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24 Musa S.S. ��kMy	1\����$4�-.�8$p=y$CPu�M� 351/.�E7�	4��x�}ls��)7X�:�p�y� jO1W:�`58Z�6K�kM<l��dK1�B}l2kM�R1l1.�GRp=R�aX�+5� .3�r8$GRÆ-Au�Æ?&��-ÆkMÆ`8J
MR(2000) jO$= 93D20; 70K99; 34A99hQ$= O21; O22; O29; R-1

1 a_{ 20 �\eF�Wwr`:~m7kK#��a5mb:%r9��℄6�0�IT~m7�'w;���t:%r9�VM~m7�0�IT��LO9%�|�>�t:% 2(SARS-CoV-2) r9�6`:%+
�t:%0�H�LO9%��|�>�t:% (SARS-CoV) [� [1−5]. �t:%�A SARS-CoV eN_ %�|�>�t:% (MERS-CoV, sN�CBxb_�\`�C:�,89r`rd�"^�� ;). 0�ITY6;=J~~m"d�dHhr? [6]. 0�IT
 2019 ''�"_�_H�zY*()"	� %;��<"Sn��H<�r?
��7G� eN�d [7−9], Lj,d�[d����V��Rs)�d>fVMy|{��\�<�VL�UC��X5z%y�Æg�
SARS-CoV-2 �{℄>g3��Æ [3−4,9−10], 6xÆr?
d�DY�Q�R;Y_h>g=_h>g�Æ��yDIj [1−2,10−14]. 0�IT�e5Ct�2Yb�!6��A;z�18�"n℄�,8[-���L=l:\9h��A%����IT�Ct�;YCe+ [1−2,15]. �
^e~
	<=[eQ�3�V{e�:4u�m"kKe5�	���>�l~Y���kKe5�b`d1<<+`�z%BnH<B~�HK�p"
t�d;m"`<fkK ; [4,16]. kK_1�	�Ne-[ �{ 2020 ' 1 � 23 j9q>nN[tK�)"q[ �y|zY#V�xefY:%�r? [15]. �>y�930�IT�<3k�=eV�*[eC= [17−19]._�AW"	�<<v^fa�io�^�%[:d�,h�1g��d�^�d�+�	��41:\�4i;�"	��)"�7G[ �)"�ed�P�K>!3Hk�_�AW�ydIT�*z
5Y���kK;.�e 2020 ' 3 � 18 jq\��j0+Y<:\� 34 \���kKB)�
8Y�6�d�kKf^x�N��	��+k�VM�#�O��<"7G�P�+kw�_`e-r (o [1–4, 7–8,

10, 20–27]). �Q 2020 ' 3 � 18 j�VMJXY<:\1q 191,127 (o [28]), �>�:\q 124,527, 7_HCq 117,712\ (95%), C=lCq 6,815 \ (5%). �,:a�:\q 94,712 \�7_ 85,745 \ (91%) )Y=h�� 8,967 \ (9%) 4i [17−18,29−31].���\+m7:Dv�O� (o [13, 26, 33–34])~Xf0�IT�B)��1�<KÆfm7e5�r?N������!3
 SARS, 0�IT�B)��13�t~<E7�hm (\�:\;:h�9�:\;:h�hm) {,�6anp9�V0�IT",5�H<r?�e8Y��hm,�V`:5"�V5$.�!�



352 t | - A A � 43"r`9�!�1��Ct�CtHk�:\�eNCth>�r?�+`fD8��)��;� SARS kK� 2003 '!*��>�d�m"t`<<�.>�6.Yf0�IT�<<r?�	������V6��H<6Lj�8Yz
9m2<8YkK�\F~Q�936+�P�1��v�KÆ!�Y��ln�"kKe5�'y
�d [34] �� SEIR J�`[�5~X�ÆOf0�IT"����Zxr?�N��G�eq�m�D`8Y�:\9"	�Hd�4ngY[ _℄#+`�<E
{PM�h9f	� 1 
 14 T�)�5O� [13,26,34] �:;�)���v^f\n1D�5�-rfP:�La) (HC�C) eND[�m�=mOUr�<#�	�0�ITJG:\1F~XHKL1�VD\�5�3.9�
2 M:0#"
2.1 �AN;

