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Abstract

To study the effects of population migration and vaccination on the spread of tuberculosis, a dy-
namic SEIR epidemic model of the two regions with different population densities is established.
The effective reproduction number is calculated, and the vaccination strategy for each region is
considered in model. We numerically simulate the sensitivity of the effective reproduction num-
ber with respect to migration rate and vaccination rate. The results show that migration from
areas with high population density to areas with low population density can reduce the effective
reproduction number and disease scale. The migration from low-density areas to high-density
areas has the opposite result, but they cannot achieve the purpose of eliminating tuberculosis
through migration. Appropriate application of vaccines to people in the high-density area can
eliminate tuberculosis.

Keywords

Tuberculosis, Population Migration, Vaccine, Sensitivity Analysis

MR A IR BB AN 1%
SR

GVIE, FEE, EFE, NER

bR R R, Jba
Email: cuijingan@bucea.edu.cn, 15811183736@163.com

ks H#: 20194E3H1H; FAHHB: 20194F3H14H; KA HM: 20194322 H

CEFIH: AL, VAETS, R, RS PIBXN DRSS S0 A ). N EeE R, 2019, 8(3):
550-560. DOI: 10.12677/aam.2019.83061


http://www.hanspub.org/journal/aam
https://doi.org/10.12677/aam.2019.83061
https://doi.org/10.12677/aam.2019.83061
http://www.hanspub.org

R

HE

NN DT 5RO S AL R H0Rmd, BN A DB A R P HX 2 (830 i SEIRFAT W30
TR, FHERIEH X KR MR, RN EAS, EREEIEERFESRTE
BREEEHEMENEURES . SRR, WA DE X AR B X TR T U REH AL,
5N BURAAR, RS B X [ e M DR N 5 /AR A, (ELSAN BRI TR IR 2VH BRI 45 B ) H B9
TG 24 A0 e 2 BN 10 3t DX oo 1 T DAV BR A 454

XK ia
Mg, ANDHsh, BH, Ut

Copyright © 2019 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

1. 5]

e A B EAEMEN S N2 18], NS, s s S a2 MR BRSO, A
SR R RAR K AU AE s 254k 22 G R J T R IR R 1] Bl B [ 22 57 R J AT 5 R 7 AR KT
BRI, PR T RES AR QYR RRAER, M B B mI 2], (HRA L R xE LAz, filtn
g%, B TIREARA . Bl R 0 45 S P A B 5 % AR SR A 8 0 3 XRAT 3] #EISS T A i 2 4K
EARSEAE, FTENSREER, EEKMN 2, RSB RIME R, B TN RIS 25 % 1 % 1R i
MK [4]. JEFR, EAIMTIRZHIIT, @@ HA BRI TR BN DX Il AL R s, JFE
TUIRTT» PEvE S A O HALRR AR . X E KRN DIER R, 8 LB (515 NS T RABR
WIMiZER% SEIRT $iMY, 2518 T [ ARSI X IR 7 F0 i SR AL R 5 o VF[4)55 NE L @257 SEIR
BRI T AR AN DRI AN O 2 (A iS5 R A4, PRFT 7R i o Heas bl AR R, 45 H
PRI AR I G5 A AT AR ) e DB w0 PO SR o v (0] 55 N\ I s vr BT AR S AR TR N 1AL Eh SR i/t
M, BE U I X RS O S A AR AR, A9 N 0 R X 1) % R 3 DX A% M U Rz it
R

2. REEV LR BEHNITE

TN RS 5 B e R ook il G A% AL SR B, LT B[ 6] AR AY, 7 DL A P B I
T2 18] N R sh il 45 4% SEIR 5 1758,

ik

s, S Ijl

d_: A —0,8, + puS, _Snzklﬂn‘/_,_lnsn —ds,,
! J=1 N

ds 2 I,

d_lz =4, +0,8,, — PuS, _Slzzkzﬁlzj ;,_75125’12 -ds,,
! J=1 N,

ds 2 I,

d_zz =4,y =058 + P15y _Szzzklﬂzzj %_Zzzszz —dSy,
! J=1 N,

ds 2 1.
2= Ay +05,8, = PySy _S21zklﬂ21/ 41,_7(21‘921 —ds,,

df Jj=1 Nl

DOI: 10.12677/aam.2019.83061 551 7 FE K


https://doi.org/10.12677/aam.2019.83061
http://creativecommons.org/licenses/by/4.0/

