HPYV transmission and optimal control of
cervical cancer in China

Appendix 1. Proof of Theorem 3.1

Proof. We rewrite system (2.1)-(2.4) in the following form

dx

& = F(t,), (S1.1)
where F'(t,z) = (Fi(t,z), -, F34(t,x)). Obviously, F(t,z) has the first-order contin-
uous partial derivatives with respect to x, thus F'(¢, z) is locally Lipschitz. In addition,
it is easily checked that Fj(t,z) > 0, when x € R3* and x; = 0. By Theorem A 4 in [1],
for any z(0) € R, system (S1.1) has a unique nonnegative solution defined on some
interval [0,b), and if b < oo, then limsup, ,, Ny(t) = oo and limsup,_,;, N, (t) = oo.
By calculation,

dN i
ditf = Ay —ppNpy — ppaNya —dp1 Dy — dyaDyy < Ay —min{pugpy, ppa} Ny,
dN, i
Ttm - Am - Mmlel - ,quNmQ < Am - mln{uml,MmQ}Nm-
Thus,
Nf(t) < <Nf(0) - Af) e~ mindpsiopga}t + #’
min{jr, o) min{p s, puyo}
A ) i A
Non(t) < [ Npn(0) = ————m— ) emminpmupma}t  ____Zm
m(t) < ( m(0) min{fom1, 2} min{ i1, tm2 }

Obviously, Ny < max{Nf(O), 7min{uflf7 MZ}} and N,, < maX{Nm(O), 7min{u:7£ MmQ}}.

This result contradicts limsup,,, N;(t) = oo. Hence, b = oo. Then, by the

standard comparison theorem, we have limsup,_ . Nf(t) < —_Ar_ and

—  min{ps, pso}
limsup,_,, o Nn(t) < m In particular, when N;(0) < 4 and

— min{pysr, pra}

Np(0) < ——Am— Ng(t) < — A and N,(t) < ——2m Hence, the

- min{,uf'mla /—’"m2}’ - min{.“fl: Mf?} - mln{/hnl; Pf'm2}'
region D is the positively invariant set for system (2.1)-(2.4).

Appendix 2. Proof of Theorem 3.2

Proof. The Jacobian matrix of system (2.1)-(2.4) at F is

F-V O
Jg= ,
I s
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where

Ji1 Ji2
1 )
J13 J1a

in which

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 0 0
0 o% o% Jus 0 o% 0% Juz 0 0 0 0 0 0 0 0
T = r}‘lp e’]ﬁln 0 O r”jplp 61}177 0 O 0O 0 0 0 0 0 0 O
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 O 0 0 0 0 0 0 0 0 0 0 0O O 0
0 0O 0 O 0 0O 0 O 0 09‘2 07;2 Jiig 0 0;2 0;2 J11,4
I 0O 0 0 0 0O 0 0 0 r}‘2p 61;277 0 O r?zp 6}217 0 O |
—f51 —f51 —f51 —f51 —f51 —f51 —f51 —f51 —fe1 —fe1 —fe1 —fe1 —fe1 —fe1 —fe1 —f61
—fs2 —fr2 —f52 — fs2 — f52 — fs2 — f52 — f52 — fe2 — foo — fe2 — fo2 — fo2 — fo2 — fo2 — fo2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Jiz =

—fn—fn—fn—frn—frn—frn—frn—frn—fs1 —fs1 —fs1 —fs1 —fs1 —fs1 —fs1 —[fs1

—fro —fro — fro —fro — fro — fro — fro — fr2 — fs2 — fso — fa2 — fso — fao — feo — fao — fs2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

—fi1 —fu1 —fa1 —f2
—f1i2 —fi2 —fa2 —f22 [0 0 0 0]
0 0 0 0 0O 0 0 O
0 0 0 0 Whiwl, 00
Ji2 = y Jua = )
—fa1 —fa1 —fu —fu 0 0 0 O
—faz —fa2 —fa2 —fa2 0 0 0 O
0 0 0 0 00wy Wl
0 0 0 0



(J,1 6 0¢1 0 0 0 0 0 0 0 0 0 0]

ky Jobo 0O 0 0 0O O O O O O O O O

0 0 J30 0 O O 0 O O 0 0 0 0

0 0 v%1J24 0 0 0 0 0 O 0 0 0 0

af 00 0 Jo5 6 0 (o2 0 0O O 0 O O

0O af 0 0 0 Jog O 0 0 O 0 0 0 0

Jy— 0 0 ap 0O 0 0 Jo7 0 0 O 0 0 0 0 ’

0 0 0 af 0 0 42450 0 0 0 0 0

0 0 0 0 0 0 0 0 Jyg 6 Gni O 0 0

0 0 0 0 0 0 0 0 kpdyo O 0 0 0

o 0o 06 00 0 0 0 0 0 J11 0 0 0

O 0 0 0 00 O 0 an O 0 Joa2 0 (me

O 0o 0 0 000 0 0 an O 0 Jo1z3 O

(000 0000000 0 ap 0 0 Jou

with
Jia = A+ (1= Ao, Jia=A+(1=Nob,  Jus=A+ (1= Aol
Jia=A+(1—- Aok, Jog = —(kf+pp +ay), Jao = —(6 4 pp + ay),
Jog=—(vy1+dp+pp+ap), Jea=—(up+ap+(n),  Jas = —pye,
Jag = — (0 + pya), Jogr=—(vp2 +dp2+ pg2),  Jos = —(pp2 + Cr2),
o9 = —(km + fim1 + am), J210 = —(0 + pim1 + o), Jo11 = —(tm1 + m + G,
J2,12 = —pm2, J213 = —(0 + pma2), J214 = —(tm2 + (m2)-

The characteristic equation of J|z is

()\ -+ ,ufl —+ Oéf)()\ -+ k?f + 5 + Mfl + af)(/\ — J273)()\ — JQ}4)(A — J275)<>\ — J276)
(A= Jo7)(A— Jo8) (A — Jo11) (A — Ja12) (A — J213) (A — Ja14) (A + fm1 + Qi)
A+ Epp + 6+ piom1 + an)|M— (F = V)| =0

Obviously, the eigenvalues of the matrix J|z include —(up +ay), —(kp+0+pup +ay),
—(tm1 + m), —(km 4+ 6 + pim1 + i), J23, Joa, Jas, Jag, Jor, Jag, Jai1, S22, J213,
J214 and the roots of equation |AI— (F — V)| = 0. According to Theorem 2 in the
reference [2], s(F' — V) < 0 if and only if Ry < 1, and s(F — V) > 0 if and only if
Ro > 1, where s(F' — V') > 0 is spectral bound of F'— V. In addition, except for the
roots of equation |[\I— (F — V)| = 0, other eigenvalues of matrix J|z are less than 0.
Hence, if Ry < 1, E is globally asymptotically stable. If Ry > 1, £ is unstable.

