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Optimal Control of a Delayed Spatiotemporal
Epidemic Model
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Abstract This study presents an advanced delayed spatiotemporal epidemi-
ological model that incorporates a Holling type II incidence rate to capture
the saturation effects observed in disease transmission dynamics during the
COVID-19 pandemic. The model integrates two crucial intervention measures
- vaccination of susceptible individuals and hospitalization of severe cases -
while accounting for both spatial diffusion and the latent period within the
epidemic compartments. This framework facilitates the precise optimization
of vaccination and hospitalization strategies as functions of spatial location
and temporal evolution, yielding new insights into spatially targeted public
health interventions. We rigorously analyze the model equilibrium points, es-
tablishing conditions for their existence and local stability. An optimal control
problem is formulated, uniquely considering the combined effects of spatial
diffusion and latent period, with controls dynamically varying across space
and time. The well-posedness of the control problem is verified, supported
by proofs of existence, uniqueness, positivity, and boundedness of the strong
solution. First-order necessary optimality conditions are derived, characteriz-
ing the optimal vaccination and hospitalization strategies through state and
adjoint variables. Numerical simulations across diverse intervention scenarios
demonstrate the effectiveness of adaptive, space-time-specific control strategies
in mitigating COVID-19 transmission. This work offers a novel mathematical
and computational approach to the optimal spatiotemporal management of
epidemic control measures.

Keywords Delayed spatiotemporal epidemic model, vaccination, hospital-
ization, reaction-diffusion equations, optimal control
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1. Introduction

With the emergence of epidemics like SARS, Ebola, and COVID-19, which are
detrimental to individual health and societal stability, there is an increased need for
policymakers and researchers to understand the patterns, the behaviors, and the
dynamics of the diseases in order to prevent and control their spread. Mathemati-
cians and immunologists collaborate to create models that can predict the course
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of an epidemic. Classical compartmental models for epidemics use variables to de-
scribe the state of an infectious disease’s exposed subpopulation. Each parameter
incorporated represents a fundamental factor, such as the rate of transmission of the
infectious agent, the mortality rate, and other data. It is possible to build very reli-
able models that will allow determining the best treatments as well as the respective
impacts of the factors that influence this disease with a thorough knowledge not
only of applied mathematics but also of the biology of the disease. These models
are determined by the transmission method, the nature of the disease, its curability,
and the body’s ability to develop immunity after recovery, etc. [15, 18]. Following
the 1905 - 1906 Bombay plague epidemic, the year 1927 witnessed the emergence of
the SIR model, which is considered one of the first and most used compartmental
models [20]. This model assumes that the population is divided into three sub-
populations: susceptibles, infected, and recovered. Later, several compartmental
models were inspired by the SIR and have been widely applied to research infec-
tious disease outbreaks [10, 11, 18, 36, 44] and to examine potential policy responses.
Since the COVID-19 outbreak, many authors have examined the dynamics of the
disease’s spread in light of various situations [14, 32, 35]. In particular, Ndairou
et al. [32] presented a compartmental model of COVID-19 transmission dynamics
with a case study of Wuhan where they focused on the transmissibility of super-
spreaders individuals. Samui et al. [35] proposed a compartmental mathematical
model to predict and control the transmission dynamics of COVID-19 pandemic
in India. They performed local and global stability analysis for the infection free
equilibrium point and the endemic equilibrium point with respect to the basic re-
production number. Diagne et al. [14] formulated and analyzed a mathematical
model of COVID-19 transmission incorporating two key therapeutic measures: vac-
cination of susceptible individuals and treatment of infected individuals. In their
model, they included a compartment (E) for exposed persons, responsible for the
incubation period. For a model in which the size of the problem is relevant, It is
preferable to attain the same dynamics with fewer compartments for a model. The
dynamics won’t, however, be exactly the same if a compartment (like E) is removed.
In fact, we think that the formulation of the delay equation could better capture the
effect of "delay” brought on by the introduction of new measures (as was the case
with the COVID-19 pandemic), where there is a delay of several days between the
introduction of a new public health order and when its effects start to be noticed.
Additionally, delays may vary according to the stage of the epidemic, resulting in
state-dependent delays. Although we won’t look at such a case here, it is impor-
tant to first grasp the case of constant delay, which is what this present effort is
trying to do. Furthermore, from a mathematical perspective, such a formulation is
intriguing. Several authors have reflected on this matter by studying the existence
of solutions and bifurcations of time-delayed compartmental models [7, 19, 24, 27].
Furthermore, many studies seek the most effective strategy for reducing infection
rates while minimizing implementation costs [9, 25]. However, all these works didn’t
take into consideration the spatial diffusion that is crucial to the propagation of epi-
demics and must be taken into account when implementing control strategies (for
instance, an area that containts more infected individuals needs more attention).
As a result, some authors [2-5, 16, 21, 22] investigated spatiotemporal models in
which the disease spread was represented as a system of reaction-diffusion equa-
tions. However, to our knowledge, no deterministic model has treated an optimal
control problem that takes into consideration simultaneously the spatial diffusion
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and time delay in state variables. Incorporating delays and spatial diffusion allows
for a more realistic representation of disease spread, as COVID-19 transmission is
influenced not only by time-dependent processes (e.g., latent periods, temporary
immunity) but also by spatial factors such as population movement and geograph-
ical clustering. Delayed models account for the latency period between infection
and the onset of symptoms or infectiousness, which is crucial for modeling real-
world disease spread and intervention timing [23]. The delay helps align the model
with real epidemiological progression, as studies indicate that latent period impacts
disease dynamics [18]. Ignoring delays would lead to an unrealistic representation,
especially for diseases like COVID-19. Furthermore, this spatial-temporal approach
enables us to optimize control measures like vaccination and hospitalization based
on both position and time, offering practical insights into spatially adaptive public
health strategies. In this work, we propose and analyze a spatiotemporal epidemic
model with a Holling type-II saturated incidence rate and time delay in which we
incorporate two measures: vaccination and hospitalization of severe cases, as an ex-
tension of the model presented by Diagne et al. [14]. The Holling type-II functional
response is used here to capture the saturation effect observed in disease transmis-
sion [18]. In real-world scenarios, as susceptible individuals increase, contact and
transmission rates do not scale linearly due to factors such as healthcare capac-
ity limits and behavioral changes in response to rising case numbers. The Holling
type-1I incidence rate, therefore, provides a more accurate description of COVID-19
transmission, particularly under conditions of high incidence where linear models
fail to capture this saturation effect. We formulate the optimal control problem
as a system of delayed reaction-diffusion equations. We verify that this problem is
mathematically and biologically well-posed, then we demonstrate that the system
has a unique strong solution, and we characterize the optimal controls. We conclude
our work by presenting numerical simulations for different scenarios to control the

spread of COVID-19.

2. Mathematical model

Herein, we first present the mathematical model that describes the dynamics of the
infectious disease. The population is distributed as follows: susceptible, vaccinated,
infected with no severe symptoms, severe cases that required hospitalization, and
recovered individuals. We assume that the initial population is in a bounded region
2 in R? with a smooth boundary 0f2 and that the habitat is spatially heteroge-
neous. Furthermore, we suppose that the populations in every compartment diffuse

respectively with coefficients dy, da, ds, dy and ds. In each position = (21, x2), the
SI(xt=0) o s VI(t=()

+al(z,t—C) + 1+ad(z,t—C)
where ( is the latent period and 1 — § is the vaccine efficacy. The incidence terms
ﬁ_sall(&t;_cg) and 0 16_‘;5%;2?5 describe the Holling type II incidence rates associated
respectively to susceptible and vaccinated subpopulations where g is the transmis-
sion rate. Both incidence terms include a time-delayed factor (¢t — () to realistically
model transmission rates based on infectiousness onset. By incorporating a delay
in the incidence, the model effectively captures the staggered nature of COVID-19
transmission, where infections in various spatial locations reflect not only current
cases but also cases arising from earlier periods due to latent infections. Addition-
ally, the model accounts for the dynamics of immunity loss through the term AR,

number of newly infected per time unit is proportional to 1
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which signifies the gradual waning of immunity over time. This aligns with the
biological reality that individuals who recover from infection may lose their pro-
tective immunity, leading to a transition back into the susceptible compartment at
a rate proportional to A. Clinical trials for COVID-19 vaccines initially reported
high efficacy rates shortly after completing the vaccination regimen [29]. However,
subsequent studies revealed a gradual decline in antibody levels and neutraliza-
tion capacity against emerging variants over time, with significant waning observed
around the three-month mark [39, 43]. This decline results from a reduced ability to
respond to future infections, compounded by decreasing antibody levels. While the
presence of antibodies is an important indicator of immunity, the immune system
also relies on memory B cells and T cells for long-term protection. A quantifies the
rate of immunity loss, ensuring that the model accurately captures the epidemi-
ological implications of waning immunity on the dynamics of disease spread and
control.

