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B RN £ FAYE JAL BIACHT FA Qb ol o] §tel BEE FASE B
M ASTh 20159 FUf Wz Aele] Wel A WS Ao BAE 2T AF RES
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F8go): WolAok 28, R34, AE B, £84 wl, SoF I, 4G P

1. A7 W

2015 dH=of|A WIS w22 (middle east respiratory syndrome coronavirus; MERS-CoV)+&=
5% AYoA AFHo 7 AT vlo]#2E Al (severe acute respiratory syndrome coronavirus;
SARS-CoV)9} fARH 2 14g, 713, 3F28 5 %7 45 427+ Aoltt (Hwangd
Oh, 2016). HEZ29] MIARE obd HFs| WaAR| AUAR, HEAE FE A3 AFFo R

A2 A9 A5k B A 7k Qe o @ Avz APHTE ALTiolehulojolA BT MzAx

|83
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EP7E miAfAIQl 2R FA8E ™ 2015 ol A dA8s vEAas 2 HY YollA vlEas 2 St
ofe] FFol s MatE ity 7] Sog AEHA g 71F ey E T EF7] EHlEC 93| vlol
a7t Aube s vlaas 54 Z9ARRE ok 23 24t (offspring; secondary cases; &
A 221 ZFEAN 7F WA e =R A 3FALA (Superspreading Event, SSE)o|th. H2as ©r|7h] 34

2 §AUT e ARAoR s g AR & 186%0] W=AE B wgkon

o]

% oA Ho] 73 A 3R (superspreader) ©] 1T} (Korea Centers for Disease Control and Prevention,

2015).
oG W kit BAT ATE AR, 4T, YV 5 OFY RopllA BYS AL

=o)X 3 g} Lloyd-Smith 5, (2005) 98t mgo = a
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s 2O F single-type ¥7]34 (branching process)S A3}, Ao 4~ FE (extinction
probability)& AAFsIATE. T Alexander (2010)+ E9Wol7l 18id HEFY 4 B3-S multi-
type /1AL ol&3to] ATAUL, ol AEFol 28 FEL ADIUL. o BROIA 7174

At 22| Bee ARE e Adoh

—

71z 7 A Ak (basic reproductive number) Ro= AW A8 71sAo] = AchoiA 7=}
of ot 2x ZEA}F 9] H= Yulshe=tl ol i Aol e = Axe thete] kg oes o
AR BAE FAT7] 2

T ok wWeEbA RoE E9lA FoAIAA RE AdE = k. 723
3 By AAYES AZEEZQ 7o MIS 2= F9stez X2 ek SIR (susceptible-infetious-
recovery) R} B854 FARYT 27|HHS o] &8t B or B7E 4 AUt} (Choi?} Rhee, 2015;
Ryu$} Choi, 2015).

23 W0 B HES Do 4 FEE RS} k2 RE AL
AnAe Agdtol 23 2aAel 4 27k kE Y de] %E RES ©
sjo] Tok BE, 718 $E, 2013 RTE Ao, F2ARA
B AEE Folalth 47 RS A3 U A (s S Wl AT 48
WMo BRAMeT AT YAHY FAL ek Wl e o]

S oJu)sit}. o 7|4 Aol 749 ¥ (individual’s infectious history)S AWdl= Ex =2

X 73 ExRg 8 W7t Yok ¢e A ok (Burnham¥t Anderson, 2002, Lloyd-Smith

2005). I2EEZ o] Bxo] oo tist A AT (precision)E FFA|A G A5 9
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2olg B¥xo] B4E i Ro%t AFE 24 kolt}. Lloyd-Smith 5 (2005)2 20|83 Exo] 22
2y EE —irzé 317] 34 A= (maximum-likelihood method)& |83l tt. H 9= FH X

