <V (E,x(t) < y(llx@)])
§D/V (8, x(1)) < —(lIx(0)])-

Khi dé, diém can bing x* = 0 ctia phuong trinh vi phan phan thi la on dinh tiém

can toan cuc.
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B6 dé 1.1 ( [50], Theorem 4.2). Vdi moi f1, 5y > 0, ta co

1
Es, 8, () = xEg, g,48,(T) + .
61,6, () 81,8145 () ()

Dé khéo sat két qua vé tinh 6n dinh tiém can toan cuc, luan an xét mot danh gia quan
trong lien quan dén dao ham phan tht dugce tham khao tit Lemma 3.1 trong [89):
B6 dé 1.2 ([89], Lemma 3.1). Cho x : [0,00) — R* la ham lién tuc tuyét doi trén [0, 0o)
and 3 € (0,1]. Khi dé, véi moi x* € RT vat > 0, bat dang thitc sau théa man

707 (xt0) - x - x (D)) < (1- 25 foix.

x* x(t)
Nhan xét 1.3. Cho Wy« : [0,00) — R la ham xédc dinh bdi

Uur(x) =x — X" — x"In (%) .

x
Dé thay rang V.- (x) 1a mot ham s6 khong am va dat cyc tiéu toan cuc tai diém x = x*.

Do d6, ham Lyapunov cho béi dang

duge goi 1a ham Lyapunov ki¢u Volterra.

B6 dé 1.3 ([90], Theorem 1). Cho 3 € (0,1] va gid sit ring cac ham x(-), CDPx(-) thudc
lop C([a,b],R). Khi dé, ta co

x(t) = x(a) + L=V epe)

trong dé a < & <twvatée (ab].

Bo dé 1.4 ( [53], Lemma 4). Cho x(t) € R™ la ham vecto khd vi lien tuc va P € S .
Khi dé, vdi méi 3 € (0,1] vat > 0, bat dang thic sau day ding

%g@f (x" (H)Px(t)) < x" (t)P SDPx(1).

Duéi day, luan an gidi thieu hai khai niem vé dao ham va tich phan phan thi v6i nhan
chinh quy duge dé xuat bdi Atangana va cac cong su (xem [44,45]):

Dinh nghia 1.7 ( [44], Definition 2). Cho f : [0,b] — R 1a ham s6 thuoc 16p C* ([0, b], R).
Khi d6, dao ham Caputo Atangana—Baleanu phan thit bac 5 € (0, 1) ctia ham f(t) duge

00 = 1% [ -0 t”ﬂ F(r)r,

cho bdi
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trong d6 ®(3) 1a ham chuan héa théa man ®(0) = ®(1) = 1. Bién ddi Laplace ctia dao
ham Caputo Atangana—Baleanu phan tht “bcDﬁ f(t) dugce xéc dinh béi

®(3)
(1=8)s"+p
Dinh nghia 1.8 ( [44], Definition 4). Cho f : [0,b] € R — R la ham s thuoc 16p
L'([0,b],R). Khi do, tich phan Riemann—Liouville Atangana—Baleanu phan thit bac 8 €
(0,1) ctia ham f(t) dugc cho béi

2{™DLf(t)} (s) = 2 O}s) — 7 (0]

B

ML) = 5 O+ g | -

1.2. Tap mad va giai tich mo
Trong muc nay, luan 4n nhic lai mot s6 khéi niém co ban vé tap md, suy luan md,
giai tich mo va giai tich phan thi md duge tham khao tit [65,091,/95H98].
Dinh nghia 1.9 ( [97], trang 339). Mot tap md A trén khong gian nén X duge dinh
nghia bdi anh xa A : X — [0, 1], trong d6 gia tri A(z) biéu thi do lién thuoc ciia mot
phan tt # € X ddi véi tap mo A. Tap hop tat ci cac tap mo ciia khong gian nén X dugde
kg hieu béi F(X).
Nhan xét 1.4. Tap md c6 thé xem 1a md rong ciia tap hop ¢6 dién véi ham thuoc cho
bdi ham dic trung x4 : X — {0, 1}.
Dinh nghia 1.10 ( [91], Definition 1.7). Cho A : X — [0, 1] 1a mot tap ms. Khi do,
(i) Tap mic cia A la [A]" ={z € X : A(z) > a}, a € [0,1].
(ii) Gia cua A lasupp A={z € X : A(z) > 0}.
Sau day, luan an trinh bay ng dung ciia tap md trong biéu dién va moé hinh héa do

bat dinh ctia trong ngon ngit thyc té:

Vi du 1.1. Céc tap md c6 thé dugce sit dung dé bicu dién céc nhan thitc chii quan dudi
dang toan hoc. Cho X = [0, 1] dai dién cho ty 1& nat nhiém ma doc trén mot mang. Céc
tap mo Ay, Ay, Az ¢6 thé duge sit dung dé mo hinh héa cac mitc do vé mat do phan mém

doc hai: Thap, Trung binh, Cao (xem Hinh .

Dinh nghia 1.11 ( [91], trang 6). Cho A, B € F(X). Khi d6, ta c¢6
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Degree of Membership
T

29

Hinh 1.3: Céc tap md dé mo td mat do phan mém doc hai: “Thap”, “Trung binh”, “Cao”
(i) Giao cua hai tap A va B, ky hiéu béi A A B, 1a mot tap md C sao cho

C(z) =min{A(x), B(z)} = A(x) A B(z) v6i moi x € X.

(ii) Hop cia hai tap A va B, ky hiéu b6i AV B, 1a mot tap ms C' sao cho
C(z) = max{A(z), B(z)} = A(z) V B(z) v6imoix € X.
Dinh nghia 1.12 ( [98], trang 199). Mot bién ngon ngtt 13 mot bo boén (X, T, U, G, M),
¢ do X la ten bién, T la tap hop cac biéu thiic ngon ngit ¢ thé 1a gia tri ctia bién, U la

khong gian nén, G 1a tap hgp cac luat ci phéap tao ra cac biéu thitc c6 nghia trong T va

M 1a tap hgp cac luat ngit nghia lien két T vao cac tap mo trong U.

Vi du 1.2. Sau day, luan an nhac lai bai toan vé mo hinh héa mat do phan mém doc hai

trén mang bdi tap mo trong Vi du Xét mot bién ngon ngit (X, T, U, G, M), trong do6

e X = Mat do.

T = {rat thap, thap, kha thap, ..., trung binh, ..., kha cao, cao, rat cao, ...}.

e U =0,1] 1a tap hop dién ngdn cho mat do.

G : Cac quy tac cti phap co thé duge dién dat nhu sau: Néu bién ngon ngit “thap”
thuoc G thi “rat thap”, “kha thap” thuoc G.

M : T — F(X) sao cho M(thap) = (0,0,0.3,0.4), M (trung binh) = (0.3,0.5,0.7),
M (cao) = (0.6,0.7,1,1).



26
Dinh nghia 1.13 ( [91], trang 81). Mot luat mo la mot bo ba (A, B, R) bao gom tién dé

A€ F(X), két luan B € F(X) 1a céc bién ngon ngi, lien két v6i nhau qua mot quan he

ms R € F(X x Y). Mot luat mo c6 thé viét dusi dang ménh dé nhu sau:
“Néu z thuoc A thi y thuoc B.”

Vi du 1.3. Xét bai toan biéu thi mat do phan mém doc hai trén mang cho trong Vi du

. Khi d6 luan an xét mot luat mo trong bai toan nay nhu sau:
“Néu mat do ma doc CAO thi ntt mang thanh nat LAN TRUYEN MA bOC.”

Nhan xét 1.5. Thong thuong, mot luat md don 1é khong thé thé hieén day du thong tin
clia bai toan cling nhu khong thé hd trg dua ra quyét dinh chinh xac cho moi tinh huéng.
Do do, chung ta thuong phai xét cac bai todn véi mot co s6 luat mao, tic la mot tap hop

cac luat mo. Vi du nhu

“Néu mat 46 ma doc THAP thi nit mang thanh nit MANG MA DOC LOAI 1.”
“Néu mat do ma doc TRUNG BINH thi nut mang thanh nat MANG MA DOC LOAI 2.
“Néu mat do ma doc CAO thi nit mang thanh nit LAN TRUYEN MA DOC.”

Tiép theo, luan an sé trinh bay mot cach so ludge vé cac két qua doi v6i gidi tich mo

lam dong luc cho cac nghién citu trinh bay trong Chuong 2:

Dinh nghia 1.14 ( [91], Definition 4.1). Xét mot tap md u trén duong thang thuc bdi
dnh xa u : R — [0, 1] cho béi z +— u(z). Khi d6, tap mo u duge goi 1a s6 mo néu cac tinh

chat sau théa man:
(i) u chuan tic, tidc 1a ton tai z¢ € R sao cho u(zg) = 1,
(ii) w 161 mo, tic 1a u (pz 4+ (1 — p)y) > min {u(x), u(y)} véi moi z,y € R va pu € [0, 1],

(iii) w nita lién tuc trén trén R, ttc 1a véi moi € > 0, ton tai § > 0 sao cho véi moi z € R

théa man |z — zo| < 9, ta c¢6 u(z) — u(zg) < ¢,

(iv) Tap cl(supp u) = {z € R: u(x) # 0} 1a tap compact.

Dé truc quan hon, Hinh gi6i thieu biéu dién hinh hoc ctia mot s6 s6 md thong dung:
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Hinh 1.4: Mot s6 loai

Ki hiéu bdi & tap tat ca cac sd mo trén R.

{r eR:u(z) > a}

cl(supp w)

va c6 thé viét lai dusi dang tham s6 [u]®
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s6 md thong dung

Khi d6, v6i méi u,v € &, luan an tong hop
tit cac tai lieu ,, mot s6 két qua quan trong doéi véi khong gian s6 mo & nhu sau:

(i) Tap mitc hodc a—cét ctia s6 md u, ky hieu bdi [u]*, duge dinh nghia bdi

SRR REEREERREEL
R RRRRILLLEEE
LI

%
R RRRERLARREL
R
..:;;,#fi-' RS
s s
e =

e

Hinh 1.5: Minh hoa cho khéi niém tap mtc clia s6 m& u trong mit phing va trong khong gian

(ii) V6i mdi o € [0,1], do dai a—cat ciia s6 md u duge ky hieu béi

_ru/a

(iii) Hieu Hukuhara suy rong (hay ky hi¢u don gian 1a gH-hiéu) clia ctia s6 mo u ddi vé6i
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s6 md v, ky hieu bdi u O,y v, 1a Mot phan ti w € & sao cho

(i) u=v+w
U @gH V=W < N
(i) u =v o (—1)w,
trong d6 + va © tuong tng la tong theo nghia Minkovski va hieu Hukuhara.

(iv) Khong gian metric & la day du v6i metric

doo(u,v) = sup dy ([u]*,[v]") = sup max {|u; —v |, |ul —vi|}.
a€l0,1] a€(0,1]

Thém vao d6, chuan |||, trén khong gian & dugc cho béi

lulle = do (1, 0) = sup dyr ([ug,ug],[0,0])

a€l0,1]

trong d6 0 € & 1a s6 md khong va [(ﬂa = [0,0] v6i moi « € [0, 1]. Tuy nhién, khong
gian metric (&, ds,) khong phai khong gian tuyén tinh (xem [91]).

(v) Ky hieu &" := & x & x --- x &. Khi d6, metric tong quat trén &" xac dinh béi anh

xa D, : & x & — R", trong d6

]D)n(u,v):<doo(u1,v1) doo(ug,v9) - +- doo(un,vn)>T,

v6i moi vecto u = (uy,...,u,), v = (v1,...,v,) € & va ky hieu T biéu thi chuyén

vl cua vecto.

Vi du 1.4. Xét mot s6 md A dang L—R cho béi

x? nful<z<1
A= (3_4:6)2 néful <z<3
0 néu z ¢ [0, 3],

mo t& cho nhan dinh “Cac s6 gan 17. Khi d6, a-cit ctia s6 mo A duge cho bdi [A]” =

[Va,3 —2y/a], a € [0,1]. Them vao d6, chuan ctia A cho béi

,|3—2val} =3.

|Alls = dw (A,0) = sup max {|/o
]

a€(0,1
Tiép theo, luan an trinh bay dinh 1y dic trung Negoita-Ralescu, mot két qui quan

trong dé xac dinh mot s md u tit ho cac tap mic [u]®, a € [0, 1]:

Dinh 1y 1.4 ( [91], Theorem 4.8). Xét mot ho cdac tap hop {M, : a € [0,1]} théa man

cic diéu kién sau:



29

(i) Véi moi a € [0,1], M, la mot doan dong khac rong.
(ii) Néeu 0 <oy <ay <1 thi M,, C M,,.

(iii) Vdi moi day {ca fn>1 hoi tu vé ag € (0,1], ta cé ﬂ M,, = M,,.

n=1
(iv) Vdi moi day {a, tn>1 hoi tu ve 0, ta c6 cl (U Man> = M,.
n=1

Khi dé, ton tai duy nhat s6 mo u sao cho My, = [u]® vdi moi o € [0, 1.

Nhan xét 1.6. Trong luan an nay, khi dé cap t6i khai niém ham nhan gia tri mo, ching

ta sé xét ham nhan gia tri mo f thudc mot trong hai dang sau:
f:DCR—=& hoac f:61C& — 8.

Cac khai niém vé gi6i han ham mo, tinh lién tuc, tinh kha tich v tinh gH-kha vi c¢6
thé tham khao trong cac tai liéu [65,091,95]. Dudi day, luan an sé nhéac lai mot s6 tinh
chat c6t yéu nhat lien quan dén giai tich ctia cAc ham nhan gia tri mo duge sit dung trong
luan an nay:

Dinh nghia 1.15 ( [95], Definition 20). Ham nhan gia tri mo f : (0,b) C R — & dugc
goi 1a kha vi Hukuhara suy rong hay gH-kha vi trén khodng (0,b) néu va chi néu ham
nay gH-kha vi tai moi diém o € (0,b), tiic 1a ton tai f/,(to) € & sao cho véi moi h > 0

da nho, ta co

f(to+h) ©gm f(to) = fou(to)h +(h),

1 A .
trong d6 g5, : RT — & théa man }lLir% Edoo(&?h(h),()) = 0. Khi dé, s6 md f;y(to) dugc
—
goi 1a dao ham Hukuhara suy rong hodac gH-dao ham ctia ham f(¢) tai diém t,. Ky hieu

C1((0,b),&) 1a khong gian cAc ham mo gH-kha vi lién tuc trén khoang (0, b).

Meénh dé 1.1 ( |95, Definition 26). Gid st rang ham nhan gid tri mo f € C*((0,b),&)
va a—cat ciia né duge viét dudi dang tham so [f(t)]* = [f(t), £ ()] vdi mdit € (0,b)
va o € [0,1]. Khi do

(i) Néu ham f la gH-khd vi logi 1 tai to th [f{ng(tg)]a = [(f3) (to), (f5) (to)] -

(ii) Néu ham f la gH-khd vi logi 2 tai to th [fé_gH(to)}a = [(f)(to), (f7) (to)] -
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Dinh nghia 1.16 ( [65], Definition 2.4.1). Gia st rdng a—cat ctia ham nhan gia tri mo
f(t) c6 thé viét dusi dang tham s6 [f(¢)]* = [f (1), £ (t)] v6i mdi t € [0,b], a € [0,1] va
[ (t), fI(t) 1a cac ham do duge, kha tich Lebesgue trén doan [0,b]. Khi d6, tich phan
Lebesgue ctia ham f(t) dugce ky hiéu hinh thic béi fob f(t)dt v6i a—cat duge cho béi

Uobf(t)dtr = [/Ob [ (t)dt, /Obf;(t)dt] v6i méi « € [0, 1].

Khong gian cac ham nhan gia tri mo kha tich Lebesgue trén doan [0, b] dugce ky hiéu béi
LY([0,0], &). Céc tinh chat sau sic hon vé dao ham, tich phan ctia cdc ham nhan gia tri
md c6 thé tham khao tai [65,91].

Tiép theo, luan an nhic lai tr tai lieu [99] mot trong cac khai niém quan trong cta
giai tich phan tht ma, do la tich phan Riemann—Liouville phan tht ctia ham nhan gia
tri mo. Khai niém nay 1a co sé cho nghién citu trinh bay ¢ Chuong 2.

Dinh nghia 1.17 ( [99], Definition 3.1). Tich phan Riemann—Liouville phan thi g8 > 0

clia mot ham nhan gia tri mo f € L'([0, 0], &) duge cho bdi

i ‘—L t — () dr
T10) = 5 [ (=)

Déc biet, gid st rang ham nhan gia tri mo f(t) c6 a—cat cho béi [f(t)]* = [f, (¢), [ (t)]
voi mdi ¢t € [0,b], « € [0,1] va f, (t), fF(t) 1a cdc ham do duge, kha tich Lebesgue trén
doan [0,b]. Khi do, ta c6

2250]" = 5 [ =t an s = ar].

Cudi ciing, luan 4n nhic lai khéi niém vé bién doi Laplace cho ham nhan gia tri mo
de xuat boi Allahviranloo va Ahmadi trong [100].
Dinh nghia 1.18 ( [100], Definition 3.1). Cho f : [0,00) — & la ham nhan gia tri mo
lien tuc va thoa man f(t)e=*! kha tich trén nita khoang [0, c0). Khi d6, bién ddi Laplace

mo ctia ham f(¢) duge xac dinh béi
F(s) = LU0} (s) = / f(tyetdt.

Them vao d6, a—cit cia bién d6i Laplace mo .Z{ f(t)}(s) duge cho béi [j{f(t)}(s)} o

[L{Sa ()3 (s), Z{f (1)}(5)], trong d6 a € [0, 1] va cac ham L{f (1)} (s), L{f(1)}(s)
tuong ting 14 cic bién doi Laplace ciia cadc ham thue f (¢), £ (t).
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Nhan xét 1.7. Tong quat, néu f : [0,00) — &™ la ham nhan gia tri vectd md xac dinh
T
béi t — f(t) = (fl(t) fo(t) -~ fm(t)> thi bién ddi Laplace m& ctia ham vecto f(t)

1a vecto clia céc bién doi Laplace md clia cac ham thanh phan, tic 13,

ZUON) = (ZLAOHS) ZLONS) - LU0)E)

1.3. Hé md Takagi-Sugeno

He mo Takagi-Sugeno (TS) dé xuat bdi Takagi va Sugeno (tham khéo [101]) 1a mot
hé xay duyng trén nén tang cac luat mo dang IF-THEN. Cac hé mo Takagi-Sugeno da
dugc chitng minh 1a mot biéu dién xap xi t6t cho nhidu qué trinh trong vat 1y, sinh thai
va k¥ thuat v6i do phi tuyén cao. Trong muc nay, luan an sé trinh bay mot s6 van de
co ban vé he mo Takagi-Sugeno va hé mo Takagi-Sugeno cho cac hé dong lyc phi tuyén
tit tai lieu [102]. Dau tién, mot hé mo Takagi-Sugeno duge xay dung dya trén t6 hop cé
trong ctia mot ho cac luat ma, trong dé luat ms thi ¢ duge cho béi

Luat thit 4: Néu z; thuoc Z{, z thuoc Z3, ... va z, thude Z; thi y = Fi(z),

trong d6 z = (21, 22, ..., 2,) 14 vecto bién tién dé va z;, j = 1,p. Cac bién z; con duge
goi 1a cac bién lap biéu (scheduling variables) vi gia tri ctia chiing x4c dinh mitc do hoat
dong cua cac luat mo. Gia st hé mo Takagi-Sugeno duge dung véi m luat. Khi do, cac
tap Z; dugc goi la cac tap mo tien dé véi i = 1,2,...,m va j = 1,2,...,p. Gia tri cla
bién lap biéu z; thuoc vao tap mo Z; v6i do chdc chdn cho bdi ham thude w;; : R — [0, 1].
Do ding dan cho mot luat cho trude duge xac dinh dua vao céc bién tién dé doc lap nho
viée st dung ham minimum ¢;(z) = mjin w;j(z;) hodc ham tich ¢;(z) = ﬁ wij(z;). Trong
=1
cac hé mg Takagi-Sugeno, ching ta thuong xét ham danh gia do ding ]dén cua luat thi
i & dang chuan tic

w;(z) = pi(2)

Z;n:1 oi(z)’
v6i gid st rang luon c6 it nhat mot trong cac luat co gia tri ding dan 16n hon khong, tic

1a Z ¢r(z) > 0. Do dau ra clia luat thit i duge xac dinh qua ham vecto he qua F; va
k=1

phu thuoc vao cac bién lap biéu Zj nén dau ra y ctia he mo TS duge xac dinh duéi dang

t6 hop c6 trong ctia dau ra céc luat thanh phan
y = wi(z)Fi(z).
i=1

Vi du 1.5. Dat A;, Ay va As lan luot ky hiéu cho cac tap md dac ta cho cac trang thai

“Lén”, “Trung binh” va “Nho”. Xét hé mo Takagi-Sugeno véi hé luat mo sau:
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Luat 1: Néu z; thuoc A; va 29 thude Az thiy = Fi(z1,22) = 21 + 29
Luat 2: Néu 2; thugc Ay va 2 thuoe Ay thi y = Fo(1, 22) = 221 — 29

Cho cac gia tri dau vao 2§ = 3 va 2 = 2. Gid st rang wa, (3) = 0.8, wa,(2) = 0.2,

wa,(3) = 0.6, wa, (2) = 0.9. Khi d6, do dung dan ctia cac luat cho béi
w; =0.8N0.2=0.2 wy = 0.6 A0.9 = 0.6.
Gia tri dau ra cta cac luat duge cho bdi

Fi(ay,25) = ] + 25 =5,

Fo(aV, 29) = 229 — 29 = 4.

Do d6, dau ra ctia hé mo Takagi-Sugeno cho béi

_0.2><5+O.6><4
N 0.2+0.6

y = 4.25.

Tiép theo, luan 4n nhic lai vé he mo Takagi-Sugeno cho cac hé dong lyc phi tuyén.
Cu thé, xét hé dong luc phi tuyén dudi day:
x'(t) =£(x(t),u(t),0(t))
y(t) =h(x(t),((?)),

(1.3)

trong d6 f 1a ham trang thai dac trung cho sy thay doi clia cac trang théi theo thoi gian,
h 13 mot ham do, x 1a vecto trang thai, u la vecto dau vao hodc bién diéu khién, 6, ¢ 1a
cac tham s6 va y ky hiéu cho vecto do. Khi d6, hé md Takagi-Sugeno bic¢u dién hé dong
lyc phan thi duge cho béi hé m luat mo, trong dé

Luat thit i: Néu 21 thuoc Z¢, 2o thuoc Z%, ... va 2zp thudc Z; thi

X/(t) = H(x(t),u(t), (1))

N (1.4)
y(t) = hi(x(t),¢(@)),

trong d6 zj, j = 1,2,...,p, la cac bién lap biéu va duge chon la ham ctia bién trang théi,
bién dau vao hodc bién dau ra. Cac ham /f, h 13 céc ham heé qua ciia luat mo thit i va
thuong duge chon bang cach xap xi hé dong lyc phi tuyén 4 dang tuyén tinh hoac
affine. Thém vao d6, do cac ham thudc w;;(z;) duge chon sao cho w;;(z;) € [0, 1] va véi

modi gia tri cho phép clia z, it nhat mot trong m luat mo duge kich hoat. Do dé, hé dong
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Ic phi tuyén (1.3) c6 thé biéu dién lai nhu sau:

_ Z wi(2)(x(t), u(t), (t))

S iz ha(x(t), (1))
221 Spi(z)

= Z wi<Z)Hi<X(t)7 C(t))

y(t) =

\
Nhan xét 1.8. Chu ¥ riang trong mdi luat md, cdc ham phi tuyén f, h duge xap xi béi
cac ham hé qua don gian hon /f\, h thuong 1a ham tuyén tinh hoac ham affine. Tuy nhién,
cdc ham hé qua nay chi c6 tinh chinh xéc trong mién ma ham thudc chuan tic w;;(z)
duong, tic 1& ching c6 tinh chat dia phuong. Do d6, cidc hé dang con dugce goi la
cac mo hinh dia phuong.

Tiép theo, luan an gidi thieu so luge vé hai phuong phap giai tich: phuong phap phi

tuyén doan (xem Hinh vA phuong phap tuyén tinh héa (xem Hinh [1.7) dé xap xi cac
hé dong luc phi tuyén dang (1.3) thanh heé m& Takagi-Sugeno (tham khao [102]).
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e Chon bién tién dé z;(-) € [I},I{], j = 1.2,...,p, trong d6 I} va I] tudng tng la gid tri nhé nhit

va gi4 tri 10n nhét cfia bién tién dé z;(-).

e Vdi mdi z;, xay duyng cic ham trong chuin tic

; I —z( ; .
Ay =1=50 aey 1w, =12
11 _In

Khi d6, bién tién dé c6 thé bidu dién lai nhiw sau: z; = I3l (2;) + Bl (25).

Xay dyng cdc tap md tién dé ZJ va Z7 tuong ing véi cac ham trong chudn tic 3 (z;) va 7l (25),

i=12,....p.

e Xay dyng ham thudc cho ludt md thit ¢ duge cho bdi

wi(2z) = H wij(2;),

j=1

trong dé wi;(z;) bing 73 (z;) hoc 77 (z;).

e Xay dyng céc luat cho hé mdé Takagi-Sugeno

“Luat thit i: Néu 21 thude Z;, z» thude Z3, ... vh z, thudc Z, thi

€ ag aa

x' = Aix+ Biu+a;

y=0Cix+¢,”

trong 46 Z € {Z},Z{} véimoii = 1,2,...,m, k = 1,2,...,p, cc ma tran A;, B; C; va h¢ sb

affine a;, ¢; duge x4c dinh bing cach thé gi tri I va I7 twong ing vio hé dong luc phi tuyén va

tir d6 thiét lap he md Takagi-Sugeno.

Hinh 1.6: Lugce do ctia phuong phap phi tuyén doan

Nhan xét 1.9. Mot diém han ché ctia phuong phap phi tuyén quat 1a s6 lugng cac mo
hinh dia phuong trong hé md Takagi-Sugeno 14 ham s6 mi theo sé thanh phan phi tuyén
ctia hé dong Iiiec ban dau. Trong thitc té, néu sd lugng cac mo hinh dia phuong 16n sé dan
dén nhitng khé khian trong cac bai toan thiét ké quan sat, diéu khién do chi phi tinh toan

hosc han ché ctia thuat toan.

e Chon bién lap bidu z.

e Chon cac diém tuyén tinh héa Zo,i, © = 1,2,...,m va phan hoach mién trang thai ciing véi dyng

cac ham thuoc wij(z;)

e Xac dinh cac ma tran hé qua va cac s6 hang affine:

_ o 5Ot _ oh

i = o i =
%z g0 Aulz, 0" % lz; 5,00

a; = f(x,u, 6)|z“,,n— (Aix) IZi,G,O_ (Biu) Izi,nsﬁ

A; Ci = h(x, C)lzi‘nsﬁ_ (Cix) |ZiAnsﬂ

Hinh 1.7: Luge d6 ctia phuong phap tuyén tinh hoa
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Nhan xét 1.10. Phuong phép tuyén tinh héa cho hé dong luc phi tuyén (1.3)) vé ban chat
chinh 1a phép khai trién Taylor cho ham vectd phi tuyén f(x(t), u(t),0(¢)) va h(x(t), {(t))

tai cac diém dai dien khac nhau, trong dé cac diém dai dién nay c6 thé la diém can bang
ctia hé hoic mot diém tiy ¥ nao d6. Trong phuong phép tuyén tinh héa, s6 luong céc
diém dai dién cang nhiéu thi do chinh xac ctia phép xap xi cang tang len. Tuy nhién, viéc
tang s6 lugng diém dai dién ciing sé tang do phic tap cho tinh toan va cac bai toan diéu

khién, quan sat kéo theo.

1.4. Hé md Takagi-Sugeno phan thit lién két

Trong muc nay, luan an xét mot hé dong Iyc phi tuyén lién tuc dya trén mang bao

gom N hé con phi tuyén lién két v6i quan sat:

N
§2ixi(t) = H(xi(t), wi(t) + Y Hij (xi(t), (1))
=1
yi(t) =H (x(t)) ,
v6i moi i = 1,2,..., N, trong d6 H, H va H;; 1a cac ham phi tuyén tron. Gid st ring

bang cach 4p dung phuong phap tuyén tinh hoa (linearization method) hodc phuong phap
phi tuyén doan (sector nonlinearity method), luan an thu duge mot he mo Takagi-Sugeno
phan tht lien két E bao gom N hé con lien két E;, va mdi hé con E; dudc biéu dién béi
hé mo Takagi-Sugeno phan thit sau:

Luat mo E} : Néu z;(t) thudc F}}, zip(t) thuoc Ff) va ... va z,(t) thuoc F}, thi

N
§20xi(t) = APxi(t) + Blui(t) + Y ofix;(t)
j=1

yi(t) = Dix(t),

v6i moi p=1,2,...,r;, trong d6 EY ky hieu cho luat mo thit p ctia hé con lien két E; va

cac s6 hang khac duge giai thich nhu sau:

AP BP va DP 1a cdc ma tran hang véi sd chiéu phit hop.

Cac vectd x;(t) € R™ va u,(t) € R™ tuong ting 14 bién trang thai va bién didu khién

cua hé con E;.

.
Vecto z;(t) = (,zﬂ(t) Zio(t) - ziq(t)) 14 bién tien dé cho hé con E;.

Chi s6 7; 1a s6 luat md cho hé con E;.
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e V6iméi j = 1,2,...,q, F/; la tap mo tien de cho luat thit p va F}; (z45(t)) biéu thi

mitc do lien thudc ciia bién z;;(t) trong F;.
e Ma tran afj 13 ma tran lién két gitta hé con E; va hé con E; trong luat mo tha p.

Khi d6, bang cach a4p dung phuong phap suy luan md, hé con E; trd thanh

CPIxi(t) Zw z;(t {Apxz( )+ BPu,(t) + Zafjxj(t)}
yi(t) = Zw (z(t)) DIx;(t),

(1.5)

trong do

wt (1)) = O A0 =T[F ). 00

Chu y rang ham s ¢ (zl( )) > 0v6imdip=1,2,...,7 vai i = 1,2,..., N. Hon nia,

ham w? (z;(t)) thoa man Z w? (z;(t)) = 1 ¢6 thé xem nhu ham trong chuan tic clia céc
p=1

luat mo [F-THEN v6i moi ¢ =1,2,..., V.

1.5. Mang quy mo tu do

Vi vai tro clia cac nit trong cac hé thong mang thyc té 1a khong dong nhat nén dé thay
rang toc do lan truyen cac déi tugng doc hai qua tuong tac gitta cac nit mang ciing khong
dong nhat. Nhiéu nghién citu trong hon hai thap ky trd lai day tap trung vao viéc nghién
citu co ché, dic diém phét tan caAc phan mém doc hai trong cidc mang phitc hop cé tinh
dén cac yéu t6 bac clia ntt va khong dong nhat trong két ndi. Dé c¢6 nhitng nghién citu chi
tiét hon, ngudi ta tién hanh phan loai cic loai mang phtic hop khong dong nhat dua trén
céc dic trung vé cau tric mang va s6 cac lien két ctia mot nit. Mot trong nhitng mo hinh
mang phiic hgp khong dong nhéat thudng gap 1a mang quy mo tu do Barabasi-Albert [92].
Biang cach nhiing cau tric mang phitc hdp nay vao cac nghién cttu vé mo hinh lan truyén
d6i tugng doc hai, nhieu két qua quan trong [8,[15,29,/30,33,/59,[103] da dat duge trong
hai thap ky qua. That vay, ngudi ta tong két dude ring nhidu hé théng mang trong thiec
té nhu mang Internet, World Wide Web, mang thong tin, mang cam bién ho#c cac mang

x4 hoi déu c6 hai thuoc tinh sau:

e Cac mang quy mo tu do c6 mic tang trudng mang xac dinh, trong dé tdc do tang

truéng mang cho biét cac nit méi tham gia mang véi toc do xac dinh.
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e Cac mang dugc thiét lap theo quy tac két noi wu tien. Thude tinh nay c6 nghia la

mot nit c6 do két noi cao luon c6 xu huéng thu hat nhiéu két néi méi hon.

Trong phan nay, luan 4n gidi thitu mot mo hinh mang quy mo ty do chinh tic c6 tén
14 mang quy mo tu do Barabési-Albert (Barabdsi-Albert scale-free network). Day 1a 16p
mang phitc hgp phd bién nhéat c¢6 tinh dén yéu t6 ting truéng mang va uu tien két ndi
clla mang. Sau day, luan an gi6i thieu so luge vé hoat dong ctia mo hinh mang quy mo
tu do Barabasi-Albert:

Khéi tao: Tai thoi diém ban dau, mang c6 tap co lap gom N, nit va gia st réing cac
két ndi gifta cdc nit duge thiét lap tiy ¥ mién 1a mdi ntut két ndi véi it nhat mot
nit khac.

Tang trudng mang: Tai moi bude thoi gian, mot nat méi bac m duge thém vao mang.
Khi d6, sau t budc thoi gian, mo hinh dang xét sé sinh ra mot mang gom N = t + Ny
nat va Ny + mt két noi.

Gan uu tién: Xéc suat dé mot nat méi két ndi véi mot nat cit bac @ ty 16 véi bac p; clia

nut ¢ va duge tinh bdi cong thiic sau:

P(i) =

Yz ‘
> v
J

Thém vao do, cht ¥ ring xac suat mot niat ¢6 k két ndi cho béi P(k) = ck™7, trong d6 sb

mii v = 3 va ¢ 1a hdng s6 sao cho Y ck™ = 1. Tiép theo, luan an dua ra mot mo ta cho
k
mang quy mo ty do Barabasi-Albert c¢6 kich thuéc mang mong mudn 1a 100 (xem Hinh

. O day, luan 4n gid st ring s6 nit ban dau la Ny = 5 va mot nit mdi gia nhap mang
duge lién két ngdu nhién véi hai nit khac trong mang, tic 1a m = 2.