Using the above assumptions we propose our model with Neumann boundary
condition:

0S(w,t) = dy AS + IT — LEHEO 4 AR — (v 4 1) S,

1+al(z,t—C
0V (x,t) = do AV + 08 — 5% —uV,
(o) = b+ S A — e L 0

8tIs($7t) = d4 Al + T(l - 5)1 - (7 +d+ /,(,) I,
OiR(z,t) = ds AR+ vIs +r&l — (A + p) R.

0,8 = 0,V = 0,1 = 0,1, = 0,R =0, on 00 xR". (2.2)

where 7 is the outward unit normal vector on the boundary.

Let 1, 12,13, 14, 15 be nonnegative, bounded functions on 2 x [—(, 0] such that
Y = (1,2, ¥s3,14,15) € C ([fC, 0],C (ﬁ, R5)) and (6, .) is uniformly continuous
for 6 € [—(,0]. The initial conditions are given, for all (z,0) € £2 x [-(, 0], by:

S(xvo) =¢1(’I,9)7 V(a;,@) = 1#2(33’9), I(JJ,@) = 1/)3(3779)’

Is(z,0) =¢4(x,0) and R(z,0)=5(x,0). (2:3)

3. Basic properties

Let us define:

= (£17€27‘€37£47€5) - (Sv V7]7I57R)'

If we consider the function ¥ defined by :

U(t,P) = (V1(t, D), VUa(t, D), Us(t,P), Vu(t,P), Us5(¢t, D)) (3.1)
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Symbols Meaning
I Birth rate
o Saturation rate
W Natural death rate
B Transmission rate
o4 Recovery rate due to treatment and hospitalization
v Vaccination rate
1-96 Vaccine efficacy
r Rate at which individuals leave the infected compartment
ré Rate at which the infected individuals recover without hospitalization
d Disease induced death rate
A Loss of immunity rate
¢ Latent period
Table 1. The different parameters and constants
with
Uy (t, ®)(z) = 11 — BELEDPE0) 4 A5 (2,0) — (v + 1) ®1 (,0),
Us(t, ) (x) = vy (w,0) — §2L2LDPUE0) 1y (,0),
Wy (t, @) (v) = LU0 SEREI 0 (1t p) by (2,0),  (32)
U4 (1,0)(x) = (1 — ©)Pa(2,0) — (v + d + ) b (x,0),
U5(t, @)(x) = réEP3(x,0) + 7P4(x,0) — (A + p) Ps5(, 0),
and

D= (¢17¢27©3)¢4a¢5)3

then the problem (2.1)-(2.3) can be written in the form:

where

(1) = ALE) + (L, 0), t>0,
E() = ¢7

(3.3)

¢; denotes the continuous function given by £,(8) = £(t + 0) for 6 € [—(,0]

and A is the following linear operator:
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dA 0 0 0 0
0 doA 0 0 O
0 0 dsA 0 0
0 0 0 dsA O
0 0 0 0 dsA

Since W is locally Lipschitz, we deduce from [47] that the problem (2.1) - (2.3)
has a unique noncontinuable solution. Moreover, by the maximum principle we can
show that this solution is nonnegative and admits upper limit.

4. Stability analysis

First, we linearize the dynamical system (2.1) around arbitrary steady state E(S,V,
I,I,,R) for small space and time dependent fluctuations and expand them into
Fourier space. For this, let {(x,t) = ePtti(kaizitka,22) 0 where p is the frequency,
ks, and k., are respectively the wave parameters in the directions x; and x2 such
that = = (z1,72), and £ = (S,V, I, I, R). Substituting £(x,t) in (2.1), we get the
following characteristic equation:

b B kit O T v
v o+t k2dy (1135;::?)2 0 !

det e P -tttk O 0 ="
0 0 ~r(1-§  pty+d+ptkid O
. 0 e N T

(4.1)
with k2 = k2. + k2,

4.1. Disease-free equilibrium

Using the next generation matrix method, the basic reproduction number of disease

in the absence of spatial diffusion is given by: Ry = %. The model always
admits a disease-free equilibrium (DFE) Ey = (Sy, V4, 0,0,0) = (vfu u(v+u) 0,0,0)

which is feasible. The characteristic equation associated to system (2.1) and evalu-
ated at Ej is given by:

II(p+ ov) _
(p+v+p+k2di) (p+ p+k2ds) (p—l—r—i—u—i—kidg—me PC),

(v + 1)
(p+y+d+p+kids) (p+ X+ p+kids) =

The solutions p1(k,) = —(v + p) — k2d1, pa(ks) = —pu — k2da, p3(ks) = — (v +
d+ p) — k2dy and py(k;) = —(X\ + p) — k2ds are negative. Let us define R,, (k) =

IT(p+6 r
u(r+€i+§céd3)v()v+u) - r+ui£§d3 Ry. Assume that Ry < 1 (which implies that R, (k,) <
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0) and let us suppose that the equation p + r + p + k2dz — %e_pc =0 ad-
BII(p+6v)

mits a solution ps(k;) such that Re(ps(k;)) > 0. Then Re(ps(ky)) < R,

kids —r —pu = (r+u) (Rm(ks) — 1) < 0. We obtain a contradiction which implies
that: Re(ps(kz)) < 0 for all k,. Hence Ey is asymptotically stable. If Rg > 1
then, by using the intermediate value theorem, we can show that the equation
p+r+p+ k2ds — BI(WAd) =p¢ — () has a positive real root if k, = 0. Hence FEj

! w(v+p)
is unstable.

Let us now analyze the stability behavior of Ey at Ry = 1. The characteristic

equation associated to (2.1) and evaluated at Rg =1 and 8 = % = p*
prutp+kid 0 — B g 0 -\
—v  ptutkid, *5(*3:5) e e 0 0
det 0 0 p+ k2ds 0 0 =0
0 0 —r(1=¢&)  ptytdtptkd 0
0 0 —r —y PN+t ks

has five negative roots. Hence, we proved the following result:

Theorem 4.1. If Ry < 1 then the DFE Ey is asymptotically stable, and it is
unstable if Ry > 1.

4.2. Endemic equilibrium

Let us determine under what conditions does the system (2.1) admits an endemic
equilibrium F4 (5S¢, Ve, I¢ I¢, R®). We make the right side of the system (2.1) equal
to 0 which is rearranged to obtain:

¢ = (MG ) ) (2 +obn)

V= 04 (8 et 25 )+ e ),

o — ra-or
s = rdi

e __ Tf(d+#)+’77’ e

R = srworarm

I¢ is given by the quadratic equation:
AgI®® + A I+ Ay = 0, (4.2)

where

_ Ayr(1 =€) g . .
A2_<(A+u)(w+d+u)+x+ﬂ ( +M))(u 1+ 68) <0,

=Gt 69) + o4 09) (G 0+ S - )
_ “2(2; ) (av+ u) + 68).