ERIZ e

_—Su

A re
d/
dt

= Slzzk ﬂn,

zkﬂn, N —oLE, +pnE, (a+d)E“

1

+O—12 W~ PRE (a+d)E12

zzzkﬁzzj A =0y Ey +pyEy — (a+d)E22

1Zk ﬂzu +UzlEzz Py —(0( +d)EZI

d‘IIZ

d/
2 =ak, —0, 1, +pyl,, _(7+d)122

—=aE, ~opl, +pyl, —(r+d)1,

_l‘: aky, +oy,l, = Pl _(7+d)[12

p 2= aEy, +0y,1y, — pyly, (7’+d)121

drR,
d_;l =yl =0, R, + PRy + 1S, —dR,,
dR,
d;z =7l +0,R, = PRy + 21,5, —dR,
dR (1)
d? =yly =05 Ry + Py Ry + 1508y —dRy,
dR
dtzl =yl + 0y Ry, — o Ryy + 1015, —dRy,
Soh, S,.E, 0, R, RS BER (A PRI MRS, BT, G, REE. N
7N t BFZIAE @ MBI N T, ¢ sk 20 St ) s A B003 3k
Ny =8, (0)+S, () + E;, (t)+ By (¢)+1,, () + Ly, (£)+ R, (¢) + Ry, (¢)
Ny =8, (1) +8,, (1) + Epy (£)+ Epy (£)+ 1, (1) + 1y (1) + R, (2)+ Ry, (1)
1 RARA(D) T S HOHEAT I .
Table 1. The meaning of parameter in model
= 1. RBESHENE
SRS B
k(i=12) i X e
a VAR N B G4 S 1 A 3
o, i PEENDIN i XGRS B j X % H %
Py i FEENTUMN G 1 IX [ 21 b X ] 52
d Pl
Z T8 j HIX i 4 5 IR P T A
By TE kX i P EE G IR PSSR R G (3
4, TEj HIX i P EERI AR
DOI: 10.12677/aam.2019.83061 552 N H i


https://doi.org/10.12677/aam.2019.83061

R

dN' (1)
O T
dN

2
t
dt( ) A, + A4, —dN?

= A, + 4, —dN'

ﬂuﬁmzﬁwmpaww,Lz%ﬂgmAugﬁﬁ%ﬁﬁ,ﬁ%%%Agéu @;@a

2 L AR VA T A 1T (BI85 7 2 A 7D 0 NI )7 20 B2 R 2 0 e 4 0 R T 1 e 0
ERTFEIL, ST, AR A AL, R A MRAT e R 5 (R, e
HRUETZE A, = 4, =0, SKMEEN, WAEESHAT, WA, 4, KX 0.

AT LR R R R s AR (1) (R 2)

ds
% =4, - 0,5, +ppS, —dS,

ds

—%= Ay + 0,8, — pS, —dS,,

o o)
d;z =4y, =0, 8, + Py Sy —dSy,

ds,,

p = Ay + 0,8, — PySy —dSy,

KA M TG (o115 So12Spar S22 0,0,0,0,0,0,0,0,0,0,0,0) , Jrfify:

. _ Plz(A11+A12)+A1|d . 4,d +oy, (A11+A|2)
o (p12 +d)(‘712 +d)—0']2p12 e (p12 +d)(0'|2 +d)—0'12p|2
= Pai (A21 + Azz)+ Ayd s 4,d +0,, (AZI + Azz)
021 =

" (p21 +d)(021 +‘{)_0211021 , (,021 +d)(621 +d)—621p21

LI 5 T A T S A 1 B N = S0y, 4 S NY = Sy + S
T AL AR (2) ) RS

—oy, —d Pr2 0 0
Oy, —pp—d 0 0
0 0 0y —d Pai

0 0 21 —py —d

FOH IR T R AR AR L AT SRS BB [0, TP i 4 SR A E 1
HBA G BB RS B AR (3)

% =4 =080+ PuSi — 7S —dSy

dj;z =4, + 01,8~ LS~ 1S, —dS),
dif = Ay = 05185 + P21 Sy = XSy — S5,
% =y + 02180 = PuSu — X2Su —dSy