Trong mot mang cam bién khong day, ching ta biét rang cac nit cam bién thuong
khong duge sac hodic tir nap nang lugng va do do, nang lugng du clia cac ntt cam bién 1a
mot van dé kha quan trong va can duge xem xét can than trong qué trinh gan uu tien.
Thuc té 1 khi mot nit méi tham gia vio mang, ntat nay cé xu huéng sé két ndi véi cac
nit c6 bac cao hon. Hon nita, cac nit mdi cling sé c6 xu huéng két ndi véi nhitng nit co
nang luong du 16n hon. Do d6, yéu t6 vé nang lugng du clia ntat cdm bién ciing 1a mot
van dé can tinh dén trong xay dung cau tric topo ciia mang. Trong phan sau, luan an
trinh bay téng quan vé cac dic trung ctia mang quy mo tu do Barabasi-Albert so sanh véi
mang quy md tu do Barabasi-Albert giéi han nang lugng ( Energy-Aware Barabdsi-Albert
scale-free network) (xem Béng .
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eaﬂi ‘ t!o : ', /f:
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Hinh 1.8: Mang quy mo ty do Barabasi-Albert v6i Ng =5 va m = 2

Bang 1.1: So sanh mang quy mo tu do Barabési-Albert va mang quy mo tu do Barabasi-Albert

gi6i han nang lugng

Mang Barabasi-Albert gidi han
Mang Barabasi-Albert
nang lugng

Mang c6 tap co lap gom Ny ntt va gid st | Mang c6 tap co lap gom Ny nit va gid st

Khéi ring cac két ndi gitta cac nit cam bién rang cic két ndi gitta cac nit cam bién
tao dugc thiét 1ap tuy ¥ mién la méi nit két | duge thiét lap tuy ¥ mién 1a mdi nit két
noi voi it nhat mot nut khac ndi v6i it nhat mot nat khac.

B Tai mdi bude thoi gian, ching ta them
Tai moi bude thoi gian, ching ta thém L
L mot nat mai véi m lién két de két noi
mot nit méi véi m lién ket de ket noi mot

Tang ~ mot nat mdéi véi m niat sdn ¢6 clla mang.
nit méi v6i m nit sdn ¢6 cua mang. Sau

truéng Sau t buéc thai gian, mé hinh mang quy
t buée thoi gian, md hinh mang quy mo

mang md ty do Barabasi-Albert gi6i han nang

tu do Barabasi-Albert sinh ra mét mang
o lugng sinh ra moét mang v6i N =t + Ny
véi N =t + Ny nat va No + mt ket noi o
nit va Ny + mt két noi

Mot nit méi két nbi véi m nat cit dé tao
Xac suat dé mot nit mdi két ndi véi mot | thanh cac canh méi v6i xac suat P(i) ty
. niat ¢l bac i ty 1é véi bac p; cha nat bac ¢ | 16 thuan véi ca bac va nang lugng con lai
va cho béi P(i) = ——. Thém vao dé, clia nat tha i P(4) = L
> B
J

e DY DY
J J

tién L.
xac suat dé mot nat ¢6 k canh tuan theo | trong dé Ag+ Ae = 1, Mg, Ae € [0, 1] 1a céc

phan phéi liy thita P(k). tham s6 hiéu chinh dugc, p; va E; lan

lugt 1a do va nang lugng du ctia nut thi 6.

Nhan xét 1.11. Trong biéu thiic cho biét xac suat dé mot nit méi két néi véi mot nit
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cil bac 7, ching ta thay ring c6 hai tham s6 hiéu chinh duge 1a Ay va A, lan luot dai
dién cho do két ndi va nang luong con lai clia nit thit 7. Gia tri ciia chiing déng mot vai
tro quan trong trong cau tric ciia mang. Néu \; > A, thi do két ndi gitta cac nut chi
phéi cau tric mang, ngudc lai, nang luong du sé chi phdi cau tric mang. Dac biét, néu
A¢ = 1 va A\, = 0 thi mo hinh mang quy mo tu do Barabasi-Albert giGi han ning lugng
tré thanh mo hinh mang Barabasi-Albert quen thudc. Ngudgce lai, trong trusng hgp Ay = 0
va A, = 1, chi con lai nang luong quyét dinh cau tric mang va tat cd cac nit cadm bién
déu 6 trang thai tieu thu ning lugng can bang, diéu nay lam cho tudi tho clia mang cam

bién dugc cai thien dang keé.

Nhan xét 1.12. Trong mo hinh mang quy mo tir do Barabasi-Albert giéi han nang lugng,
cau tric lien két ctia mang bi chi phdi khong chi béi xac suat lién p; ma con ca nang luong

du ctia nat cam bién. O day, nang luong du clia nit cAm bién thit i duge xac dinh béi
E; = Ey — pAF,

trong d6 E 1a nang lugng ban dau clia ntut va AE 1a nang lugng tieu hao khi thiét lap
mot két ndi cho méi nit. Do d6, tong nang luong du ctia cac ntt tai mot bude thoi gian
t ¢6 thé viét lai nhu sau:

Y Ei=) (Eo—pAE) = (No+t)Ey — 2mtAE,

trong d6 Ny + t 14 s6 nit cAm bién tai budc thoi gian ¢ vi 2mt 1a tong bac.



Chuong 2

MO HINH LAN TRUYEN MA DOC SIQR PHAN THU VOI
DU LIEU MO

Chuong nay tap trung mo ta dang diéu clia qua trinh lan truyén ma doc trén mang
cam bién khong day dya trén mo hinh héa toin hoc. Khic véi cac mo hinh lan truyén ma
doc nghién ctu truée dé bsi Hassouna va cong su [104], Mishra va Keshri [5/6], mo hinh
lan truyén ma doc dé xuat trong chuong nay xem xét dén yéu t6 khong chic chan trong
dit lieu dau vao va do d6, né duge xem xét dusi dang mot hé phuong trinh vi phan gia tri
md. Mot sé nghién citu noéi bat vé ting dung 1y thuyét tap ms vao cac mo hinh lan truyén
ma doc c6 thé ké dén nhu Massad va cong su [66], Mondal va cong sut [73], Nandi va cong
sut [74]. Tuy nhién, chua ¢6 nhiéu nghién citu trinh bay chi tiét vé giai tich ciia cdc mo hinh
lan truyen ma doc mo ta bdi hé dong lyc md cling nhu mo hinh lan truyén ma doc phan
thit mo. V6i muc tieu nay, luan 4n xay dung mo hinh lan truyén ma doc SIQR phan thi
v6i dit lieu mo. Tiép do6, luan 4n dé xuat khai niém dao ham Caputo Atangana-Baleanu
phan thit va tich phan Riemann-Liouville Atangana-Baleanu phan thit cho ham nhan gia
tri mo véi mot s6 tinh chat dinh tinh quan trong dé khéo sat dang diéu ctia mo6 hinh lan
truyen méa doc SIQR phan thit véi dit lieu ma. Tiép dé, bién doi Laplace md cho dao ham
phan thit dé xuat duge gidi thieu dé xac dinh cong thiic nghiém tich phan ctia bai toan
Cauchy cho phuong trinh vi phan phan thi mo dudi tinh gH-kha vi. Khi d6, si ton tai
va tinh duy nhat ctia nghiém tich phan dugc chiing minh bang nguyén ly 4nh xa co suy
rong. Cudi ciing, mot s6 biéu dién hinh hoc duge dua ra dé mo ta dang dieu khong chéc
chin ctia mo hinh lan truyén ma doc SIQR phan thit mo. Noi dung chuong nay duge dya

tren két qué clia cong bd [P1] trong Danh muc cong bé clia nghién cttu sinh.

2.1. Thiét lap mo hinh

Trong muc nay, luan an nghién cttu sit dung mo hinh hé phuong trinh vi phan phan
thit mo gom 4 an ham (S-I-Q-R) tuong ting véi 4 ngan clia md hinh lan truyén ma doc dé
didc ta sy lan truyen ctia phan mém doc hai trén mang cdm bién khong day véi cic yéu
t6 khong chic chan. Dau tién, cac ngan trong mo hinh lan truyén ma doc SIQR duge mo

ta4 nhu sau:

(S) Ngin (S) bao gom cac nit cdm bién chua bi nhiém bat ky loai ma doc nao. Tuy

nhién, cidc nit trong ngan nay rat nhay cam véi cac loai ma doc va 1a doi tugng tan
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cong cua cac loai ma doc. Do do6, chung duge goi 1a cac nit man cdam.

(I) Céc nit trong ngan (1) da nhiém cac loai ma doc va hon nita, ching c¢6 thé lan truyén
ma doc sang cac nit thudoe ngéan (S). Do d6, cac nit thude ngan nay duge goi la nit

lan truyén ma doc.

(Q) Ngian (Q) bao gom cac nit cadm bién lan truyén ma doc duge cach ly khéi mang va

chung dugce goi la cac nait cach ly.

(R) Céac ntt cam bién trong ngan (R) da duge loai sach ma doc va duge cai phan mém
diet ma doc. Cac nat thuoc ngan nay dude goi 1a nit hoi phuc. Tuy nhién, do hieu
qué ctia cac phan mém diét ma doc chi ¢6 tinh tam thoi nén céc nat nay cé thé tré

lai trang thai man cam.

Ky hieu S(t), I(t), Q(t) va R(t) lan lugt b6i mat do cac nit man cadm, lan truyén ma
doc, cach ly va hoi phuc theo thoi gian. Khi d6, mo hinh lan truyén ma doc SIQR dugc
mo ta bdi so do sau (xem Hinh .

o

Hinh 2.1: Luge d6 ctia mo hinh lan truyén ma doc SIQR phan thi

Dé béo vé mang cAm bién trudc st tan cong ctia ma doc, ching ta can nidm ré cac dic
diém vé dich té& ctia sut lan truyén. Trong chuong nay, luan an tiép can nghién ctu co ché
lan truyén phan meém doc hai dya trén mo hinh héa toan hoc. Day dudc coi 1a mot cong
cu hieu qua dé khong chi moé ta nhitng dic diém ciia qué trinh lan truyén ma doc trén
cac hé thong mang ma con du bao duge chieu huéng clia sir lan truyén. Mot s6 mo hinh
phuong trinh vi phan thuong mo ta su lan truyén ma doc c6 dé xuat st dung ngan cach
ly da duge dua ra gan day bdi Mishra va Keshri [5] v6i mo hinh lan truyén sau méy tinh
SIQR hay mo hinh lan truyén sau may tinh SIQR véi yéu t6 tai nhiém dudc gidi thieu
béi Khanh [19]. Trong muc nay, luan an sé md rong cac mod hinh nay véi viéc sit dung

dao ham phan thit dé mo ta tinh khong dia phuong ciia moéi truong truyén dan nhu trong
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moi truong dam lay hay trong cidc dong chay phi Newton va stt dung thiét lap duéi dang
mo hinh phuong trinh vi phan gia tri m& dé mo téa tinh khong chic chin trong dit lieu va
tham s6. Luan an gia sit ring moi nit cam bién 6 cac ngan (S), (I), (Q) hoic (R) roi
khéi mang véi toc do p do can nang lugng. Khi do6, co ché tuong tac gitta cac ngin trong
mo hinh lan truyén ma doc SIQR duge mo ta nhu sau:

Ngan (S): Mat do cac ntit man cAm gidm véi toc do tuong ting 1a M (t) va p do cac nut
man cadm bi nhiém ma doc chuyén sang va céc nit hét ning lugng roi khoi mang.
Bén canh d6, ngin (S) ciing sé ¢6 su tdng vé s6 lugng do nhan nut tir cac trang thai
hoi phuc va cach ly véi tde do lan lugt 1 o v w. Ngoai ra, dé mo ta tinh nhé va tinh
chat khong dia phuong clia sy lan truyén méa doc ciing qua trinh truyén thong tin
trong mang, luan an dé xuat sit dung khai niém dao ham Caputo Atangana-Baleanu
phan thit dé biéu thi téc do thay doi trang thai clia qua trinh lan truyén giita cac
ngan. Them vao do6, véi ky vong mo hinh héa tot hon quéa trinh lan truyén trong thé
gidi thye luon chita dung cac yéu té bat dinh, luan an ciing lya chon cach tiép can
xay duyng mo hinh lan truyén ma doc bdi cac hé dong lyc phan thit mo. Tom lai, su
lan truyén ma doc trén ngan (S) c6 thé mo ta bdi phuong trinh vi phan phan thi
mo dudi day:

el S(t) = wQ(t) + o R(t) — pS(t) — AS(t)I(t).

Lap luan tuong tu, ching ta c¢é thé thiét lap cac phuong trinh vi phan phan tht dé
mo ta toc do thay ddi trang thai trong cac ngan (I), (Q) va (R) nhu sau:

Ngan (I): Tu thyc té 1a cac loai ma doc lan truyén t6i cdc nit cadm bién 6 ngan (S)
va chuyén chiing sang trang thai lan truyén ma doc véi toc do AI(t). Cac nit lan
truyen méa doc trong mo hinh dé xuat sé bién doi nhu sau:

(i) Nut lan truyén ma doc can nang lugng va rdi mang véi toc do p.
(ii) Du6i hoat dong ciia cdc phan mém phét hién ma doc, cAc nut lan truyén ma
doc bi cach ly khéi mang véi toc do .
(iii) Nho tac dung ctia cdc phan mém diét ma doc, moi nat lan truyén ma doc hoi
phuc véi téc do v.
Do d6, phuong trinh mo ta sy lan truyén trén ngan (I) duge cho nhu sau:

bePBI(t) = AS()I(t) — (v + 7 + p)I ().

Ngan (Q): Chi y rang mot nit lan truyén ma doc c6 thé duge co lap dé trd thanh nit
cach ly véi xac suat . Sau do, cac niit cam bién & trang thai (Q) c6 thé duge chuyén

sang mot trong cac trang thai sau:
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(i) M&i nit cach ly c6 thé r6i mang véi tdc do p do can nang lugng hoac dudc gidi
phong vé trang thai hoi phuc véi toc do 7.

(ii) Ntt cach ly c6 thé duge gidi phéng vé trang thai man cdm véi téc do w nhd cai
dat lai hé thong.

Do d6, phuong trinh mo ta sy lan truyén trén ngan (Q) duge cho nhu sau:
CPLQE) = VI(t) — (n+ p+w)Q(1).

Ngan (R): Sy thay doi trang thai trong ngan hoi phuc (R) duge mo ta nhu sau:
(i) Mdi nat hoi phuc nhung can nang lugng roi mang véi toc do p va mdi nit cach
ly dugc dua vé vé trang thai hoi phuc véi toc do 7.

(ii) Nho st dung chuong trinh chéng ma doc, méi nit lan truyén ma doc duge phuc
hoi v6i toc do v. Sau do, cac ntt nay hoat dong tré lai trong mang va trd thanh

cac nut man cam véi tdc do o.
Do d6, phuong trinh mo ta sy lan truyén trén ngin (R) duge cho nhu sau:

P GIR() = vI(t) +nQ(t) — (o + w)R(E).

Cubi cting, dang dieéu dong Iiic khong chic chin ciia sy lan truyén ma doc trén mang

cam bién dugc mo ta béi hé phuong trinh vi phan phan tht duéi day:

(0 285(1) = wQ(t) + o R(t) — pS(t) — AS()I(2)
wPlI(t) = ASWOI(H) ~ (v + 7+ u)I(1) o)
CPIQ) = I(t) — (n+ p+w)Q(t)
| PLR(E) = vI(t) +nQ(t) — (0 + ) R(D)
v6i diéu kién ban dau
S(0)=So, 10)=1o, Q(0)=Qo, R(0)= R, (2.2)

trong d6 céc tham sb ctia mo hinh nay dude gidi thich trong Bang [2.1]
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Bang 2.1: Cac tham s6 ctia mo6 hinh lan truyén ma doc SIQR

Tham sb Y nghia
v Téc do diéu tri
o Téc do tré thanh nit man cadm cia nat hdi phuc
A Téc dd bi nhifm méa doc clia nit man cam
i T6c do nat rdi mang vi hét nang luong
n Téc do mot nit cach ly tré thanh nat hoi phuc
w Téc do tré thanh nit man cadm clia nit cach ly
v Téc do dé nit lan truyén ma doc thanh nat cach ly

Thém vao do, gia sit rang téc do tham gia mang ciia ntit mdéi va téc do nit 19i mang
vi hét niang luong 1a bang nhau dé dam bao su can bing ciia mang. Ngoai ra, do s6 lugng
ntt ctia mang 1a hitu han nén ching ta gid st rang N (t) = S(t) + I(t) + Q(t) + R(t) <1
v6i moi t > 0. Cac trang thai can bang 1a mot trong nhitng chii dé nhan duge nhiéu sy
quan tam khi nghién cttu cdc mo hinh lan truyén ma doc trén mang. Bang mot s tinh
toan, chung ta nhan duge mo hinh lan truyén ma doc SIQR c6 hai trang théi can bang
1a trang thai can bang khong c6 ma doc Py = (1,0,0,0) va trang thai can bang dic hitu
P, = (5., ., Q. R,).

Chi s6 ngudng lan truyen Ry 1a mot gia tri duge st dung dé mo ta kha ning gay nhiém
méa doc cho cac nit mang ciia cac loai ma doc nhu virus, sau mang hay phan mém gian
diép. Trong mo hinh lan truyén ma doc SIQR phan thtt md, chi s6 ngudng lan truyen R,

dugce cho béi Ry = PR Trong 1y thuyét cac mo hinh dich t& co dién, dang dieu
vy +p
tiem can ctia mo hinh sé phu thudc chit ché vao gia tri Ry. Tuy nhién, déi véi cac mo

hinh lan truyén ma doc v6i tham s6 md, do han ché ctia cac cong cu gidi tich trong danh

gia dang diéu tiém can ctia mo hinh nén cac nghién ctu nay van la van dé mé.

2.2. Pao ham Caputo Atangana-Baleanu phan thw@ va tich phan Riemann-

Liouville Atangana-Baleanu phan thi& cho ham nhan gia tri mao

Trong muc nay, luan an dé xuat khai niem dao ham va tich phan phan thi véi nhan
khong suy bién cho cdc ham nhan gia tri mo. Tiép d6, mot s6 tinh chat dac trung lien
quan dén céc khai niém nay nhu bién ddi Laplace, cong thiic kiéu Newton-Leibniz ciing

duge thdo luan.

Dinh nghia 2.1. Gia st rang ham f(¢) thuoc 16p C* ([0, 8], £). Khi d6, dao ham Caputo
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Atangana—Baleanu phan thi 5 € (0,1) ctia ham gia tri mo f(¢) duge xac dinh bdi

(t —71)°
o= 25 [ [T

Nhan xét 2.1. Theo cac tinh chat trong Proposition 8.23 ctia [91], chiing ta nhan dugc

e (=B
g5 = 1% [ (). fyu()dr
k

f;H<T>dT.

1-p I'(kB+1)

_(I)(ﬁ) = m) ! _Tk:ﬂ/ Ndr

_1—5,;F(kﬁ+1)/o(t 9 ()
PB) o= (=B \" apen

:1%;(1%) T o0

Ménh dé 2.1. Gid st rang ham f € C*([0,b],&) va cic a—cit cia né duge biéu dién
dudi dang tham so [f(t)]* = [f; (), f.7(t)] vdi mdi t € [0,b] va o € [0,1]. Khi d6

(i) Néu f la ham gH-khd vi logi 1 thi [abcgf f(t)]a - [abCDi fo(t), D’ f;(t)] .
(ii) Néu f la ham gH-khd vi logi 2 thi [ab@{i f(t)r — [abcnﬁ FH(t), @DP £ (t)} .
Dé minh hoa cho két qua 1y thuyét, luan an xét vi du sau:

Vidu 2.1. Cho A; = (0, 1,2) 14 86 m& tam giac biéu dién cho nhan dinh “S6 gan 1”. Tiép
theo, xét ham nhan gia tri md f : [0,7] C R — & cho béi f(t) = (t,t +sint, t + 2sint).
Chti y rang ham f(t) c6 thé viét lai dusi dang sau:

f(t) = Al sint 4+ t.

Hon nita, f(¢) 1a ham nhan gia tri mo gH-khé vi theo cé loai 1 va loai 2 trén doan [0, 7).

That vay, ta ¢

(i) f(t) 1a ham gH-kh& vi loai 1 trén doan [0,%] va gH-dao ham clia né cho béi
fi_gu(t) = (1,cost +1,2cost + 1) véi tap miic

[f{_gH(t)]a =[1+ acost,2cost + 1 — acost].

(i) f(¢) 1a ham gH-kh& vi loai 2 trén doan [3,7| va gH-dao ham ctia n6 cho bdi

fo_gu(t) = (2cost +1,cost +1,1) véi tap miic

[fé_gH(t)]a =[2cost+1—acost,1+ acost].
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Do thi ctia ham f(t) va cac dao ham ctia n6 duge cho trong Hinh

0 0.5 1 15 2 25 3 0 0.5 1 1.5 2 25 3

IS
@

@«
o
T

w
T

251

(t,t+sint, t+2sint) on [0,7]

o [om]

The gH-derivatives of the function f(t) on [0,7]

The function f(t)

1T /2 R

Time Time
Hinh 2.2: Ham nhan gia tri mo f(¢) va cac gH-dao ham trén doan [0, 7]

Tiép theo, luan an sé tinh dao ham Caputo Atangana—Baleanu phan thit ciia ham
nhan gia tri mo f(¢) trén doan [0, 7]. V6i muc tiéu nay, trén doan [0, 2] dua trén tinh
toan (xem Béang 9.1 trong | m ta c6

t
D) L—6/1 [ t_cy}@H<”“‘”fgézﬁﬁﬂ_ﬁﬂt;f}ﬁgH“MT
1a ham nhan gia tri s6 mo tam gidc (aq, by, c1) := (a1(t),b1(t), c1(t)) v6i cac thanh phan
cho béi

td —Bt?
a; = 1_(65)E62 {lfjﬁ} ,
r b o] itﬁ " . < . .7
b, = CI)(B) 1R, _Btﬁ +Z <1— ) [1F1 (17k5+172t)+1F1 (1,]{75+1, Zt)] |
L= =80 = 2T (kG + 2)
(5) Bt (%ﬁﬁ)khFl(l;kﬁﬂ;it) +1F (1, kB + 1; —it)]
co=——|tEga | ——| + Z ’
1=5 -5 5 T(kA 1 2)

trong d6 4 la s6 4o vA ham Kummer siéu hinh hoc suy bién (xem [50], trang 189) dugc
xac dinh bdi

— & ' 6zssa—l — g b—a—1 S
- T(b—a)l(a) /0 (1) ds.

Tiép d6, v6i mdi t € [5,7], ta co

1Fi(a;b; 2)
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Bing lap luan va tinh toan tuong ti, ta ciing ching minh duge abc.@fif(t) la mot ham

nhan gid tri s6 mo tam giac c6 dang (ag, ba, c2) := (as(t), ba(t), co(t)), trong do

ot [obafss] | [

S 1-8 2 2
+Z< SV Py (kB L) 41 By (1RG4 1 i) |
T(kB +2)
Brh . - . .3
by — (I)(ﬁ) W]Eﬁ,Q |:2[3 1-8) i| <2/3(1 ﬁ)) [1F1 (17 kﬁ + 172t) + 1F1 (17 kﬁ + 17 _Zt)]
15 +Z oL (k5 + 2)
(2t — m)Es, [M] o0 (fﬁ@%)ﬁ)k LFy (1 kB + 1;it) + 1 Fy (13 kB + 1; —it))]
* > +k§ NCEET) !
B o(5) g [QB(? 5)} (2t — m)Eg 2 [—265_(2;:83]
2=1-5 2 * 2
T(kB +2)

k=0

Tiép do, luan 4n trinh bay khai niem tich phan Riemann—Liouville Atangana—Baleanu
phan thi cho ham nhan gia tri mo f : [0,b] C R — & lién két v6i khéi niem dao ham
Caputo Atangana—Baleanu phan thii:

Dinh nghia 2.2. Cho f : [0,b] C R — & la ham nhan gia tri ms. Khi d6, tich phan
Riemann—Liouville Atangana—Baleanu phan tht véi bac 8 € (0,1] ctia ham f(¢) duge

dinh nghia nhu sau:

abrB iy LB B ' B T P
7210 = G 1O+ s, O = G 0+ 5T 0

Thém vao d6, véi moi a € [0, 1], a—cit cla tich phan phan thi abef(t) dugc cho bdi
O FROR WAL

Nhan xét 2.2. Trong mot s6 truong hop dic biét ctia bac phan thi 3, tich phan

£(t) + 0 v

Riemann—Liouville Atangana—Baleanu phan thit dong nhat véi cac khai niem da biét:

(i) Néu 8 = 0 thi tich phan Riemann—Liouville Atangana—Baleanu phan thit tré thanh

1-0 0

T = 50 0+ g [, ¢~ ) = 1)
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(ii) Néu B = 1 thi tich phan Riemann—Liouville Atangana—Baleanu phan thit tré thanh

T = 5 O+ g [, e = [ oy

Vidu 2.2. Gia st f:[0,7] C R — & la ham nhan gia tri md cho béi
f(t) = (0, e 2eM 4+ t2) ,

trong d6 A va T 1a cac hang s6 duong. Khi dé, tich phan Riemann—Liouville Atangana—Baleanu

phan tht bac 8 € (0, 1] ctia ham nhan gia tri ms f(t) cho béi

abB _ ﬂ i B
TU10) = 5o 0+ 55 T O,

Déu tien, luan an xac dinh tich phan phan tht Z7 f(t) = (If(O),Zf(e’\t),If(%’\t + t2)>,
trong do

t
77(0) = / (t —7)%710 dr =0,
0
t
70 (M) = / (t— 7)P=1eNdr = tPBy 41 (M),
0

' (3
77 (2eM + 1) = / (t— 7)1 (2eM + 7%) dr = 2t°Eq 541 (M) + Ltﬁﬁfl,
0

(5 +3)
Do do,
bTIf(t) = 1=5 (0,e,2eM +7) + b <o PRy gy (M), 269 54 (NE) + Ltﬁﬁ)
¥ ®(p) " o(p) \ 7 T r@+3) )

) 1 )
Dic biéet, néu 8 = 0 thi “°Z9 f(¢) = W (O, e, 2eM + tz) = f(t) trong khi néu g =1 thi
ta co

b F(t) = ! 0,tE; 5 (M), 2tE; 5 (M) + 2
* (1) ’ ['(4)

- t(eM —-1) 1,
0 ~t
/ N3

( (eM—1) 1
- (0 5 S )

—/ (O As 26’\s+5)d5

0

Céc tinh todn nay minh hoa cho ménh dé (i) va (ii) trong Nhan xét .
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Tiép theo, luan an giéi thieu mot cong thiic kiéu Newton-Leibniz cho dao ham Caputo
Atangana—Baleanu md phan thit. Cong thitc nay hd trg truyc tiép cho viéc xay dung cac
két qua quan trong trong giai tich phan tht va phuong trinh vi phan phan thi véi dao

ham kiéu Atangana—Baleanu.

Dinh 1y 2.1. Cho 8 € (0,1) va f : [0,T] C R — & la ham nhan gia tri mo gH-
khd vi, khong c6 dieém chuyén trén doan [0,T). Khi dé, tich phan Riemann— Liouvile
Atangana— Baleanu phan thi va dao ham Caputo Atangana— Baleanu phan thi cia ham

nhan gid tri mo f(t) théa man cong thitc Newton— Leibniz:

“TL (" DLFW) = F() Sgn f(0), e [0,T]

Chaing minh. Vi f(t) 1a ham gH-kha vi va khong c6 diém chuyén trén doan [0, T, titc 1a
ki¢u gH-kha vi ctia ham nhan gia tri md f(¢) 1a loai 1 hodc loai 2 trén doan nay.
Trudng hgp 1: Néu f(¢) 1a ham nhan gid tri mo gH-kha vi loai 1 thi v6i méi ¢ € [0, 7]

va o € [0, 1], ta ¢
2z (ol rw)] = [0 (Dl o) 1 (Dl o).

Cha ¥ rang theo dinh nghia clia tich phan Riemann—Liouville Atangana—Baleanu phan
thit cing v6i cong thic dang chudi cho dao ham Caputo Atangana—Baleanu phan thi,

chung ta suy ra

W17 (D (1)) = %WD&J‘; (t) + %Iﬁ GAA0)
_ i (%)k (1) )+ ot [i (%)k 1 (1) <t>]
_ i (%)kl’iﬁ“ (F2) (1) - (%) 2 (%)klif““’ﬂ“ (F)'®)
() o3 () e o

Lap luan tuong tu, ching ta ciing nhan dugc “in (“bcDifof(tD = fI(t) — f1(0). Do do,
tap miic ctia biéu thite “Z? (“bc@ff(t)> cho bdi

2z (2L 5 )] = [ () = £20) £ (1) = £(0)]  v6i moi € [0,1]
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Theo dinh ly dac trung Negoita-Ralescu (xem Dinh 1y , diéu trén dan t6i

vz (T (1)) = f(t) © F(0). (2.3)
Trudng hgp 2: Néu f(¢) 1a ham nhan gid tri mo gH-kha vi loai 2 thi v6i méi ¢t € [0, 7]
va a € [0, 1], ta c6
T ()| = [ (D) (DL o) ]
Bang lap luan tuong tu nhu Truong hop 1, ching ta ciing nhan duge
W (DS (1) = fa (t) — £(0)
W (PDLSE®)) = (1) — £1(0).
Didu trén kéo theo [abzﬁ (ab@f f(t))r = (“1)[f5(0) = f=(t), £+(0) — £ (1)] v6i moi
a € [0,1]. Do d6, theo dinh 1y dac trung Negoita-Ralescu, chiing ta nhan duge
I Lf()) = (1) (F(0) © f(2)) (2.4)
+ + : -

Két hop cac ding thiic (2.3)) - (2.4) va theo dinh nghia ctia hieu Hukuhara suy rong, chiing

ta nhan duge @Z° (abc@fi f(t)) = f(t) O f(0). Dinh 1§ dutgc chitng minh. O
Cudi cuing, luan an trinh bay cong thitc bién doi Laplace md cho dao ham Caputo

Atangana—Baleanu phan thtt nham xay dung cong thitc nghiém tich phan cho bai toan

xét & cadc muc sau.

Ménh dé 2.2. Cho ham nhan gid tri mo f: [0,b] C R — & thugc ldp C* ([0,0],&). Khi

dé, bién doi Laplace mo cho dao ham Caputo Atangana— Baleanu phan thi abc.@ff(t) cua

ham nhan gid tri mo f(t) duge cho bdi

®(8) " L{f(t)}(s) © 5"~ £(0)

néu f gH-khd vi loai 1

s 1-p Sﬁ—l-%
g{a C@Jrf(t)}(s) = _ B—1 B o
(=DPB) ™ FO) S S"LASNS) 5 ¢ b ki vi Toi 2
1-p sﬂ—l—% ! -

Chitng minh. V6i méi o € [0,1], a-cit ctia ham nhan gia tri mo % {“bc.@f_f(t)} (s) duge

cho dué6i dang thu gon sau:

2 {0} 0] = [2{(=0ir) o} e { (0ir) o))
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(i) Néu f(t) 1a ham gH-kha vi loai 1 thi theo Dinh nghia[L.1] va Dinh nghta[2.1] ta c6

2 1)) = D2 7 (). 11 0]
Do dé, ta suy ra
[g {abc.@ff(t)} (sﬂa _ [ {abcD/J’f (t )} (s),.& {abcDﬁer( )} (s )}

Tiép d6, a4p dung bién do6i Laplace cho dao ham Caputo Atangana—Baleanu phan thi

ctia ham thuc (xem cong thic (10) trong [44]), ching ta nhan dugce

2{"DL O0}0) = = (92 a0} 0 - 11 0),

)
B
2 {#Di5r0} () = (1_‘2—;%(353 {Z 0} (5) = 111 0).

Do d6, cong thitc duéi day diang véi moi a € [0, 1]

2 {0} (), 2 {DLpE )} (s)]
)

—u_ﬁ(w[ﬂf{f )} (5) =" (0), "L [ ()} (5) = "1 £1(0)] -

Mat ke, vi dang tham 56 [5°.2 {£7(8)} (5) — 5%z (0),5°.2 {£ (1)} 5) — 5* ££(0)]
dting v6i moi a € [0, 1] nén ching ta cé thé viét
("2 {fa (O} () = 77112 (0), "L {fS (D} (s) = 71 £ (0)] = {Sﬁj{f(t)}(s) 98571]‘(0)}(1,

®(5)

T a3 LU0} 057 0] voi mo

va do d6 [.z? {abc.@f f(t)} (5)]a _
a € [0,1].
(ii) St dung gié thiét vé tinh gH-kh4 vi loai 2 ctia ham nhan gia tri mo f(¢), ta c6
el fw)] = [*DL 0, >DLf; ()]
St dung bién doi Laplace va lap luan tuong ty Trudng hop (i), chiing ta nhan dugc
2 ) abe o8 @ o CI)(B) -1
{210} 6] = | =g (2 {0} () - 95 0),
P
% ("2 {1} (s) - Sﬂ_lfa_(o))}
—1)d
T - 2 {0} ),

A (0 - 2 L0} )]
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(=1)®(B)
(1-p8)s"+ 8

v6i moi av € [0, 1]. Do d6, higu Hukuhara

(s £ "2 {fH (1)} (s)) ton

tai va ching ta c6 thé biéu dién

{((_1)@(@ ( F=1f0) o sﬁj{f;“(t)} (s)>]a _

B)sP +
{((;))Sé-i)-ﬁ ( ﬁ*lf(;(o) _ Py {f(;(t)} (5)) ,ﬂ(—lﬁ))i)éﬁ—i)—ﬁ (sﬁflf;r(()) _ By {f(j(t)} (5))} :

titc 1a néu f(¢) 1a ham gH-kha vi loai 2 thi

(2 { o} )] = {% ("1 "2 {1} (s))]a,

v6i moi a € [0, 1]. Dinh 1y duge chiing minh. O

Meénh dé 2.3. Gid si ring f : [0,00) — & la ham nhan gid tri mo lien tuc. Khi dé, vdi

moit > 0, ta co

2{ [ 5 [-sC = s b 9 - 2 101 0

S—f—m

Chitng minh. V6i méi t > 0, ky hiéu g(t) = Eg [—6%]. Khi d6, tich chap cta f(t) va
g(t) duge cho béi

(fxg)( / f(r)glt—r dT—/OtEﬁ {_5%} F(r)dr.

