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OPTIMALITY OF VACCINATION FOR AN SIR EPIDEMIC
WITH AN ICU CONSTRAINT

MATTEO DELLA ROSSA, LORENZO FREDDI, AND DAN GOREAC

ABSTRACT. This paper studies an optimal control problem for a class of SIR epidemic models, in scenarios in
which the infected population is constrained to be lower than a critical threshold imposed by the ICU (intensive
care unit) capacity. The vaccination effort possibly imposed by the health-care deciders is classically modeled
by a control input affecting the epidemic dynamic. After a preliminary viability analysis the existence of
optimal controls is established, and their structure is characterized by using a state-constrained version of
Pontryagin’s theorem. The resulting optimal controls necessarily have a bang-bang regime with at most one
switch. More precisely, the optimal strategies impose the maximum-allowed vaccination effort in an initial
period of time, which can cease only once the ICU constraint can be satisfied without further vaccination.
The switching times are characterized in order to identify conditions under which vaccination should be
implemented or halted. The uniqueness of the optimal control is also discussed. Numerical examples illustrate
our theoretical results and the corresponding optimal strategies. The analysis is eventually extended to the
infinite horizon by I'-convergence arguments.
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1. INTRODUCTION

In the face of infectious disease outbreaks, vaccination strategies play a pivotal role in curbing transmission
and mitigating the impact on public health. The optimization of vaccination deployment, particularly in the
context of epidemic modeling, is a critical endeavor to ensure the efficient allocation of limited resources while
maximizing population immunity.

The optimal control of epidemics in the framework of the Susceptible-Infectious-Recovered (SIR) model of
Kermack and McKendrick ([23]) has been extensively studied ([1, 4, 21, 27, 26, 19, 25, 33, 14]) in relation to
both the use of pharmaceutical (e.g., optimality of vaccination) and non-pharmaceutical (e.g., slowdown and
lockdown) strategies.

In this study, we delve into the optimization of vaccination strategies for an SIR epidemic, taking into account
the constraints imposed by intensive care units (ICU) capacity. Optimal control problems with such kind of
constraints have been posed in a natural way during the recent Covid-19 pandemic and have been investigated
in the case of a non-pharmaceutical control (|28, 3, 2, 18, 17, 10]). As well as in the case of non-pharmaceutical
interventions, the interplay between vaccination coverage, disease dynamics, and healthcare resource utiliza-
tion presents a complex landscape that requires careful analysis and optimization. The main, well-known,
mathematical difficulty lies on the fact that the ICU constraint involves the state of the system. On the
other hand, the theory of state constrained optimal control problems has been settled, from the point of view
of optimality conditions, only in recent years ([32, 22, 6, 7, 16]). Among the different approaches to derive
optimality conditions of the first order by allowing state constraints, we choose here the one that consists
in introducing multipliers that are bounded measures, leading to adjoint (co-state) variables in the space of
functions with bounded variation ([6, 7]).

By exploring the optimality of vaccination deployment in scenarios with ICU constraints, this research aims to
provide a fundamental, rigorous and detailed mathematical analysis capable to contribute to the development
1
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of prevalence-based strategies for epidemic control and public health decision-making. Being concentrated on
mathematical analysis, we consider here the following simple two-dimensional STR model

ds ]
= (&) ==Bs(t)i(t) —v(t)s(?),
%(t) = Bs(t)i(t) — vi(t), te[0,7), (1.1)

8(0) = S, ’L(O) = io,

on a time horizon with final time 7' > 0 (not necessarily finite). Here, the states s and i are the population
densities of susceptible and infectious individuals, respectively, while the control v(t) represents the vaccination
rate and belongs to a bounded set [0, vs], and the derivatives are meant in a distributional sense. The constant
coefficients 8 € (0,1] and v > 0 are, respectively, the transmission and recovery rates. The qualitative
properties of solutions to (1.1) are studied and illustrated in Section 2 .

Our aim is to study the optimal control problem for system (1.1) which consists in minimizing, over all controls
v and the corresponding epidemic trajectories s and 4, the objective functional

J(v,8,1) = /OT ApU(t) + Asi(t) dt,

under the state constraint
i(t) <iy Vtelo,T],

where iy, > 0 represents a safety threshold for the ICUs capacity. The constant coefficients A, > 0 and A\; > 0
modulate the economic and health-related costs of infection with respect to the cost of vaccination.

Generally speaking, the existence of a control able to keep the state i(¢) under the level iy; is not ensured
for all initial epidemic states (sg,%p). Thus, a preliminary viability analysis is performed in Section 3.1, to
characterize the maximal viable set of initial conditions. The same analysis also provides the maximal set of,
so called, “safe” initial states such that all controls are viable. In the same section we prove existence of an
optimal control whose structure will be characterized, after, by using necessary optimality condition of the
first order provided by a state constrained version of Pontryagin’s theorem ([6, 7]). We prove that singular
arcs cannot occur and the optimal controls are bang-bang with at most one switch. More specifically, the
optimal vaccination strategy consists in exerting the maximum effort, vy, from the onset of the epidemic and
do nothing else once this maximal intervention has been implemented. These results recover those obtained in
[4, Theorem 2.1] where the ICU constraint is not imposed, and are in agreement with those in [12]. Moreover,
it can be noted that they mark a qualitative difference from the non-pharmaceutical optimal control obtained
in [3, 2, 17]. Indeed, in the latter, the optimal strategy consists in delaying the non-pharmaceutical control
action by doing nothing in the first part of the epidemic, by applying the maximal control effort, only when
constrained, until reaching the level i), and, after, by stabilizing the infections at this level until herd immunity
is reached.

The simplest, non-trivial, scenario occurs when the density 4 of the infected population is constrained under
the level ip; but does not contribute to the cost functional, that is A\; = 0. In this case the vaccination must
cease exactly when the control 0 allows to take the infections under i3,. When, instead, the cost functional
directly depends also on i, the switching time (i.e., the instant at which the optimal strategies switch from
v to 0) depends on the ratio between A, and A;. This dependence is analyzed in Subsection 4.2.

Subsection 4.3 is devoted to discuss the uniqueness problem in the general case. Our results are graphically
illustrated at the end of Section 4 with the aid of numerical examples.

In Section 5 we extend our analysis to the infinite-horizon case by using a I'-convergence argument. The main
result (Theorem 5.7) states that there exists at least an optimal bang-bang control. Moreover, in the case
A; = 0, the latter is the unique solution to the optimal control problem.



OPTIMALITY OF VACCINATION FOR A STATE CONSTRAINED SIR EPIDEMIC 3

Notation. Along the whole paper the symbol = means “equal almost everywhere”. Moreover, R := [0, c0).
The notation used for spaces of functions is standard. Namely, for maps defined on an interval I and values
in a subset E of R? we denote by C*(I; E) the space of functions with continuous k-th derivatives, LP(I; E)
the Lebesgue space of (equivalence classes of) p-summable (if p € [1,+00)) or essentially bounded (if p = o0)
functions, and WP?(I; E) the Sobolev space of (equivalence classes of) functions that are in LP together with
their distributional derivative. The reference to the set F is often omitted when F = R.

2. QUALITATIVE ANALYSIS OF EPIDEMIC TRAJECTORIES

We now collect some properties of (solutions to) system (1.1) under arbitrary inputs v € V := L*((0,00); V)
with V' := [0,vp] and vpr > 0. In this model, the control v represents the vaccination rate and wvjps the
maximal vaccination effort that can be done in the time unit.

We define the vector field f : R? x R — R? corresponding to the Cauchy problem in (1.1), by setting
f(s,i,v) == (= Bsi —vs, Bsi — 7i). (2.1)
Theorem 2.1. For every so,ig € (0,1), every 8 > 0, v > 0 and every control v € V, there exists a unique

absolutely continuous solution (s,1) to the Cauchy problem (1.1) on the interval [0,00). Moreover,

(1) s and i are strictly positive;
(2) i € C'([0,00)), s € WH([0, 00));
(3) the solution (s,i) satisfies

dé + 7 log(ﬂ) (2.2)

S(t)+l(t) —So—io = ’L(g) 6 50

B o
for allt € [0, 00);
(4) if v is (essentially) constant equal to vy € [0,var], then the solution (s,1) satisfies the identity

. . Vo ) Y S
— 50 —io + 2log(—) — Llog() = 0 2.3
S+1i—sg—io+ 5 Og(io) 3 Og(SO) ; (2.3)
(5) s is strictly decreasing;
(6) i = th_{rolo i(t) =0 and so0 := th_{rolo s(t) €10,

)’.

1
< 3 (s0— )"

w2

(7) setting ty = inf{t > 0 [ s(t) < 3}, we have ¢

Wl

Proof. Since the function f : R? x R — R? is locally Lipschitz, then we have local existence and uniqueness of
an absolutely continuous solution (see for instance [20, 1.5]), for any v € V. Let [0, ¢), with ¢ > 0, be a time
interval in which the unique solution (s, ) exists.

Let us claim that s(t) > 0 and i(¢) > 0 for every t € [0,c¢). Indeed, considering i as a coeflicient, the function
s is the unique solution to the linear Cauchy problem

{s’ = —(Bi+v)s,
s(0) = so,
which is given by
s(t) = spe~ JoBIUOTV©IAE y ¢ [0, ¢).

Hence, s is strictly positive in [0, ¢). Similarly, one can prove that also ¢ is strictly positive.
By summing the two equations of the system we get

(s+14) =—-vs—7i <0 in [0,c), (2.4)
which implies that s + 4 is decreasing in [0, ¢). Then we have

0<s(t)+i(t) <sog+ip Yte]0,c). (2.5)
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Being positive, the solutions are bounded. Thus, they exists for every ¢ € [0, 00) and all properties above hold
with ¢ = co. This proves assertion (1) and the first part of the statement.

Simply looking at the equations, one sees that ¢ has continuous derivatives, while s has bounded derivatives,
which proves (2).

Assertion (3) is proved by integrating (2.4)
t t
shizs—in = [ w(©s(€)ds 7 [ i(e)de
0 0
and substituting in the integrals the following expressions of s and ¢

S=—=—=+—=, 1=—=— — =,

gi B Bs B

as obtained by the second and the first equation of the system, respectively. Assertion (/) is a straightforward
consequence of (3), while (5) follows from (1) and the first equation of the system.

1'/ 1/
=24 T =222 (2.6)

(6) By monotonicity and positivity, the limit so := lim; o0 $(t) exists and belongs to [0,1). Since s + i is
decreasing (see (2.4)) and positive, then lim;_, (s(t) +4(t)) exists and is finite. As a consequence, also the
limit

foo 1= tlggloz(t) = tlgglo (s(t) +i(t) — s(t)) = tlgglo (s(t) +i(t)) — soo
exists and is finite and non-negative.