A3E 22} (small-sample bias)7} A3 &84 AdZe] ¥ Foia d&Ft} (Anscombe, 1950;
Pieters 5, 1977). AR B4 k& 2A5= A= F2EF (bootstrap) 52 Wyoz s A3
2 QAT AR Fo] Ee] £TE F49 BelE Roe] RS Hh FAE Bl 9
t} (Saha3} Paul, 2005; Pieters, 1977; Piegorsch, 1990).

o] Xk ¥ (Bayesian method)2 @A) Foi3 #EZ X0 gEdte] B4E FHIEE 7]E W
o HlE| EAROE B 2L EANS 2= RS2 =435 2 9tk w3} o] x| ¢l WhL HlolElst Be
w £3] 1 9840 £ohu 2elA o} (Hoff, 2009). = %%OM | o] Z] < %‘ﬁ% A&t ol
BEE A ZE2E S 271349 B4E st WS AlAgE E3 201549 oA A st
MEs Azl o) % AP AA A7 FEE THULL. 20154 B W2AE Hl—%%}@l R Re) st
A2 E AR EE BY|HAL 0|83 2L AT Ao 7|£e] vpHo g AT X171 R H T} H o]
Ak apgo e A A7 myol of ehgetrtn & 4 Atk

2. A7 A%

B ATolr 20159 @ Wzse] BAREE sheels] s BARAR Ay uys)
WHOS A 2=l0] 37h8) A& $889c) 20154 59 209 e Bo) 3 = Habe
F4 WY F o 109 5 o 399 Thn A5 BE 84, oA Ehe] e
B fusdt @ 2ol A 54 9t A0 5L BN Ams A wE WA B9l Sr
186 o]t}

B AT AE 201549 59 22H 69 B F 2 59 39 3
2319 RS FANt 49 AR B GL 1799 BAE ALY
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Figure 2.1 Branching process of MERS in Korea (2015)

3. Ho] At ol £7AY =Y
3.1. wlolxlet Sol% 7194 By
H7]1342 Galton-Watson £7]3 0|2t sl 1873 ¢f Francis Galtonol &J3lA Ao 2 A
okl Aolt} (Kendall, 1966). # =0+ single-type discrete time 27742 2015\ 3= W=
2 2k o) 831t} single-type discrete time #7]342 -2 Mt (generation)olA A¥¥-E Au}
2 F””%h~LLﬂ4—@—ﬂmﬂH£%@@@ﬂﬂ%gatzﬂagﬂéﬂgdzqﬂ,

%E%24§%ﬂqﬁ?zﬂkﬁmaw4ﬂéﬂﬁﬁﬂﬂaﬁ P(Z = k) = pu2 FolAT ¥

WAL 22 AR 5 Ziolgka star, n®WA AltholA ZEAF 9 FFE X2l 8, X,
1,2, Zpno1 ZAAIAIN AGE 23 292 2] FFolt} (Kimmel, 2002; Haccou, 2005; Pinsky,
2011). Z,

Xn—1
=> Z. (3.1)
=1

RS v SR Bl A 2 24 AR 2 A1 AulaH B 2l
vebdth (Lloyd-Smith 5, 2005). =3F 29484 v 3o 2ggo] 71%

FEEEZZRY AT = Iy, FRAIAMA (superspreading events)2 7+
XH*E*PT ve] Bx7l 2% ne Ex9 gHE Yehdtls £3E8 2=t} (Dye 5, 2003; Anderson,
2004; Lloyd-Smith 5, 2005).
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B =R AN B2 2ol B2 7Pttt ¢4, A9 F3EA At 2oks A
Tk 7PYStd 23k EAY] 5 Z& ol ZEAANT vl Xokd EFHEE (poisson mixture
distribution) Z ~ Poisson(v)E W&t & 4= It} (Lloyd-Smith 5, 2005).

oA7IA, ARG ve] BEE AL vt H@Eo] Rpo)al AFE 24 (dispersion parame-
ter) 7} k1 7o} Ex & S v ~ Gamma (k, Ro/k)2tal stopd A4 BEx e A= Sol3 B
(Z ~NB((1+ Ro/k)™" k))& o]t} (Patil, 1970; Pielou, 1977; Pinsky 3} Karlin, 2011).