Bing cach ap dung phép bién ddi Laplace md clia tich chap (xem Dinh 1y 3.8, [105]),

chiing ta tryc tiép thu dugc

2{ [ [ rnar} ) = 2 {m [ b2 sn o)

sﬁ’l

Theo tinh toan trong ( [106], trang 602), ta c6 £ {Eﬁ [—ﬁ%] } (s) = ———. Vi vay,

dinh 1y dugc chiing minh. O]

2.3. Su ton tai v duy nhit nghiém md cho bai toan Cauchy dbi véi phuong
trinh vi phan phan thi& duédi tinh gH-kha vi
Trong muc nay, luan 4n nghién citu syt ton tai va tinh duy nhat ctia nghiém tich phan
md cho bai toan Cauchy dudi day ddi véi phuong trinh vi phan phan thid mo dudi tinh
gH-kha vi va dao ham Caputo Atangana—Baleanu phan thi:
abepPu(t) =F (t,x(t))

(2.5)
x(0) = Ty,
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trong do “bc.@fx(t) la dao ham Caputo Atangana—Baleanu phan thi ctia vecto trang thai
z(t), t € J = [0,T], dieu kien ban dau xg € & va F : [0, T] x & — &™ 1a ham nhan gia

tri vecto mo théa man cac gia thiét sau :
(HF1) Ham nhan gia tri vecto md F(-,€) : [0,7] — &™ do dugc manh v6i mdi € € & va
F(t,-) : & — &™ lién tuc v6i hau khap ¢ € [0,T7;
(HF2) Ton tai ma tran M, sao cho D, (F(t, £), O) < MDD, (&, 0) v6i moi & € &
(HF3) Ton tai ma tran My sao cho D, (F(¢,€),F(t,€)) <MD, (&, €) véi moi &, € € &
Xét khong gian
C([0,T],6™) = {¢:[0,T] = & : ¢(t) 1a ham lien tuc trén doan [0, 7]}

cling metric tong quat co trong

Ha (0, 10) = sup {Dy ((t), 0(t))e ™}

(0,77
trong d6 A > 0 1a hdng s6 duong du 16n. Khong gian metric (C ([0,7], &™), H,) 1a mot
khong gian metric day di. Trong muc nay, luan an gia st rang tat cd cidc ham thanh phan
clia ham gia tri vecto md () ¢6 ciing kieu gH-kha vi va khong c6 diém chuyén trén doan
J =10, T]. Dinh 1y sau day déng vai trd quan trong trong viéc xac dinh nghiém tich phan
mo cua bai toan Cauchy .

Dinh ly 2.2. Gid si rang x € C ([0,T], &™) théa man bai toin Cauchy .

(i) Néu x(t) la ham gH-khd vi gH logi 1 thi né théa man phuong trinh tich phan sau

1-p B

z(t) = zo + WF(t’x(t)) +

—_— t — )R (1, 2(7))dr. .
e / (t — 1) 'F(r, 2(r))d (2.6)

(ii) Néu z(t) la ham gH-khd vi gH logi 2 thi né théa man phuong trinh tich phan sau

1-5 B t VI
(5)/0(t )7 (r a(r))dr | (2.7)

7t) =20 (1) [‘P(ﬁ) (3)®

F(t,z(t)) +

Chimg minh. V6i méi t € [0,T], bang cach ap dung bién doi Laplace md cho ca hai vé
ctia hé phuong trinh vi phan phan thit ciia bai toan (2.5), ta c6

Z{7a(t)} (5) = 2 {F(t,2(1)} (5) (2.8)

Ap dung Menh dé , déng thic trén c6 thé dugce viét lai dudi hai dang dudi day tiy

thudc vao loai gH-khé vi ctia ham nhan gia tri vecto mo z(t).
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Trudng hop 1: Néu z(t) la ham gH-kha vi loai 1 trén doan [0, 7] thi ding thic (2.8)

tuong duong vé6i

©(B) s°L{x(t)}(s) © 57 a(0)

= Z{F(t,z(t)} (s).

1-5 7+ 25
Do d6, ta c6
206 © 5t = L 2 (w0, 0(0) (0
& Plat)}(s) = éxo + %f {F(t.2(t)}(s)

& L)) = sro-+ G L)} 6) + S F a0} 0
- — - L (P! -
o Z{0)6) = 100+ L F 0D 0) + 552 1 OL T} )
Sau dé, ap dung dinh 1y vé bién doi Laplace cho tich chap, ching ta nhan ducc
)

L{x()}(s) = —w0 + Z{F(t,2(t)} (s)

()
38 2l Y RIS Al
+F(ﬁ)<b(ﬁ)${/o(t )7 E (T, ())d}().

Cudi ciing, bang cach ap dung bién doi Laplace nguge, ching ta nhan dugce

(1_6) T —6 t — VR (7, 2(1))dr
) F S0+ ez ], 7Rt

Trudng hop 2: Néu z(t) 1a ham gH-kha vi loai 2 trén doan [0, T thi ddng thic (2.8) trd
thanh

x(t) = zo +

(—1)(8) s°12(0) © " L{x(t)}(s)
1-5 sB 4+ %

= Z{F(t,2(t)} (s).

Déng thiic trén tuong duong véi

i _ 348 i
S (0) & 8 Pa()}(s) = TP G pr v} (s)

2(5)
- — B)sP -
& s L{a(t)}(s) = 5w © %3 {F(t,2(t))} (s)
- — B)sP -
& ZLa)s) = 1200 TG L2 Bt a()} (9
: 1 0=, p
& L)) = 3200 |G L Pt)} () + g ? (Plt.a)} )]
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Dinh 1y vé bién doi Laplace cho tich chap dan té6i

L{x(t)}(s)

_lﬁ (1_6) 2 T S L~ t — )R (2 (7))dr b (s
=000 |G 2 ) ) + a2 | [ - Gt o).
Cudi cting, ap dung bién doi Laplace nguge, chiing ta nhan dugc

o(t) = 20 © (~1) [(;zﬂf)F(t,m(t)) " W/ﬁ (t - T)ﬂ-lF(T,x(T))dT} |
Dinh 1y duge chitng minh. O

Nhan xét 2.3. Duya trén khai niém hiéu Hukuhara suy rong, cac phuong trinh tich phan

VA c6 thé viét gop lai nhu sau:

1-5 s — 7)F (7, 2(7))dr
3(5) r<5><1>w>/o (=) F(m(r))dr.

Tiép theo, luan an gidi thieu khai niem nghiem tich phan ctia bai toan Cauchy (2.5)):

2(t) Sgrr z0 = F(t, x(t)) +

Dinh nghia 2.3. Cho z : [0,7] C R — & la mot ham nhan gia tri vecto md lién tuc.
Khi do6 ta c6

(i) Ham x(t) dugce goi la nghiém tich phan loai (i) ciia bai toan Cauchy (2.5) néu né
théa man phuong trinh tich phan (2.6)).

(ii) Ham x(t) dugc goi 1a nghiem tich phan loai (ii) cia bai toan Cauchy (2.5) néu né
théa man phuong trinh tich phan (2.7).

Sau day, luan 4n sé chitng minh sy ton tai va duy nhat nghiém tich phan loai (i) ctia

bai toan Cauchy :

Dinh 1y 2.3. Néu cdc gid thiét (HF1), (HF2), (HF3) théa man va bdn kinh pho ciia
cac ma tran %MO va %zg))l\/[l déu nhé hon 1 thi bai todn Cauchy c6 duy nhat
nghiém tich phan logi (i) xdc dinh trén doan [0,T].

Chitng minh. Xét toan tt &2 : C ([0,T],&™) — C([0,T],&™) cho béi

Plr)(t) = xo + ﬂF(t,x(t)) + W/o (t — 1) 1F(r,z(7))dr, te[0,T].

()
Dau tién, dé thay ring £ la toan tit di tut C ([0, 7], &™) vao chinh n6. Do do, su ton tai
duy nhat nghiém tich phan loai (i) ctia bai toan (2.5)) tuong duong véi sut ton tai duy nhat

diém bat dong ctia toan tit 2.
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Do béan kinh phd ctia ma tran a (5)) Mg nho hon 1 nén ta suy ra ma tran (<I>(B M, hoi

tu vé ma tran khong. Thém vao dé, vi cdc phan tit clia ma tran &7 ()<1>(6 My khong am va
(1=B)L(B)+G\.B)
L(3)2(B)

2 1
hoi tu t6i ma tran khong, trong d6 G(A, §) = SN o 5 (tham khao tai lieu [107]). Dinh

nghia va cac tinh chat clia ma tran hoi tu vé ma tran khong tham khao tir Chuong 10

cia [10§].

-1 .
Ky hieu 7 = [T, — CEREEEAIN | D, (29, 0) va dat

c6 thé nhoé tiy ¥ nhd vao hieéu chinh tham s6 A > 0 nén ma tran

My cling

Q, ={z e C([0,T],E"): H, (x,f)) <r}.

Khi d6, chitng minh ctia dinh 1y nao dugc chia thanh cac buée sau:
Buégc 1. Toan tit & la mot len, tic la &2 (Q,) C Q,. That vay, véi moi t € [0,7] va

x € Q,, tacod

D,(2[z](t),0) = D, <:c0 + q)wa(t,a:(t)) + W /Ot(t — 7)P1F (1, x(7) )dr, 0)
<D, (20,0) + %Dn (F(t, (1)), 0) + W /0 (= 7)1, (F(r, 2(r)), 0) dr
<D, (20,0) + %Mom (z(t),0) + W /0 t(t — 1) '"MoD, (z(7),0) e *eMdr
<D, (2,0) + ;(_5 MoH (2,0) e + W ( /0 t(t — T)B_le/\Td7‘> MoH, (z,0)
< Dy (0,0) + %Mo%A (2,0) eM + F(;—;(ﬁ) (%ﬂ + Al%) MoH) (z,0) .

Chii y ring danh gia trén da ap dung uéc lugng (xem Bd dé 2.3, [109])

t At At 2 1
t—Tﬁfle’\TdT<€—G)\, —6—(—+—).
fo= gD =F Tt

Tiép theo, chia hai vé cho e* va lay supremum véi ¢ € [0, 7], chiing ta nhan dugc

A . _ GO .
s (P11.0) < B (000) + | 7 + | Mot (-0
(L= AT + C(B)

A G

MOT S T,

nghia la toan t &2 di tu €2, vao chinh né.
Hon nita, toan ti &2 : , — Q, 1a mot toan tit lien tuc. That vay, gia st rang {z,} C Q.

1a mot day sao cho z, = = € Q,. Cha y rang v6i mdi ¢ € [0, 7], ta co

1-p B

c@[ﬂfn] (t) =g+ WF@, LUn(t)) + W/O (t - T)’BilF(T, Jln(T))dT
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V6i moi 0 < s <t <T, gia thiét (HF1) dan t6i

(t — 1) 'F (1, 20(7)) = (t — 7)°'F(r,2(7)) khin — occ.
Tiép do, stt dung gid thiét (HF1) va dinh ly hoi tu troi Lebesgue, ching ta suy ra

D (Plw(t), Z12)(1) < =D, (F(t, 2, (1)), F(t, (1))

VY Y2 t —g)ft T, Tp (T T xlr .
F(ﬁ)@(ﬁ)/o(25 )" Dy (F (7, 20(7)) , F(7, 2(7)))

tién t6i 0 € R™ khi n — oo, tiic 1a toan tit & lien tuc tréen €Q,.
Bué6c 2. Dé chiing minh &2 14 mot toan tit co tong quat (xem Dinh nghia 10.1, [108]),
lay 2,7 € Q, tuy ¥ va sau d6, luan an sé chi ra ton tai mot ma tran M hoi tu vé ma tran

khong sao cho
Hy (P[x], 2[7]) < MH, (2,7).
That vay, v6i méi t € 0,7, ta ¢6

D, (Z]2](t), 2[7](1))

< %Dn (F(t, (1)), F(t,7())) + W /Ot“ = 7)" Dy (F(r, (7)), F (7. 2(7))) dr
< T, 0. 70) + e [ € TP G ) ar

= D ale) 30 e+ e [ D (a(r) )
< %Mﬂﬁ (2, ) M + W (/Ot(t - T)ﬁ_lt‘f”dT) Mi#, (2,7)

< %Mlﬂ)\ (z,7) e + %Ml% (z,7).

Khi d6, bang cach chia ci hai vé cho e va lay supremum véi ¢ € [0, T], ta c6

(1 -8B + G\ f)
L(3)e(5)

Do gia thiét ring ban kinh pho ctia ma tran U=BIN, nhé hon 1 va cac phan tit ciia ma

()
tran %Ml c6 thé nhé tity ¥ nén ta co

Hy (P[], P[7)) < M Ho (2, 7).

(1= B)T(B) + G\ B) (1-5) G\ B)

e T e TR0

M,
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hoi tu vé ma tran khong. Do dé, ta suy ra toan tit &2 la toan tit co tong quat. Cudi ciing,
bang cach 4p dung nguyeén 1y anh xa co theo nghia Perov (xem Dinh 1y 10.1, [108]), chiing
ta c6 thé két luan ring toan tit &2 c6 mot diém bat dong duy nhat z* € Q, va d6 ciing

I nghiem tich phan loai (i) duy nhét ciia bai toan Cauchy (2.5). O

Phan con lai ciia muc nay duge danh dé chimg minh si ton tai va tinh duy nhéat cia
nghiém tich phan loai (ii) ctia bai toan Cauchy (2.5)). Véi mdi x € C(]0,T], &™), ching ta
dinh nghia toan ti .Z[z]| béi

Flz](t) =xo0 (—1) (;Zﬁf)F(t,x(t)) + W/o (t — )P 'F(r,2(7))dr| . (2.9)

Dat C ([0, 7], &™) 1a khong gian cac ham 2 € C([0,T], &™) sao cho déng thite (2.9) thoa

man véi moi ¢ € [0, 7.
Dinh ly 2.4. Gid si rang
(i) Cadc gid thiét (HF1), (HF2) va (HF8) théa man.

(ii) Tap C ([0,T],&™) # 0.

(iii) Bdn kinh pho cia ma tran %MO va %&?Ml nhé hon 1.
Khi dé, bai toan Cauchy c6 duy nhat nghiém tich phan logi (ii) xdac dinh trén [0,T).

Chaing minh. Bang lap luan tuong ty nhu trong Dinh 1y , sy ton tai va tinh duy nhat
ctia nghiém tich phan loai (ii) ctia bai toan tuong duong véi tinh gidi duge duy nhat
ctia phuong trinh ham % [r] = x. Do d6, chitng minh ctia dinh 1y nay chuyén vé chi ra
ring toan tit .Z ¢6 mot diém bat dong duy nhat 2* € C ([0, 7], &™). Tuong tu nhu Dinh
Iy , chiing ta chting minh dugc toan tit .% la mot toan tit co va do dé, nd c6 diem bat
dong duy nhét z* € C ([0,T],&™). Diém bat dong nay 1a nghiem tich phan loai (i) duy
nhat ctia bai toan (2.5)). O

Nhan xét 2.4. Trong muc nay, luan an da gia st rang tat cd ham thanh phan cla vecto
nghiém tich phan ma z(¢) c6 ciing loai gH-kha vi v& khong c6 diém chuyén trén J = [0, 7).
Toéng quat, néu cac ham thanh phan ctia nghiém tich phan ms z(t) = <$1(t) e xn(t)) !
c6 loai gH-kha vi khac nhau trén J thi sy ton tai va tinh duy nhat nghiém trinh bay trong
Dinh 1y va Dinh Iy van dudge dam bao. That vay, khong mat tinh tong quat, gia

st rang cdc ham nhan gia tri mo 1 (¢), 22(t), ..., z,(t) 1a ham gH-kha vi gH loai (i) va
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cac ham nhan gia tri mo x,1(t), Tpra(t), ..., z,(t) 1a gH-kha vi loai (ii). Sau do, toan ti
T

nghiem Z[z] la ham gia tri vecto P[z] = (91 ] ... P, [x]) cho béi

1-5 G t — )Py (7, 2 (7))dr
(5)/0@ VIF, (r, (r)dr.

Pilx](t) = xf + 0 T(3)3(5)

Fi(t,z(t)) +

(1-5)
)

néui=p+1,...,n. Vicac bat ding thic

Pix)(t) = 2}, © (1) [ Fi(t,x(t)) + b ) /0 (t — )P Fy(1, 2(7))dT

L(p)®

doo(t 4 v, w + €) < doo(u, w) + doo (v, €)

000 0,0 0 €) < do(u,0) + doo(0,0)
dtng v6i moi u, v, w, e € & nén v6i moi ¢ = 1, n, chiing ta nhan dudc

doo (2]7](1),0) < des (},0) + %do@ (Fi(t,2(1)),0)
B

+ W/o (t — 1) ldy (Fi(T, z(1)), 0) dr.

Do d6, dé thay rang cac danh gia trong chitng minh ctia Dinh 1y [2.3| v& Dinh 1y [2.4| van
duge dam bao. Tuy nhién, trong truong hop nay, ching ta khong thé két luan nghiem thu

dugce 1a nghiém tich phan ma loai (i) hay loai (ii).

2.4. M6 phoéng va thao luan

Trong muc nay, luan an tién hanh mot s6 minh hoa cho két qua 1y thuyét va biéu dién
dang dieu dong luc khong chic chan theo thoi gian ctia mo hinh SIQR phan thi va anh
huéng ciia dao ham phan thi 8 déi véi viec lan truyén phan mém doc hai trén mang duya
trén phan mém MatLab. Dau tién, ching ta nhic lai mo hinh lan truyén ma doc SIQR

phan thit mo dudi dang

e S(t)  =wQ(t) + oR(t) — uS(t) — AS(H)I(t)

W) = ASOI(t) — (v + v+ (D) 210,
bePlQt) =~I(t) — (n+p+w)Q(t)

WePIR(t) = vI(t)+nQ(t) — (o + p)R(t),

v6i didu kien ban dau S(0) = Sy, I1(0) = Iy, Q(0) = Qq, R(0) = Ry. Dé thuan tién trong

biéu dién, ching ta ky hieu

X(t):(S(t) I(t) Q) R(t))T, Xo=<So Iy Qo Ro)TEéM‘,
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va cac ham vé phai ciia mo hinh (2.10) ky hieu béi

Gt X (1) = (Ga(t. X (1) Galt, X (1) Galt, X (1) G4(t,X(t)))T.

Khi d6, ching ta c6 thé kiém tra dugc ring cac ham G;(t,-) (i = 1,2,3,4) lien tuc véi
hau khap ¢ € [0,7] va ham G;(-, X) do dugc manh véi mdi X € &4. Tiép do, ching ta

tinh toan ducgc cac ma tran My va M; nhu sau:

[+ A 0
M, = A v+y+p )
0 ¥ n+uptw
o+
o
0

0 v
TP A w
A vty pu+A 0
M1:
0 ¥ n+up+w 0
0 v i o+ u

Chon ®(8) =1—-p+ % Tiép theo, chiing ta sé tién hanh danh gia mo hinh v6i mot
s6 truong hop clia bo tham s6 va bac phan tht 8 € {0.5,0.7,0.95}.
(a) Xét mo hinh lan truyén ma doc SIQR phan thit md (2.1)) véi céc tham sb

n = 0.008 p=10.02 A=0.2 v=20.15
w = 0.008 o =0.01 v=0.2

va diéu kien ban dau khong chdc chdn Sy = (0.63,0.64,0.65), Iy = (0.23,0.24,0.25),
Qo = (0.09,0.095,0.1) va Ry = (0,0,0). Khi d6, cac ma tran My va M; cho béi

0.22 0 0.008 0.01 0.22 0.2 0.008 0.01
0.2 0.37 0 0 0.2 0.57 0 0
MO = 3 Ml =
0 0.2 0.036 0 0 0.2 0.036 0
0 0.15 0.008 0.03 0 0.15 0.008 0.03

Do d6, cac ma tran ~-2M, va q)( )Ml c6 ban kinh phd nhu sau:

‘P(B)

Béng 2.2: Ban kinh phd clia cdc ma tran <I>(5) 5 My va @( )Ml trong Truong hop (a)

B=05 B=0.7 B =0.95
1-8
35 Mo 0.245 0.136 0.039
1-8
sM 0.424 0.237 0.068

Khi d6, do ban kinh phé ciia cic ma tran cI>(ﬁ) =80\, va <I>(6)M1 déu nhé hon 1 nén ching ta
suy ra mo hinh lan truyén ma doc SIQR phan thit mo luon c¢6 duy nhat nghiém.
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Hinh biéu dién dang diéu theo thoi gian clia nghiem s6 ctia moé hinh lan truyén
ma doc SIQR phan thi mo véi mot s6 gia tri khac nhau ciia bac phan tha 3. Déi véi
cac tham sb trén, chiing ta c6 thé tinh toan dugc chi s6 ngudng lan truyén SRy xap xi
Ry = 0.541 < 1, tie 1a theo 1y thuyét dich té hoc, ching ta c6 trang thai can bing khong
c6 mé doc ctia mo hinh 13 6n dinh tiém can. Trén thuc té, tit Hinh , ching ta c6 thé
thay rang thanh phan lan truyén ma doc I(¢) ctia nghiem c6 xu huéng tiém can vé 0 theo

thoi gian, nghia 13 ma doc c6 thé duge loai bé khoéi mang.

The fractional SIQR model with 3= 0.5 The fractional SIQR model with 3= 0.7

) o
> ®

The number of nodes
2
The number of nodes

o
N
7

o

: : : N . N n n N n n n T T T
10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time Time

o
o

The fractional SIQR model with 3= 0.95

o
»

o
>

The susceptible node S(t)

)
by

The infectious node I(t)

The number of nodes

o
o N

—— The quarantine node Q(t)

— The recovered node R(t)

Hinh 2.3: Dang diéu theo thoi gian ctia nghiém s6 cho mo hinh lan truyén ma doc SIQR phan

thtt mo trong Truong hgp tham sb (a)

Thém vao do, mit phang pha clia cac ham trang thai clia moé hinh lan truyén méa doc
SIQR phan tht mo (2.1)) v6i mot s6 gia tri khac nhau ciia dao ham phan thi 8 dude biéu
dién trong cac hinh: Hinh , Hinh va Hinh .
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b

0 - 0 £
005 0.1 015 02 025 005 01 015 02 025 005 006 007 008 009 01 o011

L(C] 1t Q)

025 012 0.07
\\\ 0.06
02 01 /
015 008
= o
[ 0.06
0.05 0.04
0 002
06 065 07 075 08 085 09 095 06 065 07 075 08 08 09 095 ! 07 075 08 08 09 095
S(t) S(t) S(t)
0.12 007 0.07
. 0.06 0.06
o1 -
005 0.05
008 ~ 008 o004
] &z &z
0.06 003 003t /
0.02 0.02
0.04
0ot 001
002 0 -
0 005 01 015 02 025 0 0.05 01 0.15 02 025 002 004 006 008 01 0.12
1) 1(t) Q)

Hinh 2.5: Dang diéu ctia mo hinh lan truyén ma doc SIQR véi S = 0.7 va Ry < 1

025 012 0.08
\\ 0.07
02 o1
0.06
008
015 005
g S o0s = 004
= <4 &
o1 0.03
004
0.02
005 002
001
0 0 = 0
06 07 08 09 1 06 07 08 09 1 08
S S
0.12 0.08 0.08
- 7 7
o1 N = 00 007
006 006
0.08
005 005
So0s Zooaf | N 004
5 & / N Z
003 0.03
004f / NN
002 0.02
0.02 N\
001 0.01
NN
0 ) 0
0 005 01 015 02 025 0 005 01 015 02 025 0
(0] J(]

Hinh 2.6: Dang diéu ctia mo6 hinh lan truyén ma doc SIQR vé6i 8 = 0.95 va Ry < 1
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(b) Xét mo hinh lan truyén ma doc SIQR phan thit mo (2.1) véi cac tham s6

n = 0.008 p=10.02 A=0.5 v=0.15
w = 0.008 o =0.01 v=0.2

véi diéu kién ban dau khong chic chdn Sy = (0.63,0.64,0.65), I, = (0.23,0.24,0.25),
Qo = (0.09,0.095,0.1) va Ry = (0,0,0). Khi d6, cac ma tran My va M; cho béi

052 0 0.008 0.01 0.52 0.5 0.008 0.01
0.5 0.67 0 0 0.5 0.87 0 0
MO = ) Ml -
0 0.2 0.036 0 0 0.2 0.036 0
0 0.15 0.008 0.03 0 0.15 0.008 0.03

Do dé, cac ma tran )Mo va q>( )Ml c6 ban kinh phd nhu sau:

‘I’(ﬁ

Bang 2.3: Ban kinh phd ciia cic ma tran ;)(;;;Mo va @(ﬁ)Ml trong Truong hap (b)

B=0.5 B =0.7 B =10.95
1-5
16 My 0.438 0.245 0.07
1-5
<1>(,3)M1 0.784 0.438 0.126

Khi d6, do ban kinh pho ciia cac ma tran @(ﬁ) BN, va <1>(5)M1 déu nhé hon 1 nén ching ta
suy ra mo hinh lan truyén ma doc SIQR phan tht md luon c6 duy nhat nghiem.

Hinh biéu dién dang dieéu theo thoi gian ctia nghiém s6 ctia mo hinh lan truyen
ma doc SIQR phan thit mo véi mot s6 gia tri khac nhau ctia bac phan thi 3. Doi véi
cac tham sb trén, ching ta c6 thé tinh toan dudc chi s6 ngudng lan truyén 9, xap xi
Ry = 1.351 > 1. Diéu nay c6 nghia la trang thai can bang khong c6 ma doc khong 6n
dinh va do d6, su lan truyén ctia ma doc sé tiép dién trén mang. That vay, theo Hinh ,
chiing ta c6 thé thay rang dang diéu ctia ham trang thai lan truyén ma doc I(t) tiem can

mot gia tri duong (thanh phan I, clia diém can bang dic hitu) khi thoi gian du lén.
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The fractional SIQR model with 3= 0.5 The fractional SIQR model with 3= 0.7

The number of nodes
The number of nodes

Time

The fractional SIQR model with 3= 0.95

07
@ 06
Q
k]
gos5f
o
C o4t R
_q;j The susceptible node S(t)
5031 . .
é‘ — The infectious node I(t)
é — The quarantine node Q(t)
04
. — The recovered node R(t)

Time

Hinh 2.7: Dang diéu theo thoi gian clia nghiém s6 cho mo hinh lan truyén ma doc SIQR phan

thit mo trong Truong hgp tham s6 (b)

Trong truong hop nay, mat phang pha ctia cac ham trang thai cia mo hinh lan truyen
ma doc SIQR phan thit mo (2.1]) véi mot sb gia tri khac nhau ctia dao ham phan thit 3
duge biéu dién trong cac hinh: Hinh Hinh va Hinh [2.10
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009 0 0 =
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Hinh 2.8: Dang diéu ctia mo hinh lan truyén ma doc SIQR véi 8 = 0.5 va Ry > 1
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Hinh 2.9: Dang diéu ctia mo6 hinh lan truyén ma doc
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Hinh 2.10: Dang diéu ctia mo hinh lan truyén ma doc SIQR véi B = 0.95 va Ry > 1

2.5. Két luan chuong

Trong chuong nay, véi muc tieu mo ta va dy bao dang diéu lan truyén ma doc trén
mang cam bién, luan an thiét lap mo hinh toan hoc dué6i dang hé dong hyc phan thi mo
gom 4 ngan: Man cadm - Lan truyén ma doc - Cach ly - Hoi phuc. Cac két qua da dat

dude trong chuong nay bao gom:

1. Dé xuit mot s6 khai niém dao ham va tich phan phan thi véi nhan dang ham
Mittag-Leffler cho ham nhan gia tri mo nhu: dao ham Caputo Atangana-Baleanu
phan thi, tich phan Riemann-Liouville Atangana-Baleanu phan thit va mdi lién hée
gitta hai khai niém nay véi két qua vé cong thiic kiéu Newton-Leibniz (Dinh 1y .
Thém vao d6, luan an thao luan vé bién déi Laplace cho dao ham Caputo Atangana-

Baleanu phan thit trong Ménh de . Day 14 mot két qud quan trong doi véi viec



66

xay dung cong thitc nghiém tich phan cta bai toan Cauchy cho hé phuong trinh vi
phan phan thi mo dé xuat.

2. Nghién cttu bai toan Cauchy do6i v6i phuong trinh vi phan phan thit mo dudi
tinh gH-kha vi va dao ham Caputo Atangana-Baleanu phan tht cung vé6i cac gia
thiét thich hop dat vao ham vé phai. Sau d6, luan an da dat dudc cac két qua ve
xay dung cong thiic nghiem tich phan loai (i) va loai (ii) cing vé6i cac dinh 1y vé su
ton tai duy nhat nghiém tich phan mo cho bai toan Cauchy . Chting minh cta
Dinh 1y va Dinh ly dua trén nguyeén ly anh xa co tong quat véi viec xay dung

hinh cau bat bién , phit hop cliing ma tran hoi tu vé ma tran Q,,.

3. Nghién citu mo hinh lan truyén ma doc SIQR phan thit v6i dit lieu mo. Luan an da
mo ta luge do cling nhu s tuong tac gitta cadc ngan trong mo hinh va tir do, xay
dyng mo hinh hé phuong trinh vi phan phan thi tuong thich cho moé hinh. Sau do,
luan 4n tién hanh mo phéng dang diéu ctia mo6 hinh lan truyén ma doc trong cac

truong hop khac nhau ctia chi s6 ngudng lan truyén Ry va tham s6 bac phan thi 3.

Tuy nhién, mo6 hinh lan truyén ma doc dé xuat 14 mo hinh tinh va trong mo hinh nay,
chiing ta xét tuong tac gitta cac ntt cling nhu tam quan trong clia cac nit trong qua trinh
lan truyén 1a nhu nhau. Tuy nhién, ching ta thay rang cau tric clia mang cdm bién ciing
nhu nhiéu loai mang phiic hgp trong thirc té luon c6 tinh phan bac va khong dong nhét,
titc 13 mdi nit mang sé c6 mot vai tro khac nhau ddi véi viec truyen dit lieu va do do, su
lan truyen ma doc ddi v6i cac nit 14 khong nhu nhau. Trong cac chuong sau, luan an sé
tiép can cdc mo hinh lan truyén ma doc véi thiét lap tinh dén vai tro riéng biét clia cac

nit mang ciing nhu sy khong dong nhat trong tiép xtc clia cdc nit mang.



Chuong 3

MO HINH LAN TRUYEN MA DOC SE,E,JQR PHAN THU
DUA TREN MANG VOI HAM LAN TRUYEN XAC DINH
BOI LOGIC MO

V6i muc tiéu thé hien dong thoi sy khong dong nhat trong tiép xtic véi phan mém doc
hai ctia cdc ntit mang trong mang cdm bién khong day va cac yéu t6 khong chac chan dnh
hudng triyc tiép t6i sy lan truyen, chuong nay tap trung nghién citu mo hinh lan truyén
ma doc SE;E;IQR phan thit dya trén mang v6i ham lan truyén ma doc duge xac dinh
bdi logic md, trong d6 mo hinh lan truyén ma doc dé xuat gisi thieu mot ngan cach ly
(Q) v nhém nit mang ma doc gom hai ngan: E; (Mang méa doc loai 1) va Ey (Mang ma

doc loai 2). Nhitng noi dung chinh sé xuét hién trong chuong nay bao gom:

e Thiét 1ap mo6 hinh lan truyén ma doc SE;E;IQR phan thit trén mang phiic hop

khong dong nhat véi ham lan truyéen ma doc duge xac dinh bdi logic ma;

Tap bat bién duong va sy ton tai duy nhat ctia nghiém khong am d6i véi mo hinh
lan truyen méa doc SE;E,IQR;

Chi s6 ngudng lan truyén R, va si ton tai cac trang thai can bang;

Déng diéu tiém can cia trang thai can bang khong c6 ma doc Py;

Sy ré nhanh ctia mo hinh lan truyén ma doc SE;E;IQR;

e Mot s6 danh gia va thao luan.

Noi dung trinh bay trong Chuong 3 duge dua trén két qué cia cong bo [P2] trong

Danh muc cong trinh ctia nghién cttu sinh.

