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Abstract. We present a model for describing the spread of an infectious disease with public
screening measures to control the spread. We want to address the problem of determining an
optimal screening strategy for a disease characterized by appreciable duration of the infectiveness
period and by variability of the transmission risk. The specific disease we have in mind is the HIV
infection. However the model will apply to a disease for which class-age structure is significant
and should not be disregarded.
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1. Introduction

As proved in the last decades, the transmission dynamics of infectious diseases is an area of applied
sciences in which the use of mathematical models has allowed great advances, not only on the theoretical
side, but also on the side of the management of actual public health policies. Within this context, recent
interest has been devoted to the problem of epidemics control and some mathematical modeling has been
consequently developed in order to determine suitable strategies for disease defeat or at least for keeping
as low as possible the costs of an epidemic outbreak.

From a sanitary point of view different actions are possible in order to control a given disease, but
each disease has its own specific features that require specific type of intervention. Thus vaccination,
screening, tracing, quarantine, are different possible measures that should be optimized according with
the specific disease under study.

A direct way to test control strategies is to produce simulation of a model, varying parameters within
a class of planned interventions, comparing different outcomes and discussing convenient choices (see for
instance [1], [5], [14], [20], [23], [24], [26], [27], [30], for recent samples of this approach). On the other
hand, a less empirical approach consists in resorting to mathematical control theory in order to find
optimal strategies, minimizing some cost function related to sanitary objectives and social limits.

Concerning this research trend, early optimal control results can be found in [25], [29], [31], [32], [33],
and refer to the basic SIS and SIR models by Kermack and McKendrick. In these papers the ODE theory
is applied in order to identify optimal removal strategies for susceptibles or infectives, corresponding to
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immunization programs or quarantine and screening. In a more recent paper [8] these results are extended
to a more general epidemic model and several control measures are included in the scheme. Other recent
work has been also based on this approach for modeling various aspects of epidemic control [4], [9], [15],
[21], [28].

All the previous approaches to control strategies are concerned with epidemic models based on the
assumption of homogeneous mixing of a homogeneous population, thus disregarding the possible selective
effect of population structure. However, control problems within the context of age structured populations
have also been considered (see for instance [2], [3], [7], [13], [19]) and epidemic models, structured by
variables like chronological age and class age, have been discussed. Some work in this context has been
developed in [6], [10], [11], [12], [14] and [16]-[18], [27]; in particular, in [6], principles and methods
pertaining to optimal control theory for partial differential equations have been applied.

This paper is devoted to analyse a framework corresponding to diseases for which class-age structure
is significant and should not be disregarded. Namely we want to address the problem of determining a
screening strategy for a disease characterized by appreciable duration of the infectiveness period and by
variability of the transmission risk. The specific disease we have in mind is HIV/AIDS (see for instance
a recent contribution [20]). However the model will apply to any disease (not only human diseases) with
the following specific features

– individuals who catch the disease stay active and infective, with variable infectiveness, untill they are
identified as carriers, or die or become inactive due to the disease;

– infective individuals may be identified as carriers because of the natural progression of the disease that
produces symptoms or because they participate in a screening program;

– once they are identified as carriers, they are partly removed in the sense that a fraction of them stops
to be infective, either by recovering and becoming immune or by treatment and prevention measures;
the remaining part of the screened infectives continues to belong to the class of infectives because it
does not really recover or disregards prevention measures.

– the processes described above depend on the time elapsed since infection so that infectiveness depends
on the pathogenic agent progression according to the disease features, the success of the treatment is
higher for earlier stages of the disease, while the death rate is higher for later ones.

Next section is devoted to the setting of the model on the basis of the features described above, while in
Section 3 we analyze the dynamics of the model determining steady states and their stability. In Section 4
we discuss the cost function and in Section 5 we prove existence of an optimal screening strategy. Finally,
in Section 6 we derive the optimality conditions and use them to perform some simulations to compute
the optimal strategy in connection with different values of the parameters.

