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Abstract

Project Code: MRG5080390

Project Title: A Dynamic Transmission Model of Leptospirosis
Investigator: Malee Sriprom

E-mail Address: malee_apm@yahoo.com

Project Period: 2 July 2007 — 1 January 2010

Leptospirosis, which is caused by one of several strains of bacterium
spirochetes of the genus Leptospira, is a zoonotic disease and an emerging public
health problem in Thailand. The bacterium can be transmitted either directly through
contacts to human or between reservoir hosts with urine of carrier animals or
indirectly via contact with contaminated environment. In this work, we first consider
ontology of human leptospirosis, using a variety of epidemiological and statistical
methods, to analyze and present the SARIMA forecasting model on the number of
leptospirosis incidence in Sakon Nakhon Province. We then propose a mathematical
model, involving six ordinary differential equations for the human, rat, and
contaminated area states, in order to take two modes of transmission into account. The
stability of the equilibria is studied by using the theory of differential equation and
numerical simulation. The epidemic dynamics is discussed and illustration is given by
figures for different values of the parameters. Our results indicate that leptospirosis
incidence is significantly associated with climatic factors, and show that the
SARIMA(1,0,0)(0,1,1);2 is not only the fittest model but also make prediction based
on the leptospirosis dataset. The proposed model allows for better understanding of
the disease dynamics. It is concluded from the analysis that both of two transmission
modes are identically affected on the spread of leptospirosis transmission. The control
measures for the source of infection can be explained in term of the basic reproductive
number, RO. Consequently, decreasing the rodent populations seems to be the more
effective way to control the disease.

Keywords:  Leptospirosis; Zoonotic disease; Time series; Mathematical model;
Basic reproductive number
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T o v JaAa d" [ dy 9 %
L NuIUdaINAaFBLazUNI Yo 18 dauals -
] ] J FU
E dadrudunadouniuilowdo dauals -
N, IUIUAU [1,10000] -
o o J o
N, audanirlsa [1,10000] -
-1 I =
, 9NIINTAGUDIAY 709 17
-1 [ [V 4 =1
. 9A131MIAVDITAN 13 6,10
a g [V 4 Q'
B.(By) | Tomamisaade Tanuosnuaindaiazdainao [0,1] 4,12,15
a g v J [V 4 Q'
Bo(Br) | Tomamsdae lsaussdaiondaiuazdanndou [0,1] 12, 15
-1 a g [
A J282AINIAAFDUDIAY 15 Ju 17
-1 A Ay o =
4 szazaveImsigiduiulse 13 17
o d” ay A 9 o Jd o
a ons1mMsdulouFevesdaadsuandaiiiilsa [0,1] 15
-1 A dy 1 a Yy
szezaFoayludunadon 2-6 5
Fland
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HaN15Ie

Ao us.t' dyd s A = a 1 ay Y @ a a 4
ﬂTi’J‘l]ﬂﬂi\iull‘l}‘ﬂ‘ﬂigﬁ\‘lﬂLWf’JﬁﬂETfl'J’JTIEﬂfﬂiLLWiL‘b”E’)LLﬁ%ﬁiN@]’JLH_I‘]JLGHQﬂmG]ﬁTﬁﬁiﬂlﬂQ

1 ay a IJa v K o Ao =S o a awv
ﬂTﬁLLWiLﬂf@TiﬂlﬁﬂIﬂﬁqﬂTi“ﬂﬁ HIVYNUDUUAUDNANITIVYAINTYALIDYIANITANUUUNITIVY

Y
faae llil

Y
1. wamsanyInINeMsunsae Isamd Toa 'l Tsse

2. wamsaswudnuugadamans laamil laaldlssa

mam3fnNINemsunsyelsaalanalilsSa

1. msfnswaudihenazdnitheveslsaal Tae 1 T5@e (Incidence rate)