R 1 2019 % 12 � 22 hS 2020 % 3 � 15 h���h/*9[X;2uÆ0/�U 2 � 12 hLA# 5 S/*9[g�dO:\1�F{anR�� 2020 ' 1 � 18 je>�1�F{S[��7=w� [35]_�j0+:;1� (B
Cth��j5). -r
:\Y<�Q���j0+:;1�$a 14 T�qY<1�� 2020 ' 1 � 18 je$��j0+Y<:\1�F{�_{ss��h [9]. ��aHK1��
{ 2019 ' 12 � 22 jT 2020 ' 3 � 15 j��jY<1� (o_ 1). pq 2020 ' 1 ���jY<:\1�O1+X�� [8,9,35], ���#� 2020 ' 1 �6\.h�1��<EiVf#�
 2 � 11 j�K>�s���{��IkK�h3:\��n�_��_{ss��0�IT<eO��� 2020' 2 � 12 jH>�:\��V"Y<:\�6 2020 ' 2 � 12 jH$�\.h��is</3�&�qY<:\�3v [8]. 6W<<%[mOf~���V"Y<�:\�[�V 2 � 12 j0+Y<d1{
\neP�
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2.2 �I�F\B
��� SEIR(Susceptible-Exposed-Infectious-Recovered)m7:1D�5���Ph\n^�5�PKfD[L5�mO��AxHC
C�. [4,15,32,36]. HC"e59�_="!3=7�0��mO�7_\HK9;.℄C�G�%q_
o�^�~)+R�Lj�mO�u>�\+v�O�w�-rfmOikDet�K>�mO_�nRh (HC�^+=ib�a6:\) �r?�693P:�r?�8YT�Yz%�\m"�AC:%: ;�Cpa ;_;�L6�K> [32,36−37].w t 5�~d; N(t) Kqib5 S(t),  p5 E(t), s955 A(t), HC55 Im(t),C55 Is(t), %mO�HC55 Hm(t), %mO�C55 Hs(t) �)Y5 R(t). pu��� N(t) = S(t) + E(t) + A(t) + Im(t) + Is(t) +Hm(t) +Hs(t) + R(t). n
kK ;T
h{,���&vd;h��{℄4i�z%�0�r?3%5kK�;��;.;6f\�����℄6{ 2020 ' 1 � 1 j,��� U�+$�Z�"
�z{%#ÆQeNydQ�l��Pe�uo0�r?:\����pu�5�-rd�dHh�r?�&v0�r?�qk�9o���[&v	�N[>�d;mh�63	� �kK�z%����mhd;3e-[ �7G�MN�dz%�~��5ma_m_ 2 E��tK1��5L1 ($q�) ~�o6 1.� 1 �4 (1) ℄psJ0b�K/�m0b �m
N }:/b
S haZ/b
E �oZ/b
A �Bsa_Z/b
Im t#Z�lNÆGB/b
Is t#Z�lNÆbB/b
Hm #Z�lNÆGB/b
Hs #Z�lNÆbB/b
R (XZ/bK/ �m
β �kq>�/

αi(i = 1, 2, 3, 4, 5)  2q>�/
σi(i = 1, 2, 3) ?U3pp�Bs�GB�bBÆ;(

θ GBppbBÆ;(
φ GB$#Z�lNÆ;(
ω bB$#Z�lNÆ;(

δi(i = 1, 2) bB!#Z=#Æ3ht
τi(i = 1, 2, 3, 4, 5) �Bs�GbB!#Z=#Æ(X;(
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S′ = −λ(t)S,

E′ = λ(t)S − (σ1 + σ2 + σ3)E,

A′ = σ1E − τ1A,

I ′m = σ2E − (τ2 + φ+ θ)Im,

I ′s = σ3E + θIm − (τ3 + ω + δ1)Is,

H ′
m = φIm − (τ4 + ψ)Hm,

H ′
s = ωIs + ψHm − (τ5 + δ2)Hs,

R′ = τ1A+ τ2Im + τ3Is + τ4Hm + τ5Hs,

(1)

7_
λ(t) = β

α1A+ α2Im + α3Is + α4Hm + α5Hs

N
S.