Ao =17 (u+58) ~ 1201

g ).
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By using Descartes’ rule of signs, the equation (4.2) admits a unique positive real so-
lution I¢ (which means that the system (2.1) admits a unique endemic equilibrium)
if any one of the following conditions is verified:

OA1>0aHdA0>0,
e A; <0and Ay > 0.

Theorem 4.2. The system (2.1) admits a unique endemic equilibrium Ey if Ay #0
and Ay > 0.

The characteristic equation of system (2.1) evaluated at the endemic equilibrium
F is given by:

p° + Bap* + B3p® + Bop® + Bip+ Bo + (Cup" + C3p® + Cap® + Crp+ Cp) e =0
(4.3)

where

(0+1)BI°
By = A
1=rt+ut+y+d+A+5u+ - al*
opI°©

14+ al®

9

ot )<r+u>+w+d+um+u>

/86
14 al¢

Ie
+< 5 +u+’y+d+/\+3u>(

2
[+ al ++“>

pIe
i 2u
(1 Ie—f—u—i— )(’y—&-d—i—A—i— )

pI
1+ al¢
6pI°
o7 +u+7+d+)\+3,u> (u+ 1+ale) (r+mp)
BI
14+ al®

4
(146_ [e+u+u>(7+d+,u)()\+u)_)\r§
N

{( +d+p) AJru)+<

(15 —_ +2u)
s (57

BI°
+r+2u) <1+a16+“+“ (y+d+ ) (A + )

+u+u) (v+d+>\+2u)]

1+ ale
_ ArpIe
1+ al®

5 (S
eas )+ +e (e out 20
o1°

1+ al®

slorarnorm

3pI°
(u+ lfaF) (r+p),

+u+u) (7+d+)\+2u)]

e

53I¢

By = +U+M>(7+d+u)()\+ﬂ)(u+1+OJ€)(T+M)

1+ ale

BI¢ §BI¢
(Ar&(d + p) + Ary) T ol <u+5u+ T +a[6>
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BSe spI¢ BI® SupBI®
1+ al¢ (7+d+>\+2u)(<u+l+ale 1+a[€+1+ale
pIe
s 0|
_ _BS+opVe
(1+al¢)®’
Se+56Ve ((6+1)BI° §2B321°Ve
3:—ﬁ ki 52 (( + LA +u+’y+d+/\+4,u>+53,
(1+ ale) 1+ ale (I+al°)
BSe +68Ve ([ BI° SpI°
=— d+\
2T T U rare)? \Twar TUFTHATAEI ) (M o
ﬂSeerﬂVe[ ( BIc ) }
— (v +d+p) A+ p)+ +u+ +d+A+2
REPSOE (v w) (A + p) Tt ol w (v 1)
5262Ieve 5[@ ﬁ[a
d+ X d+X\+2
(1+a1e)3<1+ale+“+7+ + +3u>+(7+ + A+ “)1+a16
BSe [ suple N SpI° BI°
1+ale |14+ ale 1+ale) 1+ale]’
ﬁ-[e > :| 52ﬂ2]eve
Ci=|(v+d+p) A+p)+ +u+ +d+A+2 -
= [+ (g tutn) 6 W] |

 BSe+48BVE
(14 al¢)?

- < LB > BS¢ + 6V

pI >
+u+ +d+
14+ ale (l—l-ozIe)Q ( K (’Y ,LL)

1+ al®

% [(W“HAH“) ((’” 1?;) 151;6 * 16—1;&0{;6)
+1_/i];]e (v+d+u)(>\+ﬂ)},
Co=1 —Bkil K * 1(1521) 1 fIaI * ﬁffal;]
+ <1fj;e +u+u> (v+d+p) (A +p) m

B < opIc > BSe +6pVe
14+ al® (1+ale)2

Let us define: By = By + Co, B; = By + C1, By = By + Cy, By = B3 + Cs, and
B4 = By + Cy.

Theorem 4.3. The endemic equilibrium E4 is locally asymptotically stable for ( =
0B, >0, ByBs — By >0, (ByBy — ByB;3)/By > 0, and (B,B; — B,)B,/B, —
(ByB, — ByB3)B, /B, > 0.

Proof. If ( =0, then the equation (4.3) reduces to:
p° 4+ Byp* + Byp® + Byp® + Bip+ By =0

and by using the Routh—Hurwitz criterion, we get the result. O
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Once again, we need to define: Dy, = B? — 2B3 — C%, D3 = B? + 2B; —
2ByBy — C2% + 2050y, Dy = B3 4+ 2BgBy — 2B1B3 — 2CoCy + 2C1C3 — C2, Dy =
B% - 2BoBQ - 012 + 20002 and D() = B(2) - Cg

Theorem 4.4. The endemic equilibrium Ey is locally asymptotically stable for ¢ >
0 Zf Dy >0, DyD3s — Dy >0, (Dng — Dng)/DQ >0, and (D4D3 — D2)D2/D4 —
(D1Dy — DyD3)Dy/ Dy > 0.

Proof. If the endemic equilibrium F; is unstable for a value of ( it follows that,
from [34], there exists 6 > 0 such that p = 6 is a root of the characteristic equation
(4.3). By contradiction, suppose such a root exists. It follows that:

(C36° — C10) cos(0¢) + (Cab* — C26” + Co) sin(0C) = 0° — B30 + B16,  (4.4)
(C40* — C20% + Cp) cos(6¢) — (C30° — C10) sin(0¢) = —B40* + Bo6* — By, (4.5)

which implies:

((C56° — C10) cos(6C) + (Cab* — C26% + Co) sin(6))* = (6° — Bs6® + B16)”,
(4.6)

((C40" — C26% + Cy) cos(6C) — (C36% — C18) sin(6¢))” = (Bs* — B> + By)®.
(4.7)

W

By adding both sides of (4.6) and (4.7), we get:
0'° + D460® + D305 + D26* + D162 + Dy = 0. (4.8)
Let X = 62 the equation (4.8) becomes:
X5 4+ DyX* + D3 X3 + Do X2+ D1 X + Dy = 0. (4.9)

According to the Routh—Hurwitz criterion, because all the roots of the equation (4.9)
have negative real parts if the theorem’s conditions are met, we get a contradiction,
and thus the endemic equilibrium F; is locally asymptotically stable for all ¢ > 0.

O

5. Optimal control problem

The two controls in this section, v and +y, are functions of time and space. The
vaccination strategy implemented focuses on immunizing a sufficient number of in-
dividuals based on their spatial location to effectively eradicate the epidemic. By
considering the spatial distribution of the population, the strategy optimizes vac-
cination efforts to target areas with the highest concentration of susceptible and
infected individuals. This spatially adaptive approach aims to minimize the density
of susceptible individuals, infected individuals, and severe cases while minimizing
the cost of vaccination and hospitalization by focusing resources where they’re most
needed, minimizing wasted efforts and costs. We obtain the following control prob-
lem:
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9,8 = di AS + T — B8@DI@=0) 4 ARy 4) — (v(x,t) 4+ p)S (2, 1),

14+al(z,t—C)
OV = dy AV +v(x,1)S(w, ) — §ETEDELE) iy (a,1),
S(z, T, t— z, z,t— .
at[ = d3AI + ﬁl-(l—(x?(lx(,t—t()o + 56‘(—5—@?(;(,t—t()0 - (T’ + N) I(I, t)? (‘Ta t) €=,

O = da AL + (1 = I(x,t) — (y(x,t) +d+ p) Is(x, 1),

(5.1)

with Neumann conditions:
0pS =0,V =0,I = 0,1, =0,R=0, ondQx]0,T], (5.2)
S =11, V=19, I =13, I, =14 and R = 15 on 2 x [-(, 0], (5.3)

where T represents the final time and = = 2 x [0,T]. The objective functional can
be given by :

T
J(S,I,R,u) = /0 /Q (k1S (2, t) + kol (2, t) + kals(x,t)) dedt 5.0

aq 2 ) 2
Y [ollz22) + 5 I7z2(=) >

where (v,7) € Uga = {(v,7) € L®(Z); 0 < v < Unaz and 0 < v < Ypae o0 E}.