69 100 000 U5z Iuunaz s uNDYDINIUIATNAUAT TLHINY W.A. 2542 LAz W.A. 2550

= A A
Waﬂ’]ﬁﬂﬂ‘]ﬁ’]uﬁﬂﬁiu@nﬁ’mﬂ 2 Lng‘ﬂﬂ 4

a3190 2 Sufihelsaal Taa T TsgaludwSaanauasswunsiofou senane ¥ we. 2542

ag W.¢. 2550

ol [2542| 2543 | 2544 | 2545 | 2546 | 2547 | 2548 | 2549 | 2550 [ 53| %
TERGET 0] 0 0 0 1 0 0 | 3 0 | 4 1
puAius | 0 | 0o | 0 | 0o | 0o | 2| 1 | 4] 0|7 2
IGIREEY 0| o 1 0 0 3 5 4 0 | 13 3
EGRTAN: 0| 1 1 1 0 | 4 | 2 5 0 | 14 3
WEMAy | 0 | 0 3 0 | 0 3 1 5 1 |13 3
U 0| 2 2 | 10| 5 5 8 | 16 | 3 |51 | 13
nsnIAN | 0 | 1 4 |17 10| 4 | 12|12 ] 3 |64]| 16
GALRLLY 1| 2 | 13| 4 | 27| 8 | 18 | 14 | 4 |91 | 22
AU 0| 4 7 11520 6 | 12| 19 | 8 | 91| 22
na1n 1|1 1 6 8 3 12 4 | 4 |40 ] 10
WA NIeu | 1 | 0 0 2 5 2 1 3 1 |15 4
FUAY 0| o 1 1 1 0 0 0 1 4 1
BRIV 3 11 | 33 | 56 | 78 | 40 | 72 | 89 | 25 |407| 100
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v Yy Y
9110915197 2 wonSwandihe Tsaml Tae 1 TsFaiinedu 407 519 wumssza
Tugssznnudouiguisududougainy Suudthogegaludl w.a. 2549 AosanTagsou

A d? 1 1 A ] A =) =2 =)
IHAUDENADLHDY 2 B9Ia1 151910 3 51811 W./.2542 Da 78 511Ut w.a. 2546

Incidence rate/100,000

5 4 dasnlelsaaiTaalUTsGaludmSaanauns sz we. 2542

iag W.f. 2550

137 4 nud luge s Pusn dasitheiiuen 0.2 dlu 7.7 denaualszanns uazandl
=t [ 1 A 3 1 o Ao
WA, 2547 DAUW.A. 2549 Bn3n)deiinn 4.05 11U 5.9 Avuaulszmng Sunenilszying
1 9 A v 1
numuesIzionI 111899
wininsananuduniuiszninswnudiholsaadlaaly Tsdauas Isaldidensonlu
Yandadanauns danaasluasiei 3 wazgiin 5 wondwaudihelsaml TaaluTsaduiusiu

o Y1 Y A 1 Ao o w aa
QTHQHQTJ'JfJiiﬂUIﬁULﬁi’]ﬂ@i’]ﬂ@ﬂ"lﬂﬂuﬂﬁ”lﬂﬂluvnﬂﬁﬂﬂ (p =0.555777)
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a13190 3 SwaufihelsaalTaa T TsFamas Tsa ldidensenludaiaanauns s wunsedl

FeN9 Y WA 2542 uag WA, 2550

il 2542 | 2543 | 2544 | 2545 | 2546 | 2547 | 2548 | 2549 | 2550

TsaaTaaldTsFal 3 11 33 | 56 | 78 | 40 | 72 89 | 25

Tsa'lddeanon | 153 | 19 | 520 | 1178 | 686 | 704 | 362 | 822 | 710

ERL 156 | 30 | 553 | 1234 | 764 | 744 | 434 | 911 | 735

30 - - 400
- 350
- 300
- 250
200
150
100
50

1999 2000 2001 2002 2003 2004 2005 2006 2007

|- Leptospirosis cases Dengue cases |

s s SwoaudiheTsamlTeda 1) 53 (nsmluna) nazTsa ldideneon (ns1vlidn)

Swunsedouludaniaanauns seuI9l WA, 2542 uag WA, 2550
v o J ! o J a o @ a
2. msmanuduiusszniiwndiholsmalTaa 1) Tsgauaz ledegiienea

Tusarinanauns seruned) w.e. 2542 uaz w.a. 2550 Taeldadaanduiusuuvailesuuy

a 4 {
NANTAUATIZHUAAS U519 4
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M5190 4 anuduiusszrindwaudihelsanallaalu TsFauaziladeniions
Tudandaanauns seuIgtl w.e. 2542 wag W.e. 2550