3.1. Thiét lap mo hinh

Trong muc nay, luan an xét mang cam bién khong day véi cau tric nhu mot mang quy
mo tir do Barabasi-Albert gigi han nang lugng. Tiép do, luan an tién hanh mo ta co ché
lan truyén ctia cac phan mém doc hai trén mang va nghién cttu hiéu qua ctia bién phap
cach ly déi véi viec kiém soat sit lan truyén. V6i muc dich nay, luan an gid dinh ring tong
s6 nit cam bién 1a hitu han v c6 thé chia thanh sau ngan nhw Hinh [3.1]
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Ngan Mang ma doc loai 1 Ngan Mang ma doc loai 2
- Bao gdm cac nut cl']ljra ma doc nhung chua - Bao gém cac nu‘t chtra méa déc nhwng chua co
c6 kha nang lan truyén mé doc. kha néng lan truyén mé& doc.
- Ma déc mai gan vao nat mang, chwa nhan - Ma ddc bat dau nhan ban va anh huwéng téi
ban va nat mang van hoat dong binh thwong hoat déng cuia nit mang.

N

Ngan Mang ma doc

A

Ngin Man cam Ngdn Lan truyén ma doc
Chuwa nhiém mé déc nhung la Bao gdm céc nat chira ma doc va
ddi twong tan cong cua cac loai SEI EZIQR c6 kha nang lan truyén ma doc
mé déc téi cac nat man cam lan céan
Ngdn Hoi phuc Ngdn Cach ly

- D‘u’qc [oai sach ma doc va cai Bao gdm céc nut mang duoc loai

phan myém diét ma déc. B bd tgr cac nut Mang ma déc va Lan

- Cé thé trd lai trang thai man cam truyén ma déc trong mang

v&i ma doc do phan mém diét doc

mat tac dung.

Hinh 3.1: SaAu ngén trong mo hinh lan truyén ma doc SE1E2IQR trén mang cam bién khong day

Trong cac mo hinh lan truyén ma doc co dién, ching ta thudng gia si cac nit dudc
phan bd déu trong mang va téc do gay nhiém ma doc do tiép xtc ciia cic nat la nhu
nhau. Duéi géc do toan hoc, sut dong nhat nay hién nhién rang lam cho viéc phan tich va
danh gi4 tré nén don gidn hon nhung nhiing gi4 dinh nay lai mau thuan véi thyc té. That
vay, trong nhiéu mo hinh dya trén mang nhu Facebook, World Wide Web ho#ic mang
cam bién, v.v., c6 cau truc lien két mang phiic tap, ching ta thay ring tam quan trong
ctia mdi nit trong mang hay s6 lien két ctia mdi ntat khac nhau trong mang c6 thé khong
gibng nhau va tat nhién kha nang lan truyén ctia phan mém doc hai dén cic nit nay cling
1a khong giong nhau. Do d6, tinh phiic hgp khong dong nhat clia mang can duge tinh
dén khi mo hinh hoéa toan hoc cho sit lay lan ctia phan mém doc hai trén mang phiic hop
khong dong nhat. V6i muc tieu nay, dia trén cong trinh tién phong ciia Pastor-Satorras
va cong sy [27], luan an tién hanh chia tong s6 nit mang thanh n nhém duya trén sb lien
két ma mot nat trong nhém cé trén mot don vi thoi gian. Diéu nay c6 nghia la cac nit
trong nhom thi k ¢6 cung k lien két véi cac nat khac. That vay, ky hieu Si(t), E1x(t),
Eox(t), Ir(t), Qx(t) va Ry (t) lan lugt 1a mat do clia cac nit man cam, chita ma doc loai
1, chita ma doc loai 2, lan truyén ma doc, cach ly va hoi phuc bac k tai thoi diém t vé6i
mdi k =1,2,...,n. Khi dé, su lan truyén ma doc trén mang cam bién khong day cé thé

dude mo ta trong so do sau:
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Hinh 3.2: So do lan truyén ma doc gitta cac ngan: Man cdm (S), Mang ma doc loai 1 (E1), Mang

mé doc loai 2 (E2), Lan truyén ma doc (1), Cach ly (Q), Hoi phuc (R)

Do cac khu vie muc tiéu ctia mang cam bién khong day trong thé gidi thuc luon c6
dia hinh phitc tap va khi hau bat thuong, téc do truyen thong tin trong mang cam bién
bi &nh hudng sau sic bdi cac yéu to dia ly va khi hau. Thém vao d6, do cac nit cdm bién
c6 nang lugng giéi han va khong theé tu sac nén hoat dong ctia mang cam bién khong day
sé dura trén co ché tiét kien nang luogng va téc do truyen dit lieu sé thay déi phu thuoc vao
nang luong thang du ciia mang va diéu nay ciing anh hudng truc tiép dén sy lan truyén
ma doc trén mang. Thém vao d6, trong mang cam bién khong day, cic cum mang khac
nhau sé thyc hién cac tac vu cdm bién, do ludng va thu thap khac nhau nén dé thay rang
toc do truyen dit lieu sé khong dong déu. Ngoai ra, kha nang nhiém ma doc clia mot nit
nhay cam ciing phu thudc vio mat do clia cac nat lan truyén méa doc trong cac nit lan
can, tic 1a khong phai moi nit nhay cam tiép xic v6i mot nit lan truyén méa doc sé ngay
lap ttc tré thanh mot nit lan truyén méa doc. Chd ¥ ring dé biéu thi mat do, ching ta
khong dung gia tri chinh xac ma thuong duge dién dat qua cac bién ngon ngit. Trong
chuong nay, luan an dé xuat sit dung bién ngon ngit ¢ (¢ € {Thap, Trung binh, Cao})
dé biéu thi nhing yéu t6 khong chic chin xay ra khi mo hinh héa su lan truyen cia
mé doc. Cu the, luan an sé gan ba bién ngon ngit trén véi cac gid tri mo tng véi céc
luat mo va st dung hé suy luan mo dé dua cac luat nay vao mo hinh lan truyén ma doc
dé xuat duéi dang hing s6 lan truyen M,. That vay, xét ba s6 mo A; = (0,0,0.3,0.4),
Ay =(0.3,0.5,0.7) va Az = (0.6,0.7,1,1) dai dién cho cac thuat ngt “thap”, “trung binh”,
“cao” va stt dung hai s6 mo tam giac By = (0,0.3,0.6) vi By = (0.4,0.7,1.0) dé xac dinh
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trang thai dau ra khi két hop cac luat sé thuoc ngan Mang ma doc loai 1 hay Mang ma
doc loai 2 (xem Hinh .

Hinh 3.3: Tap md cho cac bién ngon ngit “Thap”, “Trung binh”, “Cao”

Dit  biéu thi cho mat do ctia nat lan truyén méa doc, y biéu thi cho téc do truyeén dit
lieu cia mang va z biéu thi cho trang thai dau ra ctia mdi quy tic. Bay gio, luan an dé

xuat mot he mo Mamdani (MISO - multi input single output) véi 9 luat nhu sau:
Luat 1: Néu x “THAP” vi Y “THAP” thi » thuoc trang thai E;.

Luat 2: Néu z “THAP” vi y “TRUNG BINH” thi z thuoc trang thai E;.

Luat 3: Néu z “TRUNG BINH” va y “THAP” thi 2 thuoc trang thai E;.

Luat 4: Néu z “TRUNG BINH” va y “TRUNG BINH” thi z thuoc trang thai E,.
Luat 5: Néu z “THAP” vi y “CAQ” thi z thudc trang thai Es.

Luat 6: Néu z “TRUNG BINH” va y “CAO” thi z thuoc trang thai E,.

Luat 7: Néu x “CAQ” va y “THAP” thi 2 thuoc trang thai Es.

Luat 8: Néu z “CAO” va y “TRUNG BINH” thi z thudc trang thai Es.

Luat 9: Néu x “CAQ” va y “CAO” thi z thuodc trang thai Es.

Sau day, luan an sé dua vao co s6 luat mo cho nhu trén dé minh hoa uwéc lugng tham

s0 lan truyén M,

Vi du 3.1. Gia sit ring mat do nut lan truyén ma doc trong mang uéc lugng khodng
35%, tic 1a chon xy = 0.35, va toc do chuyén trang thai ctia mang dat 65% t6c do truyen
dit liu t6i da (khoang 100 Mbps), tiic 1a chon yo = 0.65. Do manh (“firing strength”) clia
cac luat mo tinh béi (tham khao Thuat toan 7.27, [91])
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=0 f, = 0.365 A 0.57 = 0.365 fa=0
fi=037TA0.57=0.37 f5 = 0.365 A 0.665 = 0.365 fe = 0.37 A 0.665 = 0.37
fr=0 fs=0 fo=0.

Khi d6, dau ra ciia hé suy luan md c¢é thé nhan duge béi phép toan

4

C(z) = [\/(fz A Bi(2))

i=1

\ [\/(fz A Bsy(z2))

1=5

v6i bidu dién hinh hoc cho béi Hinh [3.4]

Membership functio
9}
,\\

Hinh 3.4: Dau ra ctia hé suy luan mo

Ham thuoc ctia dau ra C(z) cho nhu sau:

(10 .
?Z neu 0 < z <0.1095
0.365 néu 0.1095 < z < 0.427
—5z + g néu 0.427 < z < 0.46
10 4 /
Clz) = 3773 néu 0.46 < z < 0.511
0.37 néu 0.511 < 2z < 0.889
1 1 /
——Oz + —O neu 0.889 < 2 <1
3 3
0 néu ngudc lai.

\
Cudi cuing, bang cach ap dung phuong phép giai mo trong tam (“COG-center of gravity”,
tham khao trang 107, [91]), tham s6 M, dugdc cho béi

M, = ( /0 1 zC(z)dz> ( /0 1 C(z)dz> T 0638,
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Dé thuan tién cho viéc theo déi, luan an tong két cac tham sb stt dung trong mo hinh
lan truyén ma doc SE;E,IQR phan thi dya trén mang trong Bang .

Bang 3.1: C4c tham s6 sit dung trong mo hinh lan truyén ma doc SE;E2IQR

Tham s6 Mo ta Don vi
A(k) Téc do ntt mdi tham gia mang PUT
c Téc do cach ly clia nit lan truyén méa doc PUT
u Téc do nit rdi mang do can ning luong PUT
o1(k) Téc do chuyén trang thai tit man cam sang mang ma doc loai 1 PUT
oo (k) Téc do chuyén trang thai tit man cdm sang mang méa doc loai 2 PUT
w1 Toc do cach ly ctia ntit mang ma doc loai 1 PUT
wWa Téc do cach ly ctia ntit mang ma doc loai 2 PUT
w3 Téc do nit mang ma doc loai 2 thanh nit lan truyén ma doc PUT
0 Toc do trd lai trang thai man cAm clia nit hoi phuc PUT
r Téc do hoi phuc ciia nit lan truyén ma doc PUT
ro Téc do hoi phuc ctia nut dude cach ly PUT
n Téc do chuyén trang thai tit mang méa doc loai 1 sang mang PUT

ma doc loai 2

(PUT: trén don vi thoi gian)

Theo Iuge do trong Hinh va tham s6 trong Bang cac tuong tac gitta sau ngan

nay dugc mo ta nhu sau:
(r1) Toc do cac nit méi tham gia vao mang c¢6 bac k duge cho béi A(k).

(r2) Mot nit cdm bién ciing c6 thé dang xuat khoi mang véi téc do tu nhien y do can

nang luong.

(r3) Khi cac phan mém doc hai xuat hién trén mang, mot nit man cam bac k c6 thé bi
nhiém ma doc bdi cac nit lan truyén ma doc 1an can. Tuy nhién, nit nhay cam nay
sé khong tré thanh nit lan truyén ma doc ngay lap ttc ma chuyén sang mot trong
cac trang thai mang ma doc (E;) hodc (Ey). N6 tré thanh nit mang ma doc loai 1
véi toc do oy(k), trong khi néu mat do ciia cac nit lan truyén ma doc lan can dat
dén ngudng (dugc xac dinh bdi quy tadc md), n6 sé chuyén sang trang thai mang ma

doc loai 2 v6i toc do oy(k).

(r4) Mot nit mang ma doc loai 1 sé chuyén sang trang thai mang méa doc loai 2 (Ey) véi
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toc do m néu s6 luong nat lan truyén ma doc lan can clia nit nay dat dén ngudng

duge xac dinh béi quy tac mo.

(r5) Nho st dung cac chuong trinh phéat hién ma doc, cac nit mang ma doc sé duge céch
ly khéi mang va chuyén sang trang thai cach ly (Q) véi tdc do lan lugt 1a wy va wy.

(r6) Moi nit mang ma doc loai 2 duge gia st ¢6 kha niang trd thanh lan truyén ma doc

v6i toc do ws.

(r7) Cac chuong trinh phat hién ma doc tim ra nguon lan truyen ma doc va chuyén ching

ra khéi mang véi toc do c¢. Cac nut nay sau d6 duge dua veé trang thai cach ly.
(r8) Moi nit ¢ trang thai (Q) duge mién dich tam thoi va duge phuc hoi véi toc do rs.

(r9) Véi hoat dong ciia cac chuong trinh chong phan mém doc hai, mdi niat lan truyén
ma doc duge phuc hoi vé6i tdc do r;. Ngoai ra, moi nit cam bién hoi phuc c6 mot

toc do 0 trd lai thanh nit man cam.

Drta vao cac lap luan va gid sit trén, luan an thiét lap mo hinh toan hoc mo ta sy lan
truyén phan mém doc hai gitta sdu ngan (S), (E;), (Eg), (I), (Q) va (R) trong mang cim
bién khong day. Mot 16p mo hinh lan truyén ma doc lien quan xem xét xay duyng mo hinh
héa cho sit lan truyén tin gid trén mang phitc hop khong dong nhat véi hai ngan phoi
nhiém va logic m¢ dugce gisi thieu béi Hosseini va Zandvakili [8]. Tuy nhién, mo hinh nay
tiép can duya trén viéc stt dung mo hinh phuong trinh vi phan thuong va co sé luat mo
duge xay dung ¢ day van kha téng quat. Them vao d6, v6i muc tieu thé hien tinh khong
dia phuong va tinh nhé ctia qué trinh khuéch tan dit lieu, luan an stt dung dao ham phan
tht Caputo dé thiét lap mot mo hinh phuong trinh vi phan ¢ 16n, goi 1a mo hinh lan
truyen ma doc SE;E;IQR phan thi dya trén mang, cho qué trinh lan truyén phan mém
doc hai. Cu thé, véi méi k = 1,n, luan an xét hé phuong trinh vi phan phan thit sau:

(§D75u(1) = A(k) — (00 (k) + 02(K)) Sx()O(t) — pSk(t) + ORy (1)
§D/Eun(t) = o1(k)Sk(t)O(t) — (0 + w1 + ) Era(t)
)©

(t) = (p+ w2 +ws) Eop(t) +nE1(t)

(
Cc\B =0y &
§D; Eai(t) = oa(k)Sk(t (3.1)
)

§O/Iu(t) = wsBay(t) — (u+c+r) (D)
§DIQu(t) = wiBia(t) + weBai(t) + cli(t) — (ra + 1) Qi(t)

SD/Re(t) = ridi(t) +12Qu(t) — (1 + O)Ry(1),

\
v6i dieu kien ban dau

Sk(0> = Sl[c)a El,k(o) = E?,k:a EZ,k(O) = Eg,k? [k(o) = 118, Qk(o) = Q%: Rk(o) = Rgv (3'2)



74

trong d6 oy (k),oo(k) 1an lugt 1a téc do nhiém ma doc phu thudc bac cta nut cho béi
o1(k) = o1k, o2(k) = ook. Ngoai ra, luan an gia sit rang s6 nit bac k£ ban dau théa man
Ni{0) = Su(0) + Bra(0) + Eaa(0) + 1(0) + Qu0) + Ral0) = 00 (33)

Cong vé sau phuong trinh vi phan phan thit ctia he , ching ta thu dugc
§D] Ni(t) = A(k) — pNi(t), (3.4)

trong d6 Ny = Si + Ev i + Eop + I, + Qi + Ry Ap dung bién déi Laplace cho phuong
trinh (3.4), ta c6

Ak
" L{NW(t)}(s) — "I N(0) = i = pL{ N ()} (s),
h d LN )+ AT e 46, p dung bié
¢ 5i 1)} (s) = . Tiép d6, 4 ié
ay tuong duong véi Z{Ny(t)}(s) p (0)+ p iép do6, ap dung bién

ddi Laplace ngugc va sit dung (3.3), ching ta nhan duge

30) = MV ) + AR ().

Ap dung Bo dé Voi f1 =0, fo=1va z = —utﬁ, ching ta nhan dugce

Alk) A(k) Alk)

Nk<t) = Eﬂ(—/ﬁtﬁ) + T |:1 - E@l(—utﬂ)] = = bk

Ham O(¢) 1a dai dien cho xac sudt ma mot lien két cho trude két ndi véi mot nat lan
truyen méa doc va cho béi dang tdng quat sau:
M, < v(i
o(t) = Mo 5~ "Wpgy ),

) =

trong do P(4) la xéac suat dé mot nit duge chon ngau nhién c¢é bac i, (n) = Z ilP(i) biéu
i=1

thi cho bac két ndi trung binh ctia mang, M, € [0,1] 14 tham s6 dau ra ctia he MISO
duge suy ra tit cac luat mo cho bién ngon ngtt ¢, ham v(i) = ¢ dai dien cho s6 lugng lien
két trung binh ma mot nit lan truyén ma doc bac i sé lan truyén phan mém doc hai dén
cac nat khac. Them vao do, dé dam bao sb luong niat cho mang hoat dong binh thuong,

luan &n gia st rang A(i) > p v6i moi ¢ = 1, n.

3.2. Tinh chit dinh tinh ctia md hinh

3.2.1. Sy ton tai tap bat bién dwong

Ky hiéu
x’“<t>=(E1,k<t) Eyr(t) Lu(t) Sk(t) Qu(t) Rk(t)>T k=1,2,...,n,
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fi(x"(t)) o1(k)Sk(t)O(t) — (n + w1 + p) B k(1)

fa(xF (1)) oo (k)Sk(t)O(t) — ( + w2 + w3) Eak(t) + 0k x(t)
FO(E) = Fs(xE() | _ wy B k(t) = (p + ¢+ 1) I (1) |

fa(xF(t)) A(k) — (o1(k) + 02(k)) Sk(t)O(t) — Sk (t) + O Ry(t)

f5(xF(t)) w1 B g (t) + wa ko (1) + clip(t) — (1o + 1) Qr (%)

fo(x"(t)) rily(t) + r2Qu(t) — (p + 0) Ri(t)

Fx(t) = (1) FEW0) - 1))

Muc nay bat dau v6i két qua vé si ton tai duy nhat nghiém khong am va tap bat bién

duong cho mo hinh lan truyén ma doc SE;E;IQR. Trudce tién, xét bang ky hiéu sau:

Bang 3.2: Bang ky hiéu viét tat

Ky hiéu Gia tri Ky hiéu Gia tri

b A,(f ) oy w1+t

a2 wo + w3+ u a3 ro+ [

oy w0 as ri+c+p

ag g noi(k) + aroa(k) ar g a0 (k)wr + asoe pwe + cogag kw3

Dinh ly 3.1. Gid si rang

vdi moi k = 1,n. Khi dé, mo hinh lan truyén ma doc SE, E>IQR phan thit dwa trén mang
vdi diéu kién ban dau x(0) théa man luon cé nghiem khong am duy nhat x(t) va

ham ©(t) duong vdi moit > 0. Hon nia, tap
St={x(t) e R} : Sy + Erp+ Eap + Iy + Qp + Ry = by, k=1,n}.
la mot tap bat bién duong ciia moé hinh lan truyén ma doc dé zuat.

Chiing minh. Viéc chiing minh dinh 1y nay dugc chia thanh cac budc nhu sau:
(Su toén tai vA duy nhéat). Véi mdi k = 1,7, hé con 1) clia mo hinh lan truyén ma

doc SE,E,;IQR phan thtt dua trén mang cé thé viét lai nhu sau:

FD)xM(t) = f(x"(t)),
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v6i diéu kien ban dau x*(0) = xF. Khi d6, ma tran Jacobi ctia ham vecto f(x*(t)) cho bdi

—ai 0 W&g(ﬂ —0o1(k)O(t) 0 0
—ay RS, () —ox(K)O(?) 00
of) | 0w —as ’ b
k - —(o (< qV
. 0 0 olie@MWROG ) —(0)(k)+oa(k)O(E) 0 6
o sy _c 0 —Q3 0
0 0 71 0 .
of(x")

V6i moi ¢ > 0, ham la ham ma tran lién tuc trén Ri va do do, theo Nhan xét

k
1.2.1 trong [110], ta sug}ia ham f(x*(¢)) théa man diéu kién Lipschitz dia phuong trén
RY. Cudi cung, ap dung Dinh 1y 1.3.1 va Dinh Iy 1.4.1 trong [110], ching ta suy ra bai
toan Cauchy - c6 duy nhat nghiem x*(¢) véi méi x§ thdéa man (3.5).

(Tinh khéng am). Gid st phan chitng v6i k € {1,...,n}, ton tai mot thoi diém to > 0
sao cho Sk(tg) = 0, Sk(t) > 0 v6i moi 0 < t <ty va Sk(t) < 0 véi t > ty. Khi do, ching ta
xét, cac truong hgp sau:

Trudng hop 1: Gia st ring ham I(t) > 0 v6i moi ¢ > 0. Khi d6, ching ta xét céc

phuong trinh vi phan phan thit sau:

COUE) k() = —an By i(t) + 01(k)Sk(1)O(t)
§D] Eao(t) = —anBa(t) + 02(k)Sk(t)O(t) + nEu(t) (3.6)
§D/Qu(t) = —asQu(t) + wi B j(t) + waBai(t) + cIi(t)
COPR(t) = —auRe(t) + riLi(t) + rQu(t).
Tt tinh khong am cia Sy (¢) va I,(t) tren doan [0, ], ta c6

g@tﬁELk(t) = —OélEl,k(t) —+ 01(]€)Sk(t)@(t) 2 _alEl,k(t)-

Bing cach &p dung nguyén 1y so sanh nghiém (xem B6 dé& 10 trong [51]), ta suy ra
E14(t) > By (0)Eg (—aqt?) > 0 v6i moi ¢ € [0, to]. Diéu nay kéo theo

COUEy i (t) = —a By () + 02(k) Sk (£)O(t) + nEyk(t) > —asFa (1),

va do d6, Ey(t) > Eyk(0)Eg (—ozztﬂ) > 0 v6i moi t € [0,tg]. Tuong tu, ta ciing c¢6 céac
ham Q(t) va Ry(t) khong am trén doan [0,%]. Theém vao do, tai thoi diém t = ¢, ching
ta nhan duge DSk (t)]i—t,= A(k) + wRy(t) > 0. Do do, tit BS dé , ching ta suy ra
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ton tai lan can (ty — €, to + o) ctia diém ¢ v6i g > 0 dit nhd sao cho Si(t) > Si.(0) > 0.
Diéu nay mau thudn véi gid stt phan chiing.

Trudng hgp 2: Néu ton tai thoi diem ¢; > 0 va mot s6 €; > 0 sao cho I(t;) = 0,
I(t) > 0 v6i moi t € (0,t1) va I(t) < 0 v6i moi t € (t1,t; +¢&;) thi chitng minh cta trusng
hop nay duge tién hanh bang cich xét cac truong hop sau:

Trudng hop 2.1: Néu t; > t, thi bang lap luan tuong ty nhu Trudng hdp 1, ching

ta c6 thé ching minh ring cac ham trang thai Ey x(t), Eap(t) I(t), Qr(t) va Ry(t) déu
khong am trén [0,¢;] va Si(to + £0) > 0. Diéu nay dan dén mau thuan.

Trudng hgp 2.2: Néu t; < t, thi do gid thiét Si,(t) > 0 v6i moi t € [0,4,), ta suy ra

S(t) > 0 v6i moi t € [0,¢;]. Ngoai ra, do gia sit ¢6 phan mém doc hai tréen mang nén luon
ton tai it nhat mot kg € {1,2,...,n} sao cho I, (0) > 0. Ké hop diéu kien va I,(0) > 0
v6i moi k = 1,7, ta suy ra ©(0) > 0. Phuong trinh thit tu ctia he (3.1) dan téi

70100 = 124 5 HB(0) [oaaa(t) - aslh(0)] = —aa it S VB = —as(1).

Theo nguyén 1y so sanh nghiem, ta c6 O(t) > O(0)Es(—ast?) > 0 v6i moi t > 0. Sau do,
ap dung Vi du 4.9 trong [39], phuong trinh vi phan thi nhat ctia hé (3.6) tré thanh
"Egp (—ai(t —1)”)

El’k(t> = E?’kEg (—Oéltﬂ) + /0 (t — 7—)1—5 Ul(k)sk(T)@(T)dT

Do d6, Eyx(t) > 0 v6i moi t € [0,¢;]. Lap luan tuong tu, ta ciing c¢6

t —Q(l — T B
Eyi(t) = Eg,k]EB (—ast?) + /0 B ((t — T()tlﬁ ’) [02(k)Sk(T)O(T) + nEy k(7)) dr,

va Vi vay, Ea(t) > 0 v6i moi t € [0,¢]. Tai thoi diém ¢ = ¢;, chiing ta nhan dugde
COP T (1) 1=, = wsFox(t1) — asli(ty) = wsFox(ty) > 0.

Do d6, c6 thé chon 0 < £; < 1 sao cho trong lan can (¢, — &1, + ;) clia diém ¢, chiing
ta nhan duge Ii(t) > I;;(0) > 0 v6i moi t € (t; — €1,t; + £1). Diéu nay mau thuan véi gia
stt phén chiing. Nhu vay, chiing ta da chi ra rang Si(t) luon duong véi moi ¢ > 0. Cudi
cling, bang lap luan tuong tu, ching ta ciing c6 thé chiing minh rang cdc ham Ej 4 (),
Fox(t), Ix(t), Qx(t), Re(t) déu khong am v6i moi ¢ > 0. Tém lai, mo hinh lan truyén ma
doc SE;E;IQR phan thtt dya trén mang vé6i diéu kien ban dau x(0) théa man luon

¢6 duy nhéat nghiem x(¢) € RY" va ham ©(t) > 0 v6i moi ¢ > 0.
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(Tap bat bién duong). Tiép theo, chiing ta chitng minh tap X* la tap bat bién duong
d6i v6i mo hinh lan truyeén ma doc SE;E,IQR phan thit dya trén mang. Dé thay rang
diéu kien ban dau x(0) théa man rang buoc (3.3) va do d6, x*(0) € L+, Sau dé, bing
cach cong vé sau phuong trinh vi phan phan thit ctia he 1’ ching ta thu duge

§ DY Ni(t) = A(k) — uNi(t),

hay tuong du’ong voi Nk(t) = Sk (t) -+ El,kz(t) + E27k(t) + 1, (t) + Qk(t) + Ry, (t) = b, v6i moi
k=1,nvat>0. Két hop v6i tinh khong am ctia nghiém x(t), ching ta suy ra 37 1a tap
bat bién duong ctia mo hinh lan truyén ma doc SE;E;IQR phan thit dya trén mang. [

3.2.2. Chi s6 ngudng lan truyén R, va cdc trang thdi can bang

Mot van dé quan trong khi nghién cttu cdc mo hinh lan truyén méa doc dya trén mang
la xac dinh liéu rang mang c6 thé an toan trudc sy tan cong clia cac dbi tugng doc hai.
V6i muc dich nay, luan an sé thao luan vé tinh 6n dinh tiém can ciia cac trang can bing
ctia mo6 hinh lan truyén ma doc dé xuat bao gom trang thai can bang khong c6 ma doc
va trang thai can bang dic httu. Cha ¥ rang cac trang thai can bang dude xac dinh béi
hé phuong trinh sau:

A(k) = (o1(k) + 0a(k)) Sk(t)O(t) — uSk(t) + ORk(t) = 0
o1(k)Sk(t)O(t) — (n +wi + p) By x(t) =0
02(k)Sk(t)O(t) — (1 + w2 + ws) By p(t) + nE1x(t) =0

LU3E2 k(t

(3.7)
)—(n+c+r)(t)=0
W1 B (t) + wo By i (t) + cli(t) — (r2 + 1) Qr(t) =
(71 1k(t) + r2Q(t) — (1 + 0) Ry(t) = 0.

Dé thay rang & trang thai can bang khong c6 ma doc, do ching ta ky vong khong c6 ma

doc trén mang nén by, = Fyp = I, = 0 v6i moi k = 1,n. Do d6, mo hinh lan truyén
ma doc SE;E,IQR phan thit dua trén mang c6 trang thai can bang khong c6 ma doc duy
nhat P, cho béi

Py =(0,0,0,04,0,0,...,0,0,0,b,,0,0) .

v~

6n

Tiép theo, sit dung phuong phap ma tran thé hé tiép theo (tham khéo [111]), luan an sé
xac dinh dugce chi s6 ngudng lan truyén 2R, clia mo hinh lan truyén ma doc SE;E.IQR
phan thi dya trén mang. That vay, su lan truyén méa doc trong mo hinh lan truyén ma

doc dé xuat c6 cac dic trung sau:
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e Chi ¢6 ba ngan gay lan truyén ma doc trong mo hinh lan truyén ma doc dé xuat,
d6 1a ngdn mang ma doc loai 1 (E;), mang ma doc loai 2 (E;) va Lan truyén ma
doc (I).

e Su chuyeén dich céc nit tit cac ngin mang ma doc sang ngan lan truyén ma doc hoic

gitta hai ngin mang ma doc chi 1a sy di chuyén ctia cac nit nhiém ma doc.

V6i cac gid st trén, ta c6 s6 hang thém va s6 hang mat tng v6i mo hinh lan truyén ma

doc deé xuat duge cho nhu sau:

e S6 hang them: (al(kr)Sk(t)@(t) o2(k)Sk(t)O(1) O)T.

-
e SO hang mat: (alEl,k —T]ELk(t) + OéQEQ’k(t> —(,U3E27k(t) + Oé5Ik<t>> .
Sau d6, chi s6 ngudng lan truyén R, duge xac dinh nhu sau:

Budc 1: Ma tran ty lé F cho sy xuat hién ctia ntit mang ma doc méi tai Py cho béi

0, 0, O,
F=|0, 0, 0,],
0'18 O'QB @n
1
M
tong d6 B= 7 | (”21”1?(1) ”222)1@(2) ”gj)P(n)) va v(k) = k

nop

V= ©n agﬂn —C«J3]In
@n @n a5]1n

Buéc 3: Chi s6 ngudng lan truyén JRy clia mo hinh lan truyén ma doc SE;E;IQR phan
thit dira trén mang 1 gia tri rieng thiyc 16n nhat ctia F - V7!, trong d6

0, 0, 0,
.yt | 0, O, O,
o B noy + 041028 ws(noy + aq03)
! [e51e%) 10y

B

Khi d6, ching ta tim dugce chi s6 ngudng lan truyén 2Ry nhu sau:

%, — M, z": K*P(k)ws(noy + anos) _ wsMy(noy + a102)<n2)’ (3.8)

(n) P eRYeb 1] ayaaas(n)

trong d6 (n?) = Z E°P(k).
k=1
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Nhan xét 3.1. Dé xac dinh gia tri riéng ctia ma tran F - V™!, ky hieu

_ _ No1t 1oy _ w3(noy + a103)
U1 = 01 Vg = —— vy =
Q109 1 Qa5
M T
o= 1 . .. ..
&= (0 -~ 00 0 b 2 - nb,)
B v 1P(1) vinP(n)  wv1P(1) vanP(n) wslP(1) vynlP(n) !
-\ h bn by b b, T )

v .z . — ~ P
Khi d6, ma tran F - V! ¢6 the viét lai nhu sau F -V~ ! = a - b . Thém vao do, de thay
ring F - V! la ma tran suy bién nén né cé gia tri rieng A = 0. Gia sit ring A 1 gia tri

rieng khac 0 ctia ma tran F - V=1 Khi d6, tdn tai mot vects vV € R3" \ {0} sao cho
(2-87).7 =37

Theo tinh chat két hop ciia phép nhan vecto, dang thiic trén tuong duong véi
7 (b7 V) =09,

N — 2 . N <~ - N . ~ p
Chu yrang do b T - V la mot vo huéng va hién nhién rang A cling la dai lugng vo huéng

nen v cung phuong véi a. Do do, ta co

_ _ _ )
tuong duong véi a (/\ ~b'. ?) — 0. Mt khéc, vi @ € R*"\ {0} nen ding thic nay

ey 3 I I Y W _—
ddn t6i A = b ' - @. Hon nita, d& thiy ring gidtriA= b ' - @ = ﬁ vsk?P(k) 1a vét
n
k=1
ctia ma tran F - V! va ciing 1a gid tri rieng 16n nhat clia ma tran nay.

Nhan xét 3.2. Theo cong thitc (3.8), dé thiy ring chi s ngudng lan truyén %R, khong
phu thudc vio tdc do nit tham gia mang A(k), nghia la sut thay ddi tdc do nit tham gia
mang khong déng bat ci vai tro nao doéi véi sy lay lan phan mém doc hai. Tuy nhién,

(n?)

chi s6 ngudng R, ty 1 thuan véi he s6 khong dong nhat clia mang Ok tic 1 tang tinh
n

khong dong nhat clia mang c6 thé lam cho cidc phan mém doc hai phat tan nhanh hon

trén he thong mang.
Tiép theo, ching ta ky hieu A, = M kP (k) azasae ws, Ay = aqanazagas va

Al,k = W3 (a30é4066,k + 7’10530%',];) -+ (063044065@67/& -+ 044047,]4 + 0620630é40450'1(]{3) -+ 7‘20[7,k)

= w3agr + Qg k.
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trong do cac tham s6 agy va agy cho boi

Qg = Q3Q4Q | + 10306 |

Qg = Q3040506 ) + oy i + oazauasor (k) + roar .