Assume by contradiction that i > 0. Then there exists £ such that i(t) > %= > 0 for any t > £. By (2.4), for
such ¢ we have

i
(s+1) < =77
and hence s + ¢ — —oo, which is impossible since s + ¢ > 0. Then we conclude that 1o, = 0.
It remains to prove that so, < % Since s is strictly decreasing, if so < %, then there is nothing to prove. Let

us then assume that sg > % Let us denote by
tmax = sup{t >0 | s(t) > %}

and assume, by contradiction, that t,,.x = co. We have
i'(t) = (Bs(t) —7)i(t) >0 V>0,
hence i is increasing, so obtaining a contradiction with iy > 0 and i, = 0. Then ¢, < 00 and, by continuity,

$(tmax) = % Since s is strictly decreasing, this implies s, < %

To prove (7) we can assume that s > % (otherwise, we have ty = 0 and the inequality is trivially satisfied).
Moreover, by continuity of s, we have
= sup{t >0 | s(t) > %}. (2.7)

As long as s(t) > 4 we have that i is increasing because, as before, i'(¢) > 0 and we have

s'(t) = —Bs(t)i(t) —v(t)s(t) < —Bs(t)i(t) < —vi(t) < —ig.
Thus, by integrating on [0, t], we get

ty
B

S(t) — 50 < —7iot.

and, by using s(t) > % again, we obtain % — 89 < —7igt, which implies
1 gl v
<—(so—=) Vt=>0 : s(t) > =,
Yio ( 5) 0 B

and the desired inequality follows by taking the supremum and using (2.7). a
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Remark 2.2. As a by-product of Theorem 2.1 (assertion (1)) and of equation (2.5) which holds for ¢ = oo, we
have that the triangle

T:={(s,i) eRY | s+i<1}

is forward invariant, that is, for any (sp,ip) € T and any v € V, the solution (s, %) to the Cauchy problem (1.1)
with initial conditions s(0) = sg, i(0) = 4o satisfies (s(t),i(t)) € T for all t € R.

Remark 2.3. From (2.3) it is easy to see that:

(1) if v = 0 then s4 > 0 (see also [17, Proposition 2.4]);
(2) if v = vy > 0 then soc = 0. This can be also noted by considering the function U : T — R, defined
by U(s,i) := s+ i. It can be proved that (VU(s,1), f(s,i,v0)) < —aU(s,t) for every (s,i) € T, with

« := min{vg,v} > 0. This implies that the function U is a Lyapunov function, proving that the unique
equilibrium (0, 0) is exponentially stable in T, see for instance [24, Theorem 4.10].

Remark 2.4. Looking at (4) of Theorem 2.1, for every constant v € [0,vy] and every (so,i0) € (0,1)% we
denote by Fj, ;, : (0,1)> — R the function defined as

. . . v 1 ¥ S
Fs = — S0 — —log(—) — = log(—).
80720(572) $4+1—50 =10+ ﬂ g(lo) ﬁ g(SO)
By a trivial computation, for every (s, o), (s1,41) € (0,1)? we have
Fsoﬂo(slvil) =0 = FSOJO =Fs -

This means that the family of curves implicitly defined in (4) of Theorem 2.1 by Fj, ;,(s,7) = 0 are coinciding
or disjoint as (sp,ip) varies in (0,1)2. In other words, the trajectories of solutions corresponding to the same
constant control v and starting from different initial conditions are coinciding or disjoint.

We now provide a concluding lemma, establishing the boundedness of the integral, over the whole interval
[0, 00), of the i-component of the solution.

Lemma 2.5. For every (so,i0) € T, every § > 0, v > 0 and every control v € V, let us denote by (s,i) : Ry —
R? the solution to the Cauchy problem (1.1) with initial conditions s(0) = sg, i(0) = ig, and with respect to
the control v. The integral
/ i(t) dt
0

is finite.

Proof. By Item (6) of Theorem 2.1 we have that seo = lim;_ 0 $(t) < %, let us suppose that so, = % — 2¢, for
some € > 0. This implies that there exists T' > 0 such that s(¢) < % —¢g, for all t > T. We have

(1) = B(0)it) — yilt) < B~ )ilt) ~ vilt) = ~Bei(t), Vi=T.

By Grénwall’s inequality (see [30, Lemma 2.7]), we have that i(t) < i(T)e=#¢=T) for all t > T. Concluding,
this implies that

/Oooi(t)dt—/OTi(t)dt+/ooi(t)dt§/OTi(t)dt+i(T)/:FOOeBE(tT)dt<oo7

T

as required. O
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3. VIABILITY ANALYSIS AND OPTIMAL CONTROL PROBLEM

We now want to introduce and study a class of optimal control problems, in which the state dynamics are
driven by the SIR model (1.1). We introduce the following notational convention.

Remark 3.1 (Notation). Whenever the control v € V and the initial conditions s(0) = sg, (0) = iy are fixed,
the unique solution to (1.1) will be also denoted by %0-%0:v ;= (g%0:i0:0 js0-i0.v)  However, in the sequel, when
the initial conditions are fixed or can be easily deduced from the context, we simply write z¥ = (s¥,4"), or
even = = (s,1) if also the control is fixed or easy to deduce. This notation will be used throughout the whole

paper.

Given some A\, A\, >0, v,8>0, vpr > 0,0 <ip <1 we consider the optimal control problem

T
minimize J(v, s,4) = / A0 (t) + Asi(t) dt,
0

(s(t),i(t))" = f(s(t),i(t),v(t)), te€(0,T),
(s(0),i(0)) = (s0,i0) € T,

i(t) <iyn Ve (0,7T),

v e L®((0,T);V), V:=[0,vm],

S

where f, defined in (2.1), is the vector field associated to the SIR model (1.1), and the fixed final time T > 0
can be finite or not. In the sequel, this problem will be denoted by ’P/\TIS)UVZQM Accordingly, Pf\)jifzf;l
denote the problem on the infinite horizon [0, 00). Sometimes, to shorten notation, the reference to the initial
conditions or to the coefficients A\, and A; will be dropped when they are not relevant or can be deduced by

the context.

will

Remark 3.2. Let us observe that, by Remark 2.2, we have that i(¢) < 1 for every ¢ > 0. Hence, the case
ip = 1 corresponds to a state-unconstrained case (i.e., problem me A1 coincides with (3.1) without the state
constraint ¢ < ip7). This unconstrained case has been studied in [4, Section 2]. The results of that paper
concerning the optimal vaccination policy are recovered by us, in this more general setting, except for the
uniqueness of the optimal control conjectured in Remark 2 of [4]. On the other hand, its proof seems not to
be completely achieved yet. The subsequent Subsection 4.3 is devoted to discuss this topic.

Occasionally, in the sequel, we will make use of the following proposition, usually called principle of optimality.

T,s0,%0
AvsAiyin?

with the initial condition s. = 5070 (g)

Proposition 3.3 (principle of optimality). If v is an optimal control for problem P
e € (0,T) the controlvs(-) := v( -+ ¢) is optimal for problem P
and i. = %00V (g).

then for every
T—e,s¢,1c
AvsAisim

Proof. By contradiction, let us suppose that there exists w : [0,7 — ] — R such that

T-e T—¢
/ At (t) -+ A= () dt < / A (£) + Agi®e i (1) d.
0 0

Define v : [0,T] — R by
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We have that v is an admissible control and

T 5 T
/ )\Uﬁ(t)—l—)\iis”o’”(t)dt:/ )\vv(t)—k)\iisf”io’”(t)dt—k/ A D(t) + it =¥ () dt
0 0 €
5 ) T—e .
:/ AU (t) 4+ Ai%0° 00 (1) dt+/ Apw(t) + A%t (1) dt <
0 0
5 ) T—e )
< / Ap0(t) + Agi®or0 () dt + / Apve () + Agiserie V= (¢) dt
0 0

T
_ / Au(t) + A*io (£) dt
0

which contradicts the optimality of v. O

3.1. Viability Analysis. This subsection is devoted to identify for which initial conditions the state-constraint
i(t) < ipr is satisfied/satisfiable by the solutions to the state equation of problem (3.1).

Let us introduce the state-constraint set
C:={(s,9) €T|i<inm} (3.2)
The notions of forward invariant and viable subregions of C' are then introduced according to the next defini-
tion.
Definition 3.4. The set
B:={(s0,i0) € C | Jv €V s.t. i%"0V(¢) <ipr VI > 0}
is called maximal feasible or viable set.

The set
Ao := {(s0,i0) € C | i*"0(t) <ipr YVt >0}
18 called no-effort or safe set.
The set
A= {(s0,i9) € C | i*"V(t) < ip Yv €V, YVt > 0}

1s called maximal forward invariant set.

The viable set B is the maximal set of initial configurations on which at least one trajectory satisfies the
constraint. When the epidemic initial state (sg,4g) is inside B, the epidemic is “under control”. The safe
zone Aj is the maximal set of initial configurations such that the associated uncontrolled trajectories (i.e.
considering v = 0) satisfy the constraint. The set A is the maximal set of initial conditions in C for which
any trajectory starting in A stays in C (and thus in .A). These sets play an important role in the synthesis of
optimal control strategies.

Theorem 3.5. The following propositions hold true.

(1) The mazimal forward invariant set coincides with the no-effort set, i.e., A= Ay, and it coincides with
A:={(s,0) e C|i<Ta(s)},

where

] ) ‘ 0 < < 17
Ma(s)e= 0 U0=ess (33)
Ft+im—s+Flog(5s),  if s> 3.

(2) The mazimal viable set B coincides with

B:={(s,1) e C]i <Tp(s)},
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for the function T'p : [0,00) — [0,ip] given by
i f0<s<2,
FB(S) = M f -8B
o(s) ifs> 7,
where ¢ : (§,00) — [0,1a] is implicitly defined by equation (2.3) with v = v and (so,%0) = (F,1nm),
as @ = (s); in other words, for every s > %, i = ¢(s) is the unique solution of the equation (in the
unknown i)

F(s,i)i=s+i— L —iy+ %Mlog(ii) ~ Tog(Z2) = 0. (3.4)
M

B

in

RS [E ) E

FIGURE 1. The curves I'4 (in green) and I'p (in red) for s > %

Remark 3.6. The functions I'y and T'p are continuously differentiable (see the proof below). The set A is
convex, while B is, in general, non-convex.

Proof. (1) The no-effort set Ag is obtained by considering the uncontrolled SIR system. It has been charac-
terized in Theorem 2.3 of [3] and coincides with A. It remains to prove that also A = A.

We start by observing that, by definition, the inclusion A C Ay = A holds true.