R 2 /�HSq>�4l`^
3 8.
3.1 2�dJNB)��1 R0 �nq"eVibd[_�\n�5�;:\"7r`5�r;�/$[;:\1 [18,38−40]. iE�5 (1) ��:/ � E0 = (N(0), 0, 0, 0, 0, 0, 0, 0),�� van den Driessche � Watmough[40] rh��\��=C=����
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F =

























β(α1A+ α2Im + α3Is + α4Hm + α5Hs)S

N
0

0

0

0

0

























� V =























q1E

−σE + τ1A

−σ2E + q2Im

−σ3E − θIm + q3Is

−φIm + q4Hm

−ωIs − ψHm + q5Hs























.

6U q1 = σ1 + σ2 + σ3, q2 = τ2 + φ+ θ, q3 = τ3 + ω + δ1, q4 = τ4 + ψ, q5 = τ5 + δ2. "�:/ � E0 oX? F � V �I4*�=�

F =























0 βα1 βα2 βα3 βα4 βα5

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0























� V =























q1 0 0 0 0 0

−σ1 τ1 0 0 0 0

−σ2 0 q2 0 0 0

−σ3 0 −θ q3 0 0

0 0 −φ 0 q4 0

0 0 0 −ω −ψ q5























.

J~X?3�
FV −1 =





































q−1
1 0 0 0 0 0

σ1

q1τ1
τ−1
1 0 0 0 0

σ2

q1q2
0 q−1

2 0 0 0

θσ2 + q2σ3

q1q2q3
0

θ

q2q3
q−1
3 0 0

φσ2

q1q2q4
0 φ

q2q4
0 q−1

4 0

ωθq4σ2 + ωq2q4σ3 + φψq3σ2

q1q2q3q4q5
0

ωθq4 + φψq3

q2q3q4q5

ω
q3q5

ψ

q4q5
q−1
5





































.

x6�5 (1) �B)��1q R0 = ρ(FV −1) = RA + RIm
+ RIs

+ RHm
+ RHs

, 7_
RA =

βα1σ1

τ1q1
, RIm

=
βα2σ2

q1q2
, RIs

=
βα3(θσ2 + σ3 + q2)

q1q2q3
,

RHm
=
βα4φσ2

q1q2q4
, RHs

=
βα5(ωq4(θσ2 + σ3q2) + φψσ2q3)

q1q2q3q4q5
,7_ ρ6��=�3���R0 3R�qK7���Ctb`��Ctb`�umO�d�eNm�=mO�b`5~m&℄�b`�QRA,RI = RIm

+RIs
, RH = RHm

+RHs
.s� [40], �
�5 (1) ��:/ ����9����e������ 3.1 m� R0 < 1, (�5 (1) ��:/ ��Ht����?H R0 > 1, (7D���
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3.2 N;G1��Y�� Pearson�&C��(9_=<�� R\Xor [8−9,35] 3 [19, 42–43]_;��1�7f#��Q Hm � Hs #��Z�h�JG�"1M�#_�w 2020' 1 ��0�IT:\�JG1��
#��5��5���#�f�Z�h�0�IT:\�JG1� (o_ 3). Rwx�6L:\h=h�#�w,	#�JG1�h=h��℄3$M~Xz%(��W2Ph9-, [45]. ��B
an�p�'#�JG:\1���\" 2020 ' 1 �iO�`Pe�~��"[�~��9h,��j�h1_��\�SD9JGI~�qk�9o�w�5��#��j�Z�h�JG13e~)��_ 3 6��x 2020 ' 1 ��> 10 T��$ 10 T�JG0�IT:\1�h��5�#�����h�℄#�� 2020 ' 1 �_E�����h\+�"����#���6��" 2020 ' 1 ��>�T��$�T�0�IT�JG:\H<+`� 1 �$5�iO�`~SPe�6"#�x��� 1 �_E�-S3�gY�iO�`D��V��6 2 rhf�
#��5�L1M�7_ N(0) = 1100g
[44,46], S(0) = 0.95 ×N(0) (o [44]).� 2 �4 (1) ℄pK/ÆSL0b SL (�m) �x E�

β 0.745 (0.25–0.82) �S [44]

α1 0.1 (0.1–0.3) – b}
α2 1 (0–1) – b}
α3 1 (0–1) – b}
α4 0.3 (0–1) – b}
α5 0.1 (0–1) – b}
σ1 0.0425 (0.05–0.275) �S [25,41]

σ2 0.166 (0.05–0.3) �S [25]

σ3 0.0415 (0.04–0.5) �S [25]

θ 0.045 (0.01–0.6) �S b}
φ 0.1259 (0.09–0.51) �S [41]

ω 0.13266 (0.001–0.5) �S [41]

ψ 0.0341 (0.001–0.5) �S b}
δ1 0.0275 (0.01–0.05) �S b}
δ2 0.03 (0.01–0.05) �S b}
τ1 0.13978 (0–1) �S [41]

τ2 0.133 (0–1) �S b}
τ3 0.134 (0–1) �S b}
τ4 0.11624 (0–1) �S [41]

τ5 0.155 (0–1) �S [41]

3.3 �(B*4�hu��Z�h:\1ie[\5��5~X�b`~1�h�u [29]. "�5 (1) _��T0:\�13w
 (σ1 + σ2 + σ3) ·E · dt, O' pd[ E ��yh
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21 jT 31 j��hu~�K7q 2%, 5% � 50% ex�6+��B)T��ZK>�7G`0�O��� [47].

R 3 �	�4 (1), "� 2020 % 1 ����/�HSIFa_//��Gi��Y�gÆ9[/�!rQ��"��
	IF9[ (�^); �h/*�g9[ (�^)

3.4 2�dJND'℄&V3�5�\+L1�h�R~�j\+Y#��h����
 R0 �~XMq 2.80. qftIj�f�q!�℄K3B)��1�z����X?f�Ctb`5��umO��Ctb`5��m�=mO��Ctb`5�K7q RA = 0.1 (/ R0� 3.57%), RI = 2.30 (/ R0 � 82.14%) � RH = 0.41 (/ R0 � 14.64%). 6+���
Wu � McGoogan �O���!T [45], G�;�{��sd�/b`:\��K*q
3.8% (1716: 44672). ��;� RA + RH �M(
 R0 � 20%, 6 RI E/*e6�H�r?_�Y�HK�?{hNm�=mOb`nR��Yd;m"�T'~5�J9:"�3+kK�A`�z��Ct6��NmO�K>3�V:%H<r?����"�Ct5h�[3e"r?:%C
;6D3&v����pu���vowYLjrb\+�>z
F8Y0�IT�r?�\mH<mO�Ct:\�a6��C~m5�eN"kP��;1�nlnd{��m{dh�9�C�Fy�b`Q��
4 Mg%U
4.1 �N!2�dJN�Y_ 4 .�fB)��1 R0 �
6 1 _r`:DL1��e�_�_ 4(a)–(f) 6�L1 β, θ, φ, ω � ψ �8Y0�ITr?�YL1�_ 4(a) ��fB)��1 R0 Br?u β �q3u θ (Im 
 Is) �+`6+`�"_ 4(b) _� β � φ �+`� R0 +`�"_ 4(c) _� β � ω �+`r9 R0 �+`�L6��"_ 4(d) _� β � ψ �+`r9 R0 �+`�m_ 4(e) � (f) E�� θ � ψ �+`�=5 φ � ω �+`?69
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4.2 D'℄&V"m7:v�O�_�B)��1 R0 %eq�#�P:�R"�P_r?��qm7:DL1�R0�Æb9KÆ3e�k
X?�5qL1�-=!��1 (Partial

Rank Correlation Coefficient, PRCC) �
�eu0
8Yr`:w��-r�Æb�m7:DL1 (o [43, 49–55]). �5�B)��1 R0 ��5u (attack rate) �
�5L1�!��1m_ 5 E��Æb9KÆ6��3
B)��1 R0 F2� β (r?�1) � τ1 (�Ctb`5�)Yu) ��5_�Æb�L1�63
�5uF2��5_�Æb�L1� β (r?�1) � S(0)(ibd[e�1).