Dinh ly 3.2. Néu chi so ngudng lan truyén Ry > 1 thi mo hinh lan truyén ma doc

SEFE>IQR phan thit dua trén mang cé mot trang thdi can bing ddac hitu duy nhat cho bdi

P, = (EilaE;,l’If’SikaQ;RT?"'aEimE* I, 5:17@27}3;)7

2,n Tn

trong do

Q100 0620450'1(]%’) (0731 a7 L

* * * * * * * ) *

Sk = —@*Ika El,k: - —Ikv 2k — _Ikv Qk = —Ikn (3-9)
W3O i W3 w3 w3306
n .
. 0306 w3 + oy o, . M, U e s brasayag w3 OF
Q30400 | W3 (n) = b; (waask + g ) OF + Ay

Claing minh. D@ thay rang bo toa do (E7, By, I, Sk, Qf, Ry) clia trang thai can bang

dac hitu 1a nghiem khong tam thuong ctia hé phuong trinh dai s6 (3.7) v6i moi k = T, n.

Khi d6, tit phuong trinh thit tu cia he 1; ching ta suy ra By, — Z—zf,;‘. Tiép theo,

bang cach két hgp phuong trinh thi hai va thit ba ciia he , ching ta nhan duge
asas0 (k) . aso(k)

Ef, = [=—"""77*
B Janoa (k) + mo (k) ws " agpwsz

Do d6, bang cach thé Ef, vao phuong trinh thit hai, chiing ta nhan dugc

aq «

g — _ (505107 T
k 0’1(]{3)@* Lk a67kw3@* k

Tit hai phuong trinh cubi ctia hé (3.7), ching ta nhan duge

Qr = 20501 (k)wr + asae pwa + casog pws I — Qg g I
k= k= k
Q30lg ;W3 Q3006 W3
. TQ3QgpW3 + To0i7 g
Q300400 | W3

Cudi cuing, bang cach thé cac sé hang Sy, E7,, FX,, I, Qf va R} vao phuong trinh thi
g g g Ok L ks Lo gy Ly Wi k p g
nhat, ching ta xac dinh duge gia tri ctia I} nhu sau:
kaé30Z4O./67k(,U3@*

I = . (3.10)
(wsag + ag i) OF + As

Tit déng thic (3.10)), ching ta nhan duge phuong trinh ty nhit quan sau:

o_ Lty 40 (3.11)
(n) = A1xO + Ay



82

D@ thay ring © = 0 luon la mot nghiém ctia phuong trinh ty nhat quan (3.11). Muc tieu
ctia chiing ta 1a x4c dinh diéu kién dé phuong trinh tit nhat quan (3.11) c6 nghiém khong

tam thuong ©*. Véi muc dich nay, xét ham

1 & A
FO)=1-—— —_— © € [0,1].
< ) £ Z A1 xO+ Ay
A M kP .
Do — < kP (k) @540y = M,kP(k) va F(O) la ham s6 lién tuc trén [0, 1] nén
A Q304006 | W3
ching ta nhan dugce
I < Ay 1 Ay, M,
F(1)=1-—— _— - —-— — kIP’(k;) > 0.
<n>;A1,k+A2 (n) ;A < ) 1

dr(®) 1 . ArAyy,
do (n > (Al KO + A2)
dong bién tren (0,1). Do d6, theo dinh 1y gia tm trung gian, phuong trinh F(©) = 0 ¢6

Ngoai ra, v6i moéi © € [0, 1], ta c¢6 > 0, tic la ham F(O©)

mot nghiem duong duy nhat ©* € (0,1) néu F(0) < 0, hay tuong duong vdi

n

RS - ﬂ _ %Zkzmk [no1 + ayo9) ws 1

(n) = A, (n) P g Qs

Bat dang thitc trén dan t6i chi s6 ngudng Ro théa man Ry > 1. Khi do, tit nghiem duong
duy nhat ©* ctia phuong trinh ty nhat quan , chiing ta sé tim dugc trang thai can
bang dac hitu duy nhat P, ctia mo hinh lan truyén ma doc SE;E,IQR phan thi dya trén
mang xéac dinh béi cong thrc (3.9). O

3.2.8. Ddng diéu tiém can cia diém can bing khéng cé6 ma doéc P,

Trong phan nay, luan an thao luan vé dang diéu tiém can ctia mo hinh lan truyén ma
doc dé xuat. Dau tién, luan 4n nghién citu mo6i quan hé gitta chi s6 ngudng lan truyen Ry

va st 6n dinh tiém can dia phuong ciia trang thai can bang Py:
Dinh 1y 3.3. Cdc ménh dé sau ding:

(i) Néu Ry > 1 thi trang thdi can bang khong cé ma doc Py khong on dinh.

O'QMq <7’L2>
(n)

(ii) NéuRo < 1 va ajan + aras + asas > thi trang thdi can bang khong cé ma

doc Py on dinh tiém can dia phuong.

. oo M, (n? ,
(iii) Néeu Ry < 1 va aqas + ajas + asas < LH thi su on dinh cia trang thdi can

- (n)

bang khong cé6 ma doc phu thudc vao gid tri cia cdc tham so va bac phan thi 3.
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Chiing minh. Dé khao sat tinh on dinh tiém can dia phuong ciia trang thai can bang
khong c6 ma doc Py, luan an sé ap dung phuong phap tuyén tinh héa quanh diém can
bang Py. That vay, xét ma tran Jacobi J(Pg) ctia mo hinh lan truyén ma doc SE;E,IQR

phan thit dya trén mang tai trang thai can bang Py nhu sau:

1\/-[11 1\/112 e 1\/Iln

M21 M22 M2n
J(Po) =

1\/Inl han 1\/Inn

6nx6n

trong dé v6i moi 4, j = 1,n, cac ma tran vuong M;;, M;; xac dinh nhu sau:

—ay 0 Mgl20 000
. M,02i%P(i)
i Q9 — 0 0 0
ML — W3 071 0 0 0
* 0 0 _Mvz(“+>2)i2p(i) —u 0 0
w1 Wo c 0 —a3 O
0 0 71 0 Te  —Qy
00 (WMerEO g g g
b; M,02i%P(4)
00 (MmO g g g
00 0 0 00
M;; = b; My (o1+02)i2P(3)
0 0 kMoo 000
0 0 0 0 0O
0 0 0 0 0O

Theo Dinh Iy 7.20 trong [50], trang thai can bang khong c6 ma doc Py 6n dinh tiém can
dia phuong khi va chi khi

)arg<Xj>‘>%”, i=1,2,... 6n.

Vi vay, nhiém vu ctia chiing ta bay gio 1a xac dinh tat ca cac nghiem S\j cua phuong trinh
ddc trung Pg,(X) = 0 tng véi ma tran Jacobi J(Py). That vay, bing cach sit dung nguyen
I quy nap, ching ta thu dugc

Pon(A) = (A + )" (A + ag)" (A + )" (A + a)" " (A + a2)" (A + a5)"'P3(N),
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trong d6 P3(A) la da thitc bac ba cho béi

02]\2[(1;712) 5 a1a2a5w3Mq(nal + ay09)(n?)
n

- ~ oo M, (n?
=N+ (g + g+ as) A\ + (a1a2 + oy + agas — Q#W

Dé thay réng tap nghiém ctia phuong trinh dac trung Pg,(A) = 0 bao gom ba nghiem

P3(A) = (A + ar)(A + ao) (A + as) — s (n)

) 5\ + 061062065(1 — %0)

thuc am \ = —Quy, \ = —as, A\ = —p vOi cung boi n va cac nghiém thuce am \ = —ayq,
) = —Qu, A = —as Vi cung boi n — 1. Thém vao do6, do 6n — 3 gia tri riéng S\j déu 1

s6 thyc am nén |arg (5\]>’ = > %T v6i moi j = 1,6n — 3 va 8 € (0,1). Do dé6, tinh 6n

dinh ctia trang thai can bang dic hitu Py phu thuoc hoan toan vao nghiém clia phuong
trinh bac ba Pg(\) = 0. Dé don gian, ky hiéu

oo M, (n?

(n)

ag = a1a2a5(1 - %0), a1 = Qg + A Q5 + Qo — , g = (1 + Qg + as.

Tiép theo, chiing ta xét cac truong hop sau:

Trudng hop 1: Néu QR > 1 thi ching ta suy ra hé s6 ag < 0 va do d6, nghiém ctia phuong

trinh P3(A) = 0 sé thuoc vao mot trong cac kha nang sau: 3 nghiém duong, 1 nghiém

duwong va 2 nghiém phtec lién hgp hoac 2 nghiém am va 1 nghiém duong, tiic 1a ma tran

Jacobi J(Py) luon ¢6 it nhat mot gia tri rieng duong A* véi acgumen arg (56“) =0< %T

Do d6, trang thai can bing khong c¢6 méa doc Py khong on dinh.

Trudng hop 2: Néu Ry = 1 thi phuong trinh P3(\) = 0 trd thanh

~ |~ ~ M 2
A )\2 + (Oél + g + 015)/\ + (O[l(l/g + 10 + Aoy — O—qu§n>>:| =0.

Ching ta c6 thé thay ring phuong trinh trén luon c6 gia tri rieng bang 0 va do do, chiing
ta khong c6 két luan nao vé tinh 6n dinh ctia trang thai can biang khong c6 ma doc P.
Trudng hop 3: Néu Ry < 1 thi ching ta suy ra hé sd ag > 0 va do d6, cac nghiém clia
phuong trinh P5(A) = 0 s& thudc vao mot trong céc kha ning sau: 3 nghiém am, 1 nghiem
am va 2 nghiém phiic lién hgp hodc 2 nghiem duong va 1 nghiém am. Cha y rang phuong
trinh P’3(5\) = 322 + 2a9\ + a; = 0 ¢6 biét thiic duong. That vay, ta co
Uqu(n2>)

(n)
(o — )P+ (a1 —a5)* + (ag —a5)® | 3o My (n?)

2 (n)

A= (Oél + oo + Oé5>2 -3 (041042 + ajo5 + Qo —
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Truong hgp 3.1: Néu a; = 0 thi phuong trinh P4()\) = 0 c¢6 hai nghiem phan biet A =
) . -
© 0w Ao = 0. T Hinh , vi ag > 0 nén phuong trinh P3(\) = 0 ¢6 mot nghiém

am duy nhat M* va hai nghiém phiic lién hgp.

A |—00 A A9 +00
+

P4(Y) + 0 —

+

)

0
Ps (
P5(}) / \ /
—00 a/O

Hinh 3.5: Bang bién thién cho phuong trinh P3(\) = 0 trong Truong hop 3.1

Do d6, phuong trinh P3()\) = 0 ¢6 thé viét lai nhu sau:
(X - X*) (5\2 + (N +a) A+ N\ + ag)) =0.
Cht ¥ ring phuong trinh A2 + (5\* + ag)S\ + 5\*(5\* + az) = 0 ¢6 hai nghiém phiic lién hop

Ae1 VA Aep niim trong goc phan ti thit nhat va thi tw. Hon nita, acgumen ctia ching thoa

arctan <1 / ?ﬁ) ‘ Do d6, theo Dinh 1y 7.20 trong [50], trang théi can

bang khong c6 ma doc Py 13
2 ~*
arctan (w /32 ’“2> ‘
T A +az

e on dinh tiém can néu B8 < =
——
arctan ( 32 a2) ’
A*4az

2 ~*
arctan (, / 3’\—"12> ‘
A*4a2

e khong 6n dinh néu g > =
i

mén |arg(\e;)

e Z 2
e on dinh neu g < —
T

Truong hop 3.2: Néu a; < 0 thi phuong trinh Pg(:\) = 32+ 2a9\ + a; = 0 ¢6 hai nghiem

thie phan biét trai dau 5\1 < 0 va 5\2 > 0. Tiép theo, chting ta xét bang bién thién sau

(xem Hinh

N |- A1 0 A2 + 00
PL(N) + 0 - 0o+
PS,m(m:

Hinh 3.6: Bang bién thién cho phuong trinh P3(\) = 0 trong Trudng hgp 3.2
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Vi P4(0) = ao > 0 nén Hinh [3.6] chi ra ring phuong trinh P3(A) = 0 luon c6 it nhat mot
nghiem thue am A* nho hon A;. Do d6, phuong trinh Pg(s\) = 0 ¢6 thé viét lai nhu sau:

(x - x*) [xQ F (V4 a2)h+ NN+ an) Far] = 0.
Cht ¥ ring vi \* < 0, a; < 0 vA ao > 0 nén ta suy ra ring \* + as < 0. Khi d6, ta c6

e Néu Py = P3(5\2) < 0 thi phuong trinh Pg(S\) = 0 ¢6 mot nghiém am va hai
nghiem duong. Do dé, trang thai can bang khong c6 ma doc Py khong on dinh.

e Néu Pj iy = P3(5\2) > 0 thi phuong trinh P3(5\) = 0 ¢6 mot nghiém am \* va hai
nghiém phtic lien hop A1, A.s nim trén goc phan tu thi nhat va thi tw cia mit
phéng phitc. Hon nita, acgumen ctia chiing théa man

\/4661 — (5\>|< + az)(ag — 35\*)
5\* + Qg

arg(Ac.i)

= |arctan

Vi vay, trang thai can bang khong c6 ma doc Py

arctan V/4a1—(A*+az)(a2—33*)
5\*+a2 :

e on dinh tiém can néu B8 < =
T

arctan V/4a1—(A*+az)(a2a—33*)
N tap )

2 Z 2
e On dinh neu g < —
T

\/4a1—(5\*+a2)(a2—35\*)> '

. ) 2
e khong on dinh neu g > — |arctan ( e
T +a2

Truong hop 3.3: Néu a; > 0 thi phuong trinh P4(\) = 3A\% + 2a3)A + a; = 0 ¢6 hai nghiem
am phan biet A; vd Ap. Tiép theo, ta xét bang bién thien (xem Hinh

5\1 A2 0 + o0

P4(}) + 0

P3 max /

YN

P3,min

Hinh 3.7: Bang bién thién cho phuong trinh P3(\) = 0 trong Trudng hop 3.3

Do P5(0) = ao > 0 nen Hinh [3.7|chi ra réing phuong trinh P5(\) = 0 khong thé c6 nghiem
v6i phan thyc khong am néu a; > 0. Khi d6, ta xét hai truong hop sau:



87

e Néu Pj3nax - P3min < 0 thi phuong trinh P3(5\) = 0 ¢6 ba nghiém am. Do do, trang

thai can bang khong c6 ma doc Py 6n dinh tiem can.

e Néu Pjax - Pgmin > 0 thi phuong trinh Ps(X) = 0 ¢6 mot nghiem am duy nhat va
hai nghiém phrc liéen hop 5\671 va 5\072 nam trong géc phan tu thit hai va thi ba cia

mat phang phitc. Do d6, acgumen ciia céc nghiém nay théa man

™
> = > —.

‘arg“) 27 2

Do d6, trang thai can bing khong c6 ma doc Py 6n dinh tiém can.
]

Nhan xét 3.3. Tit két qué ctia Dinh 1y [3.3] chiing ta thay ring diéu kien Ry < 1 la chua
dii dé loai bé hoan toan ma doc trén mang phitc hgp khong dong nhat va cac tham sé clia
mo hinh ciing déng vai tro quan trong trong su 6n dinh tiém can dia phuong ciia trang
thai can bang khong c6 ma doc Py.

Tiép theo, luan an thao luan vé mot van dé quan trong trong 1y thuyét dich té hoc

lien quan dang diéu tiém can toan cuc cia trang thai can bang khong c6 ma doc Py:

Dinh 1y 3.4. Néu gid tri nguéng

o w3My(oy + 09)(n?)

Ry = <1

asas(n)
thi trang thdi can bang khong cé ma doc Py ctia mo hinh lan truyén ma doc SE, EsIQR

phan thi dua trén mang on dinh tiem can toan cuc trén LT,

Ching minh. V6i moi k = 1, n, gia st x*(¢) 12 mot nghiém khong am ciia hé phuong trinh
vi phan phan thi 1; va xét mot phiém ham V : ¥* — R cho béi

Zbk ) {W0, (Sk) + Evge + Bog + I + Qi + Ry}

Theo Nhan xét va do tinh khong am ctia nghiem x*(¢), ching ta suy ra V(x(t)) la
ham kha vi, xac dinh khong am va duge goi 1a ham Lyapunov clia mo hinh lan truyén ma
doc dé xuat. Sau day, dé don gian, chiing ta sé luge bé bién thai gian ¢ trong cac an ham,
tiic 1a ching ta sé viét Sy thay vi Si(t). Khi d6, bang cich 1ay dao ham Caputo bac phan
thit ctia ham V(x(¢)) doc theo nghiém x(t) va sit dung Bo dé , ching ta nhan duge

UC@EV(X(Q) BRI _P(k)oogtﬂ (Sk — by, — by In (i:))
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oC@fEl,k + ggtBEZk + ocgf]k + ocgtﬂQk + ngRk>

S
=
S
e
S—

N

M,k b
< 2N (k) [(1 - —’“) SOPSk + SO (Br g+ Eog + In + Q + Rk)] :

n> 1 bk Sk
trong do
b b
(1= &) 52 = (1= 5 ) A0 = (01(8) + 0a(h) 516 ~ Sy + O]
bpA(k
= A(k) — (0’1([6) + UQ(k)) Sk@ — uSk + 9Rk — kS—]E)
biOR
+ by, (01(k) + 09(k)) © + puby — ks i (3.12)
k
COP (Fyp 4 Fog + I + Qu + Ry,) = (01(k) + 02(k)) Sx© — 0Ry,
— (B g+ Eoy + I, + Qr + Ry)

Két hop cac danh gia (3.12) va (3.13), ching ta nhan dugc

b
(1 - _k) §D7S) +§D) (Erv g+ Eop + I + Qr + Ry)

Sk
b (k bLOR
< (A = s = 2B ) BB b (ou(h) + a() ©.
St St
Chu ¥ rang véi mdi ¢t > 0 va x(t) € BT, ta ¢6
b A ( b
A(k) — Sy, — = ( )+ubk: 1— =2 ) (A(k) — uSy) < 0.
S S

Két hop cac danh gia trén, ta co

M, k
§OIV(x(1)) < Ty 2 3 PR) e (01(k) + 02(8)) © = ]
k=1
M n
= Ty 2 FB(R) (01(k) + 02(k) © = 6
k=1
— 00 [ B, — ﬂ)
W3 a5
Khi d6, §D7V (x(t)) < 0 néu %9?{0 K < 0, hay tuong duong véi
0 w3 (073
Ry < s - Hs < 1.

agas  (p+we +ws)(ry + e+ p)
Do d6, theo Dinh 1y [1.3] ching ta c6 thé két luan riing trang thai can bing khong c¢6 ma

doc Py 6n dinh tiem can toan cuc néu Ry < 1. O
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Nhan xét 3.4. Via; =n+ p+w; > n nén ta co
ws (o1(k) + oo(k)) oW (noy (k) + anoq(k))

(8 510%: 058 1e%:

Y

tite 1a Ry > Ro. Mat khac, theo Dinh 1y [3.4] do trang thai can bing khong c6 ma doc Py
on dinh tiém can toan cuc chi khi ?5%0 > 1 nén diéu kien Ry < 1 1a khong du dé loai bo

dich bénh trén mang phitc hop khong dong nhat.

3.2.4. Phan tich tinh ré nhanh

Trong cdc muc trude, luan 4n da chitng minh rang ring néu gia tri nguéng Ry < 1 thi
trang thai can bang khong c6 ma doc Py 1a on dinh tiém can dia phuong va trang théi
nay l1a khong o6n dinh néu gia tri nguéng Ry vuot qua 1. Tuy nhién, trong truong hop gia
tri ngudng MRy thay doi qua lai § gid tri 1, titc 1a trang thai can bang Py sé thay doi tit
ngudng on dinh tiém can dia phuong sang khong én dinh, ching ta chua cé két luan gi vé
ddc trung dang diéu ciia trang thai can bang nay. Trong 1y thuyét dinh tinh ctia cic he
dong luc, dé mo ta cac hién tugng mot sy thay doi nhé ciia tham sb ¢6 thé gay ra mot su
thay doi dot ngot trong dang dieu ctia mo hinh, ching ta tién hanh phan tich tinh chat

ré nhanh dia phuong ctia mo6 hinh bao gom tinh ré nhanh tién va ré nhanh lui.

o(t) o(t)

Trang thai EE
on dinh
Trang thii EE onan

6n dinh 08

0.8

0.6 0.6

0.4 0.4 i
v Trang thii EE

\  khéng én dinh
0.2 Trang thai MFE
6n dinh

T[:;.:[‘g ":éigll\{thE Trang thai MFE * ~ Trang thii MFE
one on G " &n dinh Se o khéng én dinh

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 %U 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 mU

(a) (b)

Hinh 3.8: Minh hoa cho hién tugng ré nhanh: (a) Ré nhanh tién, (b) Ré nhanh lui

Trong muc nay, luan 4n sé thao luan vé hién tuong ré nhanh ctia mo6 hinh lan truyen

ma doc dé xuat xay ra khi %y = 1. Dinh 1y dudc phéat bi¢u nhu sau:

Dinh ly 3.5. Mo hinh lan truyén ma doc SE,E;IQR phan thit dua trén mang luon ré

nhdanh tién tai Ry = 1 vdi moi gid tri cia tham so.

Ching minh. Dé xac dinh huéng ctia duong cong ré nhanh, luan 4n xét dang dieu dia

phuong clia ngin lan truyén ma doc 1a mot ham cia JRy. Khi d6, huéng ré nhanh dugc
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xac dinh bdi dau cta aa—igo tai (MRo, ©) = (1,0). Do & trang thai can bang ddc hitu, ham
I(t) duong v6i moi ¢t > 0 nén ham O(t) cing duong véi moi ¢ > 0. T phuong trinh
tu nhat quan , chiing ta suy ra rang phuong trinh F(©) = 0 phai c¢6 it nhat mot
nghiém khong tam thuong ©*. Xét phuong trinh sau:
1 < A
W inerh "

trong d6 Ay, fll,k v Ay duoe cho trong Dinh 1y . Bing cach nhan ca ti s6 v mau so

) A . M 2
cia bidu thitc ———— véi s6 hang o(n71 + 103)(n >, chung ta nhan dugc
Al,k(% + AQ C¥1052045<TL>
M - a3a4a67kkIP’(k:)‘ﬁ0

=1. (3.14)

q
<n> k=1 Oég’kmo@ + Mq(n01+a102)<n2> |:Oég’k@ + A2:|

ajasas(n)

w3 My(noy + a102)(n?)
ajasas(n) j
bang ddc hitu trong géc phan tu thi nhat ctia he toa do (R, ©). Khi do6, dé thu duge

Chu ¥ ring Ry =

va phuong trinh trén xac dinh duong cong can

diéu kién cho huéng ré nhanh ciia dudng cong can bang dic hitu, ching ta lay dao ham

. ) 00
ham an cta phuong trinh (3.14)) theo 2Ry va xac dinh dau cia e tai (Ro,O) = (1,0).
0

That vay, ta co

n

M, kP(k) (P — P,
ﬁ asagae kP (k) ( 12k > ) S (3.15)
L [Oés,k%o@ + Mq(ZiZZZ;?Zf(” ) (Oég,k@ + AQ)}
trong d6 cac s6 hang Py i va Py, duge xac dinh nhu sau:
M, 2 N
Py = ag R0 + «(noy + aroz)(n?) (Oég,k@ —|—A2>
ayasas(n)
00 M (770'1 + 04102)(712> 00
P =R C) Ro—— 1
2k 0 |:a8,k + Qg g 089‘{0 + Qg g o cuaces (1) 2%
00 00

..

. Khi dé, véi Ry = 1

Sau day, dé don gian, chiing ta ky hieu —— o)
1,0

boi ——
Ry ‘(mo,@)z(m) ' Ry
va © = 0, phuong trinh (3.15) tuong dwong véi

a1+ai02)(n? A
n_agauag kP(k) [ME‘(L:;&;<§>)< ) <A2 - Otg,kaa—m@o|(1,o)> - Oés,kg—gg)‘(l,o)}

1 =0. (3.16
(n) ; Mq(no1tono2){(n?) 4 2 ( )
- ajasas(n) 2

Chia ¥ rang
o1+aio2)(n?) ¥
M, “ 043CY4046,1<:’€P(]€)MQ(leaJ;a;é))( >A2 )

<n> 1 (Mq(nal+a102)<n2>A2>2

ajazas(n)
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Do d6, phuong trinh (3.16) trd thanh

@ o141 09) (02
M, = 00, RE () [ g o) ¢ a&k] 90 o= 1
<n> 1 <Mq(nal+a102>)<n2>/12>2 39%0 (1,0 .

ajogas(n

Cudi ciing, vi cidc tham s6 ctia mo hinh lan truyén méa doc SE;E;IQR phan thit dya trén

mang déu khong am nén ching ta suy ra 1,0y luon duong véi moi gia tri ctia tham

IR,
s6. Vi vay, ching ta suy ra mo hinh lan truyén ma doc SE;E,IQR phan tht duya trén

mang luon ré nhanh tién tai Ry = 1. ]

3.3. Mot sb thao luan

Muc nay thuc hién mot sé tinh toan lien quan dén ciu tric mang va céc tham sb dé
giai thich cho cac két qua 1y thuyét. Vi mang cdm bién khong day 1a mang quy mo tu do
Barabasi-Albert gigi han nang lugng nén hai tham s6 hiéu chinh duge A\ va A\, dugce gia
st nhan gia tri duong dé thé hieén vai tro clia ca bac ctia nit 1an nang luong du ctia nit
trong mang. Ngoai ra, luan an cling gia st rang \g = = > A\, = R titc 1a kha nang két

)
noi gitta cac nat chiém wu thé trong cau tric mang. Them vao do, theo cong thite (11)
C

trong [25], x4c suat P(k) = =z va C la hang s sao cho Z P(k) = 1. Trong
(79.94k + 120) 2

muc nay, luan an xét s6 nhém n = 10, toc do nhiém ma doc oy (k) = o1k, o2(k) = o2k

va mic do nhiém v(k) = k v6i o = 0.35, 09 = 0.25. Sau day, bang cach sit dung cong cu

tinh todn chudi symsum trong MatLab, ta c6
(n) = 1.7837, (n?) = 5.2435.

Ngoai ra, cac tham s6 khac duge cho nhu sau: A(k) = 0.04, w; = 0.1, wy = 0.12, w3 = 0.2,
c=0.17, u=0.04, r, = 0.05, § = 0.03, 7, = 0.06 va n = 0.15. Do d6, chi s6 ngudng lan
truyen R, cho bdi

B wsM,(noy + ai02)(n?)
0=

~ 1.1467M,,
apaas(n) 7

tiic 14 néu hing s6 tuong tac dua trén luat mo M, di 16n thi chi s6 ngudng lan truyén
MRy c6 thé vust qua 1. Diéu nay chiing t6 vai tro quan trong ctia sut kiém soét viéc truyén

dit lieu khi mang bi nhidm phan mém doc hai.

3.3.1. Phan tich dé nhay tham sé cta chi sé ngudong lan truyén R,

Trong mot mo hinh lan truyén ma doc, cac chi s6 do nhay cho biét mitc do anh hudng

cia céc tham sé khac nhau déi véi dang dieu tong thé ctia mé hinh va dong thoi, cho
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phép chiing ta u6c tinh téc do thay doi ciia chi s6 ngudng lan truyén Ry khi cac tham sb
thay do6i. V6i muc tieu xéc dinh do nhay tham s6 ctia chi s6 ngudng lan truyen Ry, dau

tien, luan an nhic lai tir [112] dinh nghia sau:

Dinh nghia 3.1 ( [112], Definition, pp. 1280). Chi s6 d6 nhay chuan héa ctia mot dai
luong u phu thudce kha vi vao tham sé p duge xac dinh baéi

ou p
TV = — x =
P 8pxu

Theo dinh nghia trén, do nhay chuan héa déi véi cac tham sb ctia Ry cho béi

T =1 TR —q The - ¢ TR — w2
Mg = v S ¢ c+ptry 2 wa +ws + p
R ™ n aq

T = ———— ’I‘g"lo ="t T?Qo e S—

rn+ct+u no1 + a102 No1 + 102
“ a1(noy + a103)’ Wyt wy K ai(noy + aq02)

oo _po(ptw) o +as)
H aq(noy + ay09) oQus

Bang cho biét chi s6 do nhay chi tiét ctia chi s6 ngudng lan truyeén 9, déi véi cac
tham s6 va Hinh [3.9| dugce dung v6i géi lenh bar trong MatLab, cung cap biéu dién hinh
hoc cho cac gia tri trong Bang |3.3|

Bang 3.3: Chi s6 do nhay ctia gia tri nguéng Rg doéi véi cAc tham sd

71| Tham Mo ta Chi s6

sO do nhay
1 M, Hing s6 tuong tac dua trén luat mo +1
2 <<"TQ>> Tham s6 cau triic mang +1
3 c Téc do cac nit lan truyeén ma doc bi cach ly —0.6538
4 w1 Toc do cac nit mang ma doc loai 1 bi cach ly —0.1448
5 w9 Téc do cac nit mang méa doc loai 2 bi cach ly —0.333
6 w3 T6c do thanh nit lan truyén ma doc clia nit mang méa doc loai 2 0.444
7 n Téc do chuyén tit nit mang ma doc loai 1 sang mang méa doc loai 2 0.20276
8 r1 Téc do hoi phuc ctia nit lan truyén ma doc —0.1923
9 o1 Téc do chuyén trang thai tit man cdm sang mang ma doc loai 1 1.2
10 09 Téc do chuyén trang thai tit man cdm sang mang méa doc loai 2 2.32
11 L Téc do nit roi mang —0.21089
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Sensitivity indices of parameters

M, &2 c W) W2 ws n 1 o1 09 m
n

(n)
Hinh 3.9: Minh hoa cho két qua danh gia do nhay tham s6 ctia chi s6 ngudng lan truyén Ry

Cac két qua trong bang trén chi ra ring chi s6 ngudng lan truyen 9y it nhay nhat véi
tham s6 w;, sau d6 1a téc do hoi phuc 7. Tham s6 lan truyén ma doc duya trén luat mo
M, va tham s ciu tric mang % c6 cuing do nhay véi chi s ngudng lan truyén. That
vay, néu hai tham s6 nay tang 10% thi chi s6 ngudng lan truyeén Ry tuong tng ciing sé
tang 10%. Dac biet, cac tham s6 ¢6 do nhay 16n nhat déi véi Ry 1a tham s6 chuyen tit
trang thai (S) sang céc trang thai mang ma doc o1 va go. Thém vao d6, ching ta cling
thay rang gia tri ngudng Ry nhay véi toc do cach ly ¢ hon so vé6i téc do cach ly wy va do
nhay ctia Ry véi toc do trd thanh nit lan truyén ma doc ws xap xi 9 That vay, theo dit
liu trong Bang chiing ta thay rang néu toc do cach ly ¢ tang them 10% thi gia tri
clia gia tri ngudng MRy sé giam 6.538%, trong khi can phai gidm 1.448% ciia toc do cach
ly w; méi c6 thé tang gia tri cia My them 10%. Ngoai ra, dé gidm gia tri ciia Ry xudng
10%, ching ta can giam gia tri clia cdc tham s6 7, ws tuong tng 1a 2.0276% va 4.44%.
Ngudc lai, tang gia tri clia wy s& gitp gidm gia tri clia chi s6 ngudng lan truyen Ry.

Mat khac, Dinh 1y da chi ra rang diéu kien Ry < 1 1a mot trong cach diéu kien
dam bao cho tinh on dinh tiém can dia phuong ctia diém can bing Py. Tiép theo, bang
cach coi chi s6 ngudng lan truyen SRy 14 mot ham cia cac bién ¢, wy; va wsy, luan an danh
gia &nh hudng clia cac hing s6 cich ly wi, ws, ¢ ddi véi Ry (xem Hinh .
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——The change w.r.t. ¢

——The change w.rt. w,

The change w.r.t. w,

The basic reproductive ratio

Hinh 3.10: Anh hudng clia cac tham sb cach ly déi véi chi s6 nguong lan truyén R

Tiép do, luan an biéu dién trong Hinh su bién thién trong khong gian ba chiéu
ctia chi s6 ngudng lan truyén Ry theo cac cip tham s6 cach ly. Theo Hinh ching ta
thay ring gia tri ctia My gidm dang ké theo cac tham sb ¢ va w,, trong khi gié tri ngudng
nay gidm kha cham khi tham s6 w; bién thién tit 0 dén 1. Nhin chung, cac tham sb cach

ly cang 16n thi hiéu s6 Ry — 1 cang nho.

QR
%&":«:«
“‘2*.0.0.%
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Hinh 3.11: Biéu dién trong khong gian ba chiéu gia tri ctia chi s6 nguéng lan truyén 9y theo

cac tham s6 cach ly

3.3.2. Mot s6 moé phong va thdo ludgn

Sau day, dira trén phuong phap du bao-hiéu chinh Adams-Bashforth-Moulton cai tién
va chuong trinh Matlab fde12.m, luan an sé biéu dién hinh hoc dang diéu theo thoi gian
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ctia mo6 hinh lan truyén méa doc dé xuat va minh hoa cho cac két qua ly thuyét. Trong
Hinh[3.12] luan an gia dinh tham s6 tuong tac dya trén luat mo M, € {0.45,0.6}. Khi do,

Z S X a n2
ching ta thay rang R < 1 va dieu kién ajas + ajas + asas > %
theo Dinh 1y , trang thai can bang khong c6 ma doc Py 6n dinh tiem can dia phuong.