The constants k1, ko, K3, a1 and ao are balancing constants related to cost
factors. Since there is no linear relationship between the effects of intervention
and the cost of intervention (the total cost includes the cost of treatment, beds,
transport,...), we use a nonlinear cost functional. In this sequel, we apply the
quadratic objective functional for measuring the cost of the control as used in several
works [1, 33, 45, 46].

The control variables v and « interact with the state variables in the following
ways:

e Vaccination Impact: The vaccination rate v(z,t) affects the susceptible popu-
lation S directly, as it increases the number of vaccinated individuals V' while
simultaneously decreasing the number of susceptible individuals. The term
v(x,t)S(x,t) in the equation for 9;V captures this interaction, as it indicates
that the vaccination of susceptible individuals is proportional to their current
population density.

e Hospitalization Dynamics: The hospitalization rate y(z,t) interacts with the
severe cases I through the equation for 0,1;. Specifically, v(x,t) represents
the rate at which severe cases transition out of the infected compartment
into the recovered state, thereby impacting the dynamics of both the I, and
R populations. The term ~y(z,t)Is(z,t) indicates that the effectiveness of
hospitalization in reducing the severity of the outbreak is influenced by the
current number of severe cases.
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6. Existence of global solution
In order to reformulate the model (5.1)-(5.3), let:
H= (L),

l = (617627637£4a€5) = (Sa‘/alalsaR)a

and let us consider the following linear operator:

A:DA)CH—H,

dA 0 0 0 0
0 doA 0 0 O

A= 0 0 dsA 0 0 )
0 0 0 dsA 0

0 0 0 0 dsA
where

e gy e 0ttty
D(A){KG(H (©)) e P P =0, aex€dy. (6.1)

The controlled system can be rewritten in the form:
Ol = AL() + U(t, b)), tel0,T],

(6.2)
lo = .

Lemma 6.1. Let X be a Banach space, (T(t))t>0 a strongly continuous semigroup
of bounded linear operators on X satisfying ||T(t)|| < Me“* for allt > 0 (M and
w are fized constants) and let ¢ € C([—¢,0]; X) be a given function. If a function
U : [0, T)xC([—¢, 0]; X) is measurable in the first variable and satisfies the following
conditions:

1. A Lipschitz condition:
||\Ij(t7<)0) - \Ij(tvgé)‘l <L ||Q0 - @” , te [OaT]a 12 55 € C([*QZO],X)
ii. W(.,0) € LY([0,T], X);
iii. There exists a constant K such that: |[¥(t, )| < K for all t € [0,T].

then the initial value problem of abstract integral equation given by:

0t) = TE)W(0) + [ T(t — s)U(s, £y)ds

tel0,T] (6.3)
lo =1

admits a unique solution ¢ : [—(,T) — X.
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Proof. From conditions (i) and (ii), we can see that ¥(t, ) € L'([0,T], X) for all
» € C([—¢,0]; X). Let us define:

e el
£ = {T(twm) e,

and for each positive integer n:

SN 10 te=6,0)
“t)—{ T(6)(0) + fL T(t — 8)U(s, rV)ds , ¢ € [0,T].

By using condition (iii), we can show that there exists a constant K’ such that
(s, £2)|| < K’ for all s € [0,T]. Then for 0 <t <T,

18(t) = (1) < K'e"t

and, by recurrence,
t'n.
||€n(t) _ fn_l(t)H < K’Ln_leanf'.
nl

Hence, the limit £(t) = lim,,—, £"(t) converges uniformly on [—(, T].
To verify that £(¢) satisfies (6.3), notice that:

() — T(t)(0) — / T(t - )U(s, £,)ds|
< Jlet) — e @) + | / T(t — 5)[U(s, £2) — W(s, £0)] ds|

t
< 6() — e (0)]) + LT / 6. — £ ds.

Moreover,
(-em= >, (E6-070).
k=n-+1
It follows that:
t o "
[1£(t) — T(t)1(0) — / T(t—s)U(s,L)ds|| < [1+ Le*Tt] K Y Lk—lekwTE’
0 k=n+1 .
and consequently we obtain £(t) = 0)+ fo (t—8)U(s,Ls)ds for all t € [0,T].

We now prove uniqueness of the solutlon Suppose that Q( ) satisfies (6.3). We
can find a constant K” such that ||o(t) — ¢1(¢)|| < K"t for all t € [0, T]. Then:

_ e 1w A
lo(t) — ()] < K7L lelr DT,

Hence o(t) = lim,, o, £"(t) and we deduce that ¢ = ¢. O
Remark 6.1. ¢ is called a mild solution of (6.2) (see [12]).
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Given that our model describes the dynamics of populations subject to spatial
diffusion and temporal evolution, strong solutions are crucial for ensuring that the
state variables remain well-defined and behave realistically throughout the simula-
tion. This is particularly important in epidemiological models, where continuity and
differentiability can be linked to biological processes, such as the spread of infection
or the response to vaccination. The strong solutions satisfy the differential equations
pointwise and possess sufficient regularity (e.g., continuity and differentiability) re-
quired for the analysis of the system. This implies that the state variables not only
exist but also exhibit smooth behavior over time and space. To demonstrate that
(5.1)-(5.3) admits a strong solution, we need the following result (Proposition 1.1,
p.174, [8])

Lemma 6.2. Let X be a Banach space, A : D(A) C X — X be the infinitesimal
generator of a Co—semigroup and a function g : [0,T] — X.

e Ifzo€ X and g € L' ([0,7T],X), then the problem

Oro = Ao(t) + g(t) te0.T]
0(0) = 0o 7 ’

admits a unique mild solution o.

e If X is a real Hilbert space, g € L*([0,T], X), A is self — adjoint and dissipa-
tive on X, and o9 € D(A), then the mild solution g is a strong solution and
0 € WH2(0,T; X)N L2 (0,T; D(A)).

The existence of a strong solution ensures that the formulated model can produce
meaningful results. Without established existence, the mathematical model may
not accurately reflect the dynamics of the epidemic, rendering any conclusions or
insights derived from it questionable. Moreover, proving the existence of solutions
confirms that the model can adequately represent the underlying biological processes
governing the epidemic spread, thus validating the utility of the model in practical
applications. Furthermore, the uniqueness guarantees that the model’s behavior
is consistent and reproducible. In other words, for given initial conditions and
parameters, there will be a single trajectory of the system over time.

Theorem 6.1. If 0 < £ < 1 and all the other constants in the system (5.1) are
positive and 1 is a given nonnegative bounded function on (2 x [—(,0] such that
¥ € C([-¢,0);H) and ¥(0) € D(A) then, for every (v,v) € Uaq, the problem
(12) — (14) admits a unique strong solution ¢ satisfying: ¢ € WLH2(0,T;H) , ¢; €
L2(0,T; H*(Q))NL>=(0,T; HY(Q))NL>®(Z)andl; > 0on = fori=1,2,3,4,5. In
addition:

3C > 0,9t € 0,1, [10ebill 2=y + Will L2 g0, 7512(02)) + Will 1) + Will o (=) < C-
(6.4)
Proof. Since the function ¥(¢, ¢) defined in (3.1) is not Lipschitz continuous in ¢

uniformly in respect to ¢ € [0, T], we can’t use directly Lemma 6.1 to prove that the
problem (4.9)-(5.2) admits a mild solution. Therefore, we need to use a truncation
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procedure to ¥(t, ). Let us define, for a function h(z,t) and a positive integer N:

D} = {(z,t): =N < h(z,t) < N} h(z,t) , (z,t) € D}
D? = {(z,t) : h(z,t) > N} and hN(z,t)={ N , (z,t) € D}
D} ={(z,t) : h(z,t) < =N} -N , (z,t) € D}

The truncation form of W(t,£;) is defined by:
W () = (01 (1 67), W' (8 0F), U3l (¢, ), R (1, 61), Wt 0F)

is Lipschitz continuous in £ uniformly in respect to t € [0,7]. With Lemma 6.1,
it follows that:

0N = AN (t) + N (¢, 08
‘ ®) t.65)  te0,T) (6.5)
=9

has a unique mild solution ¢V.
Define g(t) = UV (¢, ¢4) for t € [0,T]. Clearly, ¢ equals the mild solution of :

G0 =Ae®) +9t) |
0(0) = (0) s

Since WN(t, ) € L?([0,T],H) and t — ¢4 is continuous on [0,T], we can
show that g € L2 ([0,7],H). The operator A is self-adjoint and dissipative, then,
by the second part of Lemma 6.2, the mild solution ¢V is a strong solution and
N e Wh2(0,T;H)N L2 (0,T; D(A)). We need to verify that this strong solution is
nonnegative, bounded and verifies the results of the theorem. Then we will prove
that it is in fact a global solution for the problem (5.1)-(5.3).

- STEP 1 Positivity of the solutions (i.e., non-negativity of population den-
sities) is essential in epidemiological models, as negative populations would lack
biological meaning. Proving positivity ensures that all state variables—such as
susceptible, infected, and recovered individuals—remain within realistic biological
bounds throughout the dynamics of the model, reinforcing the applicability of the
model in real-world scenarios. We can see that (0,0, 0) is a lower solution of system
(5.1)-(5.3). Then, we deduce that the solution £V is nonnegative.

- STEP 2 The verification of the solutions’ boundedness ensures that these solu-
tions do not diverge to infinity, which could indicate unrealistic biological scenarios
or mathematical instability. This property assures that the model remains within
practical and feasible limits, allowing for meaningful interpretations of the dynam-
ics and the effects of control measures, such as vaccination and hospitalization. To
prove that ¢V € (L*°(Z))°, we denote:

My = max{|\qz$f(t,w)(x)|ym5), 1l e .oy + ¢ = 1,273,4,5}.

Let {T;(t), t > 0} be the Cj semigroup of contractions generated by the operator
B; defined, for i = 1,2,3,4,5, as follows:

B; : D(B;) C L*(Q) — L*(Q),

Bio = d;iAp,
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D(B;) = {9 € H*(Q), %5 =0, a.ein 69}.

The function N (z,t) = ¢N — Myt — || (., 0)[| o< (o) satisfies the Cauchy problem:
OUN (2,t) = d;ATN + N (¢, 0N) — M
NtNl ( ) i i ( t) N te [O,T] (66)
B (2,0) = 6i(2,0) — 640 0) | e o

and the function defined by WN(z,t) = (N + MNt + [4i(.,0)|| o< () satisfies the
Cauchy problem:
0N (2, t) = d;AUN + UN (@t )+ M
_th ( ) i i ( t) N te [O,T], (67)
U3 (2,0) = iz, 0) + [[¥i (-, 0)[| o @)

BN (2,0) = T(2) (3(2,0) = 1640 0) | e ) + / Ty(t — $)(WN (s, ) (@) — My)ds

and

Since we have
1/)(%0) - ”d’i("O)HLOC(Q) <0, \Ijiv(taéji\{)(x) — My < 0,
¥i(z,0) + |9 (., 0) || poo () = 0 and UN (¢, 0%)(z) + My > 0, it follows that:
(V(z,t) € B), UN(x,t) <0 and (V(z,t) € =), UN(z,t) > 0. Then:

V(@) € Z, 16 (2, )| < Mt + [[¢:(, 0)| oo () (6.8)

and we conclude that, SN, VN IN IN RN ¢ [>*(Z

) ) )'
S

- STEP 8 We now show that S € L2(0,7; H?(2)) N L>(0,T; H'(2)). From
(6.5), we get :

I3 [ (065N dsdx + &2 [) [ ||ASN | *dsda — 2dy [y [, 055N ASN dsda
N N 2
= Jo Jo (11 = 2505 4 ARN (2,1) — (u(a,t) + p)S™ (2, 1) ) dsda,

which, by Green’s formula, leads to:

¢ SNIN(z,t — () 2
N2 < _ ﬂ ’ N _ N
dy o VSN[ dx _A /Q<H T+ al¥(@.i=0) + AR (v+u)sS > dsdzx

+d1/ VS (2, 0) 2 da.
Q
Given that SN (z,0) € H%(Q) and SN, IV, RN € L> ([-¢,T] x ), then SV €

L2(0,T; H*(Q)) N L>(0,T; H'(£2)). Using the same reasoning, we get VN IV TN
RN € L0, T; H*(Q)) N L>(0,T; H*(Q)).
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- STEP 4 Let us show that the problem (5.1)-(5.3) admits a local solution. From
(25), we have:

By choosing N to be a positive integer such that:

N 2 2 max {le(aO)HLw(Q) 7i = 17233a4a5} (69)

and by choosing a constant 7" € [0, T] such that 21" My < N, it follows that:
V(z,t) €2 =Qx[0,T], (N (x,t)| <N, (6.10)

and therefore, the problem (5.1)-(5.3) admits a local solution ¢ such that ¢~ (x,t) =
((z,t) for all (z,t) € &
- STEP 5 The local solution ¢ of (12) — (14) is in fact a global solution. It
suffices to prove that S, V, I, Is and R are uniformly bounded with respect to T
From (12)-(14) we have:

8158 - dlAS S Ml; te [OvTI]’

0,5 =0, (6.11)
S(z,0) = Y1 (x,0) < sugwl(x,O),
xe
where My = ||II + AR|\LOO([_C7T,]XQ). Using the comparison principle, we have

for all (z,t) € E: S(x,t) < suphy(x,0) + Myt < supyy(z,0) + MyT. Tt fol-
€N e

lows that S is uniformly bounded with respect to T Similarly, we prove that
V,1,1s and R are uniformly bounded with respect to T'. Therefore (s a global non-
negative strong solution of (5.1)-(5.3) and £ € WH2(0,T;H), ¢; € L*(0,T; H2(Q))N
L>(0,T; HY(Q2)) N L*>°(Z), and the inequality (6.4) holds for i = 1,2, 3,4, 5. O

7. Existence of optimal solution

Let us study the existence of optimal controls that optimize the objective functional
defined in (5.4).

Theorem 7.1. The problem (5.1)-(5.4) has an optimal solution (¢*,v*,v*) under
the same conditions as Theorem 6.3.

Proof. Let J* be the finite constant defined by:

J*= inf {J(lv,7)}. (7.1)
(U77)6Uad

Let us consider a sequence (£, v™ ~v™) where:

1
V" " € Upg, €7 € WH2(0,T; H(Q)), J* < JU™, 0™, ") < J* + - (7.2)
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n n 07 (z, )05 (z,t— n n n
Ol = dy ALY + IT — B0 A (w,8) — (0" (2,8) + p) 4 (1),

" " n " 05 (2, t)e% (x,t— "
Oty = da AlG + v (2, )0} (2, 1) — 5% — ply (),

0ty = dg Aly + HHEJECAE) 4 6BEEQELED — () (1), (T3)
ey = dy AL +1(1— )3 (,1) — (" (2, ) + d + ) E3(a, ),

Oy = ds ALY + r&ly (x, t) + 4" (w, )0} (2, 1) — (A + p) €8 (,1).