0.2 0.4 0.6 0.8 1.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

( a )

β

θ

0.5
1.0
1.5
2.0
2.5
3.0
3.5

R0

0.2 0.4 0.6 0.8 1.0

0.1

0.2

0.3

0.4

0.5

0.6
( b )

β

φ

0.5
1.0
1.5
2.0
2.5
3.0
3.5

R0

0.2 0.4 0.6 0.8 1.0

0.1

0.2

0.3

0.4

0.5

0.6
( c )

β

ω

0.5
1.0
1.5
2.0
2.5
3.0
3.5

R0

0.2 0.4 0.6 0.8 1.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

( d )

β

ψ

0.5
1.0
1.5
2.0
2.5
3.0
3.5

R0

0.1 0.3 0.5 0.7

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

( e )

θ

ψ

2.15
2.20
2.25
2.30
2.35
2.40
2.45
2.50

R0

0.1 0.2 0.3 0.4 0.5 0.6

0.1

0.2

0.3

0.4

0.5

0.6
( f )

φ

ω

2.56

2.58

2.60

2.62

R0

R 4 �'��/ R0 ��4pK/GgÆ��^



24 Musa S.S. ��kMy	1\����$4�-.�8$p=y$CPu�M� 359

R 5 �'��/��4t�	�4K/Æ ��/^	pK/l5 2 D�
5 8C{ 2019 ' 12 �eF�05�t:%IT℄q�>VM�Y�y|{��Q [23].�
0�IT:\1H�+`���{��I
 2020 ' 3 � 11 j?EuwkK;.qVM~m7�6�{ 1900'eF'w��t:%r9�VM~m7kK�")�_���v^1D�5F|�0�ITr?�"`DN>������"ITLjz
H>�0�IT^O1R~Q�NmO�%[a6�Y<:\eN�C~m5T�Y [31].)��hB)��1 R0 Mq 2.80. )d[�ib9�r`9*�z%�H�M3" 0.97 
 3.24 Hh1"�3B)��1�z�C
��Ctb`5 (RA), �Ctb`5 (RI) �%[�mO�b`5 (RH) �HKB)��1|���� RI > RH > RA.6lvw RI � RH "0�ITr?_9wT�Y����ud��������5�7GO��w!���ITLj�D8z
3
,	:%\F<<r?T�Y
(Lo [33, 56]). vo!�H�wITGI�:\�Qz
 [30], �A`A��hn|P�y|UE�R|iO��7�"0�IT��kP�6w�k
+`:\�hu�y�:%r?u�1M�#[6��L1 β, θ, φ, ω � ψ �z%0�ITr?��qL1�ud����Æb9KÆ6��m{0;b`��7�m{F{umO�b`nR�b`�<�
N%[�3e�hm{0�IT�r?�-rD[�_ÆNveN"K0~D8z
�*�w℄q���\Fw��1�� < S W
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Abstract The coronavirus disease 2019 (COVID-19) outbreak started in Wuhan, Hubei

province, China in the end of 2019 and swiftly spread to the whole country and overseas,

and became the first pandemic caused by a coronavirus in human history. By March,

2020, the outbreak in China has largely been under control with tremendous efforts and

losses, while other regions, e.g., Europe and Middle East, are in extreme difficulty. The

lesson learnt in Wuhan, Hubei shall be very valuable for battles in other regions. In this

paper we propose a compartmental model to study the transmission dynamics of COVID-

19. Our model incorporates different isolation strategies for mild and severe cases and is

fitted to the cumulative number of confirmed cases in Wuhan from January 1 to 31, 2020,

for COVID-19 epidemic to estimate some parameters. We find that the COVID-19 could

have increased exponentially if strict measures were not properly implemented. We estimate

the basic reproduction number to be 2.80, which could vary from 0.97 to 3.24 depending on

human host susceptibility and transmissibility. Numerical simulations indicate that reducing

transmission rate is the key factor for effective use simple word control of the outbreak. These

results suggest that timely hospitalization/isolation of suspected and confirmed cases as well

as quarantine of people who had close contact with infected cases in epidemic areas are vital

to mitigate the spread of COVID-19.
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