Appendix 3. Proof of Theorem 3.3

Proof. Let z(t,2(0)) be a solution of system (2.1)-(2.4) with initial value z(0).



First, we prove that there is a [ > 0 such that

limsup d(z(t,2(0)), E) > [,2(0) € Dy,

t—+o00
where d(z, F) denotes the distance between x and E. Suppose that

limsup d(x(t, 2(0)), E) < I,

t——+o0

ZE(O) € ]D)l

for some solutions z(t, z(0)) of system (2.1)-(2.4) with initial value x(0) € ;. Then,

there exists a ty > 0 such that for t > ¢,
St — 1< 87,(t) < S}, +1,
0 < Nyi(t) < Ny + 121,

9. —1< 8% (t) < S, +1,
0 < Npi(t) < Ny + 51,

where g € {u,v} and i € {1,2}. Therefore, when ¢t > t(, the following expressions

hold:

oo Shol w _ Shl o Sl
™ Npy 120 = S Sp = Nf1+12z S Nf2+12z < sfx
89y —1 -1 —1
= f2 <g u — _ml _ < gU v — _ml _ v
Sfo = Nf2 + 12] — f2’ Sm1 = Ny +50 Sm1s Smi N+ 50 Sm1>
g —7_Z<SU gY —£<sv
m2 — NmQ + 51_ = 9m2>» m2 — Nm2 + 51_ = 9m2-
Let
0 0P
Fr=10 o Qr|
W; Z O
where i i i i
fi1 fi1 fo1 fa f31 f31 fu fa
0O 0 0 O 0O 0 0 O
0O 0 0 O 0O 0 0 O
0O 0 0 O 0O 0 0 O
Pl_: - _ ) Q[: - _ 5
Ji2 fi2 fa2 fo2 f32 f32 fa2 fao
0O 0 0 O 0O 0 0 O
0O 0 0 O 0O 0 0 O
0O 0 0 O 0O 0 0 O
fs1 f51 fs1 fs1 fs1 fs1 fs1 [ fo1 for fer feor fer fer fer fer
— fs2 fs2 fs2 fs2 fs2 fs2 fo2 fs2 7 fo2 fo2 fo2 fo2 fo2 fo2 fo2 fe2
I — _ _ _ _ _ _ _ _ ) | — _ _ _ _ _ _ _ _
fri fru fo fo f o fn fs1 fs1 fa1 fa1 fs1 fs1 fs1 fs1
|\ fr2 fr2 fr2 fr2 Foo Jr2 Fr2 fr2] | fs2 fso fso fso feo feo feo feo]
in which

Ji = Bmcm115F1,

flg = (1 — €f1),8mcm11§3)017 f21 = ﬁmcmﬂg?la




foo = (1 — €51) BmCm215%1, 31 = BmCm125, Sz = (1 = €52) BmCm125%s,

fa1 = Bimcm225%s, fiz = (1= €52) BmCm225%9,  fs1 = Brcpiidm,
{52 = (1 —em1)Bres115mas ]i61 = Bfcra15m1s Ji62 = (1 —em1)Brcraidoms
fr1 = Brcriadma, fr2 = (1 —em2)Brcr125ma,  fa1 = Brcpaasma,

fs2 = (1 — em2) Brcpandins.

Then, from system (2.1)-(2.4), we get

d T
oz E-Vy (83.1)

for t > ty, where y7 is transpose of y. Consider the following linear system

dyT _

Let 5(I) be spectral bound of Fj— V. Since the non-diagonal elements for the matrix
F; —V are non-negative and its corresponding directed graph is strongly connected,
system (S3.2) is quasi-monotone and irreducible. Further, by Theorem 5.5.1 in the
reference [3], 5(1) is a root of
IAI—- FV~Y =o0.
Let Ro(l) = p(F;V ™) = max{|A| | |AI- F;V~!| = 0}. Obviously, Ro(0) = Ry > 1. By
Theorem 2 in the reference [2], when Ry > 1, 5(0) > 0. Then, due to the continuity of
5, 5(1) > 0 for [ > 0 sufficiently small. Further, by Theorem 5.5.1 in the reference [3],
system (S3.2) has a solution y* = ey, where ¥ is the positive eigenvector for 5(1).
Further, from (S3.1), comparison theorem implies that there exists a [; > 0 such that
y' > 1,0ty for t > to. Hence,
lim g(t) =o0,Vg €Y.

t—4o00

This is a contradiction. Therefore, W*(E)N\D; = @, where W*(E) is the stable
manifold of E.
Let @ = U w(z(0)), where w(z(0)) is the omega limit set of orbit z(t,z(0)).
CC(O)EDQ _ _
If 2(0) € Dy, g(t) = 0 for all g € Y. Then, 1tli}m z(t) = E. Hence, Q = F and there
is no cycles in Dy from E to E. Finally, by Theorem 3 in the reference [4], system
(2.1)-(2.4) is uniformly persistent when Ry > 1.



Appendix 4. Annual number of cervical cancer cases and deaths

Annual number of cervical cancer cases and deaths from 2006 to 2016 can be seen
in Table S1. The data are directly obtained or estimated based on the data in the
references [5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16]. In China, the proportion of HPV16
infection among cervical cancer patients is about 75.55%; the proportion of HPV18
infection is about 10.835% [17, 18]. Therefore, when fitting the data of HPV16, we
multiply the data in Table S1 by 0.7555; similarly, when fitting the data of HPV18, we
multiply by 0.10835; when fitting the total data of HPV16 and HPV18, we multiply
by 0.86385. In addition, the cumulative cases and cumulative deaths of cervical cancer
related to HPV16 and HPV18 can be obtained by simple summation calculation, as
shown in Fig. 4 (see text) and Figs. S3 and S7.