2. Setting of the model

Let S(t), i(θ, t), R(t) describe the status of the population in the usual epidemic classes of susceptibles,
infected, removed individuals. Namely S(t) and R(t) denote the number of individuals in the correspond-
ing class, while i(θ, t) denotes the density of individuals with respect to θ which is the age of infection,
i.e. the time elapsed since the individual was infected. We assume a simple demographic process defined
by constant rates, namely by the two parameters

– Λ= demografic recruitment rate of susceptibles;
– µ=demographic mortality rate;
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then the classical S-I-R model structured by the age of infection and including a screening strategy is
governed by the following system



























































a) S′(t) = Λ− λ(t)S(t)− µS(t)

b)
∂i

∂t
+

∂i

∂θ
+ [µ+ ν(θ) + γ(θ) + v(t)Ψ(N(t))φ(θ)] i(θ, t) = 0

c) R′(t) =

∫ θm

0

[γ(θ) + v(t)Ψ(N(t))φ(θ)] i(θ, t)dθ − µR(t)

d) N(t) = S(t) +

∫ θm

0

i(θ, t)dθ +R(t)

(2.1)

endowed with the following incidence condition

i(0, t) = λ(t)S(t) (2.2)

and the initial conditions
S(0) = S0, i(θ, 0) = i0(θ), R(0) = R0. (2.3)

In (2.1) the different parameters have the following meaning

– γ(θ) = age-dependent removal rate due to the natural course of the disease;
– ν(θ)= age-dependent extra removal rate accounting for deaths or isolation due to the disease;
– v(t)= screening strategy, i.e. the planned fraction of individuals to be screened per unit of time;
– Ψ(x)= population-dependent individual functional response to the screening offer, i.e. the fraction of

individuals accepting the screening offer;
– φ(θ)= age-dependent disease detectability and successful treatment.

The three age-dependent functions γ(θ), ν(θ) and φ(θ) are all non-negative and defined in the finite
interval [0, θm], where θm denotes the maximal age of the disease before removal. In order to have all
infected individuals removed before θm we assume

∫ θm

0

γ(θ)dθ = +∞.

Finally, in (2.1,a) and (2.2), λ(t) is the force of infection and is assumed to have the following consti-
tutive form

λ(t) =
c

N(t)

∫ θm

0

ω(θ)i(θ, t)dθ (2.4)

where

– c = contact rate;
– ω(θ) = infectiveness of a contact, depending on the disease advancement.

We note that in (2.1, d), N(t) denotes the total active population. In fact, the class of removed
individuals includes not only those who have caught the disease and now are recovered and immune, but
also those who, though identified as carriers, are not infective by treatment and prevention. All these
individuals can be considered as fully active.

In the specific case of HIV this assumption is not unrealistic because seropositive individuals, though
carrying the disease and being infective, are assumed not to infect new people since their awareness
suggests prevention measures. In this case, in the definition of the function φ(θ), successful treatment

means successful application of prevention measures. Of course, those individuals who, though screened,
do not follow prevention measures, remain in the class of infective seropositive.
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Infected individuals also contribute to the active population before dying or being isolated, in fact the
extra mortality ν(θ) accounts for the death rate due to the disease but also for a removal rate due to
isolation.

We also note that in system (2.1), the factor γ(θ)i(θ, t) accounts for the density of infected individuals
who are removed per unit of time because they develop symptoms (and are treated) or recover and are
immune, while the term

v(t)Ψ(N(t))φ(θ)i(θ, t)dθ = v(t)Ψ(N(t))N(t)φ(θ)
i(θ, t)

N(t)
dθ (2.5)

gives the density of infected individuals, with age θ, who are detected by screening and cured per unit
of time, (consequently removed and still active). In fact in (2.5), while the factor v(t) ≥ 0 is the
screening strategy, the factor Ψ(N(t))N(t) accounts for the part of the population effectively accepting

to be screened,
i(θ, t)dθ

N(t)
is the probability that the screened individual is actually infective and φ(θ)

accounts for the disease evidence and is an increasing function of the age θ. We note that concerning
the functional response Ψ(x)x we have in mind a Holling type function, though the analogy with the
predator-prey mechanism may not be quite adequate. Thus Ψ(x) should be decreasing, while Ψ(x)x
should be a saturating increasing function.

We note that it is convenient to adopt the three variables N(t), S(t) and

u(θ, t) =
i(θ, t)

Γ (θ)
, Γ (θ) = e−

∫
θ

0
γ(s)ds, (2.6)

that are sufficient to treat problem (2.1). Namely we can focus on the following problem



































a) S′(t) = Λ− λ(t)S(t)− µS(t)

b)
∂u

∂t
+

∂u

∂θ
+ [µ+ ν(θ) + v(t)Ψ(N(t))φ(θ)]u(θ, t) = 0

c) N ′(t) = Λ− µN(t)−

∫ θm

0

ν(θ)Γ (θ)u(θ, t)dθ.