Hon nita, gia tri ngudng R, tinh duge khi d6 1an lugt bing 0.7183 va 0.9578, tic 1a trang

théa man. Do do,

thai can bing khong c¢6 ma doc Py ciing on dinh tiém can toan cuc (theo Dinh 1y |3.4)).
That vay, dang diéu ctia mo6 hinh trong trucng hop nay duge mo ta béi Hinh véi kich
ban chung 14 mat do nat lan truyén ma doc c6 xu hudng gidm manh trong khi mat do
nut nhay cam tang nhanh sau khi dat diém cuc tiéu tai thoi diém ¢ = 5. Them vao do,
Hinh cting chi ra rang tham s6 M, cang nhé thl mat do cac nut nhay cdm cang cao,
diéu d6 c6 nghia 1 viéc gidm két n6i tam thoi hoac tham chi tam dimg truyen dit lieu khi
mang bi tan cong béi phan mém doc hai 1a mot trong nhimg giai phap dé giam toc do
lay lan ctia phan mém doc hai trén mang. Hinh xem xét dang diéu ctia mo6 hinh lan
truyeén ma doc dé xuat trong trudng hop Ry > 1. Trong trudng hop nay, ching ta co thé
thay ring mic di mat do nat nhay cAm ban dau kha cao, nhung né c6 xu huéng giam
dang ké, dat dén diém thap nhat khi ¢ = 20 va khong thay doi dang diéu trong sudt thoi
gian sau d6. Hinh minh hoa cho két qua ctia Dinh 1y phan mém doc hai ton tai
lau dai trén mang khi R > 1.

R0 =0.516015 < 1 and Mq =045 Fl0 =0.68802 < 1 and Mq =0.6
T T T T T T T T T

—Susceptible
—Type 1-Exposed

Type 2-Exposed

50 — Infectious

——Quarantined
Recovered

. . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Time

Hinh 3.12: Dang diéu theo thoi gian ctia S(t), E1(t), E2(t), I(t), Q(t), R(t) khi Ry < 1
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100 T

Hinh 3.13: Dang di¢u theo thai gian cia S(t), E1(t), E2(t), I(t), Q(t), R(t) khi Ry > 1

Ngoai ra, dé danh gia 4nh hudng ctia bac nit va tdc do doi trang thai ctia nit déi véi
sy lan truyén phan mém doc hai trén mang phitc hgp khong dong nhat, luan an khao sat
dang dieu theo thoi gian ciia trang thai man cAm va trang thai lan truyén ma doc véi

mot s6 gid tri khac nhau ctia M,, trong d6 dudng nét dit bicu dién két qua khi khong

st dung logic

Hinh [3.14] dé

va mat do nat man cdm cang thap. Dic biét, trong truong hop mo hinh lan truyén ma

doc khong st dung logic md, mat do nut lan truyén ma doc cho két qua cao nhat va mat

R, =1.089365 >1 and Mq =0.95

—Susceptible
—Type 1-Exposed
Type 2-Exposed
— Infectious
——Quarantined
Recovered

do nat man cdm cho két qua thap nhat.

40

Density of infected nodes

Hinh 3.14: Anh huéng ctia tham s6 lan truyén ma doc dua trén luat mo M, dén mat do cia cac

— Low transmission
——Medium tranmission
——High tranmission

----Without using fuzzy logic

250 300 350 400 450 500

trang thai nhay cdm va lan truyén ma doc

Density of susceptible nodes

R, =1.135233 > 1 and Mq =0.99

—Susceptible
—Type 1-Exposed
Type 2-Exposed
— Infectious
—Quarantined
Recovered

md va cac duong lign nét bidu thi két qua véi mot s6 M, khac nhau. Theo

thay rang tham s6 M, cang 16n thi mat do nat lan truyén ma doc cang cao

100

150

200

250
Time

300 350 400 450 500
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Trong Hinh , luan an thao luan vé dang diéu tiém can ctia mo hinh lan truyén ma
doc SE{E;IQR phan thit dya trén mang dé xuat so sanh véi ba mo hinh lan truyén ma
doc phan thit khac bao gom mo hinh lan truyén ma doc SIR, mo hinh lan truyén ma doc
SEIR v& mo hinh lan truyén ma doc SIQR. Trong cac mo hinh lan truyén ma doc nay,
chiing ta thay rang mat do cac ndt lan truyén ma doc déu c6 xu huéng gidm dan, trong
d6 cac nit lan truyén ma doc trong mo hinh lan truyén ma doc SE;E,IQR c6 toc do gidm
nhanh nhét so v6i 3 mo6 hinh con lai. Trong mo hinh lan truyén méa doc SIR, mitc do gidm
clia trang thai lan truyeén ma doc thap hon so véi cdc mo hinh khac do khong xem xét cac
bién phép cach ly cac nit mang ma doc. Ngudc lai, ¢6 thé thady mat do nat lan truyén méa
doc giam dang ké trong cac mo hinh lan truyén ma doc SIQR va SE;E;IQR nho tinh dén
bién phap cach ly. Dac biét, trong mo hinh lan truyén ma doc SE;EsIQR, cac nat nhiém
bi dugc phan thanh ba loai: trang thai mang méa doc loai 1, trang thai mang méa doc loai
2 va trang thai lan truyén méa doc. Sau d6, véi cac bién phap cach ly thich hop, cac nut
chita cac phan mém doc hai bi ¢o lap khoéi mang véi téc do lan luct 1a wy, ws va c. o) day,
do khong chi cac nit lan truyén ma doc ma ca cac nit mang ma doc cling duge cach ly
khéi mang nén ching ta c6 thé giam dang ké s6 lugng nit lan truyén méa doc trong mang,
ngin cac nit mang ma doc thanh lan truyén ma doc va dé ciing 1a 1y do tai sao mat do
céc nit lan truyén ma doc trong mo hinh lan truyén ma doc SE;E,IQR thap hon cac mo
hinh khac. Tém lai, diém khac biét 16n nhat giita mo hinh lan truyén ma doc SE;E,IQR
v6i cac mo hinh lan truyén ma doc khac 1a viéc cach ly thich hgp sé lam tang s6 nit man
cam va gidm s6 nut bi nhiém.

Hinh va Hinh mo ta dong lyc ctia mo6 hinh lan truyén ma doc SE;E;IQR
phan thit dya trén mang véi mot so6 bac dao ham phan thit 8 trong truong hop Ry < 1 va
Ry > 1. Dé thay rang néu gia tri clia bac phan thtt 8 ting lén thi mat do cac nat mang

ma doc va lan truyén ma doc sé giam nhe.
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SEIEZIQR epidemic model
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Hinh 3.15: So sanh mo hinh lan truyén ma doc SE;E2IQR vé6i cidc mo hinh khéc
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Hinh 3.17: Anh huéng ctia dao ham phan thit ddi v6i moé hinh SE;E2IQR trong truong hgp
Ry > 1

Hinh Hinh va Hinh thé hien anh hudng ctia cdc tham sb cach ly ¢, w;
va, wy doi véi dang diéu theo thoi gian clia mo6 hinh lan truyén ma doc SE;E;IQR phan
thit dua trén mang. Hién nhién ring khi hé thong mang bi tan cong bdi cac loai phan
mém doc hai, viéc cach ly cac nit mang ma doc va lan truyén ma doc déng mot vai tro
then chét trong viéc ngan chin sy lay lan phan mém doc hai tit cdc nat bi nhiém sang
nit man cdm. That vay, ba hinh duéi day déu chi ra ring khi toc do cach ly duge tang
len, mat do clia cdc nit man cdm c¢6 xu huéng tang trong khi mat do ctia cac nut lan

truyen méa doc giam dang ké.
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Hinh 3.18: Khong gian pha gitta trang thai lan truyén ma doc va cac trang thai khac véi cac gia

tri khac nhau ctia tham s6 cach ly ¢
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Hinh 3.20: Khong gian pha gitta trang thai lan truyén ma doc va cac trang thai khac véi cac gia

tri khac nhau ctia tham s6 cach ly ws

3.4. Két luan chuong

Chuong 3 tiép tuc nghién ctu s lay lan ciia cac phan mém doc hai trén mang cam
bién khong day va hiéu qua clia cac bien phéap cach ly déi véi kiém soat sy phéat tan méa
doc. Tuy nhién, tit thyce té rang mang cadm bién khong day c6 cau tric mang khong quy
mo Barabasi-Albert gi6i han ning lugng va nham tinh t6i &nh hudng ctia tinh khong dong

nhat trong tiép xtc clia cac nit mang khac nhau ddi véi qua trinh lan truyén, luan an dé
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xuat xay dung va nghién cttu moé hinh lan truyén ma doc phan thit dya trén mang gom

6 ngan S-E;-E,-I-Q-R. Cac két qua chinh da dat dugc trong chuong nay bao gom:

1.

Luan an da st dung logic mo dé xac dinh tham s6 lan truyén ma doc dua trén luat
mo M,. Cach thiét lap nhu vay c6 tinh dong va thuan tién cho viéc hiéu chinh mo

hinh khi tham s6 mang thay déi.

. Luan an da ching minh duge tinh dat dung ctia mo hinh lan truyén ma doc phan

thtt dya trén mang dé xuat véi viec ching minh duge mo hinh luon c6 duy nhat

nghiém khong am va moi nghiém déu thudoc mot tap bat bién duong X7

. Bang cach st dung phuong phap ma tran thé heé tiép theo, luan an da xac dinh duge

chi s6 ngudng lan truyén Ry va chi ra dugce cac trang thai can bing khong c6 ma
doc, trang thai can bang dac hitu clia mo6 hinh. Day 1a cac yéu t6 dich té quan trong
trong viéc dir bao dang diéu theo thoi gian cia mo hinh lan truyén ma doc dé xuat.
Dic biét, sy ton tai clia trang thai can bang dic hitu da duge chi ra diya trén phuong
phap thé va ap dung dinh 1y gi tri trung gian quen thuoc.

. Gi4 tri ctia chi s6 ngudng lan truyen 9y v cac tham s6 duge lien he dé khao sat

dang diéu tiém can ctia mo hinh vé trang thai can bang khong c6 ma doc Py. Cu
theé, luan an da khéng dinh dugc su 6n dinh tiem can dia phuong ctia Py véi diéu
kien SRy < 1 vd mot sd rang buoc tham s6. D6i v6i sy on dinh tiem can toan cuc
ciia Py, dua trén phuong phap ham Lyapunov, luan dn da chi ra diéu kién can 1
Ry < 1 véi chi s6 ngudng Ry > Ro. Them vao d6, két qua vé hudng ré nhanh cia
mo hinh lan truyén ma doc dé xuat khi 9y = 1 duge théo luan tai Dinh 1y [3.5]

. Cac két qua mo phoéng va thao luan trong Muc da danh gia duge y nghia cuia

cac tham s6 d6i véi gia tri ngudng Ry thong qua cac chi s6 do nhay. Hon niia, tam
quan trong ctia cac bién phap cach ly hay cau tric mang ciing da dude thio luan

cudi chuong nay.

Tuy nhién, nghién citu ctia chuong nay méi chi tiép can cac bien phap kiem dich cho

mang véi cach ly hang sé va dé thay rang viec cach ly kiém dich hing s6 la diéu kien kha

Iy tudng, kho dat duge trong thie té. Do d6, trong chuong sau, luan an sé dé xuat nghién

citu bai toan 6n dinh héa cho mo6 hinh lan truyén ma doc phan thit dua trén mang véi

ham cach ly bién thien u(t).



Chuong 4

BAI TOAN ON DINH HOA CHO MO HiNH LAN TRUYEN
MA DOC SIRS PHAN THU DUA TREN MANG CO DIEU
KHIEN

V6i muc tiéu cudi cling la kiem soat su lay lan phan mém doc hai trén mang, cac bai
toan dieu khién cho céc moé hinh lan truyén ma doc dya trén mang ciing la mot chii dé
thiét thuc, c¢6 tinh thai sy. Tuy nhién, cac bai toan diéu khién cho cac mo hinh lan truyén
ma doc dya trén mang ciing mdéi xuat hién trong 10 nam trd lai day [11,31},34,/35,58] voi
cac két qua 1y thuyét ban dau vé su ton tai diéu khién t6i wu cho cdc mo hinh lan truyén
méa doc dya trén mang v6i dao ham bac nguyén. Chuong |4| tdp trung vao nghién citu
bai toan diéu khién ngita chiing cho mo hinh lan truyén ma doc SIRS phan thit dua trén
mang theo cach tiép can hé mo Takagi-Sugeno phan thi lien két. Trong chuong nay, dau
tien luan an st dung mo hinh héa toan hoc dé thiét lap mo hinh lan truyén ma doc SIRS
phan thi dya trén mang c6 diéu khién véi ham xt 1§ ma doc bao hoa nhim mo ta dong
lyc tan cong ciia cdc phan mém doc hai trén mang cam bién khong day trong trudng hop
sO ntt bi nhiédm vigt qua kha nang xit Iy phan mém doc hai ctia mang. Sau dé, luan an
chi ra mot s6 tinh chat dinh tinh ctia mo hinh lan truyén ma doc SIRS phan thit dya trén
mang dé xuat. Dac biét, dé nghién ctu tinh dang diéu tiém can ciing nhu si ton tai trang
thai can bang dic hitu ctia mo hinh lan truyén ma doc, luan an duya trén danh gia gia tri
ngudng dich t& hoc MRy, tiic 1a chi s6 ngudng lan truyen, va dua ra cac diéu kién can cho
st 6n dinh tiém can dia phuong ciing nhu on dinh tiém can toan cuc. Tiép do, cac diéu
kién cho sy ré nhanh 1 ctia moé hinh ciing duge chi ra. Cudi ciing, do luan an da chi ra
rang trang thai can bang Py khong on dinh khi 9% > 1 nén phan con lai ctia chuong nay
la giai quyét bai toan on dinh héa cho cho mo hinh dé xuat va dua ra céc tiéu chuan cho
st on dinh héa véi dieu khién phan hodi trang thai lien quan dén bat dang thic ma tran
tuyén tinh va ma tran xac dinh duong. Chuong nay duge viét dua trén két qua cia bai
béo [P3] va ban thao [P4] trong Danh muc cong trinh ctia nghién citu sinh.

4.1. Thiét lap mo hinh

Trong chuong nay, luan an dé xuat st dung mo hinh lan truyén ma doc ba ngan dia
trén mang, cu thé 13 mo hinh lan truyén ma doc SIRS phan thit duya trén mang, dé nghien

cttu anh huéng ciia sy lay lan phan mém doc hai trén mang phitc hgp khong dong nhét.
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mo6 hinh lan truyén ma doc dé xuat chia toan bo cidc nit mang thanh ba 16p véi mo ta
cho trong Hinh .

Ngdn Lan truyén méa doc Ngdn Hbi phuc
- Lan truyén méa déc téi cac ndt Man cam - Céc nGt da duoc diét hét ma doc va
lan can trong mang. o dwoc cap nhat phan mém diét ma doc.
- Céc loai m& doc hoat dong, nhan ban, - NUt Héi phuc c6 ty 1& phan mém diét
lan truyén gilra cac nut mang gay tang mé& doc méat tac dung va tré lai trang thai
tiéu thu nang lwong va lam nut nhanh Man cam véi cac loai ma doc
chong can nang luong.

Ng3n Man cam
- Chuwa bi tAn céng béi ma déc nhwng la muc tiéu tAn céng clia cac
loai ma déc . . ) . )
- Céc nut ma phan mém chdng ma doc mat tac dung dwoc xép vao
trang thai Man cam

Hinh 4.1: Mo t& ctia m6 hinh lan truyén ma doc ba ngan: Man cam (S), Lan truyén ma doc (I),

Hoi phuc (R)

Dé c6 mo té t6t hon cho cac mo hinh lan truyén ma doc trong thuc té v xem xét anh
hudéng ctia tinh khong dong nhat trong tiép xtc clia cdc ntit mang, luan an thiét lap mot
mo hinh lan truyén méa doc ba ngin dya trén mang. Hudng tiép can nay duge dé xuat
bdi nghién citu clia Pastor-Satorras va cong su [28], trong d6 céc tac gia chia tong s nit
thanh n nhém dya trén bac ciia nut, tidc 1a nhém thi & bao gom céac nut c6 ciing k két
noéi v6i cac nat khac. Tiép d6, ky hieu Si(t), Ix(t) va Ri(t) lan lugt 1a mat do cia céc
nit man cam, lan truyén ma doc va phuc hoi bac k tai thoi diém ¢. Ngoai ra, luan an gia
st rang Ni(t) = Sp(t) + Ix(t) + Ri(t) 1a mat do cac nit c6 bac k tai thoi diém t. Sy lan
truyén phan mém doc hai trong nhém thi k duge so dd hoa trong Hinh [4.2]

Hinh 4.2: So d6 ctia lan truyén phan mém doc hai giita ba ngan: Man cam (S), Lan truyén ma

doc (T) va Hoi phuc (R) trong nhém thit &

So d6 chuyén trang thai trong Hinh minh hoa cach cac nit duge chuyén tit trang
thai nay sang trang thai khac trong qué trinh lan truyén phan mém doc hai. Cu thé, sy

thay doi gitta ba trang thai nay duge dya trén cac quy tic sau:
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e MOdi nit tré thanh nit chét vé6i téc do p khi né can kiét nang luong va mot nit méi
c6 thé bo sung vao mang véi toc do A. Téc do bd sung nit méi A vho trang thai
man cadm va téc do roi mang p dude gia st 1a bang nhau dé dam bao su can bang
va lién tuc clia mang, tiic 1a mang xem xét 13 mot hé thong khép kin trong dé cac

nit bi loai khéi mang duge thay thé tich cire bdi cdc ntt mdéi day nang luong.

e Khi mot nit man cadm bac k tiép xdc véi phan mém doc hai, né sé chuyén sang
trang thai lan truyén ma doc theo toc do 0;,0(t), trong d6 tham s6 o, 1a toc do
truyen khi cac nit nhay cam tiép xtc véi phan meém doc hai. Ngoai ra, dudi sy bao
veé clia tudng ltta va cac chuong trinh chéng méa doc, mot nit man cam cé thé duge
chuyén sang trang thai (R) v6i tdc do diéu chinh duge phu thuoce thoi gian u(t) va
sau d6, ching ta noéi rang nit nay da duge bao vé. Trong nghién ctu nay, luan an

xem xét ngira chiing bang tudng lita 14 mot chién luge kiém soét lay lan.

e Trong cic mo hinh lan truyén ma doc co dién, téc do diéu tri ctia ntt lan truyén ma
doc thuong dude gia st 1a ty 1é thuan véi sé lugng nit nay, nghia 1a ham xit Iy ma
doc 1a tuyén tinh. Tuy nhién, c6 mot thyc té 1a déi véi cac mo hinh lan truyén ma
doc trén mang phiic hop khong dong nhat, cac chuong trinh diét virus chi c6 mot
gi6i han xit 1y t61 da dé xit 1§ cac phan mém doc hai hoic trong truong hop su lay
lan ma doc buing nd, sé luong nit mang ma doc vugt qua kha nang xt 1y clia cac
chuong trinh diét virus. Thic day bdi nghién citu cia Li va cong su [30], luan an dé
xuat st dung ham xit Iy ma doc phi tuyén dudi dang

rl
T 1440’

o(I1)

dé xit Iy cho céc nit lan truyén ma doc ¢ nhém thi k, trong dé r 1a tée do xi Iy
va tham s6 v duge stt dung dé do mitc do anh hudng ctia cac nit nhiém bénh bi tri
hodn xtt ly. Ham xit Iy ma doc nay duge cho 1a phit hop hon cac ham tuyén tinh
trong nhiéu truong hop.

e Cac nit ¢ trang thai (R) ddng xuat mang véi téc do p do can nang lugng. Mt khac,
vi viéc ngtta chiing ctia cac chuong trinh xit Iy ma doc chi 1a tam thoi, nén cac nat
hoi phuc c¢6 thé mat kha nang tu bao vé truée ma doc va trd lai ngan cac nit nhay

cam véi toc do w.

Trong bai béo [30], Li va Yousef da dé xuat nghién citu mo hinh dich SIRS dua trén
mang v6i ham diéu tri phi tuyén dya trén mo hinh phuong trinh vi phan thuong. Sau
do6, bai bao dua ra mot sd thao luan ban dau vé diéu kien du cho dang diéu tiém can
ctia mo6 hinh dich dya trén mang dé xuat. Duya trén nhitng wu diém ctia dao ham bac

khong nguyén trong moé hinh héa cac qué trinh khong dia phuong va nhim thé hien anh
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hudéng ctia tinh nhé trong cac qué trinh lay lan phan mém doc hai trén mang phitc hop
khong dong nhat, luan an st dung cac cong cu ciia giai tich phan thi dé nghién citu sy
lan truyén ma doc phan mém doc hai trén mang cam bién khong day véi dao ham bac

phan. Cu thé, luan 4n xét he phuong trinh vi phan phan thi cho nhém thi k sau:

(6D05(t) = A= OWSklt) — (u+ ue(t) Se(t) + whu(t)
FRIR(D) = a@OSHD) ~ nk(0) - s (@)
SDIR) = St + T — e+ )LD,
v6i dieu kién ban dau
Sp(0) = Sp >0, I,(0) =1} >0, R(0) = R) > 0. (4.2)

trong d6 toc do lan truyén oy, théa man o, = ko va gia st rang tat ca cac tham sd khac
ctia mo6 hinh duong. Ham ©(¢) 1a xac suat dé mot lien két cho trude dude két ndi véi mot
nit lan truyén ma doc va theo két qua ctia Huang va cac cong sy [32], ham nay duge cho

bdi bidu thiic sau:

trong do P(k) 1a x4c suat dé mot nit duge chon ngau nhién c6 bac k, ¢(k) = k la kha
ning lan truyén ctia ntt c6 bac k va ( Z kP(k) biéu thi cho bac két néi trung binh

clia mang cam bién.

4.2. Tinh chat dinh tinh ctia mo hinh

4.2.1. Su ton tai tap bat bién dwong

Dé thuan tién trong trinh bay, ky hiéu
() = (S0 L) ()

%) = (2i(t) %alt) - %(0)
¥t ={x(t) e R}": Sk(t) + Ik(t) + Rk(t) =1, k=1,n,t>0}

Tfk t
Fy(t, %(£), u(t)) = kO()Sk(t) — pl(t) — 1+7(@)(t)
(S0 + g — 0+ )R
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F(t,fc(t),u(t)):<F1(t,i(t),u(t)) Fy(t, %(t), u(t)) --- Fn(t,fc(t),u(t)))T.

Ngoai ra, mot trong cadc muc tiéu clia chuong nay lien quan dén bai toan diéu khién
v6i didu khién dau vao ug(t) duge xem nhu ty 1 cac nit man cam duge bao vé bdi tuong

Itta trén mot don vi thoi gian va do do, ludn an ky hiéu
Upg = {u(~) € (L0, T)" 1 0 < uy(t) < b, k= ﬁ} (0<b<1),

la tap diéu khién chap nhan dugc bao gom cac ham do dugc Lebesgue trén doan [0,T7.
0 day, do viéc ngita chiing cho tat cd ntt man cdm cing mot lac 1a khong thye té, luan
4n gia dinh ring mdi diéu khién dau vao u,(¢) bi gidi béi dicu kien 0 < ug(t) < b < 1.
Tiép theo, do sy ton tai clia cic phan mém doc hai trén mang phiic hop khong dong
nhat va theo dinh nghia cia ham x4c suat ©(t), luan an gia st rang O(t) > 0 v6i mdi
t > 0. Nhu vay, theo quan diém dich t& hoc, chiing ta chi can tap trung vao su ton tai
ctia nghiém khong am va tap bat bién duong ctia mo hinh lan truyén ma doc SIRS phan

thi dya trén mang.

Dinh 1y 4.1. Vdi moi diéu khién dav vao u € g, bai todn Cauchy cho mo hinh lan
truyén ma doc SIRS phan thi dua trén mang cé diéu khién cé duy nhat mot nghiém khong
am x(t). Thém vao dé, néu dicu kién ban dau théa man %(0) € X+ thi vdi moi t > 0,

nghiém x(t) thuoc vao tap XF.

Chiing minh. Chiing minh ctia dinh 1y nay dugce chia thanh cac bude sau:

Buéc 1 (Su tén tai duy nhat nghiém): Dé chitng minh sy ton tai duy nhat cta
nghiém x(¢), chiing ta sé chi ra rang bai toan gia tri ban dau - c6 nghiem duy
nhat X, (t) v6i moi ¢ > 0. V6i muc tieu nay, ching ta viét lai he dong lyc phan thit dua

trén mang 1D nhu sau:

Sk(t) - — uk(t) 0 w Sk<t) A— Uk@(t)5k<t)
07 | Lut) | = 0 0 L) | +| 25
Ri(t) w, (1) 0 —(u+w)) \Rit) Tl

Vi diéu khién dau vao ug(t) bi chan véi méi k = 1,n, chiing ta thiy ring ma tran
—p—ug(t) 0 w
Auy) = 0 — i 0

uk(t) 0 —(,M + UJ)
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14 ham ma tran bi chian véi moi ¢ > 0 va chuan
| A(ug)|| = max {4 20, p, p + 2w} = p + 2max {b,w} .

.
Them vao 46, chiing ta kg hieu £(t,%(1) = (£ (t,%(1) BLX®) ... LX)

v6iméi k=1,2,...,n, ta cd

fk(t,i(t)):(A—Uk@(t)sk(t) _152((;)@) 111%)@)) '

Chu y rang véi mdi x(t) € Xt va k =1,2,...,n, taco

2|1 (t)]
[14+~6(1)]

< A+ 03, [Sp(t)] + 2r | Tu(2)]

£ (2, x ()] < A+ a3 [O(0)] |5k (8)] +

< A+ max {oy, 2r} ||x(1)]
£, @) < n (A +max {o, 20} X))

ag = max {nA, n (,u + 2max {b,w} + max {o, 27"}) }
=n (,u + 2max {b,w} + max {o, 27"}) > 0.
Do d6, v6i moi x(t) € X, u € %,q va t > 0, ta nhan dugc
IE(t,%(t), u(t)]| < n [A + (u + 2max {b, w} + max {o, 27"}) Hf((t)H]
< ag (L+ [[x(@)]]) -

Mt khéc, v6i mdi x(t),X(t) € Xt vat >0, ta ¢

Bl x(0) ~ £t %(0) | < o[ S(DO() ~ SWv)B(0)] +2r’ Ii(1) Ti(t) ’

1+90(t) 1++06()

<o (1 v V<ff;2>> J5(t) ()] + 20 (1 v MTY”) () (1) -

Ky hieu Ly = n (u + 2max {b,w}) + max lak <1 1V <n2>) +2r (1 + 27\</n<>n2>>

o > 0. Khi

do6, v6i moi u € g, X(t),X(t) € T va v6i moi t > 0, ta nhan duge

IF(t,x(t)) = F@,X(0)]] < Le [|%(t) = X(0)]],
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nghia 14 ham F(¢,%(¢)) thoa man diéu kién Lipschitz do6i véi bién trang thai x(¢). Cudi
cting, bang cach ap dung Hé qua 6.9 trong [50], chiing ta c6 thé két luan ring bai toan
Cauchy cho mo6 hinh lan truyén ma doc SIRS phan thit dya trén mang luon c¢6 ding mot
nghiém x(t) dugc xéc dinh véi ¢ > 0.

Bué6c 2 (Tinh duong ctia nghiém): D6i véi chiing minh nay, gid sit phan chiing réng

v6i gid tri k € {1,...,n} ndo do, ton tai mot thsi diém ¢y > 0 sao cho
Sk(to) =0
Sk(t) >0 v6i moi 0 <t < ¢
Sp(t) <0 Vit > t.

Khi do, ching ta xét hai truong hop sau:

Trudng hgp 1: Néu ham [, (t) khong am v6i moi ¢ > 0 thi ta c6

T’Ik(t)

S DVR(1) = w()Sk() + T 5

— (Wt @) Bi(t) = —(w + p) B (1)

Sau do, bang cach ap dung dinh 1y so sanh nghiém cho phuong trinh bac phan thit (xem
B6 dé 10, [51]), ta nhan dugc

Ry(t) > Re(0)Eg (—(w+ p)t?) >0 v6i moi t € [0,).

Tiép theo, bang cach thay cac két qua trén vao phuong trinh vi phan dau tién ctia he

phuong trinh 1) ching ta nhan dugc
DI S ()] imty= A + wRk(to) > 0.

Theo hé qua ctia B6 dé , ton tai g > 0 di nho sao cho trong lan can (ty — g, to + £o)
ctia diém tg, ching ta c6 Si(t) > Si(0) > 0 v6i moi t € (ty — €o,to + &0). Didu trén dan
dén mau thudn véi gid stt phan chiing.
Trudng hop 2: Néu ton tai thoi diém ¢, > 0 sao cho

Ii(t) =0 néu t = t;

I(t) >0 néu t € [0,t)

I.(t) <0 néu t > t;.

Khi d6, chitng minh duge tién hanh vé6i hai truong hop phu sau:

Truong hop 1: Néu t; > t, thi bang cach lap luan tuong ti nhu trong Truong hop 1, chiing



111

ta c6 thé chitng minh duge rang cac ham I, (t), Ry(t) déu khong am trén doan [0, o] va
Sk(t) > 0 véi t € (to — €9, to + €0). Dieu nay dan dén mau thuan.
Truong hop 2: Néu t; < to thitacé S(t;) > 0va O(t;) > 0. Hon nita, tai thoi diém ¢t = ¢,

ta co
COP (1) ier, = 0 (7)Sk(t1)O(t1) > 0.

Khi d6, tit hé qua ctia Bo dé chiing ta c6 thé chon 0 < g1 < 1 sao cho I;(t) > I;(0)
v6i moi t € (t; — e1,t; + £1). Diéu nay dan dén mau thuin véi gid stt phan chiing ban dau.
Do do, chiing ta c6 thé két luan rang ham Si(t) > 0 luon duong véi moi ¢ > 0. Bing lap
luan tuong ti, ching ta ciing c6 thé chiing minh rang cac ham I, (t) va Ry(t) déu khong
am v6imoit >0 va k=1,n.

Buéc 3 (Tap bat bién duong): Bing cach cong vé tat cd cic phuong trinh vi phan
phan thit trong hé (4.1), ta nhan dugc phuong trinh vi phan phan thi sau:

D) Ni(t) = A — pNi(1).
Béng cach ap dung két qua ctia Vi du 4.9 trong [39], ta nhan dugc
Nelt) = Ne(O)s(—it?) + APE g 5. (—pit)
A
= Ni(0)Eg(—put”) + m [1—Es(—ut”)] .

0 day, luan an ap dung B6 dé véi B1 = BB, fo = 1 va z = —ut”. Sau d6, véi gid st
rang x(0) € ¥, ta thu duge

M) = S Ea(—pt?) + = [L— Ba(outh)] = =1,

vi toc do ntt mdi tham gia va nit can nang luong roi mang dude gia dinh bang nhau.
Diéu nay c6 nghia 13 tap X7 1a tap bat bién duong cho mo hinh lan truyén ma doc SIRS

phan thit dya trén mang. ]

4.2.2. Chi s6 nguéng lan truyén R, va cdc trang thdi can bing

Trong 1y thuyét dich t& hoc, mot van dé cot yéu trong nhiéu nghién ctu 1a xac dinh
céc trang thai can bang ctia mo hinh lan truyén méa doc duge dé xuat bao gom trang thai
can bang khong c6 ma doc Py va trang thai can bang dic hitu P,. Bén canh d6, luan an

ciing tap trung xac dinh mot gia tri nguéng quan trong ctia ly thuyét dich té& hoc, do la
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chi s6 ngudng lan truyen Ry. Gia tri nay dong mot vai tro quan trong khong chi trong
sy ton tai clia trang thai can bang dic hitu ma con trong viéc nghién cttu dang diéu tiem
can ctia mo6 hinh. Cac trang thai can bang ctia mo hinh lan truyén ma doc SIRS dudc xéac

dinh bang cach giai hé phuong trinh dai s6 sau:

p
A—ok@Sk—(,u—l—uk)Sk—i—ka =0
?"[k
— ul — -
Uk@Sk jeass 1+ 76 0 (4.3)
weSi + — 2 (4t )R =0
| kK 110 H k =

Néu mang khong c6 phan mém doc hai thi mo hinh lan truyén ma doc dé xuat nhan trang
théi can biang khong c6 ma doc duy nhat Py = (S, I?, RY, ..., SY I R?%) cho béi

P — M+ w 0 u M+ w 0 u,
0 u—i—w—i—ul’ 7,u+w+u17"'7,u+w+un7 ’M+w+un )
3n

trong khi néu ton tai cdc phan mém doc hai dang lan truyén trén mang thi mo hinh
lan truyén ma doc dé xuat c6 it nhat mot trang thai can bang dic hitu P, v6i mot sb
diéu kién nhat dinh lién quan dén chi s6 nguéng lan truyen QRy. Tiép theo, dé xac dinh
chi s6 ngudng lan truyen Ry, luan an sé ap dung phuong phap ma tran thé he tiép theo

(next-generation matriz method, tham khéo [111]) véi cac gia thiét sau:

(i) Chi c6 duy nhat mot ngan gay ra qua trinh phat tan phan mém doc hai trén mang

14 ngén chita cac nat lan truyén ma doc (I).

(ii) Sy thay doi trang thai tit ngan (I) sang cac ngan khéc chi duge coi 1a sy chuyén doi

clia cac cd thé bi nhiém bénh qua cdc ngan khac nhau.