Table S1: Annual number of cervical cancer cases and deaths

Vear New cases New deaths
15 ~ 44 years old > 45 years old > 15 years old | 15 ~ 44 years old > 45 years old > 15 years old

2006 29880 36658 66538 3777 13932 17709
2007 31601 44839 75756 3565 14275 17840
2008 32199 48346 80545 2156 15243 17399
2009 36550 48504 85054 2247 16791 19038
2010 32376 44508 76884 4043 17583 21626
2011 34542 53440 87982 4559 18816 23375
2012 38094 60906 99000 5210 19790 25000
2013 33913 67087 101000 4459 21541 26000
2014 26800 75200 102000 4400 26600 31000
2015 26646 84354 111000 4695 29105 33800
2016 26980 92320 119300 4630 32570 37200




Appendix 5. Some known parameters

(1) The values of parameters A¢, A, fif1, fim1s ff2, fm2, @f and ., over time
can be obtained from the population estimation data of United Nations Department
of Economic and Social Affairs Population Division [19], see Fig. S1.

(2) Assume that o} = o%,. The screening rate of cervical cancer from 2006 to 2020
can be seen from the YEAR BOOK OF HEALTH IN THE PEOPLE’S REPUBLIC

OF CHINA on the official website of the National Health Commission of the People’s
Republic of China (http://www.nhc.gov.cn/), as shown in Fig. S2.
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Fig. S1: Variation of parameters Ag, A, (i1, fm1, [f2, tm2, 0f and oy, over time.
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Fig. S52: Variation of parameters 0%, and o}, over time.

Appendix 6. Initial value

(1) We take the population of the two age groups in 2006 as the initial values of
Nfl, NfQ, le, and Nm2 [19]

Nf1(0) = 331723224, Njyo(0) = 190437869,
N1 (0) = 350801169, N,,2(0) = 183501173.

(2) In addition to fitting the unknown parameters, we also need to fit the initial
values C'},(0) and C'%,(0). The initial values of other variables are obtained by assum-
ing that the system is in equilibrium at the initial moment (that is, these values can
make the right-hand sides of system (2.1)-(2.4) equal to 0). Since vaccinated compart-
ments are not considered when fitting the data from 2006 to 2016, only the initial
values of unvaccinated compartments need to be considered here. In 2016, the ratio of
male and female tumor incidences attributed to HPV infection was 7654 : 117118 [20].
We therefore assume that the proportion of infected men among men is equal to the
proportion of all infected women among women multiplied by 7654/117118. In sum-
mary, for the female variables, the relationship between the initial values is as follows:

[A+ (1= M), (0) + 151 (0) + a; (0)]CF, (0)

HY (0) = . |
(ffl + Uf1(0) + p51(0) + O‘f(o))H}H(O)
#1(0) = — 7
(1 €f1)77
14(0) = (n+ Uf1(0) + p71(0) + O‘f(o))szl (0)7
(1— 7’?1)P

D (0) o1 (0)(L,(0) + HF,(0)) + [A + (1 — A)o', (0)]CF, (0)

n ’Yf1+df1+,uf1(0)+04f(0) 7
R _ Y1 D£1(0) + o1} 7#1(0) + ennli (0)

£1(0) =

p£1(0) + af(0) + Cp1
S%(0) = Ny1(0) — I5,(0) = L% (0) — Hy,(0) — CF(0) — Dy1(0) — Ry1(0),
(A + (1= A)a%y(0) + 1152(0))CF5(0) — a (0)CF, (0)

HfQ(O) S}LZ )
(fo + Jf2<0) + /‘f2(0))H?2(0) - O‘f(O)H}ﬁ(O)
f2(0> (1 _eu )7] )
12
(77 + 055(0) 4 pp2(0)) L5 (0) — g (0) LY, (0)
T%2)p



B 05(0)(LY5(0) + HYy(0)) + [A + (1 = A)o,(0)]CHo(0) + ar(0)Ds1(0)
Dy2(0) = ;
Yr2 + dyga + py2(0)
Oéf(O)Rfl (0) + ’}/fQDfQ(O) + T?zpf}‘Q(O) + 6?2?7117]’22(0)
f172(0) + Cro ’
S¥2(0) = Nyp2(0) — I75(0) — L}(0) — Hy(0) — C(0) — Dy2(0) — Ry2(0),
. I$(0) + L} (0) + Hf, (0) + C,(0) + Dp1(0) 7654
I51(0) = Nia (0)

Ry(0) =

N1(0) 117118’
U (0) = 175(0) + L5(0) + Hpy(0) + CF,(0) + Dy2(0) 7654
m2(0) = Npma(0) PN SEIEL
fz( ) 8

_ Win1 I (0)
Hm1 (0> + am((]) + le ’
_ m(0)Rimni(0) + wya1775(0)
Rm2(0) - Mm?(o) + Cm2 5
m1(0) = Nim1(0) — 151 (0) — R (0),
m2(0) = Nm2(0) = I15(0) — Rpm2(0),

R,,1(0)

where NJfl(O)’ Mm1(0)7 ,qu(O)? :qu(O)a Oéf(O), am<0)a 0?1(0) and 0-?2(0) Correspond to
values in 2006.

(3) The initial values of the variables 1701,~1~{32 ~amd Y/C% are the corresponding

number of cases in 2006, and the initial values of Yy, Yy and Y3 are the corresponding
deaths in 2006.



Appendix 7. Data fitting results and parameter uncertainty analysis

7.1 Data fitting results of HPV16 and parameter uncertainty analysis

(1) For HPV16 [21, 22],
Crr = Cra = 0.041 (95%C1T [0.032,0.054]),

Gt = Cmz = 0.076 (95%C1 [0.0429, 0.1195)).
(2) All fitting results:

e Fig. S3: Fitting results regarding the number of HPV16-related cervical cancer
cases and deaths from 2006 to 2016.

e Fig. S4: For HPV16, histogram of 1000 values for parameters S,.11, Bmiz2, Bma1s
Bm22, Bflla 5]”12, ﬂle and 5f22-
e Fig. S5: For HPV16, estimation results about ds; and dys.

e Fig. S6: For HPV16, time-varying reproduction number.

e Table S2: For HPV16, means and 95% confidence interval of the estimated param-
eters and initial values.