Ol = Oply = Oply = Oply = 0ty =0, (z,t) € 0 x [0,T]. (7.4)
0 (z,0) = ¢i(z,0) >0,
for all (z,0) € Q x [—¢,0] and i = 1,2,3,4,5.
By using (6.4), (7.3) and the boundedness of 1; on Q x [—¢, 0], one can find a
constant K verifying:

|| /Q ()2 (2, t)der /Q ()2, s)dal| < K|t — s, (7.6)

which implies the equicontinuity at ¢ of {¢}, n > 1} and {¢}*, n > 1}, fori = 2, 3,4, 5,
similarly. Combining this with the relative compactness of {¢I',n > 1} in

C ([0, T]; L*(2)) we deduce the existence of £* € (C ([0, T] ;LQ(Q)))5 and a subse-
quence of (¢™),>1 such that:

0" — 0* uni formly in L*(Q
ALY — AL* weakly in L*(Z
o™ — O weakly in L*(Z),
" — 0% weakly in L*(0,T; H*()),
(" — 0* weakly in L>=(0,T; H*(Q)).
Furthermore, &7 (z, £ (2, — ) — £ (&, )5 (2, — €) = (03 (,2) — £ (2, 1)) 3w, —
Q)+ Uiz, t) (5 (w,t = ¢) — L5(x,t — () .
The boundedness of ¢} in L>°(Z) and ¢4 in L (2 x [—(,T]) combined with the
convergence ¢ — (i in L?(Z) and the convergence ¢§ — (3 in L*(2 x [-¢,T)),
implies:

);
)

9

O ()05 (.t = ) = £ (@, )5 (2, t = ) in L*(Z).
Similarly, we show that: €5 (z, )¢5 (x,t — () — £3(z, t)05(x,t — ¢) in L*(2).
On the other hand, L?(Z) is reflexive, then there exist two subsequences v™ and
~™ for which:

(", ") = (v, ") weakly in (LQ(E))z,
then v*,v* € U,q due to weak closedness of U,q. Moreover:
VT — 0 0 in LA(5),
YUY — 0 in LA(5).
By applying the Aubin compactness theorem [38] and by verifying that
J( 0" y") < Jof J(,v,7),

we conclude that (£*,v*,v*) is an optimal solution. O
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8. First-order necessary optimality conditions

Let us start with the following lemma:

Lemma 8.1. Suppose that all conditions of Theorem 6.3 are satisfied. For any
(v,7) € Uga, set (v5,7%) = (v*,v*) +¢e(v,7) € Uuq with e > 0. Then (5.1)-(5.3) has
a unique strong solution (¢ = ({5, 45,405,053, (%) associated to (v°,~v%). Moreover, (¢

is uniformly bounded with respect to € in =.

Proof. From (5.1)-(5.3) we have:

ol —di Al < M5 t € 0,17,
Onti =0, (8.1)
6 (2,0) = 1(x,0) < SU£Z/11(1’,0)7
e
where M5 = ||IT + )‘R”LW(QX[—(,T])' Using the comparison principle, we have for

all (z,t) € Q x [0,T]: £5(x,t) < supypr(x,0) + MsT. It follows that ¢5 is uniformly
€N

bounded with respect to e. Similarly, we can show that (5, ¢5, ¢5 and ¢; are
uniformly bounded with respect to €. O
Let ¢ be the solution defined in Theorem 6.3. Define the following mapping:

T Uug — W20, T5H),
(v,7v) — ¢.

To derive the first-order necessary conditions for the optimal controls, we prove the
Gateaux differentiability of 7 on Uggq.
Let e > 0, (v,7) € Uqq and (v°,7°) = (v*,7*)+€(v,7) € Una. Let o = L(¢5—1*)
where £¢ = T'(v¢,~¢) and £* = 7' (v*,7*). Then we get:
£ £ 03 (z,t— € (3 £
0r0f = d1Ao] — (ﬂ%JrﬂJrU ) 0§ + Aok
- ﬁKTE?f('Ta t— C)Q%(J?,t - C) - Ej{“a
e __ c € e 45 (z,t—¢) 5
905 = d2 g5 + v 0f — (fwm + H) 03
- 5ﬁ£§E§(Z‘, t— C)Q%(J?,t - C) + Zjlﬂu7
905 = da/\ EJFB 25 (z,t=¢) €+5ﬂ L5 (z,t=¢) 57( + ) 8.( t)E =
t03 3803 TFalz (z,t—0) 01 Trals(z,t—0) L2~ I T H)03 5 (T, =
+ (841 + 6863) E5(x,t — Q)o5(x,t — Q)
Or05 = daloi +7(1 —&)0§ — (d+ p+ 7)o — 67,
9r05 = dsAg§ + 1605 + 7705 — (A + p)es + 417,

(8.2)
where B§ (7t — () = (e~ me ) /(6 w-0O—Ewi-0),

Op 0] = 0,07 = 0nof = Onof = 0poi =0 on 0N x[0,T], (8.3)

oi=0=03=01=05=0 on QxI[0,T]. (8.4)

We first prove that the solution of (8.2) is bounded. We need the following notations:
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1;%%((2?;2)) —pvt 0 0 0 A
v TraGeg —n 0 0 0
Iy = 1-%3@(:(;9@ 1?523(:(6;;—% —reH 0 0 ’
0 0 r(1—¢§ —d—p—v 0
0 0 ré ¥ “A—pu
00 —BLES(z,t—C) 00

00 —0BGES(z,t—C) 00
Fy =100 (86 +6p65) ES(x,t—¢) 00 |,

00 0 00
00 0 00
—5 0
0
Fz=1 0 0 |,

0 —

0 £

to rewrite system (8.2) under the following compact form:

0r0° = Ao® + F{(t)o° (1) + F5 (t)o° (t — O) + Fs(t) (v(t),7(t)" , t € [0, 7], (8.5)
=0 on[=¢0],

of which the unique solution, as seen before, is:
t t
c0) = [ T @@t [ T 9F - Ods (50)
0 0
t
+ [ 7= 9Rs) w02 0) s,
0

where {T(t), t >0} is the Cy semigroup generated by the operator A. Using
Lemma 8.1, one can show that there exist constants Mg, M7, Mg > 0 such that:

t t
e sy < Mo [ 1y + Mr [ 6" = Oll s + M
t t
§M6/O ||Q€(5)||L2(Q)d5+M7/O o™ ()l 20y ds + Ms

t
< Mg + 2max(M67M7)/ ||QE(S)||L2(Q)dS
0
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and applying Gronwall’s inequality, we deduce the uniform boundedness of g° in
L?(Z). Furthermore, given that :

165 = €1l 2 =) = ellefll o o), (8.7)
we can deduce that:

F = 0% in L*(5).

e—0

Let F; and Fy be two matrices defined by:

% E— 0 0 0 A
* _5B€* ("L‘7t_<)
v (1+alz(m,t7() —H 0 0 0
_ B (w,t—C) 38, (2,t—C)
= THali(z1-0) Tralimi T H 0 0 '
0 0 rl—¢ —d—pu—v* 0
0 0 ré y* —A—pu
—Be;
00 (1+a£§(z,tfg))2 00
00 —2P% 00

(1+a£§(z,t7())
=100 BEI+0BL; 0o |
(1+a£§(z,t7§))2

00 0 00
00 0 00

The solution of:

Oro = Ag + Fi(t)o(t) + Fa(t)o(t — ¢) + F3(t)(v(t),y(1))" ,t€[0,T],
=0 on[=(0]

verifies:

From (8.6) and (8.9):

t

o°(t) —o(t) = | T(t—s)Fi(s)(e(s) — o(s))ds

T(t = s)F5(s) (¢°(s = () — o(s = () ds

+

+ [ T(t—s) (Fi(s) — Fi(s)) o(s)ds

+
Nﬁc\
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+/0 T(t — s) (F5(s) — Fa(s)) o(s — C)ds
:/O T(t — s)F£(s) (0°(s) — o(s)) ds
t—¢
n / T(t — s — () F5(s +¢) (¢°(s) — o)) ds
—¢

+ /O T(t — 5) (F£(s) — Fi(s) o(s)ds
+/O T(t — ) (F5(s) — Fa(s)) o(s — C)ds.