DOI: 10.12677/aam.2019.83061 553 IR Esid


https://doi.org/10.12677/aam.2019.83061

ERIZ e

dR
d_tll =0, R, + PRy, + 205 —dR,,
dR
2 = ok — PRy + 20,5, —dR;,
o 3)
dtzz =0, Ry + Py Ry + 2,8y, —dR,,
dR
dtzl =0y Ry, — PRy + 1218y —dRy,

SREFRG M AN (81155120 S12155122:0,0,0,0,0,0,0,0, R, Ry Ry LR, ) 5 Herti

o A11(112+d)+p12 (A11+A12) § = A, (;(11+d)+0'12 (A11+A12)

! (p12+;(12+d)(612+;(“+d)—0'12p12 ' (p12+;(12+d)(0'12+;(“+d)—0'12p12
« 4, (7(21 +d)+p21 (Azz +A21) x 4, (122 +d)+0'2] (Azz + Azl)

122 = 5912 =

(p21 + X +d)(‘72| + X2 +d)—0'2]p2| (p21 + X +d)(02| + X2 +d)—0'21p2]

_ P12112S1*12 +(p12 +d))511S1*11 R = 0_12)(11'31*11 +(012 +d)112S1*12

R, = R, =
. d(oy,+p,+d) " d(oy,+p,+d)

R = p21)(2151*21 +(,021 +d)7(22$;2 — 0'21)(22‘91*22 +(O'21 +d))(21S1*21
122 d (0, +py +d) N d (0, +py +d)

NPt IR I DB A O S NN 57 ]
Nlt* = Sl*ll +S1*21+R|*1| +R1*21=N; = ngz +S;2 +R;22 +R;2

A SCRR[STHH B A AEFRRR G A R AR R, IS

Suzkﬂu, N
lzzk ﬂ12/ 1 Ulell_p12E12+(a+d)Ell
N 0L E +ppE), +(0!+d)E12
2zzkﬂ22, , 05, Ey — Py By +(a +d)E22
7o N, V= —0,,Ey + Py By +(0£ +d)
Zkﬂ —aE, +opl, - ppl, +(7+d)
Sa 2 Nt —aE, 0,1, +p,l, +(7+d)[12
0 —aEy +0y51, — puly +(7+d)122
0 —QE,y =0y 1+ py iy +(7+d)121
0
0

4

m, =0, +a+d,n,=p,+a+d,m, =0, +a+d,n, =p, +a+d,
P =0 +r+d,q,=p,+r+d,py =0y +r+d,q, =p, +r+d

ST E, 5 1, kA FLY

DOI: 10.12677/aam.2019.83061 554 IR Esid


https://doi.org/10.12677/aam.2019.83061

R

Sflku?m 0 0 Sl*lkleln
Ny Ny
0 Sl*szﬂ]Z] S1*2k2ﬂ122 0
F:(O FIZJ’ S 7, = N NY
0 0 Spky P Snky P 0
NI NI
Sy1k By 0 0 Sy kB
N NI
my, —Pn 0 0
V: Vll 0 , ﬁ\:EPV _ _0-12 n,z 0 0
V21 I/zz a 0 0 le _p21
0 0 O,y Ny
- 0 0 0 Pn —Po O 0
v 0 —-a 0 0 v -0y, 4 0 0
g 0 0 -« 0 2|0 0 Py TP
0 0 0 -« 0 0 -0, gy
o e v 0
EKIEET%V‘:( e J S,
_sz V21V11 sz
Ny P2 0 0
My = P10 Myl = P10,
On My, 0 0
vl = Myl = POy MMy — P07
0 0 My Py
My Ny = P10y My My = 05,07
0 0 Oy m,
My Ny = P10, My My = 0707
q12 P2 0 0
Pibi: = PG Piadir — PiaOin
012 p]2 O 0
v, = P, — PO Pudiz ~ PO
0 0 4 P
P22 = P20y P2ty = P10
0 0 Oy P
D191 = PO P — P20

A _ _ _ _
U, =myn, — p04,,Uy = myny — 0,05, W, = piugiy = 101, Wo = D2y = P2102 &l

a (nlz%z +01,01 ) o (plquz + My, P ) 0 0
U, U,
a(oum, +0,p,) (0L, + pum,) 0 0
A MUy, WU,
0 0 a("zl‘]z] +O—21P21) a(p21q21 +m2]p21)
WU, WU,
0 0 a(o-217721 +02,p2,) 0"(0'211021 +p21m21)
WU, WU,
555 L FH Bt