7.2 Data fitting results of HPV18 and parameter uncertainty analysis

(1) For HPV18 |21, 22],
Cr1 = Cp2 = 0.029 (95%CT [0.021,0.045]);

Cm1 = Cmz = 0.0621 (95%C1T [0.0225,0.1171]).
(2) All fitting results:

e Fig. ST: Fitting results regarding the number of HPV18-related cervical cancer
cases and deaths from 2006 to 2016.

e Fig. S8: For HPV18, histogram of 1000 values for parameters (11, Bmi2, Bmot,
Bm22, Bflla 5]”12, ﬂle and 5f22-
e Fig. S9: For HPV18, estimation results about ds and dys.

e Fig. S10: For HPV18, time-varying reproduction number.

e Table S3: For HPV18, means and 95% confidence interval of the estimated param-
eters and initial values.
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Fig. S3: Fitting results regarding the number of HPV16-related cervical cancer cases
and deaths from 2006 to 2016. The red circles represent the actual cumulative
number of cervical cancer cases or deaths. The black solid line represents the fitting
result, and the black dashed line represents the 95% confidence interval. (a)
Cumulative cases in the first age group. (b) Cumulative cases in the second age
group. (¢) The sum of cumulative cases in the two age groups. (d) Cumulative
deaths in the first age group. (e) Cumulative deaths in the second age group. (f)
The sum of cumulative deaths in the two age groups. (g) Relation between observed
and predicted cases.
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Fig. S5: For HPV16, estimation results about d¢ and dy,. The black solid line
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Fig. S6: For HPV16, time-varying reproduction number. The black solid line
represents the fitting result, and the black dashed line represents the 95% confidence
interval.

Table S2: For HPV16, means and 95% confidence interval of the estimated parameters and
initial values.

Parameter or initial value Value 95% CI
Brm11 2.4632 [2.2573,3.1338]
Brm12 0.0216 [0.0198,0.0275]
Bm21 0.4363 [0.2721,0.6281]
Bm22 3.6948 [2.3046, 5.3197)
Bri1 0.49 [0.3568, 0.5415]
Br12 0.0445 [0.0324,0.0492
Brar 0.0033 [0.0016,0.0051]
B2z 0.296 [0.1473,0.458]
di 0.01 [0.008,0.0124]
dy 1.4645 x 10~ 1 [3.23 x 10713,0.01]
dia 0.086 [0.05,0.12]
dpa 0.1299 [0.0533,0.1994]
C4(0) 6.6553 x 10*  [5.9691 x 10%,7.4764 x 10%]
C,(0) 8.3676 x 10*  [8.3462 x 10%,9.6801 x 10%]

13



x10 3 x10
g4 g
5 S6
= =)
S 8y
22 2
3 3
= =S
E1r g 2
= ES
@] @]
0 : . . . 0 : . . .
2006 2008 2010 2012 2014 2016 2006 2008 2010 2012 2014 2016
(a) t(year) (b) t(year)
6000 T :
2 5000
172 72}
S =
) é 4000
Q
g g
3 Z 3000}
) =
o= =
Z £ 2000
E o}
g
= 1000 |
@] P
0 - - - - 0 - - - -
2006 2008 2010 2012 2014 2016 2006 2008 2010 2012 2014 2016
(C) t(year) (d) t(year)
2 2
< <
Q Q
] ]
(5] [}
2 2
= <
= =
g g
= 5
@) Q
0E s . . . 0E : . . .
2006 2008 2010 2012 2014 2016 2006 2008 2010 2012 2014 2016
(e) t(year) (f) t(year)
% 10*
10} R%=0.9998
5 8t
o
3 of
5
24
o
2f o Data
Fitting curve
0 | | | : :
0 2 4 6 8 10
Predicted cases 4
(g) x 10

Fig. S7: Fitting results regarding the number of HPV18-related cervical cancer cases
and deaths from 2006 to 2016. The red circles represent the actual cumulative
number of cervical cancer cases or deaths. The black solid line represents the fitting
result, and the black dashed line represents the 95% confidence interval. (a)
Cumulative cases in the first age group. (b) Cumulative cases in the second age
group. (c) The sum of cumulative cases in the two age groups. (d) Cumulative
deaths in the first age group. (e) Cumulative deaths in the second age group. (f)
The sum of cumulative deaths in the two age groups. (g) Relation between observed
and predicted cases.
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Fig. S10: For HPV18, time-varying reproduction number. The black solid line
represents the fitting result, and the black dashed line represents the 95% confidence
interval.

Table S3: For HPV18, means and 95% confidence interval of the estimated parameters and
initial values.

Parameter or initial value Value 95% CI
Bmi1 2.4189 [1.953,2.9167]
Bmi2 0.0212 [0.0171,0.0256]
Bm21 0.4196 [0.2304, 0.5738]
Bm22 3.5535 [1.9512,4.8601]
Br11 0.389 [0.3035, 0.4678]
Br12 0.0353 [0.0276,0.0425)
Bra1 0.0027 [0.0013,0.0048)
Braz 0.2435 [0.1164,0.4288]
di 0.0105 [0.0075,0.0134]
dpy 0.01 [2.488 x 10713,0.02]
dia 0.0871 [0.0442,0.1352]
dpa 0.1321 [0.046,0.2165]
C#(0) 9.7364 x 10°  [8.2169 x 103,1.0923 x 10"]
C,(0) 1.2987 x 10*  [1.1406 x 10%,1.4177 x 10%]
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Appendix 8. System (S8.1)-(S8.5)

sy
dt
dry,

dt
dc
dt
sy,
dt
i
dt
dLY,
dt
dHY,
dt
dcy,
dt
dDgy
dt

AR
dt

asp,
dt
aj,
dt
dLj,
dt
dH?,
dt
dcy,
dt
asp,
dt
aj,
dt
dLy,
dt
dH?,
dt
dcy,
dt
dDj
dt