(2.7)

endowed with

u(0, t) = λ(t)S(t), λ(t) =
c

N(t)

∫ θm

0

ω(θ)Γ (θ)u(θ, t)dθ. (2.8)

In fact, once this problem is solved, we may get R(t) from equation (2.1, c). Thus, focusing on (2.7), we
perform a change of scale defining the following new non-dimensional variables

θ̃ = µθ, t̃ = µt, θ̃m = µθm, c̃ =
c

µ
, ṽ(t̃) =

v(t)

µ
,

γ̃(θ̃) =
γ(θ)

µ
, ν̃(θ̃) =

ν(θ)

µ
, λ̃(t̃) =

λ(t)

µ
,

Γ̃ (θ̃) = Γ (θ), ω̃(θ̃) = ω(θ), φ̃(θ̃) = φ(θ),

S̃(t̃) =
µ

Λ
S(t), Ñ(t̃) =

µ

Λ
N(t), ũ(θ̃, t̃) =

u(θ, t)

Λ
, Ψ̃(x) = Ψ

(

Λ

µ
x

)

and we note that

λ̃(t̃) =
1

µ
λ

(

t̃

µ

)

=
c̃

Ñ(t̃)

∫ θ̃m

0

ω̃(s)Γ̃ (s)ũ(s, t̃)ds,
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Γ̃ (θ̃) = Γ

(

θ̃

µ

)

= e−
∫

θ̃

0
γ̃(s)ds, ĩ(θ̃, t̃) = Γ̃ (θ̃)ũ(θ̃, t̃).

Then, omitting tildes for simplicity, we get the following non-dimensional problem



































a) S′(t) = 1− λ(t)S(t)− S(t)

b)
∂u

∂t
+

∂u

∂θ
+ [1 + ν(θ) + v(t)Ψ(N(t))φ(θ)]u(θ, t) = 0

c) N ′(t) = 1−N(t)−

∫ θm

0

ν(θ)Γ (θ)u(θ, t)dθ,

(2.9)

with the same conditions (2.8). Actually, we note that (2.9, b) and (2.8), by integration along the
characteristic lines, yield

u(θ, t) =







u0(θ − t) for θ > t

λ(t− θ)S(t− θ) for θ ≤ t







× E(θ, t; v,N) (2.10)

where
E(θ, t; v,N) = e−

∫
θ∧t

0
[1+ν(θ−σ)+v(t−σ)Ψ(N(t−σ))φ(θ−σ)]dσ, (2.11)

thus providing an integral formulation of the problem.

3. Steady states and stability

If we assume a constant screening strategy, i.e. a strategy v(t) ≡ v which is not time-dependent, then
system (2.7) is endowed with steady states that are solutions of the following problem







































a) 1− λS − S = 0
b) u′(θ) + [1 + ν(θ) + vΨ(N)φ(θ)]u(θ) = 0
c) u(0) = λS

d) 1−N −

∫ θm

0

ν(θ)Γ (θ)u(θ)dθ = 0

e) λN = c

∫ θm

0

ω(θ)Γ (θ)u(θ)dθ.

(3.1)

In fact, by a steady state we mean a solution of (2.7) which is constant in time so that we are looking
for a solution such that the scalar variables S(t), N(t) are constant and the θ-distribution of infectives is
a function u(θ), θ ∈ [0, θm]. System (3.1) admits the so called disease-free state

S = 1, u(θ) ≡ 0, N = 1, (3.2)

accounting for the case of a population in which the disease is absent. In addition we are interested in
endemic states, i. e. solutions with non-trivial u(θ), accounting for cases in which a core of infectives is
always present and steadily distributed with respect to the age of infection. To look for these states, it
is convenient to follow the standard procedure of taking the incidence σ = λS as a new variable and to
solve (3.1, b) with the initial condition (3.1, c). In fact we have

u(θ) = σΠ(θ, vΨ(N)) (3.3)

where

Π(θ, ξ) = exp

{

−θ −

∫ θ

0

[ν(τ) + ξφ(τ)] dτ

}
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Thus, substituting (3.3) into (3.1), we can reduce the system to the following algebraic problem







a) 1− σ − S = 0
b) 1−N − σM(vΨ(N)) = 0
c) N = cSK(vΨ(N))

(3.4)

where we have set

M(ξ) =

∫ θm

0

ν(θ)Γ (θ)Π(θ, ξ)dθ, K(ξ) =

∫ θm

0

ω(θ)Γ (θ)Π(θ, ξ)dθ.

