ISSN 1229-1889(Print)
ISSN 2287-9005(Online)

J Korean Soc Qual Manag \ol. 48, No.3: 493-510, September 2020
httos.//dx.doi.org/10. 746 9/JKSAM.2020.48.3.493

L Z=LHI0[2AAHS-192] AL =

Estimation of Reproduction Number for COVID-19 in Korea

Jeong, Jaewoong” - Kwon, Hyuck Moo™ - Hong, Sung Hoon™ - Lee, Min Koo***'

“Agency for Defence Development
“Division of Systems Management and Engineering, Pukyong National University
“*Department of Industrial and Information Systems Engineering, Jeonbuk National University
“*sDepartment of Information and Statistics, Chungnam National University

ABSTRACT

Purpose: As of July 31, there were 14,336 confirmed cases of COVID-19 in South Korea, including 301 deaths.
Since the daily confirmed number of cases hit 909 on February 29, the spread of the disease had gradually
decreased due to the active implementation of preventive control interventions, and the daily confirmed num-
ber had finally recorded a single digit on April 19. Since May, however, the disease has re-emerged and
retaining after June. In order to eradicate the disease, it is necessary to suggest suitable forward preventive
strategies by predicting future infectivity of the disease based on the cases so far. Therefore, in this study,
we aim to evaluate the transmission potential of the disease in early phases by estimating basic reproduction
number and assess the preventive control measures through effective reproduction number.

Methods: We used publicly available cases and deaths data regarding COVID-19 in South Korea as of July
31. Using ensemble model integrated stochastic linear birth model and deterministic linear growth model,
the basic reproduction number and the effective reproduction number were estimated.

Results: Estimated basic reproduction number is 3.1 (95% CI: 3.0-3.2). Effective reproduction number was
the highest with 7 on February 15, decreased as of April 20. Since then, the value is gradually increased
to more than unity.

Conclusion: Preventive policy such as wearing a mask and physical distancing campaigns in the early phase

of the outbreak was fairly implemented. However, the infection potential increased due to weakening govern-—
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ment policy on May 6. Our results suggest that it seems necessary to implement a stronger policy than the

current level.

Key Words: COVID-19, Basic Reproduction Number, Effective Reproduction Number, Deterministic
Growth Model, Stochastic Linear Birth Process
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Figure 1. Description of serial interval and generation time.

2.2.1 Lotka—Euler B44]
MAF 2] A2l Lotka-Euler A4S &1t} Lotka-Euler A4S 5 £X7}1 9= AT A%
= Zdolt}, o] e Leonnard Euler’} 5523 Fejol] t3t g4 S Alglon o5 nigoR 19114
Afread J. Lotka7} ¥wks} 3k = dlo]t} (Wallinga and Lipsitch, 2020). HA] Lotka-Euler W49 7}4-L o}z ¢}
2t}

(HD) o] 23L& MATe dATS tEr)

(H2) BE /MAIE 949 a 714 Aollutd, 94s 248 n(e) & 7HT (, nle) & 9% o7k AE3= 71A

o 3 )

of g A% o] dHel o7 EAkEe] Fom Hofdi,

b(t) S Az ol M o] 4 eetar Aoskak 18w A o9 AFE(b(t—a))o] Aobdold ZA} 4k n(a) 2
ZA8=1), o] AS BE AH(0 < a < o0)ol 3 BF g A A7 oM e F EASFE ARkE &
bt)= [ b(t— da, 1
(t) fo (t—a)n(a)da (1

oJt},
o2, QAT F7HE 71ekaTA S7HAGA F7F, exponential growth)= 7F4 314} o] 742 Malthus9] <1
T Bl A% HHo R, 3 RAREE Uoe A 5 A5 r2 AT 3 Aotk =

dt__ r 2

)
Zy t=00149 FA ). o] A MY, b(t) =b(t—a)e™7F FolA L, & el e
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b(t—a)=0b(t)e " (3)
o} o] FoF}, 2 (3)E A (Dol dYshaA

b(t) = Oob(t “ra d
/U Je " n(a)da
omE, % el b(1)E oFLahY

L/O.ooef’“ @

S A=t} ou, Al (4)& Lotka-Euler WA 2le] &8o|g}a s},

2.2.2 7120 9WIASE] 2R

2oz 2214804 =% Lotka-Euler 448 o] &3l ZAAA =S Fd = Wil dis] Ay
ulok b y
A= |

(1)8 A7} ol A9 A7t A4 e 331, nla)§ 297N nfectious period) a AL AR} 1494
2 % Qe AR 2o s, RS Al tek BAAVE AUV B AUAT £ U F DAY FE n(a)