F} and F$ are uniformly bounded with respect to € in = and tend to F} and F;
when € — 0. By applying Gronwall’s inequality, we get:

o© — o in L*5). (8.10)

e—0

Moreover, /
o=7 ((v*,7"))(v,7). (8.11)

Theorem 8.1. The functional J defined in (5.4) is Gateauz differentiable in U,gq.
Furthermore, if (0*,u*,v*) is an optimal triplet, then the adjoint problem.:

Ohp=—Ap—F{()pt) — L) F5(t+ Opt +C) —

1) —0 €[0,7] (8.12)
p(z,T) =

T
associated to (5.1)-(5.4), where K = (/@1’ 0, k2, K3, 0) and, for any set X, 1X(.)
is the indicator function of the set X, has a unique solution p = (p1, p2, p3, pa, p5) "~
Wh2(0,T;H) with p; € L?(0,T; H*(Q)) N L>=(0,T; H(Q)) for i = 1,2,3,4,5. In
addition:
v* = min ( Vpax, max (O, 52 )

)
! (8.13)
))-

* : I\.
Y = NN | Ymax, Max (07 s (p4 - P5

Proof. STEP 1 Lett =T —tand v;(t',x) = p;(T—t',x) = pi(z,t) for (z,t) € =.
Following a reasoning similar to the proof in [16], we deduce the first part.

STEP 2 Let (¢*,v*,+*) be an optimal triplet and let ¢ = ({5, 65, 05,05, ¢5) =
Y (ve,~°) where (v°,7%) = (v*,v*) + €(v,7) € Usq. We get the following:

J/(U*,’y*)( ’Y) _ hn%) i (J(’UE,’YE) _ J(U*,’y*))

= lim - (/ / k1(0] = 07) + ko(€5 — £3) + kg (05 — £5)] dxdt

e—=0 ¢

o [ - e w2 [ (o WQ

:/ / [k101 + K203 + K304] dxdt+/ / [arvv™ + agyy*] dadt
o Ja 0o Ja
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T

T
Kgﬂﬁ+/<mw%®ffxuwﬂmmym
0 0

T
:/ P ot at — Ao — Fi(t)o(t) — Fa(t)o(t — Q))ndt
0

+ (1™, a7y )T ) (U7V)T>(L2(Q))2dt

S—
5

T

T
(p, F3(v,7) >Hdt+/ (10", a29") ", (0,7)7) (122t
0

/
T
A<%m@wﬁhmmwﬁ+A<wwﬂwffwuﬂ5@mml

We deduce the characterizations of v* and v*:

S*
v* = min (vmax,max (O — (p1 — pg)))
* : I*
7Y = 1N | Ymax, INax O — (p4 - P5)

9. Simulation results

9.1. Parameter values and model simulation

To solve the COVID-19 epidemic model, we utilize the finite difference method
(FDM) and the forward-backward sweep approach [28], enabling numerical approx-
imation of the model’s partial differential equations. The FDM approximates deriva-
tives at discrete grid points, transforming the governing equations into a system of
algebraic equations that can be solved numerically. For spatial discretization, the
spatial domain is divided into a grid with uniform spacing (Az) and (Ay), while the
temporal domain is discretized with a time step (At), employing the forward Euler
method for time integration. The forward-backward sweep method consists of three
main steps. In the forward sweep, we solve the state equations from the initial
time (¢ = 0) to the final time (¢t = T), generating the trajectory of state variables
across time and space. Here, control variables—vaccination v and hospitalization ~y
are applied according to the model dynamics to influence the spread of the infection.
The backward sweep then involves solving the adjoint equations in reverse from
(t =T) back to (t = 0), using results from the forward pass to inform adjustments
in control variables. This iterative process leverages gradients obtained from the
adjoint equations to refine the control strategies, aiming to minimize the density of
susceptible, infected, and severe cases while meeting convergence criteria (such as
tolerance levels, maximum iterations, and cost function evaluations). For a practi-
cal illustration, we simulate COVID-19 propagation over a (60 km x 50 km) region,
assuming initial infections occur at two specific locations: (€ = cell(45, 30)) and
(Q2 = cell(2,2)). The controlled and uncontrolled epidemic scenarios are simulated
over 180 days, with intervention measures implemented from day 30 onward. Tables
2 and 4 provide the specific parameter values used for the simulations.

Table 3 shows the summary of infected individuals with no severe symptoms,
severe cases, and total deaths by the end of our simulations.
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Compartment Initial Value
Susceptibles | 450 for x € Q; and 500 forx ¢ €, i=1,2
Vaccinated 0forze; and O forxgQ;, i=1,2
Infected 40 forx €Q; and O forz ¢ Q;, i=1,2
Severe cases 10 forxa e Q; and O forzx¢Q;, 1=1,2
Recovered 0forzef; and O forxgQ,;, i=1,2
Total 1500000
Table 2. Initial population distribution
Scenario Infected (I) | Severe cases (Is) | Deaths Cost
Without control 41433 164345 324452 0
Hospitalization 55697 29387 84246 | 632179493
Vaccination 31573 106584 171290 | 35048016
Both controls 36766 20065 43324 | 356899817

Table 3. Simulation results of infected individuals with no severe symptoms, severe cases, and total
deaths for the different scenarios by day 180

9.2. Interpretation of results

Without intervention, the virus spreads across all regions, leading to a rapid esca-
lation in the density of severe cases. By day 180, the cumulative death toll reaches
324,452,

To evaluate the comparative effectiveness of vaccination and hospitalization as
control strategies, we consider three distinct scenarios. In the first scenario, patients
with severe symptoms receive hospitalization, factoring in the limitations of health-
care resources and bed capacity. This approach results in a substantial decrease in
the density of severe cases, ultimately preventing approximately 240,206 deaths.

In the second scenario, vaccination is implemented as the sole intervention. Nu-
merical simulations indicate that while this strategy is more cost-effective, it is less
impactful in reducing severe cases and mortality, as it lacks targeted treatment for
individuals with severe symptoms.

Lastly, the combined application of both vaccination and hospitalization yields
the most favorable outcomes. This integrated approach not only proves to be more
cost-effective than relying on hospitalization alone but also significantly reduces
both the number of severe cases and fatalities, demonstrating the benefits of a
multifaceted control strategy.
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Parameter Value Reference

¢ 5 days [48]

o 0.15 day [49]

B 0.0115 [31]
1-9 0.8 assumed

3 0.8 day—! [42]

T 0.222 day ! [30, 41]

n 1500009 people.day ! km 2 [13]

1 o535 day ™! [17]

d 0.014 day~! [40]

A 0.011 day~* [37]
Umaz 0.5 assumed
Ymaz 0.071 [40]
a1, g 20, 1500 [6, 26]

K1,k2,K3 1,1.5,1.5 assumed
dy,do,d3,ds 0.5 km?.day ! assumed
dy 0.1 km?.day ! assumed

Table 4. Parameters used in the simulations
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9.2.1. Without control strategy
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Figure 1. Severely infected population I; dynamics through time and space when no strategy is used.
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Figure 2. Temporal evolution of Iy when no strategy is used.



972 A. Alabkari, A. Kourrad, K. Adnaoui & H. Laarabi

9.2.2. Hospitalization
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Figure 3. Severely infected population I dynamics through time and space when we rely only on
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Figure 4. Temporal evolution of Iy when we rely only on hospitalization.
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Figure 5. Hospitalization rate v through time and space when we rely only on hospitalization.
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9.2.3. Vaccination
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Figure 7. Severely infected population I; dynamics through time and space when we rely only on

vaccination.
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Figure 8. Temporal evolution of Iy when we rely only on vaccination.
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Figure 9. Vaccination rate v through time and space when we rely only on vaccination.
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Figure 10. Temporal evolution of vaccination rate v when we rely only on vaccination.
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9.2.4. Both control strategies
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Figure 11. Severely infected population Iy dynamics through time and space when we use both strate-

gies simultaneously.
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Figure 12. Temporal evolution of I when we use both strategies simultaneously.
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Figure 13. Vaccination rate v through time and space when we use both strategies simultaneously.
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Figure 15. Hospitalization rate v through time and space when we use both strategies simultaneously.
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Figure 16. Temporal evolution of v when we use both strategies simultaneously.