We prove the remaining opposite inclusion, A C A, by showing that when the initial point is taken on
the boundary OA, then any control v € [0,v,/] keeps the trajectory inside the set A. The cases in which
(s0,10) € OA is such that so = 0, ig = 0 or iy = iy are straightforward. Therefore, we turn our attention to
the less trivial case in which (sg,49) € OA is such that sg > % and ig = T'4(sg). The exterior normal vector to
OA in (so,140) is orientated as (v1,v2) = (=I"4(s0),1) = (1 — 5, 1) and it can be verified that

((v1,12), f(80,70,v)) <0 Yo € [0,vp]
which means that any control v € [0, vs] keeps the trajectory inside the set A.
(2) The maximal viable set contained in C' is the set B of Definition 3.4.

First of all we note that F' € C*((0,00)?) and
OF
=14
i Bi
hence, by Dini’s Implicit Function Theorem, the equation F'(s,i) = 0 implicitly defines a unique function
¢ 1 (%,00) = R such that F(s,¢(s)) = 0 for every s € (3,00). Hence the function I'g and the set B are well

defined. Moreover,

>0 Vi>D0,

or ~ ~
g

OF /0s Bs —~
! = — = — —
¢'(s) = OF [0i s iy <0 Vs>

Then
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Thus, ¢ is strictly decreasing, positive and such that sup ¢ = cp(% ) = iy and @’(%Jr) = 0. In particular,
I'p € CH[0,0)).

The viability of the set B, that is the inclusion
B CB,

is now proved by choosing v = vy, and showing that, when the initial point is taken on the boundary 0B, the
trajectory keeps the epidemic state inside the set B. The cases in which (sg,%0) € 9B is such that so = 0,
i9g =0 or z'o = iy are straightforward. Let us concentrate on the less trivial case in which (sg,i9) € 9B is such
that so > % and ép = ¢(so). The exterior normal vector to OB in (so, io) is orientated as (v1,v2) = (=¢'(s0), 1)
and it can be verified that

((v1,v2), f(s0,00,va1)) = 0
which means that the control v = v keeps the trajectory on the boundary and, hence, inside the set B.
It remains then to prove the opposite inclusion B C B.
Let us then consider (sg,ig) € C and v € V be such that %% () < iy for all + € [0,00). We have
only to consider the case in which sqg > 2 since, otherwise, (sg,%9) € {(s,i) € C : 0< i <Tpg(s)} =B

and the inclusion is proved. We aim to prove that ig < ¢(so), that is F(so,i9) < 0. The equivalence
between the two conditions can, indeed, be proved by introducing the functions f(i) := i + N E log(;:-) and

g(s) == —s+F +in + %log(%) and observing that, by the definition (3.4) of F', the inequality F(sq,i9) <0
is equivalent to f(igp) < g(sp). On the other hand, the function f is strictly increasing, hence invertible, and
we obtain the equivalent proposition ig < f~1(g(s0)). The conclusion follows then by noting that ¢ = f~1og.

@l

In fact, we are going to prove the inequality F'(so,%0) < 0 in the following equivalent form

Bso
5 ) (3.5)

So + 10 < BJrZM*F1 (lM) glog(

By (3) of Theorem 2.1, denoting by i = i°0:%:¥ and s = SSD’iO’”, we have

So+’i0:S( ﬂ/ 6 ( (0))

for every t > 0. Since i < ips, v < vy, and since ’7/ = fBs—y >0 as long as s > , by estimating the integral

we get

1 i s(t)
—vp log(—) — = log

Sonlog(2) - T1og(" 1)
which holds for every ¢ > 0. Since, by point (6) of Theorem 2.1 and by continuity, we have that there exists
t > 0 such that s(t) = %, then the evaluation of the previous inequality in ¢ = ¢ provides the desired inequality
(3.5). O

so + 10 < s(t) +in +

Summarizing, in this subsection, we have proved that feasible control policies exist if and only if the initial
state lies in the set B. The set A, instead, characterizes the set of initial conditions for which the “no-action”
choice (v = 0) is feasible.

3.2. Existence of solutions for a general cost on a finite horizon. In this subsection we prove the
existence of a solution to an optimal control problem of the form (3.1) but with a more general cost functional.
More precisely, our problem consists in minimizing a cost functional J : Vp x Y — [0, 00] of the form

T
T(v,5,i) = / Folt, 5,4, v) dt, (3.6)
0
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on a time horizon I = (0,7, for a finite T' > 0, over all controls v in the space of controls Vp = L*°(I; V') (with
V = [0,vp]) and the corresponding trajectories (s,i) that are solutions, in space of states Y = W1>°(I;R?),
to the state equations (1.1) with initial conditions (s, i) in the viable set B = B and fulfil the state constraint

Z(t) <iy Vtel. (37)

The integrand fy is a given running cost such that the integral makes sense. An optimal solution to the control
problem (3.6)-(3.7)-(1.1) is a vector function (v,s,i) € L>(I; V) x Wh°(I;R?) that minimizes the cost J and
satisfies the set of state equations and the upper bound on i. The function v is an optimal control and (s, 1)
an optimal state or trajectory. We consider, for the moment, only the case of finite final time 7" > 0. In the
subsequent Section 5, the existence of optimal controls on the infinite-horizon case will be obtained by viewing
the latter as a I'-limit of the finite-horizon problems on [0,7] as T' — oc.

The following existence theorem for a very general cost functional holds.

Theorem 3.7. Let (sg,ip) € B. If fo : I x R2 x R — [0,00) is a normal convex integrand, that is, it is
measurable with respect to the Lebesque o-algebra on I and the Borel o-algebra on R? x R and there exists a
subset N C I of Lebesque measure zero such that

(1) folt,-,-,-) is lower semicontinuous for everyt € I \ N,
(2) fo(t,s,i,-) is convex for everyt € I\ N and s,i € R,

then there exists an optimal solution (v, s,7) to the control problem (3.6)-(3.7)-(1.1).

To prove the existence of an optimal solution we observe that it is equivalent to prove the existence of a
minimizer of the functional F: L= (I; V) x W1°°(I;R?) — R defined by

F(v,s,1) := J(v,8,1) + xa(v,8,1) + Xi<iy (7) (3.8)

where A C L®°(I; V) x WH2°(I;R?) is the set of admissible pairs, that is all control-state vectors (v, s,1) that
satisfy the initial value problem (1.1), while x5 denotes the indicator function of A that takes the value 0 on
A and oo otherwise; similarly, the function xi<;,, (¢) is 0 if i(¢) < iy for every t € I, and oo otherwise.

Proof. On the domain of F, that is the space L>(I;V) x W>°(I;R?), we consider the topology given by
the product of the weak™ topologies of the two spaces and aim to prove sequential lower semicontinuity and
coercivity of the functional F' with respect to this topology. By the Direct Method of the Calculus of Variations
(see, for instance, Buttazzo [11, Sec. 1.2]), these properties imply the existence of a solution to the minimum
problem. They are direct consequences of the fact that the space of controls is weakly* compact, that the
assumptions on fp imply that the cost functional J is weakly* lower semicontinuous (see for instance [15,
Theorem 7.5] or [11, Section 2.3]) and the fact that the sets A and {i < i/} are closed with respect to the
weak® convergence. The claimed closedness of such sets follows by the application of Rellich compactness
theorem, which ensures that weakly* converging sequences in W1°°(I) are, up to subsequences, uniformly
converging on [. (]

Remark 3.8. The requirement on fo = fo(t,s,4,v) to be a normal convex integrand is satisfied, in particular,
if it is a piecewise continuous function of ¢, continuous in (s,4) and convex in v.

Corollary 3.9. Consider (sg,i9) € B and any finite T > 0. The optimal control problem (3.1) admits an
optimal solution with a finite cost.

Proof. The existence is a straightforward consequence of Theorem 3.7 with fo(t,v,s,7) = A\t + Ayv. The
finiteness of the cost of the optimal solution (v, s,?) (and, hence, of any optimal solution) follows by the fact

that (so,%9) € B implies that F(v,s,i) = fOT Ay0(t) + Asi(t) dt, which is finite. O



OPTIMALITY OF VACCINATION FOR A STATE CONSTRAINED SIR EPIDEMIC 11
4. OPTIMALITY VIA PONTRYAGIN PRINCIPLE ON A FINITE HORIZON

The aim of this section is to characterize the optimal controls for (3.1) via Pontryagin principle in the case
T < o0.

4.1. Necessary optimality conditions. We first introduce the Hamiltonian H : RZx V x R?® — R by setting
H (s,i,v,p0,Ps, Pi) = PoAv¥ + Podii — psfsi — psvs + pifsi — ypii.
Given T € (0,00), by BV([0,T]) we denote the space of functions with bounded variation, defined as
BV([0,T]) = {h € LL,(R) | I € M(R), supp(') C [0,T]},

where A’ is the distributional derivative of h, and M (R) stands for the set of bounded Borel measures on R.
Also, the space of functions with bounded variation is given by extending functions in a constant way on R
(see for instance [7, Section 2.2.]). More precisely, for h € BV([0,T1]), there exist hg-, hr+ € R such that

h=hyp- a.e. on (—o0,0),

h=nhr+ ae. on (T,00).

It is, moreover, well known that each BV function h admits finite left and right limits in every point ¢ of the
domain, that will be denoted by h(¢~) and h(tT), respectively. This allows one to define the jump of h at any
point ty as [h(tg)] := h(t) — h(ty ). Moreover, there exist unique left- and right-continuous representatives.
For the sake of simplicity, in the sequel we tacitly assume to always consider the left-continuous representative.
As a consequence, for every h € BV we have h(t) = h(t™).

Lemma 4.1 (see [6] Theorem 1, and [31] Theorem 9.3.1). Let (sg,i9) € B. Suppose s, i, v : [0,T] — R is
a feasible triplet and the control v is an optimum for the optimal control problem 7)),1\1;7/\i,ijw in (3.1). Then

there exist po € {0,1}, k € R, p, € WHL([0,T)), p; € BV([0,T]) and a positive, bounded, Borel measure du
on [0,T) such that

(A) (adjoint equations)
{p's = —Bi(pi — ps) + vps,
p; = —poXi +pi — B (pi —ps) — dp,
(B) (non-degeneration)
po + du([0,T]) > 0,
(C) (complementarity)

|Gt = indute) =0,
(0,7]
(D) (transversality)
ps(T) =0 and p;(TT) =0,
(E) (Weierstrass condition)
v(t) € argmin (oA, — ps(t)s(1)) v,
implying that, setting

‘p(t) = p0>\v - ps(t)s(t)a (41)
we have

0 ifet)>0,
for almost every t € [0,T). The function ¢ : [0,T] — R is called switching function,

U(t) _ {UM zf@(t) < 07
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(F') (constancy of the Hamiltonian)

H{(t) == H(s(t),i(t), v(t), ps(£), pi(1))
= poAii(t) + porvv(t) — Bps(t)s()i(t) — ps(t)s(t)v(t) + Bpi(t)s(t)i(t) — ypi(t)i(t)
=k a.e in [0,T].