= Af(1 = ¢f(t)) = Am1Sp1 — kp(t)Sh + 057 — ppaSh — apSH + (R,

= Am1Sp — plf —ppdf —oply,

= (L =rj)plfy —nLj —op ()L — pp L —opLi,

= —efnlf = Hp —op(OHf — ppHf —apHp,
=¢htf — ACH — (1= Moy (1)CF — npnCp — apChy,

= Apdp(t) — (1 —ep1) A1 S% + kyp(t) Sy — 65t — pp1Sh — apSt,
= —ep) M Sh1 — plfy — pplp — aplp,

= (L =rp)plfy — 0Ly —op ()L — ppr Ly — opLi,

= —ep)nly —EpHp —op () Hy —ppHpy — apHpy,

= &1}, — ACH — (1= Nohy (DT} — iy — oy Chy,

=on()(LH + Hfy) +[A+ (1= AN)ox(OICH + oy () (L + Hfy)
A+ (1= Ao (D)]CF — (vp1 +dp1 + ppr + ap) Dy,

(S8.1)

=ypDp +r5plf +epnly +rpplp +epnly —ppRp —apRep — Cp Ry,

= 0S¥ — AmaSly + 68Y — p172Sl + CraRya,

= aplf) + AmaSty — plfy — 2l

= aypL + (1= 1f)plfs —nLy — 0§ (t) Lo — pyaLls,
=apHf + (1 = €fpa)nLly — EpaHfy — 0o () Hpy — ppaHps,
=ayCf + & — ACYy — (1= N)ofy(1)Ca — pp2Cha,
=S¥ — (1 - £2) A2 — 85Y — 2%,

=aplp + (1 —ep2)AmaShy — plpy — ppalfo,

=asLf + (1= 15)plfy —nLy — 059(t) Lo — prp2 Lo,
=apHp + (1= €efo)nLy — gy — 05o(t) Hiy — pipaHps,

= ayCh + 5 Hey — ACy — (1 — Aoy ()T — p2Cls,

= asDs1+ 05y (t)(Lfy + Hpy) + [A+ (1 = A)o'sy (8)|Chay + 052 (8) (LYo + Hiy)
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+ A+ (1= Ao (t)]CFy — (vr2 + dya + pg2) Dya,

dR
?ﬁ = ayRyp1 +vyp2Dsa + 15aplfy + efonLiy + 15aplfs + €4onLy — ppaRya — CraRya,
ds®
Tzﬂ = Am(l - ¢m(t)) - Afls%l - km(t)sle + 65;?11 - MmlS#Ll - amsgv,l + G’mllea
dr*
T?l = X151 — Wt L1 — Ly — Iy s
dsy
Tftnl = A (t) — (1 — em1) A f1S% 4 km (£)S%1 — 0S%1 — m1S%1 — amSLy,  (S8.3)
dr?
d?l =(1- Eml))\flsfm — w1l — tmilyy — am Iy,
dR
B i T — it Rt — 0 Bt — G Re,
dsgﬂ u u v U
T = amSml - )\fQSmQ + 5Sm2 - /’LWL2Sm2 + Cm2Rm27
dI:?LlZ U U U TU U
W = OémIm1 + )\fQSmQ - WmQImQ - ,Um?ImQa
dS’?nQ v v
F = OémS (1 — EmQ))\fQS 9 — 55’7712 — /.LmQSmQ, (884)
dI:?]%Q v v v TV v
dt = am]ml + (1 - emQ)AfQSmQ - wmQImQ - Mm2Im27
dRpm2 _ u Tu v TU
ATl amBRm1 + wio Lo + wpollo — pim2Rma — Gn2Rma,
where

Bmemi1t (L + Ipa) + Bmema1 (Lo + 1)

)\ml =

Ngy ’
Ay = Bmemiz(Lyy + Ipy) + Bmemze(Lns + 1)
m. Nf2 b
fem he{u,v} f1 f1 f1 f1 fFer2 he{u,w} f2 12 12
\  Brem (Z + LB+ Hi + Cl ) + Bregar (X + Ly + Hfy + C}
f1= le )
12 he{u,v} f1 h1 hl f1 22 he{u,v} f2 12 12
\ Brepz (X2 + LB+ Hi 4+ Cly ) + Bregao (X0 + Ly + Hfy + C}
f2 = )
Nm2

Ny =S + I} + L% + HY + CH + S% + I3y + LYy + HYy + C% + Dy + Ry,
Nypo = Sy + Iy + LYy + Hiy + Clhy + S¥y + I3y + LYy + HYy + Cly + Do + Rypo,
ml :Sg@l+[ul+svl+[7vnl+lea
Npma = Sy + 1o+ Spo + 159 + Rma,
Ny = Ng + NfQ,
Ny = N1 + Nipo.

The initial conditions for system (S8.1)-(S8.4) is as follows:
2:(0) € [0,M],i=1,2,--- 34, (S8.5)

where M is a positive constant, and z; is the i-th element in z. Let F,(t,27,u?) =

(fi, fos -+, faa)T, where f; is the i-th right-hand side function of (S8.1)-(S8.4).
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Appendix 9. Proof of Theorem 5.1

Proof. (1) It is easy to see that F.(t,z”,u”) is C'. And, from Theorem 3.1, x;
is bounded, for ¢ = 1,2,--- ,34. Thus, it is easy to see that F.(¢,0,0) and the partial
derivatives of F,(t, 27, uT) with respect to all control variables and state variables are
bounded. (2) From Theorem 3.1, system (S8.1)-(S8.5) with a constant control has a
unique solution. Therefore, the set

F ={(u,z(0))|There exists a solution to system (S8.1)-(S8.5)
with control u € Uand initial condition x(0)}

is non-empty. (3) Obviously, U is convex and closed. And, F(¢,27,u”) is linear with
respect to u, and the coefficients depend on time ¢ and state x. (4) Since the initial
value x;(0) of each state variable is bounded, according to the similar proof of Theorem
3.1, it can be seen that there is a compact and invariant set containing x(t) for every
t > 0. Further, there exists a compact set S such that all e € S and ¢(e) is continuous
on S. (5) For any u; € U, uy € U and ¢ € [0, 1],

(1 - Q)(I)(tv z, 111) + qq)(t7$7 u2) > (I)(tv z, (1 - q>u1 + qu?)a

because

(1= q)ui; + quy; > [(1 — q)uw; + qua;)?
where uy; and ug; are the elements of u; and ug, respectively. Hence, ®(¢,z,u) is
convex on U. (6) There are constants C; > 0, Cy and b > 1, such that

@(t,l’, ll) > Cl|u’b - 027
where |u| is magnitude of u. Obviously, ®(¢,z,u) > 0 > |u|?> — max |u|?, hence we

take C; = 1, b = 2 and Cy = max |u|® = 3.7524. To sum up, from Theorem 4.1 and
Corollary 4.1 in [23], Theorem 5.1 is proved.