B30 A A4k BEx = ZEAJA T (probability generating function, pgf) @ YUERdTE 82
2 o] At FolF RV HFRHL thed 22 Fo|F BEE AMHEEE 2t BU|HEo R w3

o(s) = B(s™) = (1 _qps> Jsl<1 (32)
O]IIH’ b= (1+R0/k) O]D:L go(s) =5 gl(s) = 9(5)7 7gn+1(s) = g(gn(s)), n=1,23, =
hiaiis)

AT = Ak aEY AE B ko) F$ 2hs] 233817 o
Heme B AToINE Wol g 2ES ol &3
wWlo]= Azl (Bayes'rule)ol 2la|A] AA A= BA=X] Z = (21, 22, ,Zn)l% H7o] vol Fold
EXE w21 v F@o] Roolx A% B47) k9l 7 B2 ooty skat
Z|v ~ Poisson(v), (3.3)
v ~ Gamma (k,Ro/k). (3.4)
ol A FRES
f(k|Z) o< f(Z|v) | (v|k, Ro/k) [ (K, Ro/k) (3.5)
Ve Ro/k k—1_—Rov/k
& H zl T(k) (Rov/k)™ e """ - f (k, Ro/k) . (3.6)

=1

aHBEZ p=(1+Ro/k)™ 'Y uf,

n k4+2zi —1 k )
F(Zv)f (vIk, Ro/k) o< T ] < ) (1-p)" ()" 3.7)

=1

n k Zi — 1
fk12) < I ( * ) (1= p)*f (k. Ro/k) (3.8)

7 ATk
AN L 5 Qe RA Agich 4 (35004
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Foll ek BEE vehl 7] wf2oll AT APdEze] Aol
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#A AR B3 (subjective prior)2} AP FX 7L AR AV Gl Wl AMSShe AAA AP 2
(objective prior) =+ FAE A ALA B2 (non-informative prior) 2 FEETh Z424e] oA AL
Zre] Aol wpet v thekst F2E 719 4 9tk (Hogg, 2009).

B AFolME A ztgo] ZATI, B4 kol tis] HAde] AP AHES o] &3 FAEA A
By 2 dYEE (uniform prior)E DE3ACE X AAAREZL] Z4E k2] WA 7|%319 (0,
)2 7Hg3kdtt. &3 Lloyd-Smith 5 (2005)] A5 23}l 7]23}01, FHE AA BxE A
Z (exponential prior)2} 2 1HFEE (log-normal prior) = I &3 20153 3= w22 25
127 Logxﬁ/\gﬁ/\ RoE 1980|822 X4 ALAEEL] BR4E 28 7300w 2I-HEH4E= (0]
FAETE 1A 2O AHREZE 7HF38dt

N

HEHEBrZi
N

AFUEDSE AN BRI 22T BT Fohel B4 ARL 7] AAA Wolqe 22
ntzH Aol EHZ=Z (Markov Chain Monte Carlo;
Azl ®37] (Gibbs sam-
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iy . A=
pler) & AT s BA7)E AT 0o AFEEE & olA AP AAT A (3.8)F 2L o]
of et B4 ko) HEE AG AREE, A5 ARRE, 22T AAEEE ST 74 AREE
d= e 2371014 10,0009 W AE L s191.0m 500715 Wl (burn-in) ST
B =RolAE U5 Agee]l 48 248 ¥, $90] 2 HAEAS e ste] Gelman-
Rubin A #& A8t < (Chain)-2 10702 A A 3911

ZrzZko] A Qlef| v st & -5 10,000
34tk Gelman-Rubin SA#FH2 13} 77k 32 71245 2 33t} (Gelman ¥} Rubin, 1992;

Monahan, 2001; Jo2} Lee, 2016).
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3.3. 24 &