In order to simplify the analysis, from now on we work under the assumption that the final time 7" be large
enough to ensure that herd immunity is reached.

Assumption 4.2. For the considered initial condition (so,i0) € B in problem (3.1), the final time T > 0
satisfies
T > (so,i0) := sup inf {s*0*(¢) < L}, (4.3)
vep 20 B
Remark 4.3. The assumption requires that, for any control v € V, the corresponding solution satisfies
5%0:80.Y(T) < %, or, in other words, the herd-immunity threshold is reached (in a strict sense) at the final
time T, for any control v € V. In view of (7) of Theorem 2.1, Assumption 4.2 is satisfied if 7' > 7%0(30 -3

4.2. Characterization of the optimal controls. In the sequel we see how, under Assumption 4.2, the
necessary conditions in Lemma 4.1 allow us to provide a qualitative description of an optimal control, for any
initial condition.

In all statements of the present subsection, and unless explicitly stated otherwise, we assume that (sg, i) € B,
that s, i, v : [0,7] — R be a feasible triplet and v be an optimal control for problem P/\Tu,ki,m in (3.1). Let

us, moreover, suppose that Assumption 4.2 holds true and that pg € {0,1}, p, € WHL([0,T]), p; € BV ([0,T])
and dpu are those provided in the statement of Lemma 4.1.

We start with a lemma characterizing the structure of the measure dpu.

Lemma 4.4 (structure of du). The following propositions hold.

(1) Either one of the following alternative conditions hold:
(a) dp =0, implying po = 1,

(b) there exists a > 0 such that du = ady, implying s(0) = so < 4 and i(0) = io = i,
(c) there exist a >0 and to € (0,T) such that du = ady, and, moreover, s(to) = 4 and i(to) = in.
(2) For every t € [0,T] we have [p;(t)] = —du({t}) < 0; in particular, du({T'}) = p;(T) = 0.

Remark 4.5. A straightforward consequence of (1) of Lemma 4.4 is that du = 0 in a neighborhood of T’; in
other words, supp(du) C [0,T).

Proof. Let us prove (1). In the case du = 0, by the non-degeneration property we have py = 1.
Suppose then we are not in case (a), i.e., du # 0. Therefore, and by complementarity, we have @ # supp(du) C
{t€[0,T]|i(t) =inm} =: Sip,-
Let us preliminarily note that T' ¢ S;,,. Indeed, suppose by contradiction ¢(T") = i,s; since by Assumption 4.2
we have s(1") < %, in this case we would have

i/(T) = ,BS(T)iM —vipm <0,
which implies that there exists e > 0 such that i(t) > iy for all t € (T — e, T), contradicting the feasibility of
(s,i,v).
In the case 0 € S;,,, i.e., i(0) = iy = in, since (sg,i9) € B, we must have s(0) = so < % and thus 7 is

strictly decreasing. This implies that 0 is the only instant in which i(¢) = i5; and thus we are in case (b), by
complementarity.
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It then remains only the case in which there exists o € (0,7T) such that to € S;,,, i-e., i(tg) = ips. If this is
the case, to is an interior global maximum point of ¢ : [0, 7] — R and thus i'(t9) = 0 (¢ being differentiable by
(2) of Theorem 2.1), implying s(to) = 3. Since s is strictly decreasing, this proves that S;,, = {to} and we
are thus in case (c¢), by complementarity.

The first part of assertion (2) is an immediate consequence of the co-state equations and the positivity of the
measure du. To prove the last part it is enough to note that 7' ¢ supp(du) and p;(TF) = 0 (see also Remark
45). O

A crucial role in the characterization of the optimal controls will be played by the following auxiliary adjoint
variable

n:=DpPi— Ps-

Lemma 4.6. Under the additional assumption (A\;, \,) # (0,0), the following propositions hold.

(1) ps and @ are absolutely continuous in [0,T), while p; and n are piecewise absolutely continuous with at
most one discontinuity point to € [0,T).

(2) H(t) =k := poAii(T) a.e. on [0,T].

(3) If po =0, then a discontinuity point to € [0,T) as in (1) ezists and v = vy a.e. in [0,1g).

(4) Let po = 1. If there exists t € (0, T] such that n(t) > 0, then n > 0 in [0,1).

(5) If po = 1, there exists at most one t € [0, T] such that ¢(t) = 0 and, in such case, p(t) < 0 for allt € [0,t)
and p(t) > 0 for all t € (t,T). Moreover, t =T if and only if A, = 0.

Proof. Assertion (1) is an immediate consequence of the co-state equations, the definition of ¢ and the fact
that, by Lemma 4.4, the measure du can concentrate in at most one point.

Let us prove (2). By (1) and since ps(T") = 0 by (D) of Lemma 4.1, all functions appearing in the expression of
the Hamiltonian, with the exception of the term pgA,v, are continuous in 7. Then, when the aforementioned
term is zero, that is, if po = 0 or A, = 0, by evaluating the Hamiltonian in 7" and using (D) and of Lemma
4.1, and (2) of Lemma 4.4, we have ﬁI(T) = poAii(T). The conclusion, in this case, follows then by (F') of
Lemma 4.1. Otherwise, we have (T) = A\, — ps(T)s(T") = A, > 0 which, by continuity, holds also in a left
neighborhood (T — ¢, T], € > 0. Thus, by property (E) in Lemma 4.1, we can take a representative v = 0 in
(T — &,T] so obtaining

H(t) = Xii(t) = Bps(£)s(8)ilt) + Bpi(8)s(2)i(t) = 1pi®)i(2),
and the claim follows by evaluating in ¢ = T and using (F') of Lemma 4.1.

Let us prove (3). Being pg = 0, by the non-degeneration property (B) of Lemma 4.1 we have du # 0. Thus,
by (1) of Lemma 4.4, a discontinuity point ¢ty € [0,7) exists and is unique. In proving that v = vy a.e. in
[0,%0), we consider the only non-trivial case ¢ty > 0, implying that we are in case (1)(c) of Lemma 4.4, that
is, to € (0,T) and there exist a > 0 and such that dy = ad,. By linearity of the adjoint equations and since
we have final homogeneous conditions, then p,(t) = p;(¢t) = 0 for all ¢ € (¢, 7). This implies p(t) = 0 for
all t € [to,T] (see (4.1)). Moreover, by (2) of Lemma 4.4, we have [p;(ty)] = —du({to}) = —a and, hence
piltg) =a > 0.
It is easy to check that

' = Bisp; € BV([0,T]) (4.4)
and ¢'(tg) = Bi(ty)s(ty )pi(ty) = Bi(ty)s(ty )a > 0. Since (o) = 0, this implies that there exists ¢ > 0
such that ¢(t) < 0 for all ¢ € (to — &,tp). The thesis will be proved by showing that ¢(t) < 0 for all t € [0, tg),
and using (4.2) to conclude.

Suppose, by contradiction, that there exists t € [0,to) such that ¢(¢) > 0 and set
t1 = sup{t € [0,%0) | p(t) > 0}.
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Since we have proved that () < 0 for all t € (to — €,t9) we have ¢1 € [0,%9) and ¢(t1) = 0, by continuity.
Moreover, recalling that ¢(t1) = —ps(t1)s(t1), this implies ps(t1) = 0. We now aim to prove that p;(t1) > 0.
The case p;(t1) = 0 is excluded since we would have p;(t1) = p;(t1) = 0 and thus by linearity of the adjoint
equations, this would imply p;(¢) = 0 for all ¢ € [t1,%o), contradicting p;(t, ) = a > 0. Then, let us suppose by
contradiction that p;(¢1) < 0. In this case, since ¢(¢1) = 0 the Hamiltonian is continuous at ¢; and reads

0= H(t1) = Bn(t1)s(tr)i(tr) — vpi(t1)i(t1) = (Bs(tr) — 7)pi(t1)i(t1), (4.5)
because 7(t1) = pi(t1) — ps(t1) = pi(t1). Now, since s(to) = 3 (recall that we are in case (1)(c) of Lemma 4.4)

s is strictly decreasing (see Theorem 2.1), and 1 < to, we have s(¢;) > 3. Since we are supposing pi(t1) <0,
equality (4.5) implies f[(tl) < 0, and thus leads to a contradiction. We have thus proved that p;(¢1) > 0.
Now, recalling (4.4) and since ¢(t1) = 0, we have

@' (t1) = Bs(t1)i(t1)pi(t1) > 0

which contradicts ¢(¢) < 0 in (¢1,t0). We thus have proved that ¢(t) < 0 for all ¢ € [0,tg) and then v(t) = vas
for almost all t € [0, tg).

Let us prove assertion (4). We first observe that, with the introduced notation, we can more compactly write

H(t) = poXii(t) + @(t)o(t) + Bn(t)s(£)i(t) — ypi(t)i(t). (4.6)
Let us, moreover, introduce the function
9(t) := =Ai +ypi(t) + B(i(t) — s(t)) n(t) — v(t)ps(t) (4.7)

that is the absolutely continuous part of the derivative ' = p} — p/, with respect to the Lebesgue measure.
By contradiction, let us suppose that there exists ¢ € [0,#) such that () < 0. Let us define
t1 :=sup{t € [0,%) | n(t) < 0}. (4.8)

By the assumption n(t) > 0, and since we are considering a left continuous representative, n is positive in a
left neighborhood of . Thus, t; < t and 7(t;) < 0 by left continuity. By (2) of Lemma 4.4 and the continuity
of ps, we have [n(t1)] = [pi(t1)] = —du({t1}) < 0. Moreover, we note that the case [n(t1)] < 0 is excluded.
Indeed, otherwise, we would have 7(t]) < 0, which would imply 7(¢;) < 0 in a right neighborhood of ¢,
against the definition of ;.

Thus, we have that [n(t1)] = 0. By (2), this implies that p; and 7 are continuous in a small neighborhood of
t; and, therefore, we have n(¢;) = 0. Noting that (4.2) implies v < 0 almost everywhere and looking at the
expression (4.6) of the Hamiltonian and using (1) we have

Xi(T) = H(t) < (N — ypi(1))i(t)+Bn(t)s(1)i(t) for a.a. t € [0,T].