9.3. Model response to parameter modifications

To further investigate the model’s responsiveness to changes in key parameters, we
examine the effects of varying the saturation rate «, highest feasible rate of vacci-
nation v,,q; and highest feasible rate of hospitalization ;4. By adjusting these
parameters to specific, plausible values, we aim to observe the resulting dynamics
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in infection spread, control effectiveness, and healthcare demand. This approach
allows us to test how variations in «, Ve and Ymae influence model behavior in
both controlled and uncontrolled epidemic scenarios, providing insights into how
flexible control strategies may better adapt to real-world conditions.

9.3.1. Increased hospitalization and vaccination capacity

This subsection explores the effects of increasing the maximum hospitalization rate,
Ymaz, and the maximum vaccination rate, v;,qz, on infection control and severe
case outcomes. By simulating scenarios with enhanced capacity, we aim to assess
the potential for reducing severe cases and mortality under higher intervention ca-
pabilities. Key findings include:

- Enhanced Containment of Severe Cases: Increasing ,,q. allows for a greater
number of individuals with severe symptoms to receive timely care, resulting in a
substantial decrease in the density of severe cases. This, in turn, significantly re-
duces overall mortality, while avoiding any significant increase in costs, by improving
treatment accessibility during peak infection periods.

- Impact on Infection Dynamics: Higher v,,, accelerates the vaccination rollout,
which quickly boosts immunity in the population. This faster immunization rate
effectively lowers transmission rates, thereby decreasing the infection spread more
rapidly compared to scenarios with lower vaccination rates.

- Synergistic Effects: The simultaneous enhancement of both gamma,., and
Umag Offers the best outcomes, as it combines immediate treatment for severe cases
with preventive immunization. This dual approach significantly reduces the overall
infection burden while maintaining cost-efficiency by limiting the progression to
severe cases and accelerating the decline of the susceptible population.
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Figure 17. Temporal evolution of I, I;, v, and v when we use both strategies simultaneously with
a = 0.15, Vmaz = 0.8, and vypmaee = 0.14
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Scenario Infected (I) | Severe cases (Is) | Deaths Cost
Without control 41433 164345 324452 0
Hospitalization 57525 16594 49387 | 718160376
Vaccination 31092 105371 170155 | 35377789
Both controls 36500 10680 26414 | 403734701

Table 5. Simulation results of infected individuals with no severe symptoms, severe cases, and total
deaths for the different scenarios by day 180 with a = 0.15, vz = 0.8, and vpmaz = 0.14

9.3.2. Effects of elevated saturation rate

This subsection examines the impact of increasing the saturation rate « in the
Holling type-II functional response, which influences the interaction between the
susceptible and infected populations. The saturation rate a represents the rate at
which the functional response diminishes as the infected population increases. Vary-
ing this parameter allows us to understand how it affects the epidemic dynamics,
particularly the spread of the infection and the burden on the healthcare system.
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Figure 18. Temporal evolution of I, I;, v, and v when we use both strategies simultaneously with
a = 0.8, Vymaee = 0.8, and Vmaz = 0.14.

- Increased Infection Control Efficiency: A higher saturation rate o implies that
the transmission rate becomes less sensitive to increases in the infected population.
This results in a more efficient control of the epidemic and leads to a reduction in
the overall number of infections over time, making it easier to manage the epidemic
with available healthcare resources.

- Impact on Intervention Strategies: Increasing « can also alter the effectiveness
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of vaccination and hospitalization strategies. While higher saturation rate may
reduce the overall burden of the infection, the timing and scale of interventions
must be adjusted to account for possible extended duration of the epidemic.

Scenario Infected (I) | Severe cases (I5) | Deaths Cost
Without control 35794 120598 180246 0
Hospitalization 40746 11885 28434 | 411453332

Vaccination 12670 34434 44423 | 32729792
Both controls 13013 4612 7946 134223251

Table 6. Simulation results of infected individuals with no severe symptoms, severe cases, and total
deaths for the different scenarios by day 180 with @ = 0.8, vymaz = 0.8, and vmaz = 0.

10. Conclusion

In this study, we developed a delayed spatiotemporal epidemic model with a Holling
type-II saturated incidence rate, applicable to epidemics such as SARS and COVID-
19. The model incorporates features like temporary immunity, vital dynamics,
vaccination, and hospitalization. We established the model’s mathematical and
biological well-posedness and demonstrated that the basic reproduction number Ry
determines the local stability of the disease-free equilibrium: it is stable if Ry <1
and unstable if Ry > 1. For a latent period (, we derived the conditions for
asymptotic stability of an endemic equilibrium if ( = 0, and we demonstrated
that this equilibrium is asymptotically stable independently of ¢ when ¢ > 0 and
some inequalities hold. We formulated an optimal control problem to minimize
epidemic spread and associated costs through vaccination and hospitalization rates
dependent on both time and spatial location. Existence and uniqueness of solutions
were demonstrated, along with first-order necessary conditions and optimal solution
characterizations.

Using COVID-19 as a case study, we derived numerical simulations under vari-
ous scenarios. Results demonstrated that integrating spatial and temporal factors
with the latent period allows targeted vaccination and hospitalization strategies
to minimize severe cases and fatalities cost-effectively. Unlike traditional temporal
models, it is also possible to control the rate of vaccination and hospitalization by
region or area that needs more or less attention to get the best possible results.

A comparison of control strategies revealed that combining vaccination and hos-
pitalization yields the most effective results, followed by vaccination alone. Addi-
tional preventive measures, such as social distancing and mask-wearing, can further
support epidemic control.

Key findings from this study underscore the advantage of spatially optimized
interventions. Targeting high-risk areas with vaccination and hospitalization not
only improves public health outcomes but also enhances resource allocation, reduc-
ing costs and inefficiencies. Spatially adaptive approaches prevent the overspending
seen in uniform temporal models, addressing high-risk regions more precisely.
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The implications extend to healthcare resource management, aiding policymak-
ers in predicting and managing hospital demand to avoid overwhelming facilities.
Cost-effectiveness emerges as a crucial advantage, offering an economically sustain-
able framework for epidemic response. Public awareness campaigns can leverage
these findings to emphasize vaccination’s role in reducing transmission and enhanc-
ing compliance.

To translate these findings into policy, we recommend establishing real-time
data systems for monitoring vaccination impacts and hospital utilization, foster-
ing collaboration with local health agencies for targeted campaigns, and regularly
reviewing strategies in response to evolving data.

For future research, we propose:

e Time-Varying Transmission Rates: Incorporate dynamic transmission rates
informed by real-time data, especially in response to variant emergence.

e Spatially Variable Maximal Rates: Enable region-specific maximal rates for
vaccination and hospitalization to adapt interventions by area.

e Behavioral Factors: Account for public compliance and psychological factors
influencing vaccination uptake and hospitalization adherence.

e Broader Healthcare Context: Expand the model to include healthcare resource
constraints, allowing holistic management of medical supplies, workforce, and
patient flow.

e Spatial Heterogeneity and Network Dynamics: Model urban-rural transmis-
sion patterns and social network effects to capture nuanced spatial spread.

e Long-Term Immunity Dynamics: Extend immunity modeling to include wan-
ing and booster effects for sustainable immunity.

e Empirical Validation and Real-World Collaboration: Validate model predic-
tions with empirical data and collaborate with health authorities to implement
pilot interventions.
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