Appendix 10. The adjoint equations (S10.1)-(S10.35)

/ 0 (t,u*, x*,p)

P sy
= — agr1 (Bak};(1))* S (t) — agka(Eao'fi (1)) (SH () + 1§51 (t) + RFy (1))
. O(Am15%)
+p1 (kf(t) + uf +af) — (p2 —p1) Wfl
e
* a()\mlsﬁl)
_p6kf(t) —(p7 —pe)(1 —€f1) 5w — p13ay, (S10.1)
e
p/ _ 0 (t,u*, x*,p)
2 oI
= — agka (B2 (1)) (SH () + I (t) + R (1))
O(Am1SY,) )
— (P2 =) G +p2(p+pp+op) —ps(L—rf)p
T e e
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D1 %)

—(pr—pe)(1 —€p1) ) — P12TF1p — PraQy
1

(u*,z*)
A(Ap1S O(Af1 S
— (p26 — p25) (af}ul) — (p2g — p27)(1 — €m1) (g}uml)
f1 (u*,z*) f1 (u*,z*)
A\ 252 B\ 25
— (P31 — p3o) <8f;u2) — (p33 — p32)(1 — €ma) (af;UmZ) , (S10.2)
f1 (u*,z*) f1 (u*,z*)
b= 0 (t,u*, x*,p)
s oLy,
= CQK,Q(ElO’?I(t))2LTJIq(t) — agk3 (T,;cr%‘(t))2 Fi(t)
O(Am1SH) us "
—(p2—p1) orh, +p3(n+ofi(t) + pp + op) —pa(l —€fy)n
(u*,z*)
9(Am157,) ” "
— (p7 —p6)(1 —€41) oL —puofi(t) — piaefn — p1say
)
A\ f1S% DA 182,
— (p26 — p25) W — (pog — p27)(1 — €m1) M
e e e
A\ 282 O(Af2S?
— (P31 — p3o) W — (P33 — p32)(1 — €ma2) W , (S810.3)
f1 (u*,z*) f1 (u*,z*)
/ 0 (t,u*, x*,p)
Pa=" OH"
f1
= _ agmg(Ela}”f (15))21'{]151k (t) — agks (THJJ“cI(t))Q H}Lf (t)
8()\mls?1) u wu* u
— (p2 —p1) T}ﬁ +pa(€f + o (1) + g+ ap) — pslfy
(u*,z*)
O(Am1SY%,)
— (p7 —pe)(1 —€f1) aTufl —p110oy(t) — pieay
fl (u*,x*)
A\ 1 S% A(Af1S2,
— (p26 — p25) (8%“1) — (pag — p27)(1 — €m1) W
e )
A\ 2 S DA 252,
— (p31 — p30) LUQ) — (p33s — p32)(1 — ema) Lﬂ , (S10.4)
OHY, DHY,
(u*,x*) f (u*,z%)
! 6%(157 U*ax*ap)
Ps =" ac
f1
= — gk {E1[A + (1 — Ao (1)} CH (1) — azrs {Te[A + (1 — Aok ()]} O (t)
O(Am1S%) ,
—(P2—p1) —A— +p5[A+ (L= A)ofi(t) + pp + oy
Cr9()‘m15;1)

—pu[A+ (1= Ao ()] — prray

(u*,z*)

—(pr—pe)(L—ep1) — 57—
ac,

O(As15m1)

_ _ I\ 1Y m1) 8()‘f15;)n1)
(220 = ) =5 =ofom

- (st - p27)(1 - €m1) 80}01

(u*,z*)

(u*,z*)
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O(A 2 SH O(A SV
— (P31 — p3o) (afé'qu) — (p33 — p32)(1 — em2) W
fl (u*7x*) fl
/ 0 (t,u*, x*,p)
b = — HSv
11
v* 2/ Qux V¥ a<)\m15?1)
= — azka (B0 ()" (S () + 11 (1) — (P2 —p1) —5 — P16
fl (11*7213*)
8()‘m1S;1)
+p6(0 +pp+ayp) — (pr—p6)(1 —€f1) —Fa—— — pisay,
oS
f1 (u*’x*)
/ 0 (t,u*, x*,p)
b7 =— BYE]
f
= — agra(Eaofi (1) (SH () + T71 (1))
O A1 ™) O A1 ST
— (2 —p) gt =) —ep) —gn
f1 (u*,z*) f1 (u*,z*)
+p7(p+ ppr +ag) —ps(1 = 1%)p — prarfp — proay
oA S¥ oA SY
— (p26 — p2s) (g}vm) — (pas — par)(1 — &ma) (g}vml)
f1 (u*,z*) f1
O(A o SY O(A o SY
— (p31 — p30) (g;vmz) — (p33 — p32)(1 — em2) W
f1 (u* ,z*) f1
o= 0 (t,u*, x*, p)
s OLY,
Uk vk vk 2 rox
= — agka(Er0}i (1)L () — agks (Tpofi(t))” L (t)
O A1 S™) O A1 S7,)
— (p2 — 1) 7vfl — (p7 —pe)(1 — 1) 71;]61
oL, OLY,
f (u*,cc*) f (u*,ac*)