Since both sides of the inequality are continuous in ¢; and n(t1) = 0, then we get
Xi(T) < (X = ypilta))i(ty). (4.9)
On the other hand, we can prove that
)\i — ’Ypi(tl) S 0. (410)

Indeed, let us note that such term appears with the minus sign in the expression (4.7) of g and suppose by
contradiction that 0 > —\; + vp;(t1). Since (1) = 0 and continuous in a neighborhood of t; together with
pi, there exists a right neighborhood I of ¢; such that

0> =X +7pi(t) + B(i(t) — s(8) n(t), Vi € 1.
Moreover there exists a right neighborhood J C I of t; such that
0> —Ai +pi(t) + B(i(t) — s(t)) n(t)
> =X +pi(t) + Bi(t) — s(8)) n(t) — v(t)ps(t) = g(t) for aa.t e J,
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where the last inequality is trivial if p,(¢1) > 0, and it holds if p4(¢1) < 0 since in this case we have ¢(t1) > 0
and thus v(t) = 0 almost everywhere in a small-enough right neighborhood J, because p,, and hence ¢, are
continuous. Now, considering ¢ € J, we have

n@=/ﬂ@®<&

t1

contradicting the definition of ¢;. We have thus proved (4.10). Let us continue by distinguish two cases.

Case \; > 0. Using (4.10) in (4.9) would contradict A;i(T) > 0; therefore, we have proved that n(t) > 0 for
all t €[0,1).

Case \; = 0. In this case, inequality (4.10) reads —yp;(¢1) < 0, implying p;(t1) > 0. Moreover, multiplying by
i(t1) this leads to —yp;(¢1)i(t1) < 0. Recalling expression (4.6) and the fact that pv < 0 a.e. in [0,T], there
exists a right neighborhood I; of ¢; such that

0= H(t) < —pi(t)i(t) ac. in L.
By continuity of p; in ¢;, this implies p;(¢1) < 0, and thus p;(¢t1) = 0. Since n(¢1) = 0 this also implies
ps(t1) = 0. Since we have proved that [n(t1)] = [pi(t1)] = —du({t1}) = 0 there exists a right neighborhood
J1 C I of ¢1, such that Jy Nsupp(dp) = @. Thus, since ps(t1) = p;(t1) = 0 and by linearity of the adjoint
equations in the case \; = 0, we have that ps(t) = p;(t) = n(t) = 0 for all ¢t € J; contradicting the definition
of t;. Therefore, also in this case, it holds that n(t) > 0 for all ¢t € [0,%).

Also in proving (5) we argue by distinguish the cases A; > 0 and \; = 0.

Case A; > 0. By Lemma 4.4 and (D) of Lemma 4.1 we have ps(T) = p;(T) = n(T) = 0 and, by (2), the
functions 7, ps and p; are absolutely continuous in a left neighborhood of T'. Moreover, since v is bounded,
there exists ¢ > 0 such that n’ = g < 0 almost everywhere in (T'— &,T]. Then, for every t € (T —¢,T) we
have n(t) = — ftT g(s) ds, which implies n(t) > 0. By assertion (3) we have that n > 0 in [0,7).
To conclude the proof of (5) in the case \; > 0, let us note that

@' = —Pip + Bisn + A fi. (4.11)
Since ¢’ does not explicitly depend on v, we have ¢’ € BV ([0,T]).
Subcase A, > 0. Let us suppose first that A, > 0, and thus ¢(T') = A, > 0. Sincen > 01in [0,T"), equation (4.11)
implies that if there exists ¢ € [0,T) such that ¢(#) = 0, then /(=) > 0 and /(") > 0. Thus, there exists
§ > 0 such that ¢(t) < 0 for all t € (£ — 6,t) and @(t) > 0 for all t € (¢, + ) and, since ¢ is continuous, this
implies that 7 is unique. In particular, if such ¢ € [0, 7)) exists, we necessarily have ¢(t) < 0 for all t € [0,%)

and @(t) > 0 for all t € (£,T], as claimed.
Subcase A, = 0. Supposing now that A, = 0, we have ¢(T) = 0 and, simplifying (4.11), it holds that

o' = Bisp. (1.12)
By continuity of p; in a left neighborhood of T (see (1)), and since p;(T") = 0 and p(T) = —\; < 0 we have
that there exists § > 0 such that p;(t) > 0 for all ¢ € (T'— §,T). This in turns implies that ¢(¢) < 0 for all

te (T —46,T), by (4.12). Then, the claim (i.e., p(t) < 0 for all ¢t € [0,T")) follows again from (4.11) and the
fact that n > 0 in [0,T). Note that we have also proved that t =T if and only if \, = 0.

Case A; = 0. In this case, A, > 0, since we are supposing that (A;, A,) # (0,0). Let us, now, distinguish the
cases (a), (b) and (¢) of point (1) of Lemma 4.4.

If du is of the form described in (a) or (b) of the mentioned lemma, the unique solution satisfying the
adjoint equations in Lemma 4.1 is p; = p; = 0. This implies ¢ = A, > 0 and the claim (5) is proved in this
case.

If we are in case (c¢), then there exists to € (0,7') such that dy = ady, with a > 0. Arguing as in the previous
case, we have that ps(t) = 0, p;(t) = 0, for all ¢ € (to,T]. This also implies p(t) = A\, > 0 for all ¢ € (¢o,T).
Moreover, by (2) of Lemma 4.4, we have [n(tg)] = [pi(to)] = —du({to}) = —a < 0 and thus there exists ¢ > 0
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such that n(t) > 0 for all ¢ € (t9 — €,tp). By assertion (3), we have that n(t) > 0 for all ¢ € [0,tr). Then, we
can proceed exactly in the previous case (subcase A, > 0) to prove that ¢(f) = 0 in at most one instant of
time in [0, t9), and the conclusion follows by recalling that we have already proved that ¢ = A, > 0 in (¢g, T'.

O

Remark 4.7. Let us note that, in the proof of point (4) of Lemma 4.6, we have proved that n(¢) > 0 for all
t €[0,T) in the case pg = 1, A; > 0.

We now provide a complete characterization of the optimal controls of Pi, Aing-

Theorem 4.8 (structure of the optimal controls). Let us make the additional assumption (A;, \,) # (0,0).
The following propositions hold.
(A) There exists t, € [0,T], the so-called switching time, such that v is almost everywhere given by

o VM ift S (O,t*),
u(t) = {0 ifte (t.T), (4.13)

Moreover, t, =T if and only if A, = 0.
(B) If \; = 0, then the optimal control is unique and admits the following feedback representation: v(t) =
w(z(t)), with w : B — [0,vp] defined by

_Juvm ifreB\A
w(x){o ifre A (4.14)

(C) It necessary holds that x(ty) € A. If z(t.) € 0A then v admits the feedback representation (4.14). If
x(ty) € Int(A) then i(t) < ip for every t > t,.

Proof. Let us prove (A). If pg = 1, let us consider ¢ € [0, 7] as in assertion (5) of Lemma 4.6. Then, the claim

follows by taking t, = t and using the continuity of ¢ and the consequence (4.2) of the Weierstrass condition
(E) of Lemma 4.1.

In the case pg = 0, by (3) of Lemma 4.6, we have v(t) = vy for almost all ¢t € [0,%y), where ¢ty € [0,T)
is the (unique) discontinuity point of 1 and p;. It remains to characterize the behavior of the control v in
the interval (¢p,T]. Since in (1) of Lemma 4.4 we have proved that s(tg) < % and i(tp) = iy and recalling
from Theorem 2.1 that s is strictly decreasing, we have that s(¢) < 3§ for all ¢ € (o, T]. Then, we also have
i'(t) = Bs(t)i(t) — vi(t) < (BF —)i(t) <0 for all ¢t € (to,T]. Since i(to) = ins, this implies i(t) < i for all
(to, T]. Let us now distinguish the two cases A\; = 0 and \; > 0.

Case A\; = 0. In this case, at t =ty we are in the set A = Ay (see Definition 3.4 and Theorem 3.5). Then
v =0 1in (tg,T) is trivially optimal.

Case A; > 0. We observe that for any € > 0 and t. := tg + & € (to,T), the principle of optimality (see
Proposition 3.3) implies that the control v(- +tc) € L>([0,T — t.],V) is an optimum for problem (3.1) with
initial condition (s(0),i(0)) = (s(t),i(t:)) for the time-horizon [0, T;], with T. = T —t.. Since i(t) < ips for all
t € [te, T], considering the necessary conditions of Lemma 4.1 for this new optimal control problem, we would
trivially obtain dp. = 0 (implying po . = 1), and thus, again by assertion (5) of Lemma 4.6, we necessarily
have that v in [t, T is of the bang-bang form, i.e., there exists a ¢, . € [te,T] such that the expression

ft ts,t*s )
NORSE S
0 ift € (tve,T),
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holds for almost all ¢ € [t.,T]. By letting ¢ — 0, we have that there exists ¢, > to such that (up to a
subsequence) t, . — t,. and we obtain that

for a.e. t € (to,ty),
o(t) = UM or a.e. t € (to,ts)
0 for a.e. t € (t.,T).

Now we can conclude by recalling that, by assertion (3) in Lemma 4.6, v(t) = vy for almost all ¢ € [0, ).
We also note that, by (5) of Lemma 4.6, in the preceding construction the sequence t, . is constant and equal
to t, = T if and only if A, = 0.

Let us now prove (B). By (A) the optimal control is of the bang-bang form as in (4.13). If (sg,i0) € A,
by forward invariance proved in Theorem 3.5, we have that the control v = 0 is feasible, and moreover it
is straightforwardly the unique minimum, since A; = 0. Let us then consider a point (sg,ip) € B\ A and
suppose by contradiction that the switching time ¢, € [0,T') is such that x(t,) ¢ A. In this case, we have that
s(ts) > 4 and v(t) = 0 for a.a. t € (t,, T]. Since, by Assumption 4.2, s(T') < 3, there exists ty € (ti, T) such
that s(t%) = 4. But, then, we would have reached the no-effort set A = Ag with control 0 in contradiction
with x(t,) ¢ A (recall Theorem 3.5). Then we have proved that z(¢,) € A and the proof of (B) is concluded,
by noting that the aforementioned feedback representation directly implies that the optimal control is unique.

To prove (C) we first observe that also in the general case we necessarily have z(t,) € A because switching
outside the set A leads to infeasibility, and thus to a contradiction.

If 2(t,) € OA then the trajectory still remains inside A by forward invariance and the optimal control admits
the claimed feedback representation.

If, instead, x(t.) € Int(A), to prove that i(t) < iy for all ¢ > ¢, we distinguish the following cases.
If s(t.) < 4, then i(t.) < in and i is strictly decreasing in (., 7], and so we are done.