Do d6, theo phuong phap ma tran thé he tiép theo, s6 hang them va s6 hang mat ctia mo

hinh lan truyén ma doc SIRS phan thtt dya trén mang cho bdi 04,0 (¢)Sk(t) va ply(t) +
T‘Ik (t)

1+~0(t)
doc méi va ma tran chuyén tiép giita cdc ngin nhiém méa doc tai diém can bing Py. Khi

. Ky hieu F va V lan lugt 1a ma tran ty 1é cho sy xuat hién ctia nat nhiém ma

do, chiing ta nhan duge V! = I, va F la ma tran vuong cap n cho béi

ntr
1

n+w+u;
2

ACRC) N (P(l) 2P(2) - nIP’(ﬂ))-

(n)
n
ptwtuy,
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Theo phuong phap ma tran thé heé tiép theo, chi s6 ngudng lan truyén Ry 1 gia tri rieng

16n nhat ctia ma tran F - V1, tic 1a

o(ptw) EP(k)  o(p+w)(k*u)
0= Gt () 2 Gt ) (1) -
trong do (k*u) = Z %

Dé hiéu hon vé sy anh hudéng ciia cac tham sb t6i chi s6 ngudng lan truyen Ry, luan
4n danh gia chi s6 nhay chuan héa ciia cac tham sb v6i gia tri ngudng R, bing cach ap
dung phuong phap ctia Nakul va cong su [112]. o) day, dé don gian, luan an gia sit ring
u, = U := const véi moi k = 1,n. Hé qua la chi s6 ngudng lan truyén 9y c6 thé viét lai
nhu sau:

o+ w) (%)
(n+7)(p+w+1)(n)

Ry =

Nhan xét 4.1. Néu mo6 hinh lan truyén ma doc SIRS phan thi dya trén mang dugde
nghién cttu khong c6 diéu khién, tic 1a u = 0, thi ching ta nhan dugc mot cong thiic
quen thuoc vé trang thai can bang khong c6 ma doc dugce gidi thigu trong cong trinh [P3]

trong Danh muc cong trinh cia NCS.

Theo phuong phap dé xuat trong [112], chi s6 do nhay ctia mot dai lugng X phu thudc
0X

vao tham s6 A dugc xac dinh béi Tf = X X Khi d6, chting ta nhan dugc cac chi s6
do nhay nhu sau:
T u
T =1, T, =1, T = — : The—  —
Ty pEr p+w+u
TP _ wua 9o _ u 1_ ptw  ptw
Y (ptw) (ptw+Ta) 4w pt+w+ua  op+r)

Nhan xét 4.2. Do chi s6 nhay clia chi s6 ngudng lan truyén Ry ting véi dicu khién ngita
chiing u;, 1a am, ta c6 thé két luan riang gia tri ngudng Ry c6 thé duge kiém soat bang
cach tang gia tri dicu khién dau vao. Tuy nhien, dé kiém tra rdng mo dun clia ca T30 va
Yo déu nhé hon 1. Didu nay chi ra ring can phai két hgp nhiéu bieén phap khac nhau dé
kiém soat s lay lan ctia phan mém doc hai. Ngoai ra, vi o la tham s6 diic trung cho sy
lay lan ctia phan mém doc hai nén chi s6 ngudng lan truyén SRy phu thude kha 16n vao o.
That vay, chi s6 nhay T2 cho biét ring tham s6 o tang bao nhiéu phan tram thi chi s6
ngudng lan truyén ciing tang bay nhiéu phan tram. Ngoai ra, tham s6 <<n72>> clla cau tric

mang ciing la mot trong nhitng tham sé nhay nhat va viéc tang tham s6 nay 10% ciing
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sé dan dén viéc chi s6 ngudng R, tang vdi cing mot ty 1&. Diéu nay c6 nghia 1a mang
c6 bac trung binh cang cao hay ciu tric cang phic tap thi cang lam phan mém doc hai
phéat tan nhanh hon.

Tiép theo, luan an nghién cttu moéi lien hé gitta sy ton tai clia trang thai can bang dac

hitu P, va chi s6 ngudng lan truyén Re. O day, ky hieu

P, = (S, I}, R.,....S:, ' R").

n’» —n’

Khi d6, dieu kién can cho sy ton tai ctia trang théai can bang diac hitu P, duge dua ra

trong dinh 1y sau:
Dinh 1y 4.2. Néu chi so nguong lan truyén Re > 1 thi mo hinh lan truyén ma doc
SIRS phan thit dua trén mang luon co it nhat mot trang thdi can bing dac hiu P, =

(ST, If, Ry, ..., Sk I RY) zdc dinh bdi

1 r
* o I*
S (“+ 1+7@*) k-

1 T uy T
R*: - [*
T it w Lﬂ@* T e (’” 1+7@*>] g
O’k@*

r * 0L, O* r u T '
{/'L + 14~0* +0k@ + ,uk—i-w [l—l-'y@* + okg* <'u+ 1+’y®*>}}

I; =

Chitng minh. Ta c6 trang théi can bang dac hitu P, = (S}, I, R}, ..., Sk, I*, R*) clia mo
hinh lan truyén ma doc SIRS phan thit dya trén mang 1a mot nghiém khong tam thuong
ctia hé phuong trinh dai s6 (4.3). Do d6, bing cach thé cac bién Sy, va Ry béi I, ta nhan

ducce

1 r
Sp = —— I
e <“+1+7@) ¢

1 T uy T
Ry = I
P uw {1+7@+ak@ (M+1+7@>] b

v6i mbi k = 1, n. Mat khac, bing cach cong cac vé ctia he (4.3), ta thu duge

M(Sk—l—[k—l—Rk):A,

va do do, ta co
O'k@

r 0,0 r u T '
{“+ 56 00 + e [1+7® + 56 <”+ 1+v®>}}

I =
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Theo dinh nghia ctia ham O(#), chiing ta nhan duge phuong trinh ty nhat quan sau:

< > o Y (45)
n r [ r u r
k=1 {,u—i— 1+7®+0k@+;ﬁ |:1+’Y®+Uk_%('u+d+ 1+79>]}

hay tuong duong véi

1 o kP (K)o,

— —1|=o0.
r 0,0 r u r
() = {u+ e +owO + AT [me t 56 <M+m>]}

Chiing ta thay rang phuong trinh ty nhat quan 1a mot phuong trinh phi tuyén véi
bién © va néu phuong trinh ¢6 mot nghiém khong tam thuong © € (0,1) thi mo
hinh lan truyén ma doc SIRS phan thi dya trén mang sé tuong ting c6 mot trang thai
can bang dic hitu P,. Do dé, muc dich ctia chiing ta I3 xac dinh diéu kién dé ton tai it
nhat mot nghiem khong tam thuong © € (0,1) ctia phuong trinh . Véi muc tiéu nay,
ky hiéu
R ST | NN

i {nr s+ 2 [+ 25 (ur )|}

Khi d6, nghiem ©* € (0,1) ctia phuong trinh .#(0) — 1 = 0 ciing la nghiém khong tam

thuong clia phuong trinh (4.5). Ngoai ra, can luu ¥ ring
e Ham .#(0©) lién tuc trén [0, 1] va kha vi trong (0, 1).

e Tai ©® =1, ta ¢o

e Tai © =0, ta ¢o

L& RPRo(ptw)
PO = i ot

Do d6, néu chi s6 ngudng lan truyén SRy > 1 thi n6 kéo theo bat phuong trinh .% (0) > 1.
Theo dinh Iy gia tri trung gian, ta c6 thé két luan ring phuong trinh .#(©) — 1 = 0 c6
it nhat mot nghiem ©* € (0,1) va nghiem d6 tuong ting giai ra mot trang thai can bang

ddc hitu P, ctia mo hinh lan truyén ma doc SIRS phan thi dya trén mang. O
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Nhan xét 4.3. Luu y rang dieu kien Ry > 1 chi ddm bao sit ton tai clia it nhat mot
trang théi can bang dic hitu P, nhung khong bao ham tinh duy nhat ctia trang thai can
bang nay. Hon nita, ngay ca khi diéu kien Ry < 1 dugc thoéa méan, ching ta vAn khong thé
két luan rang mang hoan toan sach phan mém doc hai, tic 1a diéu kien Ry < 1 1a khong
di dé loai bé hoan toan phan mém doc hai khoéi mang. Bay gio, luan an sé xac dinh mot
gia tri ngudng ddm bdo cho mang khong ton tai bat ky trang thai can bang dic hitu nao
P.. V6i muc tiéu nay, ky hiéu
ot PR olutw)(iu)
WS et (ntZ5) (et ) )

D& thay ring gid tri ngudng R, thoa man Ry > NRy. Ngoai ra, véi mdi © € (0, 1), ta co
- K*P(k —

7(0) < % 3 (k) < R,

=11+ e T e <“ + 1+Tw@)

Hé qua la néu Ry < 1 thi ta ciing c6 .Z(0) < 1 v6i moi © € [0, 1] va do dé, phuong trinh

Z(©) — 1 = 0 khong ¢6 nghiem © € [0, 1] hay néi cach khéc, khong ton tai bat ky trang
thai can bang dac hitu P, nao khi Ry < 1.

4.2.3. Ddng diéu tiém can cia diém can bang khong c6 ma doc P,

Sau day, duya trén phuong phap tuyén tinh hoéa cho cac phuong trinh vi phan phan
thit (tham khéo [54]), luan &4n théo luan vé mdi quan hé gitta chi s6 ngudng lan truyén

R, va st on dinh tiém can dia phuong clia trang thai can bang khong c6 ma doc Py,
Dinh 1y 4.3. Cdc ménh dé sau day ding:

(i) Néu Ry > 1 thi trang thdi can bang khong cé ma doc Py khong on dinh.

(ii) NéuRo < 1 thi trang thdi can bang khong c6 ma doc Py on dinh tiem can dia phuong.

Chitng minh. Theo ly thuyét on dinh ctia phuong trinh vi phan phan thit, sy 6n dinh tiem
can dia phuong ciia trang thai can bang khong c6 ma doc Py phu thuoc vao mo-dun ciia
arg (\;), trong do \; la gia tri riéng clia ma tran Jacobi J(Py) xéc dinh béi

Juu Ji2 o Ji

J21 J22 T J2n
JPo)=1| = .

Jnl Jn? Jnn
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0 day, v6i mdi k, j = 1,n, cdc ma tran Jy, va Ji; 14 cac ma tran vuong cap 3 cho bdi
ok SOkP(k
—(p+ug) — ké“m() w
o 0
Jow = 0 LSO () 0 ,
uy r — (1 +w)

0
0

Tiép d6, bang cach ap dung nguyén 1y quy nap, ching ta nhan duge da thitc dic trung

d6i v6i ma tran Jacobi J(Pg) cho bdi

det (X]Ig,n—J(PO)) (A +p) A+ (u+r)" x

IO+ (e w+ ag))
k=1

A (p+7)—

o(p+w) <~ Kk*P(k)
(n) kz:; pA+w+ ug

= (A +w)" (At (a4 m)" 7 [+ (1)1 = %0)].

[T+ (et w+w)
k=1

Dé théy rdng phuong trinh dic trung det (A3, — J(Pg)) = 0 ¢6 3n nghiém thyc gom
nghiém am A;; = —p v6i boi n, nghiem am Aoy = —(p+7) véi boi n — 1 vi n nghieém am
dang s, = — (¢ + w + 1) v6i mdi k = 1,n. Theo Dinh Iy 7.20 trong [50], trang thai can
bang khong c6 ma doc Py 6n dinh tiém can dia phuong khi va chi khi

‘arg(A)! >B77T véi moi j = 1,3n

That vay, do 3n — 1 gia tri rieng dau tién clia ma tran Jacobi J(Py) déu 1a s6 thyc am
— s _— 2 . . .
nén ta co |arg ()\j)‘ =7 > % v6i moi 7 = 1,3n — 1. Vi vay, su on dinh tiém can dia

phuong ciia Py chi phu thuoc vao gia tri rieng cudi cuing
Agn = —(u+7)(1 — Ro).
Do d6, chiing ta c6 két luan nhu sau:

e Néu R, > 1 thi gia tri rieng Az, 1a s6 thuc duong va do do, |arg (Xs,)| = 0, tic 1a
trang thai can bing khong c6 ma doc Py khong 6n dinh.
b

e Néu Ry < 1 thi gia tri rieng s, 1a s6 thuc am va do dé, ‘arg (X3n)| =T > Vi

vay, trang thai can bing khong c6 ma doc Py 6n dinh tiém can dia phuong.
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Dinh Iy duge chitng minh. O]

Nhan xét [4.3] d& chi ra riing diéu kien %o < 1 1a khong dii dé loai b6 phan mém doc
hai trén mang phttc hop khong dong nhat. Do d6, trong phan tiép theo, luan an sé thao
luan veé cac diéu kien dé trang thai can bang khong c6 ma doc Py hit toan cuc, tic 1a su

lay lan ctia phan mém doc hai dan bién mat.

o+ w) (Ku)

p{n)
can bang khong cé ma doc Py on dinh tiem can toan cuc.

Dinh 1y 4.4. Dat Ry = . Khi dé, néu gid tri nguong Ro < 1 thi trang thdi

Chitng minh. Gia st (S1(t), [1(t), Ri(t), ..., Sn(t), I,(t), Rn(t)) 1a mot nghiém khong am
ctia mo hinh lan truyén ma doc SIRS phan tht dya trén mang théa man dieu kién ban
dau (4.2). Vitap ©* 1a mot tap bat bién duong ctia mo hinh lan truyén méa doc dé xuat

nén ching ta suy ra
0<Sk(t) < 1, Rk(t) < 1—Sk(t)—fk(t),

v6i mbi k = 1,n vat > 0. Do d6, tit phuong trinh vi phan phan thit dau tien ctia he (4.3)),
chung ta suy ra
§DIS(t) < A — (+uy) Silt) +w (1 — Si(t) — In(t))
< (it w) — (+w -+ ) Silh).
Xét phuong trinh bo trg sau:
COVSL(t) = (n+w) — (1 + w +ug) Si(t).
Chiuing ta thay rang phuong trinh vi phan phan thit nay c6 mot trang thai can bang duong

ptw

W+ w+ug
Iy so sanh nghiém cho phuong trinh vi phan phan thi, ching ta suy ra véi moi € > 0, ton

on dinh tigm can toan cuc duy nhat S = . Sau do, bang cach st dung nguyén

tai mot thoi diém du 16n Ty sao cho bat ding thic Si(t) < S + & dang v6i moi t > Tp.
Khi d6, véi mdi k = 1,n va véi moi t > Ty, tinh khong am ctia ham I;(t) dan t6i

TIk(t)

SO (L) = 01O(t) Si(t) — pli(t) — 1+70(t)

< oy (Sg + 5) @(t) — ,U,]k<t)
Theo dinh nghia ctia ham xac suat O(t), ching ta nhan duge

n

D701 < <%> S RB(R) [0k (S0 + ) ©(F) — puli(8)]

k=1



_ [% > P (K)o (M f;juk 5> o(t) — uO(1)
- eo(n?)
= w1+
trong dé (n?) = % Y k*P(k). Do d6, tit gia thiét %y < 1, ching ta c6 thé chon € > 0
di nho sao cho .
5%0 + 80<n2> < 1.
p(n)

Ngoai ra, do gia sit phan mém doc hai dang lan truyén trén mang nén ©(0) > 0. Ap dung

nguyén Iy so sanh nghiém, chiing ta nhan dugc

0<O(t) <O(0)E;, (M <§%0 — 1+%Z>2>) tﬁ> . t>0.

Diéu tren dan tdi tlim ©(t) = 0. Theo dinh nghia ctia O(¢) va tinh khong am ctia ham
—00
Ii(t), ching ta suy ra tlim I;:(t) = 0 v6i moi k = 1,n. Do d6, v6i moi € > 0, ton tai thoi
—00

diém T} > 0 du 16n sao cho ham I, (t) < € v6i moi t > T}. He qua la

n

1 n
Ot) = — Y KP(K)I4(t) <+~ > kP(k) =& v6imoit > T
n = ) =
V6i moi t > 17, ta co

CDPSL(t) > A — Si(t) (ke + p+w + 1) + w — we

= (u+w—we) — (ore + 1+ w +ug) Sk(t).

Chit § riing he b6 trg §DYS,(t) = (1 +w — we) — (ope + 14 w + uy) Sk(t) 6 trang thai

can bing duy nhat S, = ﬂ_:' C:__ wj . Do do6, v6i t > 0 du 16n, ta c6
ORE + W+ W Uy
— we
Sp(t) > —HTw T

ak5+u+w+uk'

ui(p+ w — we)
oRE+ p+w+ug

Hon nita, v6i moi t > T}, ta ciing ¢6 §DF Ry (t) > —(u + w) Ry (t) +
do, ching ta nhan duge

ug (g + w — we)
(ope + p+w+u)(p+w)

Rk(t) >

Cudi cuing, cho € — 0, ta nhan duge

t—ro0 n+w+ ug
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. uy 0
lim Ry(t) = — = R;.
tirg k() n+w+u K

Dinh Iy duge ching minh. O]

Nhan xét 4.4. D& thay riing Ry < Ry, tic 1a didu kien Ry < 1 khong di dé dam béo
cho tinh hut toan cuc ciia trang thai can bang khong c¢6 ma doc Py va trong truong hop
nay, ching ta khong thé loai bo cac cudc tan cong ciia phan mém doc hai trit khi gia tri

cua Ry giam sao cho Ry < 92{0 < 1.

4.2.4. Tinh ré nhanh lu:

Theo két qua ctia Dinh 1y [4.4] luan an da chi ra ring diéu kien Ry < 1 1a khong du dé
loai b hoan toan phan mém doc hai khéi mang. Thém vao d6, theo Nhan xét , ching
ta thay rang ngay ca khi Ry < 1, van c6 thé xdy ra truong hgp co trang thai can bing
ddc hitu P, cling ton tai v6i trang thai can bang khong c6 ma doc Py. Diéu nay dan dén
hién tuong ré nhanh i trong quy dao nghiém ctia mo6 hinh lan truyén ma doc dé xuat.
Trong thuc té, mot sé co ché dich té& c6 thé gay ra hién tuong ré nhanh lui bao gom: viéc
st dung phan mém phat hién va chéng ma doc khong hoan thién, 4nh hudng ti sy han
ché cia phan mém diét ma doc, tai nhiém trong qué trinh truyén dan di lieu hosic do sb
nit lan truyén ma doc ban dau qué 16n, v.v. (xem Hinh

o) |

Trang thai
EE 0n dinh

N
i \\ Trang thii EE
*~.__ khong on dinh
°~

Trgn:g thfii A Trang thii MFE
MFE 6n dinh L T khong on dinh
~_

Ro

Hinh 4.3: Minh hoa cho tinh ré nhanh lui

Sau day, luan an sé thiét lap mot diéu kien du déi véi cac tham sé dé hien tuong ré

nhanh lui tai Ry = 1 xay ra.
Dinh 1y 4.5. Mo hinh lan truyén ma doc SIRS phan thit dua trén mang co diéu khién

dién ra hién tugng vé nhdanh lui tai Ry = 1 néu

o (A1) {kKa){n) (1+ r )

r{k?u) A+ w
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) 1 — KPk
tT’OTLg dO <k3a> = @ ’u—}—w—(—{—)uk
k=1

Chatng minh. Trong chitng minh nay, luan an gia st trang thai can bang dac hitu ton tai,
ttic 13 ham I (t) duong v6i moi ¢ > 0 va v6i mot s6 k = 1,2,...,n. Diéu nay dan t6i
O(t) > 0 v6i moi ¢ > 0. Ngoai ra, chi ¥ rang trang thai can bang dic hitu ctia mo hinh
lan truyeén ma doc dé xuat 1a mot nghiem khong tam thuong ctia phuong trinh tir nhat

quan (4.5) hay noi cach khac, n6 théa man phuong trinh phi tuyén sau:

1 " ok*P(k)
(n) ; {(1 Mw) <u+ 1+,Y®> + 01,0 (1

u-l—w)(l-i—’y@)) }

(1 + w)(k*u)

(
o i ) (e +7)(n)
nay c6 the viet lai du6i dang mot biéu thitc cia cac so hang Ry va ©. Vi vay, ching ta

Tiép theo, bang cach nhan hai vé clia phuong trinh trén véi , phuong trinh
nhan dugc
1 < Rok*P(k
(n) () (k) e .y (46)
n pntw U ug T T
o (14 ) (n+ 5e) + 490 (L Grtimey) }

Khi d6, ddng thiic (4.6) c6 thé xem la phuong trinh an ctia dudng cong can bing dic hitu

trong géc phan tu thit nhat clia he toa do (Re, ©) va ham O duge xem nhu mot ham cla
2 N 2 8@ 2
Ro. Dé dua ra dieu kién da cho sy ré nhanh Iui, ching ta tinh bieu thic Eo tai diem
0
(Ro,©) = (1,0). That vay, ta co

- A — Ay

2
— [ () (2u) .
T St (1 5t) () + 49300 (L4 Grtrey ) |

trong d6 cac s6 hang A; va Ay dude cho béi

A= k2<IEZ>k) i(léuiwr)‘;l(i?) k;(l " ul—lkkw> (M 1 +r7@> :;;%O@ (1 e W)zl + 7@)) } ’
ok*P w)(k*u u r "
A= <n>( | {_(lé;;zr 2§<n>> (1 i ;H—kw> (1 +3®)25"ﬁo O (1 T +7@))
+F9% 5_9% (1 T w)a + 7@)) (n +3k(gf(f)v@)2 5920 }

Tai diém (R, ©) = (1,0), ta c6

- )
(

A= () () e

—0,  (47)
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Do d6, phuong trinh (4.7) trd thanh
2
1 {‘miuiw;éiw (” j—k )*’“(” : >}§§’
LS k() p+r)(n B+ w +w 01(9%,0)=(1,0)

(e ()}
hay tuong duong véi

o (k3a)(n) r 00 B
{ w+r * (k2u) I+ o+ w ORo ‘(mo,@)u,o) =L

Do © dang dugc xét 1a ham ctia 9y nén sy ré nhanh 1ui sé duge dac trung bdi gia tri am

00
cia dao ham ——— tai diém (R, ©) = (1,0), tiic 1a

R,
.
; ><0.
Wt w

Dinh 1y duge chitng minh. O]

=1,

o (Fah
TR (1

4.3. Bai toan 6n dinh héa cho mé hinh lan truyén méa doc SIRS phan thi dua

trén mang c6 diéu khién

Trong phan nay, luan 4n xét kich ban khi sy lan truyén phan mém doc hai biing phat
trong mang, titc 14 khi d6 9 > 1 va trang thai can bang khong c6 ma doc Py khong 6n
dinh. Khi d6, chiing ta sé can thiét ké cac bien phap diéu tri va ngita chiing phit hop dé
kiém soat su lay lan ctia phan mém doc hai. Thém vao dé, ching ta thay rang viéc can
thiep ngita ching véi téc do khong ddi u(t) = const dé dbi pho véi sy lan truyén phan
mém doc hai trong mang phitc hop khong dong nhat trén thyc té 1a khong hop ly. V6i
nhiing dong co néi G trén, luan an sé xay dung ham ngiia chiing phu thudc thoi gian u(t)
dé 6n dinh héa trang thai can bing khong c¢6 ma doc, tic la vecto dieu khién dau vao sé
chuyén trang thai cia moé hinh lan truyén ma doc cé diéu khién dé xuat vé trang thai can
bang khong c¢6 ma doc Py = gl, 0,0,1,0,0,...,1,0, 02 sau mot khoang thoi gian. Khi do,

~
3n

bang cach ky hiéu

&(t) =x(t) —Po = (S1 — 1,11, R, Sy — 1, I, Ry, ..., S,y — 1,1, R,),

3n

bai toan 6n dinh héa trang théai can bing khong c6 ma doc sé tuong duong véi bai toan
on dinh hoéa vecto trang thai e(t) vé vecto 0 sau mot khodng thdi gian. Véi cach tiép can

nay, mo6 hinh lan truyén ma doc da cho duge chuyén vé hé gom n phuong trinh vi phan
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phan thit sau day:

;

§DISi(t) = A —0.0(t) (Si(t) = 1) = p(Si(t) = 1) — wi(t) (Si(t) — 1) + wRi(t)
COL(H) - o B - 1) — L) — )
0D Li(t)  =0i0(t) (Si(t) — 1) — uli(t) 1+10(1) (4.8)
SOUR() =) (S0~ 1)+ (W) R ()
" 1+70(1) ’

v6ii = 1,2,...,n. Dya trén nhiing wu diém ctia hé mo Takagi-Sugeno trong viec xap xi

cac he dong e phi tuyén va thiét ké cac bai toan diéu khién-quan sat, trong muc nay,
luan 4n sé ap dung cach tiép can heé mo Takagi-Sugeno phan thi lien két (interconnected
fractional Takagi-Sugeno fuzzy system) dé xay dung ham diéu khién phan hoi trang thai
m¢ thich hgp u(¢) nhiam on dinh héa mé hinh lan truyén ma doc dé xuat. Cu thé, luan
an xét hé phuong trinh vi phan phan thi 14 hé con thi 7 cia mo hinh lan truyen
ma doc SIRS phan thit dya trén mang va ap dung phuong phap phi tuyén doan (tham
khao [102]) dé xay dung heé mo Takagi-Sugeno phan thit lién két cho hé con nay. Do A = p,
tiic 1a tong mat do N;(t) khong doi nén ching ta thé S; = 1 — I; — R;. Khi d6, nhim
gidm do phiic tap cla tinh toan, ching ta chi can xét dong liic clia mo hinh theo hai ho
an ham [; va R;. Mat khéc, theo két qua ctia Dinh Iy , ching ta thay rang ham S;(t)
luon duong va bi chin trén bdi 1. Ngoai ra, nhém thit ¢ duge gid dinh 1a nhan duge toc
do tham gia ctia nit méi khong déi 1a A. Do d6, luan an c6 thé gia dinh mot cach hop 1y
rang S;(t) € [0.1,0.9] v6i moi t > 0 va kéo theo I;(t) + R;(t) € [0.1,0.9]. Khi do, ching ta
c6 thé viét lai he phuong trinh vi phan phan thi duéi dang hé dong lyc phi tuyén
tinh sau vé6i vecto trang théi e;(t) = (Ii(t) Ri(t)> va diéu khién dau vao uy(t):

r 0iP(#) (S (1) —1)
—p = + - 0 0
CDje,(t) = ew a@+< )uﬁ)@w
100 —(p+w) Si(t) —1
n oi(S;:(t)—1) P( ) 0
my  JEU
+ e;(t)
Z 0 0]’
i
—l— Z N N Z
Ky hieu z;(t) = <zi1(z€) Zin(t) - ziq(t)> la vecto bién tien de do duge. Tiép theo,

luan &n thiét lap mot he md Takagi-Sugeno phan tht lién két cho hé phi tuyén (4.9) véi

cac luat mo nhu sau:

Luat E? : Néu z;; thuoc Fjj va z; thuoc Fly va -+ va z;, thuoc FZZ thi

g@fei(t):Afei( + Bfu,(t) + awej

J?f
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trong d6 A}, B} va of; la cdc ma tran thuc véi moi i = 1,n va p = 1,7;. Bang cach ap

dung cong thic 1 , hé phi tuyén (4.9)) c6 thé dugce dic trung béi he mo Takagi-Sugeno
phan thit lien két sau day:

CDfe(t) = 3 ul (1)  Alei(t) + Blu(t) + Y e () (i=Tm), (410)

trong d6 w! (z;(t)) 1a ham thuoc thich hgp cho biét miic do kich hoat ctia mo hinh dia
phuong thit p ctia hé con E;. Do d6, hé mo Takagi-Sugeno phan thit lien két cho mo hinh
lan truyén ma doc SIRS phan tht dua trén mang duge biéu dién dusi dang vecto nhu

sau.
)
r t)) < Alei(t) + Bluy(t Y P et
> wh (z1(1) § Afes(t) + Blw () + ) ol je(t)
p=l i=1
\ J#i
(D e(t) = : . (4.11)

p

> (2a(0) § Azea(t) + Brua(e) + 3 ey (0

p=1

L i

Tiép theo, dya trén y tudng phuong phap bu phan phdi song song (parallel distributed
compensation— PDC) dugc gi6i thiéu trong [113], luan an xay dung diéu khién phan hoi
trang thai mo u(t) dé on dinh hoéa trang théi can bang khong c6 ma doc khong 6n dinh
ctia mo hinh lan truyén ma doc SIRS phan tht dya trén mang. Véi muc tiéu nay, theo
cach tiép can trong [88,/101], mdi hé con phi tuyén ¢ dang ctia mo6 hinh lan truyén
ma doc SIRS phan thit dya trén mang cé thé duge biéu dién bing he ms Takagi-Sugeno
phan thi lien két . Do d6, luat ms tht p ctia diéu khién ma trong hé con E; c6 thé
xét dudi dang PDC sau:

Luat E? : Néu z;; thuoc Fj va z;p thuoc F va - -+ va z;, thuoc Ffl thi

Do d6, dau ra ctia diéu khién phan hoi trang thai md u;(¢) cho hé con E; 1a

u;(t) = Z w? (z;(t)) KPx;(t) (i=1,n). (4.12)

Ky hieu u(t) = <u1 t) ... un(t)>T bdi didu khién phan hoi trang thai md cho mo hinh
lan truyén ma doc SIRS phan thi dya trén mang. Sau day, luan an sé thiét lap mot sb
diéu kien du dé diéu khién phan hoi trang thai mo u(t) duge xay dung 6n dinh héa trang
thai can bang khong dich:
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Dinh 1y 4.6. Gid si rang ton tai cic ma tran P; € ST, U™, Uf}n € S™ va cac ma tran

KP? théa man cdc bat ding thic ma tran tuyén tinh sau:

Q= U (LMIL1)

()" Py + Pial; + () " P, + Pjall < 20" (LML.2)
Ul U12 T Uln

U= U.IZ U'Q - U%" <0, (LML3)
vl u) - U,

trong dé vdi méi i,j = 1,n, cdc ma tran U; va Uy (i # j) duge cho bdi

11 12 1r; 11 12 Iry

Ui Ui - Ui Uij Uij - Uij
2r; 2r;
BT UE U S R vt

. o J

U, = : Ui =

1ri\T 2ri\ T TiT; il T2 T

(Ui ) (Ui ) o Ui Uij Uij e Uij

Khi dé, hé mo Takagi-Sugeno phan thit lien két on dinh héa duoe vdi diéu khién

phdn hoi trang thdi mo u(t), trong do
Q" = (G P, + PGP wa  GP™ = AP+ BYK".

Chaing minh. Dé thuan tién trong trinh bay, luan an sé sit dung cac ky hieu w?, w™ thay
cho w? (z;(t)) va w (z;(t)). Khi d6, v6i diéu khién phan hoi trang thai mo u;(t) cho bdi
(4.12)), he mo Takagi-Sugeno phan thi lien két (4.11)) tré thanh

CDle(t) =303 ul (b)) wi (1)) (A2 + BYET)eult)

+ Z >t () 1) (413

Cht y ridng bai toan on dinh héa clia hé mo Takagi-Sugeno phan thit lien két (4.11)) véi
diéu khién phan héi trang thai ms u;(t) tuong duong véi bai todn xét syt 6n dinh tiem
can ciia hé kin (4.13). Khi d6, chiing ta viét lai he phuong trinh (4.13) nhu sau:

(Dleit) = 303 ul (alt)) w (a(1)) (A7 + BIE )eu(t) + 30D u? (1)) ey ()

p=1 m=1 p=1 j=1
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T T n

_ Z w? (24 <Ap+Bpr>e7, 4_22@0? (zi(t))o/fjej(t)

p=1 p=1 j=1

T

+ Z i(1) Wi (z(t)) { (Ai? + BfK[") eilt) + (A;n + B;”Kf) ei(t)}.

V6i mdi p,m = 1,r; va i = 1,n, bing cach ky hieu GI'" = AY + BPK™ va Q'™ =
(GP™)" P, + P;GY™, he kin trén c6 thé viét lai nhu sau:

T

g@fei(t):Z( )? GPPey(t) —i—ZZwZ ;e

p=1 p=1 j=1
+3° S wher (Gg?m + G;"p)ei(t). (4.14)
p=1 m=p+1

Tiép theo, chiing ta xét ham Lyapunov cho hé phuong trinh 1} nhu sau:

= > Vitel)

trong d6 ham V; (e(t)) dugc cho & dang toan phuong V; (e(t)) = e/ (t)P;e;(t). Tiép theo,
bang cach lay dao ham phan thi Caputo bac 3 ctia ham V; (e(t)) doc theo nghiem ctia
(4.14) va st dung Bo dé|1.4 n, ta nhan dugc

§D7Vi(e(t) < |§D7el (1)] Piei(t) + e] (OP: |§Des(t)]

Stt dung vé phai ctia phuong trinh vi phan phan thi |D ta thu duge

CHOV, (e(t)) < Z { o P, + Pinp} ei(t)

+ Z Z wiwi"e; (t) {(G”m) P; + P,GI™ + (G"") " P; + PiG;”p} ei(t)
p=1 m=p+1

EYS el (1) (o) Pret) + 3 wlel (Pl (1)
p=1 j=1 p=1 j=1

— : ( ) Qppel +Z Z w w me_‘_Qmp}el( )

p=1 p=1 m=p+1

+ZZwaejT(t PeZ +Zzw e;(t).
p=1 j=1 p=1 j=1

Thém vao d6, do Z wi" (z;(t)) = 1 va sit dung dicu kién (LML), ching ta suy ra

m=1

T

FD/Vi(e(t) < (wh)e] (t)Ue,(t) +Z Z wPw™e, (t) {UP™ 4+ U Y e;(t)

p=1 p=1 m=p+1
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+wai2w Pe, ~|—Zw Zi:w;"e:(t)f)ia%ej(t)
j=1 m=1 j=1 m=1
. Ul Ul [ wlei(t)
< (wiet) - wie()| L :
- Wy ) \upe

n o n

WSS wrel (1) (o) Pres(t)
i=1 p=1 j=1 m=1

noor; n

DD ul DD el (Piatie;()

i=1 p=1 j=1 m=1

n w;e;(t)
=2 (et - upen)
whie(t)
m ] P el(t>
YWY Y )

i=1 p=1 jlml

P mei iaijej (t)
BHNDS Z wj .

i=1 p=1 j=1 m=1

DR IHHELL L

i=1 p=1 jlml
ml (t)
53 WD 9 o -
i=1 p=1 7j=1 m=1

Sau d6, bang cach thay déi chi s6 va sit dung bat ding thitc (LMI.2)), chiing ta nhan dugc

w}e;(t)
C@BV < Z <w ez w:lez(ﬂ) U, .

w;'e;(t)

f» " Pie;(t

i=1 p=1 jlml

DR MW UL

i=1 p=1 7j=1 m=1

Yy Sl ) el
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I
/N
S
S
o
~—~
~
S~—
S
=73
¢}
N
—~
~
N—
N—
a

n n T
N wf w;.” Z P;as . + gaj ) P; ej(t)
i=1 p=1  j=1m=1
. w}e;(t)
<Xy (e - wre@)ui|
w;'e;(t)

n n U pm

K}// h]éu we(t) — (wiel (t) e w?el (t) Ce w}Len<t> e w;nen(t)) c R’RX’M" Khl d()7

ching ta nhan dugce
§DIV; (e(t)) < [we()] U lwe(t)]" .
Chi y rang U € S™ Do d6, theo bat ding thic ma tran (LMIL3|) va bat ding thiic
Rayleigh, chiing ta suy ra ton tai hang s6 am Ay, (U) sao cho
TDIVi (e(t)) < Amax (U) [lwe(®)]* < 0

Ngoai ra, vi ma tran P; € S7, nén bang cach 4p dung bat dang thic Rayleigh, ton tai

cac hiang s6 duong Ayin (P;) va Apax (P;) sao cho
Amin (P2) [le()[1* < Vi (e(t)) < Amax (Ps) le(®)]|.