2 AFoME 20159 3= w2 i Ao AE AEE 24 A 42 &S 79t
Atk X, 9 FEAAATSTE gu(s)BHE, niA AHtoA BHe] AW FE (extinction probability)
P(X, = 0)% gn(0) 22 YERE £ O]DP q71A o]BFHOZ (1) < 10|, AW AEHAT}. whoF
g'(1) = 1°]¥, AL AGHAT A FEo] HHA A oA At ok wek ¢'(1) > 109, AH

e shabEeh Webd (1) = Ry < 19 W, A4 B2 FBYNTLE g(s) 2k 9 49 FEL
g(s) = s= BB olHT 23 FBL £%H0ow T3] o}H7] mpEe] WHoz A HA

oz

Wg AHgBto] R

2015 3= HEA 2FF O Skod AFE Bk
4.10|t}. Figure 4.12 AJEd)

o] =
aHE AREESO BF fHEEE & 4 vk 2y 23 AEED wo] JAFe] tE F AR
o wlsl Hol £l 2218 2945 A2 52 ¢ F Utk b~ exp(2)Y BF, kO] TYRE

1.409, kY EEAXE 0.09322 FH3to] 7P U2 5 Yt 9 k ~ lognormal (0, 1)
© ko] 2OZhS 14148 ko] RERHUAE 0.0048 2ASATE T} A 7HA] BEE AR Ao
F 2R kY I MSAAT k) BEAA) TG £ ATHE o)/} Ggick
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Table 4.1 Bayesian estimates based on prior distributions

prior mean sd MC error 2.5% median 97.5%
unif(0, 20) 1.430 0.093 0.0018 1.252 1.428 1.616
exp(2) 1.411 0.093 0.0021 1.237 1.409 1.596
lognormal(0, 1) 1.417 0.094 0.0018 1.242 1.414 1.608
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Figure 4.1 MCMC trace plot according to uniform, exponential and log-normal prior

Figure 4.2+ A2l (chain)S 107]2 A3t 3 Gelman-Rubin SA3S Yebd 283 SA
ot} FEML Hol Y Wo] (within-chain variance)?] FHXE, 2EML A<l 7+ Mo] (between-
chain variance)®] FHXE UEPH F2A42 A< W) Hole] FAX|L} AQl 7k ¥lo]o] FX]9] w]
(ratio) & UERATE ]2l B]E Gelman-Rubin FAFeleta 3t 2t5 B4 A3} 12 83 A&
o 4= Stk wEbA ojw st AR 25 JHEsiHElE P A o' RV -5 AS & 5 ATk
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Figure 4.2 Gelman-Rubin plot

Figure 43¢ RE, A|FRE0} 27 JFEE APASGERZ) 2 Wolx3k AW £HeFo|
o BEARRS y = g(5)9 A y = 7} BAFE AL T Aow AAFEER [ wo|
Aok Ay 28 BEL FE

39l Table 429} Ak F48 A= B2 k] FYRE 7K A AR
e 2330 28 28 759
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- 0.4342 717 A YERT

Table 4.2 Bayesian extinction probability based on prior distributions

prior estimate of k extinction probability
unif(0, 20) 1.428 0.445
exp(2) 1.409 0.434
lognormal(0, 1) 1.414 0.439
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Abstract

Branching processes which is used for epidemic dispersion as stochastic process
model have advantages to estimate parameters by real data. We have to estimate both
mean and dispersion parameter in order to use the negative binomial distribution as
an offspring distribution on branching processes. In existing studies on biology and
epidemiology, it is estimated using maximume-likelihood methods. However, for most
of epidemic data, it is hard to get the best precision of maximum-likelihood estimator.
We suggest a Bayesian inference that have good properties of statistics for small-sample.
After estimating dispersion parameter we modelled the posterior distribution for 2015
Korea MERS cases. As the result, we found that the estimated dispersion parameter
is relatively stable no matter how we assume prior distribution. We also computed

extinction probabilities on branching processes using estimated dispersion parameters.

Keywords: Bayesian inference, branching processes, dispersion parameter, epidemic

emergence, mathematical modeling, negative binomial distribution.
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