Correlations

LEPTO HUMIDITY RAIN TMAX TMIN
Spearman's rho  LEPTO Correlation Coefficient 1.000 .500* .503* -.102 .552*7
Sig. (2-tailed) . .000 .000 .295 .000
N 108 108 108 108 108
HUMIDITY  Correlation Coefficient .500* 1.000 .801* -.328* .730*
Sig. (2-tailed) .000 . .000 .001 .000
N 108 108 108 108 108
RAIN Correlation Coefficient .503* .801* 1.000 .050 .833*1
Sig. (2-tailed) .000 .000 . .608 .000
N 108 108 108 108 108
TMAX Correlation Coefficient -.102 -.328* .050 1.000 .077
Sig. (2-tailed) .295 .001 .608 . 426
N 108 108 108 108 108
TMIN Correlation Coefficient .552* .730% .833* .077 1.000
Sig. (2-tailed) .000 .000 .000 426
N 108 108 108 108 108

*k

‘Correlation is significant at the 0.01 level (2-tailed).

~ 1 o 9 Aa A [ v Ida [ dy
1NA1T NN 4 W‘]J’]W11!’]1!ﬁﬂ?ﬂjiﬂlﬂﬂiﬁﬁulﬂiﬁcﬁﬁllﬂ’ﬂuﬁiJW“LA“D"L‘]N“]J’Jﬂﬂ‘]Jﬂ’JHJ“]Su
) ad A A

v 1 U
Ysuaniw uay gungiidigaedslisdAynaadanszay 0.01 Wuae vinmouladuanuin

o Y1 4%‘ Y
Fﬂ'luqu@ﬂ'lfﬁlgll'lﬂ"“u@ﬁﬂ

EE 1 9 a a L4 as < 4 a 4
3. Mynensaionstedlamainms Nz ieynsual lagIsueationdazaunud
(Box-Jenkins) Mg uunszuiumsnanes luduesysanmsnuaunaamaouiiuuuiigania
k4 b4
(Seasonal autoregressive integrated moving average models; SARIMA) AUTUADU A9
3.1 MIMHUAG ULV
a 1Y U us/‘ 1A = = A [
WTNoYNINNAAI1E AaiaeunnIAN 1 W.A. 2542 DaABUTUNAY
= @ A = 1 = o = Y
1 .7, 2550 aquanalugili 6 azmudnlusynsuaiimsulsHunuggnIa AU
o a = v o Y] v o Y T i A
dulseanFanduius luded (ACF) Lazardunus luAeaU19aIu (PACF) liioWa15an

s vestoya
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3.0

25 1

Incidence rate (1x100,000)

0.0

Tie

G G T e B e
%02, % %, %% % %. 0% 2. 0. % %, . "% %, .,
R A A I R I N I -

AN

R

)
)

Date

s 6 eynsunadasihelsaml lna il Isgasemeuluiaiia

anauAs s WAL 2542 uag WA, 2550

a 1o a = v o J @ ¥ o o
ﬂTi'Jlﬂﬁ']gWﬂ']ﬁﬂJﬂigﬁVl‘ﬁﬁWﬁll‘Wl!Tjalu@]'JL@Q (ACF) uazﬁwﬁuwuﬂumma
[l £ @ Y o =) 9y !
UNFIU (PACF) VRIDUNTNLIA ‘ﬁN‘]Jﬁ‘UElILL’LIUﬂli’]\?@‘léﬂiﬂl')ﬁ”liﬁﬁlﬂ%ﬂﬂ?i Iﬂﬂi%ﬂﬁﬂ?\ﬁlﬂﬂ
9 A 1 o A a 4 Ao 12
VoyalelIaIn NNy 12 190U HaZUNTIENDUNTUIANUGANIA (D=1) uaz"lummma (d=1)

aaaaalugln 7-9

(a) (b)
ACF of original data PACF of original data
10 1.0
54
5
I I .
] 9| | | PR
0.0 IIIIII IIIII.I I. lll L] ] Il
-5
6 Confidence Limits
-5 e onf
Confidence Limits E
£ 10 I cosfricient
2 -0 | Ellcoeticient 1 5 9 13 17 21 25