If s(ty) > %, then we are strictly under the curve I'y which has maximum value i;. The claim follows by the

fact that, with control zero, we remain strictly under the curve (see Remark 2.4). 0

Remark 4.9 (particular cases). In the case \; = 0, the feedback representation provided in (5) of Theorem 4.8,
implies that at the switching time t, we have (s(t4),i(tx)) € JA; hence t, occurs before reaching herd immunity,
that is, £, <ty < 7%0(507%)* (see (7) of Theorem 2.1). Moreover, the switching point (Sx,ix) := (s(tx),4(tx)),
i.e., the point of the trajectory in which the optimal control is discontinuous, lies on the intersection of the
trajectory of (1.1) with v = vy, starting at (s, i9) (plotted in red in Figure 2 and given by (2.3) with vg = vas),
with the curve I'4 defined in equation (3.3) of Theorem 3.5 (represented in green in Figure 2). It can thus be
easily computed by solving the system of equations of the two curves, for any initial condition (sg,49) € B,
and it turns out to be equal to

B RIS ol Bso 1
Lo oo (so—F+io—im—F log =) _ _1 (_ )
e Tt T BW_l UGN A
where W_; is the inverse of the restriction to (—oo,—1) of the function f(x) = xe®, which is the so-called
Lambert’s function. We plotted a qualitative representation of the optimal solution in the case A\; = 0, together
with the switching point (s4, %), in Figure 2.

In the case A\, = 0, as proved in (4) of Theorem 4.8 we have t, = T and, thus, the control v = vy, is the
(unique) optimum. In other words, when the cost does not explicitly depend on the control input, the choice

v = vy minimizes the integral fOT i(t) ds. This reflects the intuitive idea that, if the vaccination action has
no cost, the optimal strategy is to always keep the vaccination at its maximum admissible rate.

In the general case, where both A; > 0 and A, > 0, providing an explicit characterization of the switching
point/time is challenging and will be discussed in the rest of this subsection.
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FIGURE 2. The optimal strategy in the case \; =0

In the following statements we provide some further qualitative observations. First, we prove that if A;/\, < 8
then the vaccination intervention must cease before reaching herd immunity.

Proposition 4.10. Let \;, A, > 0 and suppose that Assumption 4.2 holds true. Let v be an optimal control
for problem in (3.1) with a given (sg,i0) € B and s,i : [0,T] — R be the corresponding trajectory. Moreover,

let us assume that the switching time t, is strictly positive. If \; < B\, then s(ty) > %

Remark 4.11. In Proposition 4.10 we are assuming that, for the considered initial conditions, we have a non-
trivial switching time ¢, > 0. This, under Assumption 4.2, is straightforwardly satisfied if (sg,i0) € B\ 4
(see (C) of Theorem 4.8). On the other hand, this could be the case also if (sg,%9) € A, if \; > 0 is large
enough. Figures 3 and 4 show the qualitative behavior of the optimal strategies that can be expected in view
of Proposition 4.10 in the cases in which J; is, respectively, small and large enough (with respect to A,).

FI1GURE 3. Optimal strategy in the case 0 < \; < 8,

IM o o e A

-
==

R ST I ER -

FI1GURE 4. Expected optimal strategy in the case A\; > S\, and large enough
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Proof. We prove the contrapositive implication, that is, s(t.) < % = A\; > A\,fB. Let us suppose, without

loss of generality, that, for the considered representative choice of pg, p;, v : [0,T] — R, the Hamiltonian H be
constant on [0, 7] (everywhere, not only almost everywhere). Let us argue by cases.

Case pg = 1. By (2) of Lemma 4.6, we have
0 < Ni(T) = H(t,).
In ¢, by definition, we have ¢(t.) = 0, and, since A\, # 0 we have ¢, € (0,T) (see assertion (A ) in Theorem 4.8).
Thus, using the expression (4.6) of the Hamiltonian, the assumption s(t,) < % and the fact that n(t) > 0 for
all t € [0,T) (see Remark 4.7), we obtain
0 < H(te) = Ni(te) — ypi(t)i(t) + n(ta) Bs(t)i(t)
< Ngi(t) = pi(te)i(t) + ym(te)i(te) = Aii(te) — ps(te)i(ta).

Now, recalling that 0 = ¢(t.) = A, — ps(t«)s(ts), we have that ps(t,) = SE\t'”*), and thus

0 < Ni(ts) — 7 (t*) i(t) < Milts) — wﬁ%i(t*) = (A — BA)ilt).

This implies 0 < A\; — B\, i.e., A\; > B\, as required.

Case pg = 0. By (1) of Lemma 4.4 there exists t¢ € [0,T") such that supp(du) = {to}, s(to) <
with s(to) < 4 only if {p = 0. By () of Lemma 4.6 we have v(t) = vas for almost all ¢ € [0,
supposing t, > 0 is such that s(t,) < %, we necessarily have that ¢, > tg.

Since s is strictly decreasing and s(to) < %, we have s(t) < 3 for allt € (to, T]. Sincei(to) = i, this in turns

implies that i(t) < ips for all ¢ € (tg,T]. We can now c0n31der the optimal control problem, P/\va\ifgl) pilin),

with a new initial time ¢; € (to, ¢+) and a new initial condition (s(t1),%(¢1)) € B. By the principle of optlmahty
(see Proposition 3.3), v(- + t1) is an optimum also for this new optimal control problem, and thus satisfies
the conditions of Theorem 4.8 in the non-degenerate case (i.e., with pg = 1). This is because i(t) < ips for all
t € [t1,T] which implies that (by complementarity) the multiplicator du for this new problem is 0, which in
turn implies pg = 1 by (1)(a) of Lemma 4.4. Then, by arguing as in the previous case, it can be proved that
Ai > By, as required. 0

nd i(to) = iy,

X
5 a
to). Since we are

In the next statement, we prove that, when )\; is small enough depending on \,, any optimal control of
’P{” A,y CoOIncides with the optimal control defined in (B) of Theorem 4.8, corresponding to the case \; = 0.

This, in particular, proves the uniqueness of the optimal control of me A;.ip 0 the case in which the cost of
the vaccination program is “prevalent” with respect to the cost of treatment of infected individuals.

Proposition 4.12. Let (sg,i9) € B and T > 0 satisfying Assumption 4.2. The following equivalent proposi-
tions hold.

(1) For every \, > 0 there exists \; > 0 such that, for any \; < \;, the optimal controls for me)\mM coincide
with the (unique) optimal control for Pfo,m-

(2) For every \; > 0 there exists X\, > 0 such that, for any A\, > \,, the optimal controls for Pi’/\i’iM coincide
with the (unique) optimal control for PEO,W'

Proof. The equivalence of (1) and (2) trivially follows from the fact that, for any A,, A\; > 0, if v is optimal

for P;\;M,m’ it is optimal also for PE/\vaW)\hiM’ for any w > 0.

Let us prove (2). Fixing A\; > 0, for any A, > 0 we consider any vy, € Vr optimal for P,\Tm A; iy and denote by
¥ : [0,T] — B the corresponding trajectory. By Assumption 4.2, we can consider t4 :=ta(\,) € [0,T), the
minimal time such that z%* (t4(\,)) € A. By Theorem 4.8 (assertion (A)) we know that vy, necessarily has
a vy - 0 bang-bang form while assertion (C) of the same proposition implies v**(t) = vys a.e. in [0,£4]. As a
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first consequence, this implies that t 4 is, in fact, independent of A\,. Moreover, by the principle of optimality,

v, (- +ta) is optimal for P;‘C;f\:‘m with initial condition equal to z¥*v (t4).

)

initial condition lies in A, which is forward invariant, vy, (- 4 t4) is optimal also for the
unconstrained problem 73;;;:‘1. Let us consider the corresponding adjoint state (ps,p;) : [0,T — ta] — R?
satisfying the conditions in Lemma 4.1; since the problem is unconstrained, we can assume without loss of
generality that diu = 0 and, hence, py = 1. We claim that there exists a \, large enough such that vy, () = 0
a.e. in [ta,T], for any A, > \,. We suppose, by contradiction, that for any )\, > 0 there exists a non-trivial

switching time t, € (t4,T) (i.e., va, = varljoy,)). At such time, again by Lemma 4.1, we must have
Ay

ps(te —ta)

Since (ps, p;) is solution to the adjoint equation in (A) of Lemma 4.1, which is a non-autonomous affine system

with bounded coefficients, then pg is Lipschitz continuous with constant L > 0 depending on (sq, %) and A;

(but independent of A,). Since ps(T —ta) = 0, we thus have |ps(t —ta)| < L(T —ta), for all ¢ € [t4,T]. Thus,
from (4.15) we obtain

Since this “new’

0= @(t*) =X — ps(t* - tA)SvM (t*) & 5" (t*) = (415)

Ay
L(T — tA)
for every A, > 0. Since t4 is a constant independent of \,, this is in contradiction with the fact that
s"w (ty) < 8o, for every A, > 0. We have, in particular, proved that for any A, > soL(T — ta), tx = ta,
and thus vy, = vo, where vy is the unique optimal control of PlT.,O,iM characterized in (4) of Theorem 4.8, as
claimed in the statement. O

sV (ty) >

4.3. Discussion and remarks about uniqueness. Under rather general assumptions, the existence of
optimal controls for problem ’me Ay has been proved in Corollary 3.9. Then, Theorem 4.8 ensures that
such optima necessarily have a bang-bang structure vy, -0. A natural question is to establish the uniqueness
(or not) of such optima. To our best knowledge this problem is still open in its general formulation, while a
partial answer has been given in Proposition 4.12. This subsection is devoted to further analyze the uniqueness
problem.

First of all we see that the uniqueness for the constrained problem can be reduced to the same property for
the unconstrained one.

Given a control v € V and the corresponding trajectory x¥, we introduce the reaching time of the set A as
ty = inf{t € [0,T] | z°(t) € A}
with the convention inf @ = co.

Proposition 4.13. Let A, > 0 and A\; > 0 be such that (A, \;) # (0,0), ipy € (0,1], (S0,%0) € B and
T > t(so,i0). Let t%™ be the reaching time of the set A with constant control var. Assume that for the initial

UM .
condition (s1,i1) := (s(t"),i(t})) the unconstrained problem P):C) :\6?1 P admits a unique optimal control.

Then, problem P/\Tusgf?M admits a unique optimal control.

Proof. Let v be an optimal control for PIUS;)\L’;}M and zv be the corresponding trajectory which must reach the
set A because T satisfies Assumption 4.2. Hence, the reaching time ¢ is finite. By (4) and (C) of Theorem
4.8 we have that v is bang-bang with a swithcing time ¢7 > ¢%, and thus we have v = vy a.e. in (0,¢%). On
the other hand, it is clear that ¢*y depends only on the value of v before t'}, which, in our case is the constant

var. In other words, % = tM.