B adl el o gebd k. 5,

7= [ n(@ada 5)

tlo

olt}y. A nla) = / n(a)da® Y79, o]+= 3E Ux 3<=(probability density function)e] ¥t} ©]A
0

gla)T} 549,

gla) = wn(a) _n(a)

/ n(a)da 0
0

SIR=R=

n(a) =R, x g(a) 6)
o] FAAS At 19 Al AlzH(generation time)ol gk, g+ 7iQ1e] 7l o = KE] 1 Rlel ot 2aF 747t
A9 AIZEE ofmfgitt (2.2.44 %), oF HollA =¥ Lotka-Euler A4 elA ‘A¥ o' & ‘7] A2 F o
Fow Pupd, gla)= 7119 7] A1 5 21 JhRlel o9k 221 A7 o] AlRtel] gk &E Wi g4t
Hug o= A A7k BE(generation time distribution)e] Et}h Al (6)S 2 (4)o] thlstd,

R%o: ”/aljoe*"“g(a)da )
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v e
o o] mART, = el 571 % rol U 4 zkestimate) 73} 79 Al) B 7] BE UE §4E
A Ryoll g 3% estimator) R,=
~ 1
R= - 9
M=)
ojth. 74 Aol gk FEExE 77 A7 BEE wE W, Rl tigk F442 Table 13} 2t}
Table 1. Estimators based on the distribution of generation time (serial interval)
Generation time distribution 7 Given information Estimator of R,
Exponential distribution mean: 7'g 1+rT,
19 o
Normal distribution mean: T, std: og e"TG*?' 76
. . . . . i
Gamma distribution mean: 7, cVi v (14T GVQ)V
Delta distribution mean: T, oo
f i L
. . requency Yo, Yp» -ty Y, at time ay, ay, -, a,, p— a
Experimental distribution d .y Yor 1 Yn o " = e l—e "
respectively. My - P —
i=1 i i—1

2.2.3 78H9] F7H&(growth rate) r 5§

=

1) 2724 29(deterministic mode)& ©| &% #HHP 9| F7H&(growth rate) F4: WA, AH 24 LAEX
A¥ EFA 29 (Malthusian modeD)& 2703} (Chowell, 2017). A17E tol A 9] 2 4x(incidence)ol ] 3t

“

E7bs e g4 i) ol Wiete] A S} WA= Sk (di(t)/dt)o] ZF AlZbell A o] 8k} arof v ghr}ar
skak =,

di(t) .
o i),
ol (g P p)0) A2 rolAe) PRAR, ol WA o ol gl
di(t)
o i),

oF o] T F dom, of AL AT t=000A9] A i(0) =iy 7t FARE o

i(t) =ijexp (rt) (L)

2 2 (2)¢F 2ol YeER AT (Chowell, 2017). olw] »& 7AW F71 o)t} r> 00 AJZF tof] 42
7 o] Wghgo] grolmE AIZE tofl A9 B 4 (1) = SUFsH, <09 A= AIRE tell ] B 4=
o] Wigkgo| Sgolng, B3 F (1) & A4, r=09 49 &3 49 ¥akgo] 0o]ar AIZF tollAe &
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A 7t WgkehA] gormg 2 = fA
(29 DS o] &ate] t=0(DellA t=T(D7AA ] dE 2] 5= dlofE] g, i, ., iMoo diste], A
Al (method of least squares)& o] &3] o] gk FATT 2AE4 Bdl (L DEFEH F45= &

7t S #A4% g

—argmln ZhD‘m i(t)P }—argmm Ehn“mfioexp (rt)P (10)
2 Fojth, F4HE B (parameter)’] £ (uncertainty) & g23st7] A8 24 A/ - AJAE Hlo]
B jig P o7 s Fold H ¥ (Poisson distribution) S whEThal 74k 1000 2] Wk A5 E

%é}i— FEXE WS o] 83515t} (Chowell, 2017).

2) BE&3 Ay &4 2d(Stochastic linear birth model) S o|-§3 F7}& 4. 522 A 4 wdzA
Yule-Furry processZ &7l3FcHAllen, 2010; Leld et al., 2019). Yule-Furryd &34 &4 29 (pure
birth process)o|&tiE E#m, A&7 vlm= A9l A4 (Continuous time Markov chain, CTMC)©]t}.
C(t) 5 ARE tollM o] Qe siat O(t) =nd W, Clt+At) =9 FEL

nrAt+o(At), j=n+1
]P(C(t+At)=j|C(t)=n)={1nrAtJro(At), ji=n (24d2)
o(At), otherwise