1.3 5 7 9 11 13 15 17 19 21 23 25 27 3 7 1" 15 19 23 27

Lag Number Lag Number

71N 7 nslmdulsz@ns ACF (a) uaz PACF (b) ve301nsunaonsiile
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~ <3 (L a 4 Y =K 9 a [
1A3UN 7 wruNMaNszaNT ACF 0031 219A0INNTUIMIHEANYANIA
uazwaa1 luliggnaveseynsumal

(a) (b)

ACF of seasonal differencing PACF of seasonal differencing

U

Confidence Limits Confidence Limits

ACF

Partial ACF

-1.0 - Coefficient 1. - Coefficient
T T T T T T
12 24 36 48 60 72 12 24 36 48 60 72

Lag Number Lag Number

Transforms: seasonal difference (1, period 12) Transforms: seasonal difference (1, period 12)

' s LA
510 8 naladulsz@nT ACF (a) 1oz PACF (b) ¥0anaa 19ngnIa 12 Hounsai 1

137 8 vziiudmdulsz@ns ACF 7 lag 24, 36,... im Indgud daudn

dutlszdAng PACF 7 lag 12, 24, 36, .. fimanauiiIndgud

(a) (b)

JRN— -5

5

Confidence Limits Confidence Limits

ACF
Partial ACF

1.0 Bl coeficient

-1.0 -Coeff\c\en(
1 3 5 7 9 11 13 15 17 19 21 23 25 27 1.3 5 7 9 1 13 15 17 19 21 23 25 27

Lag Number Lag Number

Transforms: difference (1), seasonal difference (1, period 12) Transforms: difference (1), seasonal difference (1, period 12)

3119 nswladulsz@ns ACF (a) uaz PACF (b) vonan uggnianas hiliggnia

~ [~ 1 Y A & =~/ s A A 1
13100 9 3zMuN Mauszand PACF Nauilugud o k=3, 4,... azliaan

NnguiuFai lag 1,2, 11, 12 mdulsz@ns ACF azanaudIndaud
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nnMIinsanmdulsEan ACF uag PACF mineynsuia (il 8 uaz 9)
WU SUAY (P, D, Q) dwsueYnsuNaMDULngNIa (D=1) Ao SARIMA(0,1,1),, Hag U1
(p, d, ) dwisveynsunawuy lilingnia (d=1) iv ARIMA(1,1,0), ARIMA(1,1,1), ARIMA(2,1,0)
1az ARIMA(2,1,1) SUTUS MUY SARIMA (p,d,q)(P,D,Q) AR evuad 4 1w Ao
SARIMA(1,0,0)(0,1,1),, , SARIMA(1,0,1)(0,1,1)

SARIMA(2,1,0)(0,1,1),,, Lo

122 122

SARIMA(2,1,1)(0,1,1),,
3.2 MIUTINUMINITITAD S UDIF MU ULAZATIVAD UL
1 a L4 [ { I [ H
szinaamaiwesvosduuuniu 1l 1dande 3.1 @endmuun

Y ana 9 d‘ (% z:;
adequate wazlimana AIC Hagnga aaaaeluasen s

v v v
M13199 5 AADAVDIRIIUY SARIMA (p,d,q)(P,D,Q) Milu i) Idsianiua

Frunud AL A AIC | f1SBC
1 SARIMA(1,0,0)(0,1,1),, 77.51 85.20
2 SARIMA(1,0,1)(0,1,1),, 79.72 89.98
3 SARIMA(2,1,0)(0,1,1),, 92.18 102.39
4 SARIMA(2,1,1)(0,1,1),, 87.12 99.89

91103197 5 Wo LA 1 SARIMA(1,0,0)(0,1,1),, tHudammuidlulil1dves

aynsunadasile lsamlTaallTsdaludmiaanauns senine d wet. 2542 waz 1 w.a. 2550

£4
=1

J ana J a 4 @ (%
mszliaana AIC Youga nazlszanaumimesvosinun Tdas

Variables in the Model:
B SEB T-RATIO APPROX. PROB.
AR1 52228876 .08160528 6.4001838 .00000000
SMA1 .88375456 22339554 3.9560081 .00014875
CONSTANT  .04624733 .02452300 1.8858755 06243270