By forward invariance, once A has been reached, that is after ¢'}, by the principle of optimality v(- + %)

UM .
is optimal also for the unconstrained problem 73; A "0 with initial condition (s1,01) = (s(t9), ().

vyl
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v .
T—t M 51,01

Since, by assumption, Pyl admits a unique solution then v is uniquely determined also in (¢%,7),
and the proof is concluded. (I
LM g _

Remark 4.14. Problem Pf;*‘l S satisfies Assumption 4.2, because T — tM > t(s1,11). Indeed,
_ . . . i vy
H(s1,61) = { f{svsri(g) < L ev}
(s1,11) sup | inf{s (t) < 5} | v

_ : v,80,%0 b » — }_ UM
= SUP{T;;{M{S () < ﬂ} |veV, Vjjo40M] = UM ty

< sup inf {5V (1) < 1} — M =1t(sg,ip) =t <T —tM
veY 720 ﬁ

Hence, Proposition 4.12 applies and the assumption of the previous theorem (i.e., the uniqueness of the solution
IS

to P/\Tv ;?1 P11 is satisfied for non-trivial values of A; and A,,.

Remark 4.15. The uniqueness for the unconstrained case has been conjectured in Remark 2 of [4]. If this

conjecture was true, then we would have fully proved the uniqueness also in the constrained case.

4.4. Numerical Simulations. We conclude this section by presenting some numerical simulations that il-
lustrate the previous results. They have been obtained by using the open-source optimal control toolbox
Bocop ([5, 8]) with final time T = 400 and epidemic parameters 8 = 0.18, v = 0.07, sop = 0.7, ig = 0.001,
iy = 0.005 = 5ig, var = 0.01. The chosen numerical method is the recommended Midpoint (implicit, 1-stage,
order 1) with 1200 time steps.

The figures below show the optimal control and the state of infections for objective functionals corresponding
to different choices of the relative costs of the vaccination v (modulated by A,) and of the population ¢ of
infected individuals ¢ (modulated by A;).

v=f(t) v=f(t) v=f(t)

0.008 - 0.008 - 0.008

0.006 - 0,006 - 0,006

0,004 0.004| 0,004

0,002 0.002 0.002

i=f(t) i=f(t) i=f(t)
0.005 - 0005 0.005 -

0.004 0.004| 0.004

0,003 - 0.003 0.003 5

0.002 - 0.002| 0.002

0.001 - 0.001-] 0.001

a) i =0 and \; = 0.1\, < B\, b) A; = 0.17X, < A, c) i = Ay > B,

FIGURE 5. The three columns a), b) and c¢) show optimal control, state of infections and
feedback optimal strategy for various choices of the specific costs A\, and A;.
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In particular, Figure 5 a) deals with the case A\; = 0 in which the cost depends only on the vaccination
rate v. According to the feedback optimal strategy shown in Figure 2, we see that, in this case, the peak
of infections (corresponding to herd immunity) occurs long time after having stopped to control. Another
simulation, made with A; = 0.1\, > 0, produced exactly the same results, accordingly to Proposition 4.12;
the corresponding figures are not reported since identical to the ones in Figure 2 a). The latter is also in
agreement with Proposition 4.10 since A\; < SA,. A simulation with \; = 0.17\, > 0 (still smaller, but closer,
to SA,) is shown in Figure 5 b). In this case the state-space behaviour of such strategy is qualitatively as in
Figure 3.

Figure 5 c¢) shows the simulation results in the case A\; = A, > 0 in which the cost of the infected population
forces the state i to stay strictly below the ICU threshold ij; = 0.005. In this case it is convenient to
continue the vaccination policy with the maximum effort even after that herd immunity has been reached.
The state-space behaviour of the solution corresponding to this control policy is shown in Figure 4.

5. THE INFINITE HORIZON PROBLEM

In this section we consider problem (3.1) with T' = oo, that is on the infinite time horizon [0, c0).
From now on, the initial condition (sg,4g) is taken in the viable set B. Moreover, we recall that, given any

Ay > 0 and \; > 0 with (A, \;) # (0,0), and for any T € [0, 00), we denote by Pi,,Av;,iM the optimal control
problem in (3.1), while the infinite horizon problem is denoted by P5° |

it

5.1. Reduction to a finite horizon. If \; = 0, we are allowed to use the preceding results for the finite-
horizon problem on [0, T] (for T large enough) to deduce necessary (Pontryagin) optimality conditions for the
infinite-horizon case.

Theorem 5.1 (Reduction to a finite horizon, case \; = 0). Suppose A; = 0 and let v € V be an optimal
control for problem PS5 , . For every T > t(so,i0) (defined in (4.3)), the restriction vy := v|, ., is an
optimal control for the finite horizon problem ,Pg\:,,o,iM'

Proof. By contradiction, assume that vy € L>°([0,T], V) is not optimal for P/\TMOJM. Since, on the other hand,
an optimal control exists, then there exists w € L*([0, 7], V) such that

JT(w, sv,i%) < T (vr, 8T ,i%7T).
Since by assumption we have T' > #(so,40), by definition of #(so,%0) (see (4.3)) it holds that s*(T) < }. Let
us denote by wy the extension of w to the interval [0, 00) by defining it equal to 0 in (T, 00). It is clear, from

uniqueness of the solution to the Cauchy problem for the system of state equations, that s*°(1') = s*(T) < 3,
and thus, by the performed viability analysis, that wq is an admissible control. This implies

oo T T
Jw(wo,swv,iwo)z/ )\Uwo(t)dt:/ )\Uw(t)dt</ Ao(t) dt < T (v, 5%, %),
0 0 0

which contradicts the optimality of v for Pg° ;. O

Summarizing, when the cost does not depend on the number of infected individuals, the fact that the herd-
immunity threshold is reached in finite time allows us to reduce the infinite-horizon problem to a finite-horizon
one. We collect this argument in the subsequent statement.

Corollary 5.2. Suppose \; = 0. Then, for any (so,i0) € B, problem P2 0,ip admits a unique optimal control
v €V (with finite cost), of the form

o(t) = {vM ite(OL),
0 ift € (ts,00).

for a ty € 10,(s0,%)]. In particular, v satisfies the feedback representation as in (4.14).
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Proof. Let us consider an optimal control v € V for problem P5° ;. By Theorem 5.1, for any 7" > t(s0,170)
we have that v, ., coincides with the unique (by (B) of Theorem 4.8) optimal control for the finite-horizon
problem Pfu’o,m, which is of the bang-bang form in (4.13) and admits the feedback representation (4.14).
We conclude by noting that, since T > t(sg,i9) we have that v(t) = 0 for all (T, 00) is a feasible and trivially
optimal choice. O

When the cost depends also on ¢ (i.e., when X; > 0), which, differently from the control, vanishes only as
t — oo, the aforementioned argument cannot be applied. Nevertheless, in what follows we show that a
reduction to finite horizon problems can be obtained by a I'-convergence argument. For a throughout and
formal introduction to I'-convergence, we refer to [13, 9].

In what follows, we denote by I the infinite-horizon interval [0, c0).

Theorem 5.3. For every increasing sequence of positive numbers T,, — 0o, the sequence of problems Pf” Noving
I'-converges to the limit problem P5° ;. in the following sense:

(1) (liminf inequality). For every sequence v, € V such that v, = 0 a.e. in (Ty,00), i’ < iy, and v, — v in
L>(1,V) we have ¥ < iy and

liminf J7" (v,,, sV, i) > J> (v, s%,i");
n— oo

(2) (recovery sequence). For every v € V such that J®(v,s?,i") < oo and ¥ < iy, there exists vy, € V such
that i <y, v, =0 a.e. in (T),,00), vy, — v in L=(I,V) and
lim J7 (v, s%,i%) = J®(v, 5%, i").
n—oo
As a preliminary step to the proof of the theorem, we state an useful lemma on convergence of solutions to

(controlled) differential equations, whose proof is the same of [17, Lemma 7.5], because the arguments used
there work also for our (albeit different) state equations.

Lemma 5.4. If v, — v in L®(I;V), then s'» — s and i’ — i¥ uniformly on every bounded subinterval
JcClI.

Proof of Theorem 5.3. Let us prove statement (1) first. By the previous lemma, the assumption v, X vin
L*°(I; V) implies that " converges to ¢V uniformly on the bounded subintervals of I, and this in particular
implies #¥(t) < iy for every ¢ € I (since we recall from Theorem 2.1 that lim;_, . i*(t) = 0). Let us now

remark that .
lim inf/ ¥ = lim inf/ i 1jo,1,,) dt > / v dt (5.1)
0 0 0

n— oo n—oo

since the sequence i"" 1}y 7,,] converges to i* pointwise on (0, c0) and by using Fatou’s lemma (see, for instance,
[29, Theorem 11.31]). Then, by using (5.1), the fact that v, = 0 a.e. in (T,,00) and by the fact that the
functional v — [ v dt is weakly* lower semicontinuous in L>(I; V) (see [17, Theorem 5.1]), we have

n—oo n—oo n—oo

Th o] Th
liminf J*" (v,,, s, i"") =lim inf/ AoUn + A2"" dt = A\, lim inf/ vy, dt + A; lim inf/ 1V dt
- .
2/ Ayv + Ni¥ dt = T (v, 8%,1").
0

concluding the first part of the proof.
It remains to prove Item (2), i.e,. the existence of a recovery sequence. Since J™ (v, s",i") < oo, the control
v belongs to L!(I) and, moreover, lim;_,, s°(t) < %, recalling Theorem 2.1. Let us consider, for any n € N,

{v(t) if t € 0,T},),

n(t) =
=10 itre (T, 00).
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Since T;, — oo, for every n large enough we have s'(T},) = s*(T},) < %, and this in particular implies that
i (t) < ip for every t € I. Indeed, in (0,7),], we have i*» = i¥ < iy, while in (T, 00) the constraint holds
since ¥~ (+) is decreasing.

Moreover, v, — v in L>®(I, V) (by Lebesgue’s dominated convergence theorem) and by monotone convergence
we have

Tn Tn Tn
lim J7" (v, 8", i) = lim Ay + Ai@"™ dt = A, lim Vp dt + Ay lim i’ dt
n—oo n—oo [, n—oo J, n—oo Jq
00 oo (5.3)
:)\U/ vdt+)\i/ iV dt = J®(v,s",i"),
0 0
concluding the proof. O

In the next statement we state important consequences of Theorem 5.3.

Corollary 5.5. For any T > 0, let us denote by vr € V a control obtained by taking an optimal control for

PI@,M,iM and extending it by zeroes on (T, 00). Then

(1) there exists an increasing sequence T),, — oo and v € V such that vy, — v;

(2) if (T,,) is sequence of positive numbers such that T, — oo and vy, — v, then v is an optimal control for
problem P30 |

iy T

Proof. Part (1) of the statement follows by the fact that (vr) is an equi-bounded family in L*°(I; V') and the
existence of a weak™ converging sub-sequence follows by Alaoglu’s theorem.