& FoA= FEAES Yule-Furry processehal gt ojuff r& F7} &izolt},
ojAl, ARt 0ellM o] 271 AT7F G, ¢ AR o] A C(1)7F nB Y BHE, S, ARE 7] n— G
0] ol FARE FHE P (Ct) =nlC(0)=G) =

p,(t) =P (C(t) =nl C(0) = G)

g} Aokl W, t+ AtAI A G nE Y FEE, tA| 7oA Q1) n o)A AJrko] o] Fo] x| %
= A9 SEH A7 QAT n—1o]HA] AAlo] o]Fo] 2 Lo FFo o= FHT fonz
(Zd2)ol A
p, (t+At) =p, (t)(1—nrAt) +p, () (n—1)rAt+o(At), n > C, 11)
2 %3] "k 1DS Afste] o ¥We A2 Ui

p’[ (t+At) _p”(t)
At

o(At)
At

=— nrp”(t) +(n— l)rpn,l(t) +

7F Ha ¢ el A-09] Fehs FH3H, o9t 2 FRuExo] A4 (Kolmogorov's forward

equation)

=G, G+, -

dpn (t) _ _m”pn(t) +(n_1)7¥7,171(t) )
=0, 1, -, C,—1

n
n

dt 0 )

(12)
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kel
=

=T (F, p, (0)=1, p,(0) =0, n= G (Allen, 2010). °|

Ag 27 AT SE A4 B U
(method of probability generating function)& ©]-&3+t} (Allen, 2010). CTMC {C(t) [t€[0,00)} 2] &5 A
4 g PE

Plzt) =Y p,(1)2"

n=0
g skxk )3 2 (12)9] & Wl "& ¥k, n=09X5H o7A9 & FH3|FH

P 2 .- n — n

oP(z t) —77-2 pn(t)nz +r Z pn,](t)(nfl)z (13)

ot n=_G n=_Cy+1
=—rz Y, np, ()" 122 Y np, (8)2" !
n=G n=GqG

y 1 A=y
oM(6:t) +r(1—exp (9))7(%[(0’” =0, M(0,0)=e" (14)
at a0
= WgEn oA AnEAY (145 £7] el 54835 Wil (method of characteristics)& ©]-8-3aH
(Strauss, 2007), A& A T4 M0, )=
M0, 1) = 1
7 [1—exp(rt)(1—exp(—6))"
I} o] AAakEar, ool HEHSE A z=exp(0) 9 Yo 215 FHE 9=1n-E HYstA & A
T Pl t) T
( z)c“
P(z,t)fpicu, p=exp(—rt), g=1—exp(—rt)
(1—pz)
oly], o] go]dH ¥ (negative binomial distribution)= YA sHE 35 A ko]t (Downton et al.,
1961). wahA,
C+i—1) o
p7+G]( ):( 0 Z‘Z Cq’ 1=0, 1,
7 ok A7 i+ Gy =nlE BFHE S1aL p=exp(—1t) % g=1—exp(—rt)E O
xd"Ey
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p,(t) =P (Ct) =nlC(0) = C)) (15)
= (nnjcl'o)eXD(*rt)a’(lfexp(*rt))”fq’, n=C, Cy+1,

A, 4 (15) 23

P (i(t) =i = G- ¢Pe) = P (O(t) = G| O(t—1) = ¢P1°)

CD“m—l Data
—( ! )exp(—r)c’l(l—exp(—

) ) Ct’)"mf Crlza(u
CData_ CData
t t—1

P (c(1) = o c(2) =P, ..., C(T):Cﬁamm(o):00):1'T[P(C(t):qu”\C(t—1):q%‘§“)

oty 445 Fake AL Avlgt A2E Foker o JFS NAA gong, $E(likelihood) L&
L(r|C), P -y O™ ) oc exp rz cPia)( 1—exp(—) G

o]t} (Nishiura et al., 2009).
S L8 AYE s S FAHSE A, —nLg A2 FE S FASE AP X022 (Downton et
L1961, 3824 md (B )RR FA4HE Z7

ry, = argmin, (—In L) =argmin, |r Y, O~ (C2'— ) (1—exp(—r)) (16)

t=0

2 FAgh 100% (16)9] F4%-s 738171 918 2t MATLAB W8+ Isgnonlin? fmincons o833
=

2.2.4 Serial interval®] #3&

7kl dabe] 7)Ao A= 7+l 7] 7H(infectious period)o]Y ZHE7](incubation period), A7 (latent peri-
od) & AmEo] EAISHA &=t webA Ald] 717Kgeneration time)Rhs o83t RE &S ¢al itk
(Wallinga et al., 2007). 3-8, 7+7|17+& B2 E7153F A 7ko] B2 98] serial intervalS thA|sle] A&3hc}
(Roberts and Heesterbeek, 2007). Serial intervale] &, 2 79w dAzlo] % A O A A3} 23 743419
Hzx 4 0 Al Atole] A7t Apol & wEh, B 71k gholt) (Figure 1; Milwid et al., 2016; Roberts and

Zroln %)

Heesterbeek, 2007).