! 9 9 Y @ Y U A
NNMUTZUVIAY llﬂﬁ'llﬂ?iﬂ')ﬂ‘ﬂﬂﬂl@ﬁﬂ@li?ﬂ?ﬂ f19

(1-0.522B)(1-B"*)Z, = 0.046 + (1-0.883B")a,
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4 1
MIATIAOUAVUNNTUAMTNUTLANT ACF 1az PACF AUARIAAADY

aqaadlugii 10

Lag Corr. Err. -1 -.75 -{5 T.2§ 0 .25 .5 .75 1 Box-Ljung Prob.

1 -.068 .102 COF 459 498
2 .038 .103 N L 605  .739
3 .131  .103 N 2.334  .506
4 -.095 .104 R 3.251  .517
5 -.035 .105 ¥ 3.375  .642
6 -.043 .105 ¥ 3.570  .735
7 .003 .106 o 3.571  .828
g .009 .106 o 3.580 .893
9 -.106 .106 CEE 4.793  .852
10 .022  .107 o 4.844 901
11 .210 .107 N 9.718 .556
12 -.238 .111 G I 16.062  .188
13 .141 .116 . [¥*E 18.308  .146
14 .116 .118 . [¥* . 19.844  .135
15 -.090 .119 . . 20.780  .144
16 -.020 .120 . * . 20.829  .185
17 -.074  .120 ¥ . 21.478  .206
18 -.058 .120 ¥ . 21.888  .237
19 -.012 .121 . * . 21.907  .289
20 -.062 .121 ¥ . 22.387  .320
21 -.057 .121 ¥ . 22.794  .355
22 -.037 .121 ¥ . 22.973  .403
23 019 .121 . * . 23.017  .460
24 127 121 . |¥*E 25.117 .39
25 .036 .123 . * . 25.284 447
26 .004 .123 . * . 25.286  .503
27 -.024 .123 . * . 25.366  .554

Partial Autocorrelations: ERR#1 Error for IR from ARIMA, MOD_1 CON

Pr-Aut- Stand.
Lag Corr. Err. -1 7.72 -5-25 0 .25 .5 .15 1

1 -.068 .102 .k
2 .034 102 T
3 .13 .102 TS
4 -.080 .102 |k
5 -.05 .102 .k
6 -.061 .102 ok
7 .025 .102 T
8 .022 .102 .k
9 -.104 .102 |k

10 -.009 .102 A

11 .27 .10 BT

12 -.201  .102 LT

13 .086 .102 LR

14 .102  .102 LR
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(a)

ACF of model residual

ACF

Confidence Limits

B coefficient

1 3 5 7 9 11 13 15 17 19 21 23 25 27

Lag Number

7% 10 Anduls

ans

4
~

Partial ACF

(b)

PACF of model residual

Lag Number

Confidence Limits

- Coefficient
2

ACF (a) itaz PACF (b) AUADIAAADUVBIA UL

110317 10 wuNAdu1lseanF ACF ag PACF ve3nnuaaIaniaouay lusi

' S ' A & 4 '
ﬂ'J']llL‘%i’]llunﬂﬂ'] Llﬁ$ﬂ']ﬂﬂ']i'JLﬂﬁTZﬁﬂ'J']Nﬂa']ﬂmﬁ@uﬁl'lﬂﬂ'ﬁﬂﬂﬁﬂﬂ Ljung-Box WUIANIUN

] I~ d' = Y1 o dy
Wz uvesnnuaaIamasuianIuIn (p-values > 0.05) ?ﬂlﬂiﬂﬁ?ﬂ ”],mwmu‘uuummzﬁu

¢
3.3 MINYINTY

myfSeusuanswazmmensaoasielsael aallsGaludimia

ANAUAT DINAMUY SARIMA(1,0,0)(0,1,1),, Tz udounnsnn 1 w.e. 2551 dudousunan 1

WAl 2551 EAIAINIT 19N 6 azgai 11

A =t = 1 a 1 d 1 Y]
A1519% 6 HamsiTeumeua1asaazMnensalons 1t ena Y SARIMA(I,O,O)(O,I,I)12