+ps(n+ o7 (t) + pp + ap) —po(l — €f)n — pr1oyi(t) — pi2epn — paois

O(Af1S%)) O(As1Sm1)
— (P26 — P25) — 575 — (p2s — p27)(1 —em1) —3——
aLfl (u*,z*) 6Lfl
O(Apa SY O(Ap2SY
— (p31 — p30) W — (p33 — p32)(1 — em2) W
f1 (u*,z*) f1
o= 07 (t,u*, x*,p)
) OHY,
= CLQK,Q(ElO"T;‘T (L‘))2H}’1‘(t) — aok3 (THG?{ (t))2 Hﬁ (t)
G(AmlS}‘l) a()‘mlsﬁl)
—(p2—11) —5mg— —(pr—pe)(1 —€p1) —fp—
OHJ, | . OHJ, | .
+po(€f + 0 {#) + 11+ ap) — pro€f — pr1of(t) — paray
O(Af15m1) O(Ar15m1)
— (P26 — P25) — 77— — (p2s —p27r)(1 —em1) — 25
8Hf1 - aHfl
O(Ar25m2) 9(Ar25m2)
— (P31 — P30) —F70 — (p33 — p32)(1 — em2) —F—p
oy | .. DI},
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(u*,z*)

(u*,z*)

(u*,z*)

(u*,z*)

(u*,z*)

)

(S10.5)

(S10.6)

(S10.7)

(510.8)

(S10.9)



/ &%ﬂ(t,u*,x*,p)

P10 =— ,
10 8Cf1
= — agkia {E1[A + (1 — A)a¥i ()]} C%(t) — asks {To[A + (1 — A)o¥% (1)} C¥(t)
O Am15%) O(Am1S%7)
— (e —p) —e | == pe)(1—ep) — o
8C’f1 acfl
(u*,:c*) (u*7x*)
+p1o[A + (1 = A)ofi(t) + pp1 + ap] = pra[A + (1 = A)ofi(t)] — pay
O\ SY oA S?
— (p26 — p25) (flivm) — (p2s — p27)(1 — €m1) (flivml)
BC’fl 8C’f1
(u*’x*) (ll*,it*)
O(A 2 SY O(A ¢SV
— (p31 — p30) LUM) — (p33 — p32)(1 — em2) Lvmﬁ , (810.10)
acfl aC?,
(u*,x*) f (u*’z*)
r_ 0H(tu,z",p)
P11 = 8Df1
O(Am1S%,) I(Am15%)
=~ (p2—p1) —pm — (pr—p6)(1 — 1) &
anl 8Df1
(u*,a:*) (u* $*)
+p11(yp1r +dp + pp +ap) — praysr — pasay, (S10.11)
L &%ﬂ(t,u*,x*,p)
= — azrz (B0 fi (1) (SF (8) + If5 (1) + R (1))
A(Am15%) O(Am15%)
—p1Cp1 — (p2 — p1) Tfl —(p7 —p6)(1 — 1) Tﬂ
fl * * fl * *
(u*,z*) (u*,x*)
+ pra(pp + ap + Cp1) — paay, (S10.12)
/ 8%(157 U*ax*ap)
P13 = — HSU
f2
= — asra(Bao 3 (1)) (SP5(t) + If5 (1) + Rio(t)) + prapipe
O(AmaS%y) A(Am2SY,)
— (p14 — 13) 7uﬁ — (p19 — p18)(1 — &y2) 7uﬂ , (S10.13)
85f2 05,
(u*,x*) f (u*,a:*)
o= 07 (t,u*,xz*,p)
14 o1y,
= — agka(Eaof5 (1)) (SP () + 115 () + Rys (1))
6(Am2SJ¥2) .
— (p1a — p13) G + prap + ,qu) —pi5(1 — T’fz)/)
f2 (u*,z*)
O(Am2S%s)
— (p19 — p18)(1 — €2) an? — P2arfop
f2 * k
(u*,z*)
O\ SY oA S?
— (P26 — p25) (af}um) — (p2s — p2r)(1 — em1) (g}uml)
f2 (u*,z*) f2 (u*,z*)
O(A 2 S¥ O(A ¢SV
— (p31 — p30) Lunﬂ) — (p33 — p32)(1 — em2) (Lqu) , (S510.14)
oIy, ore,
(u*,x*) f (u*’x*)
R 07 (t,u*, x*,p)
15 8.[/1][52
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2

— — aana(Bro3 ()P LY (0) — asms (TLots(®) L3 (0)
0(Am25?2) wk u
— (P14 — p13) s, +p15(n+0fa(t) + pp2) — pr6(1 — €f2)n
(u*,z*)
O(Am2SY,) .
— (p19 — p18)(1 — &y2) Wﬁ — P30 fa(t) — paa€fon
12w
oA S“ O(Ar1S,
— (P26 — P25) w — (p2s — p27)(1 — €m1) w
12 w2 12 a2
O(A g SH O(Aa2S,
— (p31 — P30) LHM) — (p33 — p32)(1 — ema) LUM) , (510.15)
u*,r u*,r*
/ 6%(157 u*ax*ap)
P = — OHY
f2
= agmg(Elaj%‘(t))QH}Zk (t) — agks (THU}”S(t))2 H}g‘ (t)
8()\7”25?2) u ux u
— (P14 — p13) “oHL + p16(§fa + 0Fa(t) + kp2) — p17€is
2 w2
O(Am2SY,) »
— (p19 — p18)(1 — &y2) Tuﬂ — p230fa(t)
2 w27
O(Ap1 ™ O(Ar1S,
— (p26 — p25) (flium) — (p2g — p27)(1 — em1) Lﬁ
8Hf2 0H?Y,
(u*,z%) 2 e
O(A a2 8™ O(Ar2S,
— (p31 — p3o) 7( /2 um2) — (p33 — p32)(1 — ema) 7( 12 qu) , (S10.16)
8Hf2 ( ) 6Hf2 ( |
u*,a:* ll*,.’l?*
p/ o 0 (t,u*, x*,p)
17 oCy,
wk 2 ~ux wk 2
= —agrz {E1[A + (1 = A)o¥5(t)]} CF5(t) — agrs {To[A + (1 — A)of5 (1))}~ C(t)
O Am2SY,)
— (p1a — p13) Tuﬂ +p17[A + (1 = A)of5(t) + pyal
2 e
O(Am2S%y) ,
— (P19 — p18)(1 — &y2) B Tor —pas[A + (1 = A)oi5(¢)]
12 e
oA S™ O\ S”
— (p26 — p25) (flium) — (p2s — p2r)(1 — €m1) (fliuml)
(u* %) (u* %)
O(A o S™ O(A o SY
— (p31 — p30) LUM) — (p33 — p32)(1 — em2) LUM) , (510.17)
80f2 (ur.°) 80f2 -
o 0 (t,u*, x*,p)
18 059,
(I 2/ Qux (I 8(Am25?2)
= — agka(E2055(t))°(S75(t) + I73(t)) — p130 — (P14 — p13) o5
12 lur )
a(/\mZS;z)
— (P19 — p18)(1 — €y2) —o5u. + p18(0 + py2), (510.18)
12 a2
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a%(t7 u*7 x*7p)