We now prove Item (2). By the fact that (vg,,s"™,i"™ ) are equi-bounded (recall Theorem 2.1 and Re-
mark 2.2) it can be seen that (v, ,s%Tn, V%) weakly* converges in V x W1 (I,R?) to (v,s,i), and the
claim follows by the variational property of I'-convergence (see, for instance, [13, Corollary 7.17]). O

Remark 5.6. As a consequence, problem P5° \ , —admits a solution. Moreover such solution has a finite cost:
this is a consequence of Lemma 2.5, since it implies that any feasible control v € L!([0, 00); V) has finite cost.

5.2. Characterization of an optimal control. Somehow collecting all the previous results, we now char-
acterize an optimal control for the infinite-horizon control problem.

Theorem 5.7. Consider any (so,i9) € B. The problem PR A i @dmits an optimal control v € V in the
bang-bang form, i.e., there exists ty € [0, 00| such that

) vwm, ift S [O,E*),
vt) = {0, if t € (ty,00). (5:4)

Moreover,

(1) X\; =0 implies t, < t(sg,%0), v s the unique optimal control and admits the feedback representation (4.14),
(2) Ay =0 if and only if t, = co.

Proof. By Corollary 5.5, there exist an optimal control v for Pg° , ;= and an increasing sequence T, — 00

such that vT» = v, where v7» is the extension by zeroes of an optimal control for 77;\1" A;.ip - BY Theorem 4.8,
for any n, there exists 7 € [0,7},) such that v» = vpr1j4ny. This implies that there exist , € [0,00] and a
subsequence (ny) such that "+ — f,. By Lebesgue dominated convergence theorem, for every ¢ € L'(0, c0)
we have

n
[e'e] tsk

T
lim v dt = lim vpmpdt = lim / vmpdt.
k—o0 0

k—o0 Jq k—o0 Jq

Thus, v’ = vmlpg,) and the claim (5.4) follows by uniqueness of the limit.
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Assertion (1) of the moreover part of the statement is provided by Corollary 5.2. Let us now prove (2). If
Ay > 0, the case t, = co is excluded, since otherwise the optimal cost would be infinite, in contradiction with
the fact that any feasible control v € L*(I; V) has finite cost, by Lemma 2.5. If A\, = 0, by (4) of Theorem 4.8
we have t7 = T, for all n € N, and thus ¢, = lim,,_,+, T), = 00, concluding the proof. O

6. CONCLUSIONS

In this paper we have analyzed the problem of optimal vaccination for an SIR model that includes a constraint
on the ICU capacity. Our results can be summarized as follows.

e After a preliminary viability analysis, we used Pontryagin’s necessary conditions to prove that the optimal
controls have a bang-bang structure with at most one switch. The resulting optimal strategy consists in
starting the vaccination campaign at the maximal rate as soon as possible and concentrate the intervention
in a unique time interval whose length depends on the cost coefficients \; and A,.

e We identified the conditions under which vaccination should be implemented or halted. In particular, we
showed that when the cost \; associated with infection is significantly lower than the cost of vaccination
(i.e., Ay < By, see Proposition 4.10), the optimal control strategy primarily focuses on minimizing the
latter, resulting in a vaccination policy that stops before the epidemic peak. If, on the contrary, the two
competing costs are comparable, the optimal strategy results in a prolonged vaccination period. Another
important remark is that when J\; is small enough depending on \,, any optimal control coincides with
the one corresponding to the case A; = 0. This, in particular, proves the uniqueness of the optimal control
whenever the cost of the vaccination program is “prevalent” with respect to the cost of treatment of infected
individuals.

e Numerical simulations were conducted to illustrate the theoretical results, confirming the effectiveness of
the optimal control strategies derived in our analysis.

These results contributed to the understanding of optimal vaccination policies in the presence of ICU con-
straints and thus provide valuable insights for the design of public health interventions during epidemic out-
breaks.

Acknowledgements. M.D.R. and L.F. are members of GNAMPA-INdAM.

REFERENCES

[1] R. M. Anderson and R. M. May. Infectious Diseases of Humans: Dynamics and Control. Oxford University Press, 1992.

[2] F. Avram, L. Freddi, and D. Goreac. Corrigendum to “Optimal control of a SIR epidemic with ICU constraints and target
objectives”. Appl. Math. Comput., 423:127012, 2, 2022.

(3] F. Avram, L. Freddi, and D. Goreac. Optimal control of a SIR epidemic with ICU constraints and target objectives. Appl.
Math. Comput., 418:126816, 2022.

[4] H. Behncke. Optimal control of deterministic epidemics. Optim. Control Appl. Methods, 21(6):269—-285, 2000.

[5] J. F. Bonnans, D. Giorgi, V. Grelard, B. Heymann, S. Maindrault, P. Martinon, O. Tissot, and J. Liu. Bocop — A collection
of examples. Technical report, Inria, 2017.

[6] J. F. Bonnans and C. D. la Vega. Optimal control of state constrained integral equations. Set- Valued Var. Anal., 18(3-4):307—
326, 2010.

[7] J. F. Bonnans, C. D. la Vega, and X. Dupuis. First-and second-order optimality conditions for optimal control problems of
state constrained integral equations. J. Optimiz. Theory App., 159(1):1-40, 2013.

[8] J. F. Bonnans, P. Martinon, and V. Grélard. Bocop-A collection of examples. PhD thesis, Inria, 2012.

[9] A. Braides. I'-convergence for Beginners, volume 22 of Ozford Lecture Series in Mathematics and its Applications. Oxford
University Press, Oxford, 2002.

[10] D. Breda, M. Della Rossa, and L. Freddi. Viability and control of a delayed SIR epidemic with an ICU state constraint,
2024. Preprint, arXiv:2401.12907. To appear on ESAIM: Control, Optimisation and Calculus of Variations.
[11] G. Buttazzo. Semicontinuity, Relazation and Integral Representation in the Calculus of Variations, volume 207 of Pitman

Research Notes in Mathematics Series. Longman Scientific & Technical, Harlow; copublished in the United States with John
Wiley & Sons, Inc., New York, 1989.



26

(12]

[13]
(14]

(15]
(16]
(17]
18]
(19]
20]
(21]
(22]
23]

[24]
[25]

[26]
[27]
(28]
29]
(30]

(31]
(32]

(33]

MATTEO DELLA ROSSA, LORENZO FREDDI, AND DAN GOREAC

J. Chen, K. Feng, L. Freddi, D. Goreac, and J. Li. Optimality of vaccination for prevalence-constrained SIRS epidemics.
Preprint https://rgdoi.net/10.13140/RG.2.2.36158.50242. To appear on Applied Mathematics ad Optimization, 2024.

G. Dal Maso. An Introduction to I'-convergence. Birkh&user, Boston, 1993.

S. Federico, G. Ferrari, and M.-L. Torrente. Optimal vaccination in a SIRS epidemic model. Econom. Theory, 77(1-2):49-74,
2024.

I. Fonseca and G. Leoni. Modern Methods in the Calculus of Variations: LP Spaces. Springer Monographs in Mathematics.
Springer, New York, 2007.

H. Frankowska, E. M. Marchini, and M. Mazzola. Necessary optimality conditions for infinite dimensional state constrained
control problems. J. Differential Equations, 264(12):7294-7327, 2018.

L. Freddi and D. Goreac. Infinite horizon optimal control of a SIR epidemic under an ICU constraint. J. Convex Anal.,
31(2):525-562, 2024.

L. Freddi, D. Goreac, J. Li, and B. Xu. SIR epidemics with state-dependent costs and ICU constraints: a Hamilton-Jacobi
verification argument and dual LP algorithms. Appl. Math. Optim., 86(2):23-31, 2022.

E. V. Grigorieva and E. N. Khailov. Optimal vaccination, treatment, and preventive campaigns in regard to the SIR epidemic
model. Math. Model. Nat. Phenom., 9(4):105-121, 2014.

J. K. Hale. Ordinary Differential Equations. Robert E. Krieger Publishing Co., Inc., Huntington, NY, second edition, 1980.
E. Hansen and T. Day. Optimal control of epidemics with limited resources. J. Math. Biol., 62(3):423-451, 2011.

R. F. Hartl, S. P. Sethi, and R. G. Vickson. A survey of the maximum principles for optimal control problems with state
constraints. STAM Review, 37(2):181-218, 1995.

W. Kermack and A. McKendrick. A contribution to the mathematical theory of epidemics. Proc. R. Soc. Lond. A,
115(772):700-721, 1927.

H. K. Khalil. Nonlinear Systems. Pearson Education. Prentice Hall, 2002.

L. Laguzet and G. Turinici. Global optimal vaccination in the SIR model: properties of the value function and application
to cost-effectiveness analysis. Math. Biosci., 263:180-197, 2015.

U. Ledzewicz and H. Schéttler. On optimal singular controls for a general SIR-model with vaccination and treatment. Discrete
Contin. Dyn. Syst., 2011(Special):981-990, 2011.

M. Martcheva. An Introduction to Mathematical Epidemiology, volume 61 of Texts in Applied Mathematics, 61. Springer
New York, 2015.

L. Miclo, D. Spiro, and J. Weibull. Optimal epidemic suppression under an ICU constraint: an analytical solution. J. Math.
Econom., 101:102669, 2022.

W. Rudin. Principles of Mathematical Analysis. International Series in Pure and Applied Mathematics. McGraw-Hill, third
edition, 1976.

G. Teschl. Ordinary Differential Equations and Dynamical Systems. Graduate studies in Mathematics. American Mathe-
matical Soc., 2012.

R. B. Vinter. Optimal Control. Modern Birkhauser Classics. Birkh&user Boston, 2010.

R. B. Vinter and G. Pappas. A maximum principle for nonsmooth optimal-control problems with state constraints. J. Math.
Anal. Appl., 89(1):212-232, 1982.

G. Zaman, Y. H. Kang, G. Cho, and I. H. Jung. Optimal strategy of vaccination & treatment in an SIR epidemic model.
Math. Comput. Simulation, 136:63—77, 2017.

(Matteo Della Rossa, Lorenzo Freddi) DIPARTIMENTO DI SCIENZE MATEMATICHE, INFORMATICHE E FISICHE, UNIVERSITA DI UDINE,
VIA DELLE SCIENZE 206, 33100 UDINE, ITALY

Email address: matteo.dellarossa@uniud.it, lorenzo.freddi@uniud.it

(Dan Goreac) ECOLE D’ACTUARIAT, UNIVERSITE LAVAL, QUEBEC (QUEBEC), G1V 0A6, CANADA

(Dan Goreac) SCHOOL OF MATHEMATICS AND STATISTICS, SHANDONG UNIVERSITY, WEIHAI, WEIHAI 264209, PR CHINA

(Dan Goreac) LAMA, UN1v GUSTAVE EIfFreL, UPEM, UN1v PARIS EST CRETEIL, CNRS, F-77447 MARNE-LA-VALLEEE, FRANCE

Email address: dan.goreac@univ-eiffel.fr