A, gigt oA Z2u-199] 7§ serial intervalell tigh AR 7} FEgk Asto|nt, mebx F=r9] AbHE 7F
Ao AFE A He =& vEOR Serial interval®] £XE Hifo] 4.549, RTAHAF 3.1, &, AEATIL
0.69¢1 FrhtxE werka 7883t (Zhuang et al., 2020).

o] 7%, ¥ 10 98] (X9 DEFE dojA: R o] 4% Rl

’

Rl= (1445 - 1, - 0.692)"/0%
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zt Z:"ﬂ A e S7HEE n B FAs] 918, 2 e AldE 2% S AKGnitial incidence) i, 5 718
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Figure 2. Daily incidence and cumulative cases of COVID-19 outbreak in South Korea.
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B 49 RS YERTh Al 7HA Alde e

S 7}AE o= 7)&E9] AAF9 1.5(Shim et al.
ol Hx ws 19 F5ow B4 @,

£ M5k 7 RS Aledr
, 2020(2)), 1.77(Kim et al.
319 gizle] g Skl 29 %22 4

skl 4% Ry oF 3.1 (3-3.2)9] %
. 2020) 2t} S8 v Al =

4ga157] ol

Table 2. Estimated growth rate and basic reproduction number using each model against three scenarios

Model 1

Model 2

ry [95% CI]

R} 195% CI]

r, [95% CI]

R? [95% Cl]

Scenario 1 0.319 [0.308,0.3301] 2.99 [2.90,3.08] 0.324 10.312,0.3351] 3.03 [2.94,3.12]
Scenario 2 0.332 [0.331,0.334] 3.09 [3.09,3.11] 0.328 [0.317,0.3401] 3.06 [2.96,3.16]
Scenario 3 0.347 10.346,0.349] 3.22 [3.21,3.23] 0.330 [0.318,0.342] 3.08 [2.98,3.18]

Figures 3-5% 7+7} Scenario 1, 2, 3914 (22D (292)e] 5 4 A2 RE 135
|7t vz 3 A 21(Continuous time Markov Chain) A&
Ho g ¥y Aol (Higham, 2008), (222)9] A3= ZF A1 9] dloEof dis

o, omm ﬁﬂr

NR= RS

= oL
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olAd

AAD 2 Ede)
o

QA=

g
252U G

illespie®]
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il

Fols

ks PrE E S o]&ske] 100009 =34 AlEde]d S vigo s AL Aot} (Chowell, 2017). 3wt
A AME R, Y AL 95% AT, saEbvs A HlelEE vEHIth o]F Fd 7 RHle] AAY
Holelg 2 Edekt wilolehs Ag o 4 Ak #4489 R AV meh 9AE e 24EH we
2 349 oAM= 0.239] HAE 7Y, dEE4 IR SEEA PR FAE WA= 0.029 HA
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2~391 A3 vl EH (WHO, 2020), 241-199] Hut&ies g#olet & 4= vt
Scenario 1 / Deterministic model «10% Scenario 1/ Stochastic model
4000 : 25 | :
3500 ,/
I o
3000 -
§ 2500 % 15
E 2000 - E
3 3
E 1500 E 1
(@] (@]
1000 -
05
500 -
0 o 550 06 o
Feb.4 Feb.9 Feb.18 Feb.29 Feb.4 Feb.9

Figure 3. Fitted trajectories of cumulative cases with Model 1(left panel) and Model 2(right panel) versus time of

Scenario 1,

respectively. Circled dots represent real data. Blue line represents median and 95% credible interval
ranges are shown as dashed red line. Whole results are shown in grey line.



506 J Korean Soc Qual Manag Vol. 48, No. 3: 493-510, September 2020

Scenario 2 / Stochastic model
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Figure 4. Fitted trajectories of cumulative cases with Model 1(left panel) and Model 2(right panel) versus time of
respectively. Circled dots represent real data. Blue line represents median and 95% credible interval

Scenario 2,
ranges are shown as dashed red line. Whole results are shown in grey line.
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Figure 6. Tracking changes in estimated effective reproduction number every 5 days.
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Table 3. Government responses for COVID—-19 control.
From To Description

2020.1.3 2020.1.19 Ay 71 E (A, Ly 1) 2

2020.1.20 2020.1.27 W 717889, Ly 2) i

2020.1.28 2020.2.22 v 717889171, Ly 3) i

2020.2.4 YAl =2 (F) AlE

2020.2.12 npAg AR FIL AEY

2020.2.23 7w SI714 B (A7 Ly 4) A8
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