’

P19 = — o
19 o1y,
= — agra(Eao5(1))*(Sh(t) + I75(t))
O AmaS™) O AmaS?,)
— (P14 — p13) Tf? — (P19 — p18)(1 —€y2) Tﬂ
f2 (u*,z*) 12 (u*,z*)
O\ SH
+ pro(p + pr2) — p20(1 — 742)p — P2ar59p — (P26 — P25) (g}uml)
f2 (u*’w*)
B(Af1SY, D\ 2"
— (p2s — p27)(1 — €m1) (5}1}1) — (P31 — p30) (5;}2)
72 o) 72 u o)
O\ SY
— (p33 — p32)(1 — em2) W ; (510.19)
12 w2
P = 0 (t,u*, x*,p)
20 oLy,
= — agka(B105(6))2LY5(t) — azks (Tpo¥s(t)) Lus(t)
O AmaS™) O Ama L)
— (p1a — p13) 7vﬂ — (p19 — p1g8)(1 — €2) 71,]02
oL oL
72 e 72 lweav)
+ p20(n + op5(t) + ppa) — par(1 — €49)n — pa3ops(t) — paseton
oA S™ O(ArS”
— (p26 — p25) w — (p2g — p27)(1 — €m1) w
12 (u*,z%) 12 (u*,z*)
O(A o S™ O(A o S”
— (p31 — p30) LUM) — (p33 — p32)(1 — em2) LUM) , (510.20)
8Lf2 (u*,z*) aLfQ (u*,z*)
A 0 (t,u*, x*,p)
21 OHY,
= a2/€2(E10‘;;(t))2H}];(t) — aok3 (THU%(IS))2 HE5(1)
O AmaS™) O AmaS?,)
— (p1a — p13) 71,” — (p19 — p18)(1 — €y2) 71,”
OH, oY,
(u*,z*) f (u*,z*)
+ p21(Efa + 03(t) + pp2) — P22€7a — Pa3ofs(t)
oA SY O\ SY
— (p26 — p25) (81”}1[}3;711) — (p2s — p27)(1 — €m1) (aj;llv;nl)
(u*,x*) f (ll*,$*)
O(A a2 SH O(A SV
— (p31 — P30) LUM) — (p33 — p32)(1 — ema) (A2 vm2) , (S10.21)
u*,r u*,xr*
/ 6%(157 U*ax*ap)
Pag = — 801)
2
= — gk {E1[A + (1 — A)a¥s(t)]} C%(t) — asks {To[A + (1 — A)o¥s ()]} C5(t)
O(Am2SY,) I(Am2ST,)
— (P14 — p13) T}?z — (P19 — p18)(1 — €y2) T}i?
(u*’x*) (u*,x*)

+ p22[A + (1= A)opy(t) + ppa] — pas[A + (1 — A)ops ()]
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O(Ar1S)1)
OAr1Sma) — (e — 1 — ) — il
— (p26 — p25) TJ% ) (P28 — p27)( act, )
(u*,z*
8()‘1‘25%2) $10.22)
8()\]”2571;12) N o 1— 5m2) — s ( .
— (P31 = ps0) — 5 (pss = ps2)( OCP | fye o)
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where ¢, is the partial derivative of ¢ with respect to the component z;.
Appendix 11. The choice about time T

This section is mainly to choose the appropriate T' for optimal control by simu-
lating the change of C(t) with time in Case 1 and Case 2.

Case 1: ¢y = 0.96, ky = 0.96, 0f; = 0.232, 0%y = 1/3, ¢, =0 and k,, = 0.
Case 2: ¢y = 0.95, ky = 0.95, 0§, = 0.232, 0%, = 1/3, ¢ = 0.95 and k,,, = 0.96.

The control strategy corresponding to Case 1 is that all females are vaccinated,
males are not vaccinated, and the values of parameters ¢y, ky, 0%, and 0%, are all their
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Fig. S11: Variation of C(t) with time for Case 1 and Case 2. (a) Case 1. (b) Case 2.

maximum values. The control strategy corresponding to Case 2 is that both males
and females are vaccinated, and the values of parameters ¢, ky, 0%, 0y, Om and
k., are all their maximum values. The initial value of the variable whose superscript
is not v is the value corresponding to each variable in 2017, and the initial value of
the variable whose superscript is v is equal to 0. The values of other parameters can
be seen in Tables 3 and 4 (see text). Assume that dp = 0.01 and dye = 0.0226. In
addition, when 7%, = 1, e}, = 1 and &}, = 0 (i € {1,2}), the variables L}, H}; and
C§,; are equal to 0. So 0%, and o}, are equal to 0. According to the fitting results
corresponding to Case 1 and Case 2 (see Fig. S11), C'(51) = 986 < 1000 for Case 1
and C(51) = 17 < 20 for Case 2. Therefore, when the target value I = 0, we can
choose a value greater than 50 as the value of T" based on the above fitting results.

Appendix 12. Values and sources of parameters related to cost and DALY

The values and sources of the parameters involved in cost and DALY are shown

in Table S4.
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Table S4: The values and sources of the parameters involved in cost and DALY.

Parameter Value ($) Reference | Parameter Value ($) Reference
B 17.96 [24] DWy, 0.03 [24]
By 26.94 [24] DWy 0.1 [24]
B 53.265 [24] DWe¢ 0.165 [24]
Es 20.41 [24] DWip 0.03 [24]
Ty 214.425 [24] DWyp  0.0183 [24]
Ty 15035925  [24] DWep 01642 [24]
Tc 9043.615 [24] afy 43.24 [19, 5]
\ \ \ ap 22.51 19, 5]
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