J A =) =K A [ =
FEHMUADUUNTIAY U W.A. 2551 DuUAOUTUNAN Y W.A. 2551

Month Actual Predicted Residual Lower CL Upper CL
January 0 0.18319 -0.18319 -0.47985 0.84622
February 0 0.25507 -0.25507 -0.49986 1.00999
March 0 0.33796 -0.33796 -0.44396 1.11988
April 0 0.35527 -0.35527 -0.43582 1.14637
May 0.207 0.35107 -0.14407 -0.44355 1.14568
June 0.104 0.75808 -0.65408 -0.03804 1.5542
July 0.311 0.87343 -0.56243 0.07659 1.67028
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A 1 = ~ 1 a 1 &Y U o ' A
ATNN 6 (919) wansseuneunas ez INeINI alons 11289 1NA LY STHINADUNNT 1AL

3 w.a. 2551 DudoutuNAY U W, 2551

Month Actual Predicted Residual Lower CL Upper CL
August 0.621 1.15262 -0.53162 0.35535 1.94988
September 0.518 1.16633 -0.64833 0.36874 1.96392
October 0.414 0.63673 -0.22273 -0.16124 1.43469
November 0.725 0.37233 0.35267 -0.42617 1.17084
December 0.414 0.2592 0.1548 -0.54009 1.05849

3.0
2.5+
2.0
1.5 1
1.0 1
.57
0.01 Actual
-9 Predicted

Date

$ 1 a 1 4 Y] [
31U 11 synsuafSeumena1939 (Actual) HazAImeInsal (Predicted) 60131128
Y
Tsam TaaldTsda ludawiaanauns duidouuniiny 1 w.e. 2551

=KX A [ =
dudeusuNAY U w.a. 2551

~ 1 1 a 1 4 % 1 =\ Y a =S [
“Mf‘lg‘ﬂ‘ﬂ 11 WuNAvsaazmMneInsaiveson 1o 1y lunaniuaeinu

WuAD @UY SARIMA(1,0,0)(0,1,1),, MINZANADMINEINI 810N 118
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nnMsAnInIMeIMsunsiFoves lsamIaalu Tsgalusaniaanauns a3u1dn msuns

Q

{ v o Jdo a 091 {
L%@ﬂlﬂﬂiiﬂﬁuwuﬁﬂﬂﬂiﬂ’]mu?ﬁ]u ﬂ'l’]llcdlﬂl UNHU ']ﬁﬂ!l,a”ﬁllwu‘ﬁﬂllﬁ]Tu’JuWﬂ'JEJIﬁﬂllsUla@ﬂ@@ﬂ

Jd o ' a a
S1EsaneINsalonsthe é}jﬂlﬂﬂuﬂﬂ'ﬁjlﬂﬁ'lgwrt]klﬂillna'ﬁnﬂ@?wﬂu SARHV[A(],0,0)(0,1,1)12

a d o a a d L g a
Wam3AAIIZHMULITIAdinmansvaanmsunselsamillaa il s@a

9
Ay A L4 [ 1 1
498N TITHIZVUANMS (4)-(9) 198 normalized sz UVANMIAIWTAdIAD 117]

e

S, =i,lh _h R, Ry S, _ S I _ b s faniodu il
Nh Nh N Nm m
ds,
d_ = Hy (1 S ) ﬂthShIm _ﬂehShE +/12(1_Sh _Ih)9 (10)
dI,
d_ - ﬂthS Im +ﬂehs E (ﬂh +ﬂ’l)1h ° (11)
dl
d_m = ﬂll’lNlTl(l_IlTl)IlTl +ﬂem(1_Im)E_/’lmIm’ (12)
t
E
% =aN_1_(1-E)-6E . (13)
t

meldideu'ly fo S, +I, +R, =1, S_+I1_ =1 uazwwﬁﬁma{nﬂmﬁﬂ'uﬂu‘um
@ﬂauqmméfmmu (Equilibrium points of the model)
fvuamdusiiadunnlu Tamude 1
D={@S,.I,,I. ,E):S,.I, 20,8, +1, <1,0<I_<1,0<E<I} imfiuiunigadugalag