Cubi ciing, bing ap dung Dinh 1y [1.3] ching ta 6 thé két luan riing he mo Takagi-Sugeno
phan thit lien két (4.11)) 6n dinh hoa duge vai dicu khién phan hoi trang thai mo u(t). O

Nhan xét 4.5. Dé 4p dung chuong trinh MatLab dé giai he diéu kién trong Dinh ly ,
luan an sé ap dung dinh ly phan but Schur (Tinh chat 3.2, [102]) dé bién ddi cac bat ding
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thitc ma tran tuyén tinh (LMI1), (LMI.2) va (LMIL3) thanh cic bat déng thitc ma tran

tuyén tinh & dang thuan tién cho gidi s hon. V6i muc tiéu nay, luan an thue hién cac

phép bién déi sau:

C, =P

7 )

KP=WiC;',  Um=Cu"C, U= CGU'C, + G Uy'C,

va Q" = C; {(Gﬁ-’m)T P; + PZ-GZ;’”} Ci = C; (AD) T + APC; + BPW™ + (W) " (BP)" . Tiép

d6, bang cach nhan ci bén trai va bén phai clia cdc ma tran Uj, U;; v6i ma tran chéo

dang diag [C;, ..., C;], ching ta thu duge
s
(S VAR e oo o O
7. = )T g2 L. g e o302 ... U
(U (U . U VRV Ve

Do d6, ching ta cé thé viét lai he bat dédng thitc ma tran ctia Dinh 1y nhu sau:

Q= U (LML4)

(o) Ci+ Cialy + (o) C; + Cyam < 207" (LML5)
[_]1 U12 Uln

U= U U2 U < 0. (LML6)
vl Ul - U,

Nhan xét 4.6. Tuy nhién, cac diéu kién 6 Dinh ly chi 1a cac diéu kién du cho tinh
on dinh hoéa duge ctia he mo Takagi-Sugeno phan thit lien két (4.11). That vay, Dinh ly
xay dung tiéu chuan cho tinh én dinh tiém can ctia hé mo Takagi—Sugeno phan tha

lien két (4.11) b6i ham Lyapunov dang toan phuong V (e Z e, (t)P;e;(t). Cha y

rang cac diéu kien dua ra 1a chat khi doi hoéi tinh xac dinh am ctia ma tran U va cdc ma
tran QY™ — UP™. Tham khio Vi du 3.4 trong [102], chiing ta thay ring cac tiéu chuan
on dinh hoéa sinh béi viec chon ham Lyapunov toan phuong trong mot s6 trusng hgp sé
khong hiéu qua dé danh gia tinh 6n dinh hay 6n dinh héa ctia cic hé md Takagi-Sugeno.
Cu thé, vi du nay da chi ra ring hé mo Takagi-Sugeno dang xét khong én dinh tiém can

theo tiéu chuan én dinh toan phuong (Dinh ly 3.1, [102]) nhung on dinh tiém can néu xét
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mot ham Lyapunov xac dinh timg khic theo bién lap biéu. Do d6, huéng phéat trién tiép
theo clia luan 4n ciing sé huéng t6i xay dung cac ham Lyapunov phu thudc vao cac bién

lap biéu dé thu dugc cac tieu chuan én dinh héa tét hon.

Vi du 4.1. Trong vi du nay, chiing ta sé minh hoa két qua ctia Dinh 1y 4.6/ bang mot vi
du lien quan dén bai toan 6n dinh héa cach ly déi véi mo hinh lan truyén ma doc SIRS
phan thit dyra trén mang c6 diéu khién trén mang cam bién khong day. o) day, luan an xét
kich ban qué trinh lan truyén phan mém doc hai dang buing nd trén mang va xét mang

cam bién khong day véi cAu tric mang quy mo tu do Barabasi-Albert (xem Hinh .

INTERNET / \_/
GATEWAY

| Y

sensor nodes

USERS

SENSING FIELDS

Hinh 4.4: M6 hinh mang caAm bién khong day don gidn véi n = 2

Xét cac tham s6 clia mo hinh lan truyén ma doc SIRS nhu sau:
A=p=014, w=01, o0=08  r=06 =2 (4.15)

- ~ ~ P P L 4 L4 N 4. o ~ P N N P £ 2 ~
O day, luan an xét mang véi so tiép xuc téi da clia mot niat 1a n = 2 va xac suat de mot

n
ntt ngau nhien c¢6 bac k cho bdéi P(k) = ck™3, trong d6 ¢ thoéa man Z]P’(k) = 1. Béng
k=1
tinh todn tric tiép, ta co ¢ = 3. Ngoai ra, cac tham s6 (n) va (n?) dugc cho nhu sau:

= 10
(n) = ]; KP(k) =
(n?) = KP(k) = %.

Vé6i cac tham s trén, ta c6 chi s6 ngudng lan truyen Ry = 1.8018 > 1, tiic la trang
thai can bing khong c6 ma doc khong 6n dinh. Tiép theo, luan an sé thiét lap he mo

Takagi-Sugeno phan thit lien két tuong ting v6i mo hinh lan truyén ma doc dé xuat. Véi
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muc tiéu nay, luan dn xét hai s6 hang bién thien S;(t) va

o
1 +~0(t)

(4.9) 1a cac bién tién dé. Khi dé, cac ham trong ctia hé con thit i cho béi

(i) Bién tién dé z;; = S; € [0.1,0.9] ¢6 cac ham trong tuong ting la

1— 2
1 ) — 1l
7]7,0 (221) 08 ?
Zil — 0.2
i (zin) = 1=y (z0) = o0’

Ap dung B8 dé 1.1 trong [83], bién tién dé z; dudc biéu dién dudi dang

(i) Bién tién dé z;, =

zn = 0.1 (2a1) + 0.9m5 (201)

r r _ ;. N . R
1760 € [m, r] =10.2,0.6] ¢6 cac ham trong tuong tng la
5(1 — ZZ'Q)
(o) = 272,
522'2 -3
mh (zi2) = 1= (2i2) = s

Bing lap luan tuong tu, bién tién dé z, dudce bicu dién duéi dang

-
Ky hieu vecto bién tien dé do duge bdi z;(t) = <Z¢1(t) Zi2<t)> va cac tap mo tuong ting
v6i cac ham trong béi Fjy v6i méii = 1,2, k= 0,1 va x = 1,2. Thém vao do, luan an st

dung ham thudc ms dang tam gidc doi véi tap md trong cac luat mo. Biéu dién hinh hoc

Zi2 — 0277120 (212) -+ 067]?1 (212) .

clia tap mo tién dé F)y dudc cho trong Hinh

The linguistic fuzzy sets Filk

Degree of Membership

1
—— Fuzzy set FiO

- - Fuzzy set Fi]]

Degree of Membership

2
— Fuzzy set FiO

- - Fuzzy set FiZ]

Hinh 4.5: Ham thuoc ctia cic tap mo tién dé F} va F3

trong hé phi tuyén
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Cach xay dung nay dan dén 4n mo hinh dia phuong bang cach két hop 2n ham thuoc clia
cac tap mo tien dé Fj, va Fj. Sau do, he mo Takagi-Sugeno phan thi lien két cho mo

hinh lan truyén ma doc dé xuat duge biéu dién bing cac luat mo sau:

Luat E! : Néu z; thuoc F, va z, thuoc F2 thi §D7e;(t) = Ale;(t)+Blu,(t) Z ozwej

J#z

2
Luat E? : Néu z; thuoc Fh va 2 thuoe F2 thi §D7e;(t) = Afei(t)—i—Bfui(t)—i—Z aZe;(t)

e
2
Luat E? : Néu z; thuoc F} va 2 thuoe F2 thi §D7e;(t) = Af?ei(t)—i—Bf’ui(t)—i—Z aje;(t)
yt
2
Luat E! : Néu z; thuoc F}} va z;; thuoc F2 thi §De;(t) = Ale;(t)+Blu,(t +Z ajie;(t

J;ﬁz
trong d6 v6i moi i,j = 1,2 va p = 1,4, cac ma tran A?, BY va a - cho béi
1 —0.916 0 L 0 ) —0.144 0
A= ) By = ) Qg =
0.2 —0.24 -0.9 0 0
N —1.316 0 ) 0 ) —0.144 0
Al = ) By = , Qg =
0.6 —0.24 -0.9 0 0
5 —0.404 0 3 0 5 —0.016 0
Ay = ) By = , Qg =
0.2 —0.24 —0.1 0 0
—0.804 0 0 —0.016 0
Ail = ) Bil = ) alllQ =
0.6 —0.24 —0.1 0 0
) —0.628 0 . 0 ) —1.152 0
Ay = ) B, = , Qg =
0.2 —0.24 -0.9 0 0
—1.028 0 0 —1.152 0
Ag = ) B22 = ) O‘gl =
0.6 —0.24 -0.9 0 0
5 —0.372 0 5 0 5 —0.128 0
Ay = ) By = ) Qg =
0.2 —0.24 —0.1 0 0
—0.772 0 0 —0.128 0
A;L = ) Bg = ) O/QLI =
0.6 —0.24 —0.1 0 0




133
Khi d6, hé m& Takagi-Sugeno phan thit lien két (4.10) duge viét lai nhu sau:

4
§Dei(t) =Y ul (z(t)) § Ale;(t) + Bluy(t) + azje] ,

J#

w5 (zi(t))
> b (zi(t

Sugeno phan thit lien két cho mo hinh lan truyén ma doc dé xuat cho bdi

trong d6 i = 1,2 va w! (z(t)) = , @5 (zi(t)) = njns- Vi vay, hé mo Takagi-

4 ( 2 )
>l (za(t)  Ater(t) + Biui(t) + Y afje ()
p= 3=t

§D%elt)= | > o <
> uh (za(t)) § Abes(t) + Bius(t) + Z age;(t) o
p=1

\ ”’&Z /

Thém vao do, véi mdi p = 1,4, dieu khién phan hoi trang thai mo trong luat thi p ciia

hé con E; cho béi
“Luat E! : Néu z;; thuoc Fj§ va z; thuoe F thi w;(t) = KPx;(t).”

Két hop 4 luat md clia hé con E;, diéu khién phan hdi trang thai mo u;(¢) cho bdi

4

w(t) =Y wl (z:(t) KPxi(t)  (i=1,2). (4.16)

p=1
Cudi cling, bang cach ap dung cong cu LMI trong MATLAB cho cac bat dang thiic ma
tran tuyén tinh sinh béi cac dieu kien (LMI.4), (LML5]) va (LML6), ching ta thu dugc

cac ma tran C; € S, P; € S, va cac ma tran dat dugc K? nhu sa

(i) V6i hé con Ej, ta c¢6

21.8174 1.3860 0.0459 —0.0007
1 = 3 1 =

1.3860 92.7029 —0.0007 0.0108
K = <0.1067 0.2151), K? = <0.2983 0.0581>,
Ki’=(o.3112 —0.0300), Kf‘:(o.3358 —0.033()).

'File chtta code MATLAB c6 thé tai xudng tai dudng link URL: https://github.com/DongNP16/TS-fuzzy-

system.git
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(ii) V6i hé con E,, ta c¢6

18.5841 1.0680 b 0.0538 —0.0006
pr— y 2:
1.0680 91.7758 ~0.0006 0.0109
K = <0.0605 0.2203), K2 = (0.2944 0.0617>
K3 = (0.3172 —0.0280), K = (0.3598 —0.0315>.

Do d6, chiing ta thiy ring he bat déng thitc ma tran tuyén tinh (LMIL1), (LMIL2) va
(LMI.3) trong Dinh ly c6 nghiem chap nhan dugdc, hay tuong duong véi trang thai

can bang khong c6 ma doc ctia mo hinh lan truyén ma doc SIRS phan thit dya trén mang

-
on dinh héa duge véi diéu khién phan hoi trang thai mo u(t) = (u1 () u2(t)> , trong
d6 diéu khién u;(t) duge xac dinh béi cong thitc (4.16)).

4.4. Két luan chuong

Trong chuong nay, luan an dé xuat nghién citu mo6 hinh lan truyén ma doc SIRS phan
thit dua trén mang c6 diéu khién véi ham xit Iy ma doc bao hoa trén mang phic hop
khong dong nhat. Cac két qua trinh bay trong chuong nay 1a md rong va noi tiép két qua
trong cong bo [P3] ctia NCS véi viec nghién citu bai toan dicu khién cach ly én dinh héa

cho m6 hinh lan truyén méa doc SIRS phan thtt dya trén mang. Cu thé:

1. Mo ta sy lay lan ctia ma doc trén mang cadm bién khong day dua vao viéc thiét lap
mo hinh lan truyén ma doc SIRS phan thtt dya trén mang. Hon nita, luan an xét
truong hop khi s6 luong cac nit nhidm ma doc 16n dan t6i hién tugng bao hoa trong
diéu tri bang cach st dung ham xtt Iy ma doc phi tuyén va do do6, viéc ngita chiing

cach ly cac ntit man cadm khoéi cdc phan mém doc hai cang c¢6 nhiéu ¥ nghia.

2. Xac dinh dugc chi s6 ngudng lan truyén Ry cho mo hinh lan truyén ma doc va tinh
toan duge do nhay tham s6 déi véi gia tri ngudng nay. Dong thoi, luan an cling thio
luan vé moi lien he gitta chi s6 ngudng MR, va su o6n dinh tiém can ctia trang thai can
bang khong c6 ma doc, sit ton tai clia trang thai can bang dic hitu ciing nhu xac

dinh diéu kién xay ra hién tugng ré nhanh Iui tai Ry = 1;

3. Dé xuat he mo Takagi-Sugeno phan thi lien két, ham Lyapunov toan phuong va
thiét lap mot sb6 diéu kien can dudi dang bat dang thic ma tran tuyén tinh dé giai
quyét bai toan diéu khién cach ly 6n dinh héa cho trang thai can bang khong c6 mé
doc ctia mo hinh. Cudi cling, bang cac cong cu tinh toan trong MatLab, luan an da
minh hoa cho cac két qua 1y thuyét cling nhu cung cap nghiém s6 cho bai toan én

dinh hoéa dé xuat.



KET LUAN CHUNG

1. Cac két qua dat dugc ciia luan an

Luan an nghién citu bai toAn mo hinh héa st lan truyén ma doc dya trén cac mo hinh
phuong trinh vi phan phan thit va 1y thuyét tap mo. Bang cach két hop cac 1y thuyét
ctia hé dong Iiic phan thi, 1y thuyét tap mo va ly thuyét vé mang phitc hop khong dong
nhat, luan an da thiét lap 3 16p mo hinh lan truyén ma doc va khao sat dang diéu tiem
can clia cadc mo hinh nay nhim dy bdo lan truyén trén mang. Cac két qua veé duy béo va
diéu khién cho cdc mo hinh lan truyen ma doc trén mang 1a mot cht dé c6 tinh thai sy
va dang dugc nhiéu tac gid trong v ngoai nudc quan tam nghién ctu va phat trién manh

mé trong thoi gian gan day. Cu thé, cac két qua dat duge trong luan an nay gom:

(i) Thiét 1ap m6 hinh lan truyén ma doc SIQR phan thit véi dit lieu mo st dung cac khai
niém dao ham Caputo-Atangana-Baneanu phan thit ms (Dinh nghia va tich
phan Riemann-Liouville Atangana-Baleanu phan thit md (Dinh nghia , ching
minh sy ton tai duy nhat nghiém tich phan md ctia mo hinh (Dinh 1y va Dinh

Iy [2.4)) va thuyc hien mot s6 mo phéng so.

(ii) Thiét 1ap mo hinh lan truyén ma doc SE;E2IQR phan thi dya trén mang v6i ham
lan truyen xac dinh bdi cac luat mo va ching minh mot s6 tinh chat dinh tinh cta
mo6 hinh nay nhu tinh duong ciia nghiém, chi s6 nguéng lan truyén R, (Cong thic
, st 6n dinh tiém can clia trang thai can biang khong c6 ma doc Py (Dinh ly
va Dinh 1y [3.4)) v& tinh ré nhanh tién tai Ry = 1 (Dinh 1y |3.5).

(iii) Thiét lap mo hinh lan truyén ma doc SIRS phan thit dya trén mang c6 diéu khién
v6i ham xit Iy ma doc bao hoa va bai toan on dinh héa cho mé hinh nay dua trén
heé mo Takagi-Sugeno phan thit lien két véi cac két qua dat duge gom tinh duong
ctia nghiém, chi s6 ngudng lan truyén 9, (Cong thiic (4.4), tinh 6n dinh tiem can
(Dinh 1y 4.3 va Dinh Iy [4.4), tinh 1& nhanh i tai 9% = 1 (Dinh Iy [4.5) va mot s6
diéu kien di dang bat ding thic ma tran cho tinh 6n dinh hoa (Dinh ly cla

trang thai can bang khong c6 ma doc Py.

2. M6t s6 van dé nghién citu tiép theo

Bén canh céc két qua da dat dudc, luan an ciing tong két dude mot s6 van dé mé co

thé tiép tuc nghién cttu md rong nhu:



136

e Cac nghién cttu vé dic trung dich té ctia cAc mo hinh lan truyén ma doc dya trén
nén tang giai tich mo nhu tinh chat tiem can, tinh ré nhanh hay céc bai toan diéu
khién, quan sat lien quan dang gip nhiéu thach thic tit su han ché ctia cac cong cu
giai tich trén khong gian s6 md. Gan day, cic cach tiép can dya trén tap mo tuong
quan tuyén tinh [114], s6 mo dang granular [115] hay s6 Z [116] da ggi md nhiing
huéng nghién cttu méi cho cac hé dong Iuc khong chic chan, dac biét trong cac linh

vifc nghién citu cdc mo6 hinh lan truyén ma doc luon chita dung cic yéu t6 bat dinh.

e Bén canh cac nghién citu vé dang diéu tiem can dé du béo lan truyén, do cdc mo
hinh lan truyén mé doc cing cac tham sb luon cé sy bién doi lien tuc va thudng cé
rang buoc vé dau ra nhu khéng ché lan truyen ma doc véi chi phi dieu khién thap
nhat hoac khong vuct quia mot ngudng cho trude, bai toAn md dat ra 1a nghién citu
cac bai toan diéu khién t6i uu dam bao ngudng cho cdc moé hinh lan truyén ma doc.
Ngoai ra, ddéi véi ddc trung clia trang thai can bang dic hitu P,, luan an da dat
duoc cac két qua ve dieu kién ton tai nhung nhitng thao luan vé dang diéu tiém can

clia trang thai can bang nay hién van 1a van dé md.

e Ngoai ra, do cidc tham s6 va dit kién do dac ctia mo6 hinh trong thitc té thuong khong
day di nén c6 mot cau héi mé 1a lam thé nao dé thiét lap cac tiéu chi vé tinh én
dinh, tinh dat dugc hodic tinh quan sat duge ctia mo hinh lan truyén méa doc chita
nhiéu hay yéu t6 bat dinh. Mit khéc, do hién tugng tré thuong xuat hién trong cac
qué trinh sinh hoéa, k¥ thuat nén cic nghién cttu vé mo hinh lan truyén ma doc trén
mang v6i tré ciing 1a mot van dé c6 ¥ nghia thuc tién cao. Dac biét, trong Chuong
4, luan an da dé xuat va bude dau st dung hé mo Takagi-Sugeno phan thit lien két
cho cédc mo6 hinh duya trén mang. Tuy nhién, céc bai toan vé diéu khién, quan sat
cho 16p hé mo Takagi-Sugeno phan tht dya trén mang véi yéu t6 tré hay yéu t6 bat

dinh van 13 mot van dé md, c6 tinh thoi sy va cé gia tri khoa hoc.
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PHU LUC

Ludc do s6 cho md hinh phuwong trinh vi phan phan thié md& véi dao ham

Caputo Atangana-Baleanu
Ménh dé 4.1. Vdi moi a € (0,1) va 0 <y < x, ta c6 2 — y* < (v —y)°.

Chitng minh. V6i mdi a € (0,1) va 0 < y < x, xét ham s6 h(t) cho béi h(t) = (t—y)* —t*
tren [y,00). VI A/(t) = a(t —y)* ! — at®! > 0 v6i moi ¢ > y nén ching ta suy ra h(t) la

ham tang trén [y, c0). Do d6, ching ta nhan dugc

hay tuong duong véi (x — y)* > z® — y®. Dinh 1y dugc chiing minh. O

Tiép theo luan 4n gidi thieu luge do s6 dé giai bai toan gia tri ban dau (2.1)—(2.2) véi
dao ham phan thit Caputo Atangana—Baleanu. Theo ky hiéu giéi thiéu trong Muc 2.4,
bai toan (2.1)—(2.2) c6 thé viét lai ¢ dang sau:

el X (1) = G(t, X(t))
X(0) = Xo,

(4.17)

trong d6, ham vecto md G(¢, X (¢)) thoa man cac gia thiét (HF1), (HF2) va (HF3).
Theo Dinh 1y nghiém tich phan mo ctia bai toan (4.17) duge cho béi

= ﬂ —ﬁ t — ) G(r T))dT
X() = %0+ 55 G(t,X(t))+w>®(ﬁ)/o(t VLG (r, X (7)dr, (4.18)
X(t) = Xy 0 (—1) %G(t,X(t))jLW/O(t—T)ﬁ_lG(T,X(T))dT (419)

trong d6 © 1a hieu Hukuhara va ham ®(8) =1— 5+ % Khi dé, luge dd s6 dé giai gan
dtng cac phuong trinh tich phan dang (4.18)) va (4.19)). Dau tien, xét ludi déu

M={ty=kh:k=0,1,...,N},

trong d6 N la s6 nguyén duong théa man h = L. V6i méi o € [0, 1], o —cét clia biéu thc
(4.18) duge cho béi

X () = X+ g(‘ﬁfeu, X7 (1) + F(ﬂ)ﬁ@(ﬁ) / (t — 7P C(r, X (r))dr,
1-8 B

X () :nga +

[e3

Y + NV t —7)PLG(r, X (1)) dr.
55 G X+ e | (=G X ()
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Diat n=0,1,2,..., ky hieu X, = X (t,), X, = X7 (t,). Khi d6, cac s6 hang X\,
and X :{ g1 €O thé duge xac dinh dua trén xap xi phuong trinh tich phan sau:

X7 (te) = X + ;;gj o

o
ﬂ L n (2281 . B—1 r X\ dr
(p) T(3)®(3) kZ_O/ (tnt1 — 1) G(r, X7 (7))dr. (4.21)

Sau d6, luan an wéc lugng céc tich phan trong vé phéi ctia phuong trinh (4.20)) va (4.21)
trén doan [ty, ty,1] dua trén da thic noi suy Lagrange bac hai

G (tppr, X Gty X*
ar. xory = S Zarnl oy SeKed oy

trong do6 “x” ky hiéu cho “+4” hoac “—". Khi do6, ching ta thu dugc

n trt1
_ B—1 -
Glt Xi) + 1 3 / (tuss — 7)P71G(r, X5 ()dr,  (4.20)

(3) 2=

X(Jxr(tn—&-l) = XS:a + G(tna Xotn) +

ty

I

tr41
/ (bosr — 7)P1G(r, X2 (7))dr
123

Gtryr, X3 pyp) [T _ G(te, Xy p) [+ _
=~ %/ (tn+1 77')6 1(7‘7tk)d7* T’k/ (tn+1 77')[3 1(T*tk+1)d’r.
tr t

Thuec hién phép déi bién s = tn+1 — T, chung ta thu dugce

te+1 . B h6+1 .

/tk (ther —7)° (T—tk>d7—m[(n+l—k)ﬁ+ — (k)P (n+1—k+B)
tet+1 . B hﬂ+1 L

/tk (tny1 — 7)P7 T = thyr)dT = EEESY (n—K) T+ (n—k+1)°(n—k+8)].

Do dé, ching ta nhan dugce
hOG(thsr, X5 jy1)

/ttkﬂ(thrl _ T)ﬁ_lG(T, X:(r))dr = [(n +1-— k’)B-H —(n— k)B(n +1—-k+ 5)]

B(B+1)
hﬂG(tk, X;,k) 811 P
Thé biéu thitc trén vio cac phuong trinh (4.20)—(4.21)), nghiem xap xi xac dinh nhu sau
_ _1-p _ . _ —B -
Xa,n+1 = XO,a + WG@?M Xa,n) + hB Z [le,nG(thrl? on,k+1> - Ck,nG(tk‘? Xoc,k)i| )
k=0
(4.23)
1-8 = —B
X(—;,n-‘,—l - X(S',_oc + We(tn7 Xo—l_,n) + h’ﬁ Z [Olf,nG(tk-H’ Xo—i_,k:+1) - Ck,nG(tk7 Xotk):| )
k=0
(4.24)

trong do6 cac he sb C’,fn, 6£n dugc cho bdi

8 _ p n 1 BV (o V(]
Ck:"_cb(ﬁ)r(ﬂJrz) [(n+1—k) (n—k)’(n+1—-k+p)]
e k) k1Pt B)].
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Nhan xét 4.7 (Udc lugng sai s6). Dé wée lugng sai s6 clia nghiém xap xi thu duge, chiing
ta gid st ring ham vecto X*(-) € C?([0,T],R*) véi moi a € [0, 1]. Diéu nay dan t6i dao
0*G(t, X;(t))
ot?
P tk+l Z
vao d6, do s6 hang tich phan / (tnyr — 7)P71G(7, X2 (7))dr duge xap xi bdi da thiic

tr
noi suy Lagrange nén sai s6 clia u6c luong tich phan duge cho béi

ham riéng lien tuc trén [0,7] va do d6, né bi chin trén doan nay. Them

; G(thi1, X5 1) G(t, X5 1) M,
Glr, X3() - | Sk gy - S Ze g < T - )t -
o PRCrX(T) =\ L )
trong do M, = sup do (“—57—-,0) va 7 € [ty tg41]. Do do, sai s6 phuong phap
[0,tn11]

duge cho béi

n tr4+1 Mn

Chi ¥ rang anh xa 7 +— (.41 — 7)°71(7 — #;,) 13 ham duong trén doan [t, 34 1]. Do do,

bang cach 4p dung dinh 1y gia tri trung binh cho tich phan, ton tai ¢; € [tg, txy1] sao cho

I, = W ; %(tkﬂ — k) /tkkﬂ(tnﬂ — 7)Y —t)dr
B+2 n
= zr?gnf 2)(1)6(5) Y ln+1=k)" —(n—-k)P(n+1-k+p)
B+2 n
- QF?gan)cpﬁ(ﬁ)Z{(n""l_kﬂLﬁ) [(n+1-k)’ —(n—k)°] —Bn+1—k)"}.

ApdungMénhdé,tacé(n—l—l—k)ﬁ—(n—k)ﬁg(n—i—l—k:—(n—k:))ﬁzlvavi

vay, chung nhan dugce

M,hP25 &

Ry < = n+l—k+p)—Bn+1-k)~
5 + 2700 2 [ )= B )’

_ M, n(n+1) n (n+1)° B+2
= G+ 2909) [ ’ S

2 8
Do d6, chiing ta thay rang chin sai s6 ciia luge do s6 deé xuat 1a ChP+2, tuong dong véi
két quéa trong [118] va cho t6¢ do hoi tu nhanh hon so véi tde do hoi tu Ch thu duge

trong [117].

Nhan xét 4.8. Bang lap luan tuong tu, ching ta ciing nhan duge luge do s6 cho nghiém
tich phan ma loai 2 ctia bai toan gia tri ban dau (4.17):

1- - =
;,nJrl = XOja + 6G(tn7 Xonrn) + h‘ﬁ Z [le,nG(thrl? X(Ik—&—l) - Ci,nG(tlﬁ X;;k) )
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1 - ﬁ _ ,8 - 5 _
@(6) G(t”7 Xa,n) +h % [Ck,nG(tk‘i‘l? Xoc,k-‘rl

—3 B
Xc—i_,nJrl = X(_)‘:a + ) - Ck,nG(t]W Xa,k) :

Nhan xét 4.9 (Lugdc do sd). Sau day, luan an sé tong hop luge do sd dé tim nghiém xap

xi ctia bai toan gia tri ban dau (4.17) nhu sau:

Algorithm 1: Lugc do sb
Input: Gia tri 8 — S6 phan hoach N — Tham s6 — Gia tri ban dau X,,.

Output: Nghiem xap xi ctia bai toan (4.17))
Data: Khdi tao

1 a=0;T =50 // set up starting and ending points
2 h=(T-a)/N; // set up step size
3 OP)=1-0+ %; // set up normalization function
/* preallocation size */
4 1w =zeros(l,N); y =zeros(l, N); z = zeros(1,N); v = zeros(1, N);
5 X =zeros(4,N); // The solution vector X = (z,y,z,v)"
/* Numerical solution of the problem (4.17 */
6 forn=1,2,..., N do
. C’,f’n:m[(n+1—k)5+1—(n—k)ﬁ(n+1—k+6)];
8 6§,n:m[(n—k)/”l+(n—k+1)5(n—k+ﬁ)};
9 Xent
Xt 537 Gl Xe) 003 [CF, 6t Xean) = CLaGltn, X2
k=0
10 X;L,n+1 =
Xt 537 Cltar X + 103 [, Gltn. Xon) = CLaGltn X2
B k_o // for k=0,1,2,...,n, a€]0,1]
/* Plot the solution */
11 plot(¢, X) // plot the numerical solution

Ma tran hoi tu vé ma tran khong

Sau day, luan an nhéc lai tit tai licu [108] mot s6 khai nieém lién quan t6i khong gian

metric suy rong va ma tran hoi tu vé ma tran khong.
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DPinh nghia 4.1 ( [108], Definition 10.1). Cho (X, d) la khong gian metric suy rong. Anh

xa T : X — X dugc goi 1a anh xa co néu ton tai ma tran M € Mat,,»,(R,) sao cho

MF -0,  khik— oo (4.25)

d(T(u), T(v)) < Md(u,v) v6i moi u,v € X.
Ma tran M théa méan dieu kién 1) dude goi 1a ma tran hoi tu vé ma tran khong.
Nhan xét 4.10 ( [108], Remark 10.1). Tinh chat 1) tuong duong véi tinh chat cac

gi4 tri rieng ctia ma tran M déu ndm trong dia don vi, hay néi cach khac, ban kinh phd

ciia ma tran M nho hon 1.

Phuong phap ma tran thé hé tiép theo

Tiép theo, luan an trinh bay phuong phap ma tran thé hé tiép theo dé tinh toan chi
s6 ngudng lan truyen Ry:

Gia st toan bo nut cia mot hé thong mang duge chia thanh N nhém trong dé c6 m
ngin gom cac nat nhiém méa doc. Dat x;(t), ¢ = 1,2,...,m la mat do cac nat nhiém ma

doc 6 ngan thi i. Dt
x()= (xi(0) x(6) - xalt))
F(x)z(Fl(x) Fy(x) --- Fm(x))T

Vi) = (M) 1h6) - Vulx)

trong d6 Fj(x) dai dién cho ty 1¢ xuat hién ctia nit mang ma doc 16n trong ngan thi i,
Vﬁ(x) dai dién cho ma tran chuyén cac nit nhiém méa doc vao ngin tht i tit cac ngin
nhiém ma doc khac va V™ (x) dai dién cho ma tran chuyén cac ntt nhiém ma doc ra khoi

ngan thi 7. Khi do, ching ta nhan duge
§Dxi(t) = Fi(x) = Vi(x) = Fi(x) = [Vi” (x) = V;" (%)] ,
§DIxi(t) = F(x) = V(x).

Gia st x¢ la trang thai can bang khong c6 ma doc. Khi d6, luan an xét ma tran Jacobi

cia cac ham F(x) va V(x) tai Py duge cho béi

DF(x0) = (JOT 8) DV (o) = (}’ ?)
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an an

Ma tran F - V= dugc goi 1a ma tran thé hé tiép theo (next-generation matrix) va gia tri

F; i
trong d6 F va V la cac ma tran cho béi F = <8 (x0)> vay = <8V (x0)> :

1,7=1,m

rieng c6 modulus 16n nhat ciia ma tran F -V~ dude goi 1a hé s6 ngudng lan truyen Ry.
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