DOI: 10.12677/aam.2019.83061


https://doi.org/10.12677/aam.2019.83061

ERIZ e

é'\Ku = _};12Vzile21V111 RS

S1*1k1ﬁ111 a(nlquZ +O—12p12) S1*1k1,3111 a(p12q12 +m12p12) Sl*lk]ﬂnz 0!(0'2]7721 +O'21p21) S1*1k1ﬂ112 a(o‘21p21 +p21m21)
N WUy, N WUy, Ny WUy N WUy,
Sl*zkzﬂ]zl 0!(0'127712 +O—12p12) S1*2k2ﬁ121 a(o-12p12 +p12m12) Sl*zkzﬂ]zz a(”ZquI +O'21p21) S;;kzﬂ]zz a(pqu] +m21p2])
K, = N, WUy, N, WUy, N, Wy,U, N, WU,
Syoky Boy & (0'12’712 + 0'121712) Syky By a(o'mpm + p12m12) S5k Bony a(n21q21 + 0219 ) Syky Bony a(p21q21 + 1y Py )
N, whU, N, WUy, N, WU, N, WU,
DY a(”n‘]lz +O'12p12) S5k By a(plquz +m12p12) S5k B a(0'217721 +O—21p21) S5k By a(621p21 +p21m21)
N WUy, N WU, N WUy N WUy,

AR ANK=FV", ”EK:[I;”
AHUEERR, = p(K,,) -

3. HUERHL

TEARTTH, AT 2 TN R 80 5 92 i il 45 i AL iR e, o S8 GE R R S
HRYHEAT BB 73 BT o FRAT TR BN 1185 5 A vy () A 7l RN 185 5 A A () IR R s e Tl 9 AT 2 (R B X
BP3kTs 1 oAb sT, 3T 2 RRRFIVESRE . gt m iR A s BoR 2017 AL N D AEZ0N 473.45 AN/K,
RIS AR 3N 68.27 N/K. MU S 500L3% 2.

;j BTN K RHEE[9], WA p(K)=p(K,, ), Hit

Table 2. The value of parameter in simulation

2. EHSREER

ZH e K5
4, 473.45 (7]
4, 68.27 (7]
a 0.017 (4]
y 0.067 [4]
P> P 0.01 (4]
B 0.05 [4]
d 0.0005 [4]
4, 0 B
A, 0 %
S, (0) 30,000,000 s
S, (0) 6,000,000 £33
S,,(0),8,,(0) 50,000 ik
1,,(0) 5000 TR
1,(0) 1000 %
1,(0),1,(0) 0 ik
E, (0),E,(0),E,(0),E, (0
faereee

e BRI TR

DOI: 10.12677/aam.2019.83061 556 IR Esid


https://doi.org/10.12677/aam.2019.83061

R

o, RIUIERS F Guii U 5 A F A B R

4x10°

3x10° +
u@ — 0,=0
L§ 2% 105 | — 0,=0.05
i —_ 0,,=0.1
—_ 0,=0.5
1 x10° - — 0,,=0.9

0 100 200 300 400 500
IhF [alt
Figure 1. Trend graph of total infected I with time at different migration rates o,

B 1. FREEBE o, FonE | HiaR5IE

JeIp A P SR B R RN o BYSREN T =1, + L, + 1, + L, » B R NSk i N B &, A
12, WERIERETT ASEARA S K, 6, MIFANERRE R 2L KR % 0, =0.001, J35b, REEAN
FLIRAT , WIRFEAESM - FERRT AL, B A4, = 4, =0, 5346, AEEFERERZES, B g, =0.05,
UEI A E R BUES EE R, By, = 200 = 20 = 20 =00 W] 1 13 3B 10 BIRE RS RS (11T # %
oy JHIN, G MR AN G W AR S BRAIK, 1 EL G e L HE IO PO NS DB A 5, LR AN E 7 P )t e
B, FEEAERRERTRIPRE, RRGEHRIMAZ . Bt P U], m DN D IR X i
o 22/ Bl G5 AL I Qe UL, {ELHE DLV BRI 454

6 % 10°

5% 10°
_ 4 x10°
ﬂg — 0n=0
@& 3% 10° — 02,=0.05
grd — 02=0.1

2 % 10° — 02=0.5

— 01=0.9
1 x 10°
0
0 100 200 300 400 500

fio At
Figure 2. Trend graph of total infected I with time at different migration rates o,
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