fgl']ﬁuﬂ“lﬁﬁllﬂ']i (10)-(13) llf"l'll'ﬂ']ﬂ‘]_lﬁl!fl @Qﬂ']ﬂﬁllﬂ?i (13) ﬁ]gllgf
N I
E=—3"mm (14)

m m

d+aN_ I
woth ldunuluaums (12) i ldaumsves I il
[ (a,l2 +al_+a,) =0 (15)
v ldwamasvesaums (15) Ao I =0 uazmsniidluuinnnaums
-a i«/az —4a.a

m ?
2a,

_ 2
a2 - BmaNm

aN
al = 6l’Lm(RO + 8111 (I_Rl))

a,=0op, (1-R,)

Iﬂﬂﬁ RO = Rl +R2’ Rl = Bm—N _ aNmBem
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dwnusn I =0 waz I luaums (10)-(11) 9z 1dyaauga 2 yaneglugie D Ae
I E0=(1,0,0,0) ﬂﬂﬁuﬂaﬁiiﬂ]‘lﬁizum (The disease free equilibrium point) L

39 El1=(S,,I;,[ ,E) ﬂﬂﬁuﬂﬁiiﬂﬂi%%ﬁu (The endemic disease equilibrium point)
(y +4) = A1, [ = PN Syl + B S E E= N, I,

(#4+ 2)+ (N1 + S B) (+2) T S+aN,l,

MAnTEraNuEdYs (Stability analysis results)

Taeit S, =

PIEXY

AiveTiaseiauafesnmzi (Local stability) & yauadesusiazqa Tnefinsanaina
RN (Eigenvalues) ﬂlﬂﬂluﬂ?ﬂ“ﬁ’%ﬂm‘ﬁﬂu (Jacobian matrix) 91NTEVUANNIT (10)-(13) U A
GG “NGHZJVIE]HJ;]ﬂm@mﬁﬂi (Differential equatlons Zill DG, 2005) 9% llﬂ’ﬂ DIAURNIZVDY
wn3ngnamiiaaiueTaiiuauudd %mﬁnﬂsum fanzadesmms

n3aif 1 nnziades o 90 EO
Anziadesnmsiivedyn E0 fin13an 1801nAua 104 Jacobian matrix AMUSUFY

1NAUNST (10)-(13) A9

_(Mh +7\'2) 0 _Bth _Beh

J(EO): 0 _(,"Lh +7\’1) Bth Beh (17)
0 0 _(Mm _BmNm) Bem
0 0 oN -0

m

J a J A
AURWIZVDUUNINY AD —(u, +A,), —(1, +A,) HALIINVDIAUNT

P(s)=s"+A,s+B, (18)

A A, =0+ 1-R)),
150 0 ,"Lm( 1)
B, =du_(1-R,)

2101301 v Routh-Hurwitz dwvaumstideaes vz 1831 §161 A, > 0,B, > 0
SvesaunIdarenimaniaiiuay dafunnauns (18) 9218
A, >0 ®1 R, <1 uaz
B, >0 M R, <1
y

Wiz ldin 9a E0 aziados (Stable) A1 R, <1 uazez luiadies (Unstable)

te1 R, >1
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1515801 K =R, 1181912M3535211aU03 150 (Basic reproductive number) 1118049
v k4 v ] 9
Snumasdanyelsnal TaaluTsdaselmilulsznns i luligiquiuimadunndihese
L} dgl
LI NUNTIFO
o -
n3aiN 2 NIZIADYT Al A El
luhwesdeniu nnzdesmmizivesga E1 aziaisan ldainaunnizyes

1 9
Jacobian matrix MINAUMNF (10)-(13) Fenusodonlioglugiluny dail

172
JED=|"1 | (19)

Jl — [_(uh +7\‘2 +BthITn +BehE*) _7\‘2 j
BthIm +BehE _(uh +7\41)
ua

J4 — BHINHI _Mm _2BHINHIITTI _BCHIE* _Bem(ITn _1)
aN,_(1-E") ~(8+aN_I)

ANRMIZY0L JED v ldonaunmnzues J1 uaz 74 Tasunua E' uaz I 9naums
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