The previous system (3.4) can be easily solved in the special case ν(θ) ≡ 0. In fact, in this case the
system becomes







a) 1− σ − S = 0
b) 1−N = 0
c) N = cSK(vΨ(N))

(3.5)

and we get

N∗ = 1, S∗ =
1

cK (vΨ(1))
, σ∗ =

(

1−
1

cK (vΨ(1))

)

.

Thus an endemic state is possible if and only if

R0(v) = cK (vΨ(1)) > 1 (3.6)

Concerning the case with ν(θ) not identically vanishing, in order to solve (3.4) we may solve (3.4, b)
and (3.4, c) getting σ and S as functions of N

σ =
1−N

M(vΨ(N))
, S =

N

cK(vΨ(N))
(3.7)

and, substituting in (3.4, a), we get the following equation for N ,

(

1−
1

M(vΨ(N))

)

+N

(

1

M(vΨ(N))
−

1

cK(vΨ(N))

)

= 0. (3.8)

Thus we just need to find solutions of this equation in the interval (0, 1) and substitute them in (3.7) to
have a non-trivial solution with positive components for system (3.4).

Now, denoting by H(N) the function on the left hand side of (3.8), since M(ξ) < 1 for any ξ > 0, we
have that

H(0) =

(

1−
1

M(vΨ(0))

)

< 0. (3.9)

On the other hand

H′(N) =

(

1

M(vΨ(N))
−

1

K(vΨ(N))

)

+

+(1−N)
vM′(vΨ(N))Ψ ′(N)

M2(vΨ(N))
+

NvK′(vΨ(N))Ψ ′(N)

cK2(vΨ(N))

(3.10)

and we see that, since the first term in the right hand side of (3.10) is positive if H(N) ≥ 0 (see (3.8)),
the function H(N) is monotone increasing when positive. Moreover, since

H(1) =

(

1−
1

cK (vΨ (1))

)

= 1−
1

R0(v)
, (3.11)
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Figure 1. Total infectives I(t) for different values of the (constant) screening strategy v.
Parameters values are as in (4.3) and (4.4).

we have again that an endemic state exists and is unique, if and only if (3.6) is satisfied.
This parameter R0(v) is the reproduction number of the infection and gives the threshold condition

for the establishment of the infection as endemic. Also, by linearization at the equilibria we can prove
the classical result that, if R0(v) < 1, only the disease-free equilibrium (3.2) exists and is stable while,
if R0(v) > 1, the endemic equilibrium (3.7) inherits the stability of the disease-free state which becomes
unstable. Of course, R0(v) is non-increasing with respect to v, and

lim
v→∞

R0(v) = c

∫ θ−

0

ω(θ)Γ (θ)Π(θ, 0)dθ,

where
θ− = inf {θ | φ(θ) > 0} .

Then, a screening strategy at a high constant rate could be effective in eradicating the disease. However,
since the strategy cannot go over a certain screening rate because of limited resources, this goal cannot
always be attained.

Numerical simulation of system (2.9) with constant values for v may provide epidemic curves showing
the effect of a constant screening strategy. The total number of infectives

I(t) =

∫ θm

0

Γ (θ)u(θ, t)dθ (3.12)

is shown in Figure 1, for different values of the screening variable v.
Apart from the effect of constant strategies, the problem of designing time-dependent strategies v(t)

must be considered in connection with costs evaluation including both economical and social costs. The
remaining Sections are devoted to the definition of such costs and to the discussion of optimal strategies.

4. Screening strategies

As we have already discussed in Section 2, in our model (2.7) the screening program performed by health
institutions is quantified by the rate v(t), while the success of the program, depending on the functional
response of the population, is measured by v(t)Ψ(N(t))N(t), which gives the actual number of screened

18



“mmnp˙Ainseba” — 2012/5/23 — 9:03 — page 19 — #8
i

i

i

i

i

i

i

i

B. Ainseba, M. Iannelli Optimal screening in structured SIR epidemics

individuals per unit time. Finally the age distribution of infected individuals found by screening, per unit
time, is given by v(t)Ψ(N(t))φ(θ)i(θ, t). With all these elements we may define the total cost functional
to be minimized in order to identify the best strategy compatible with the program purposes. Specifically
we consider the following functional:

Φ(v(·)) = α

∫ T

0

∫ θm

0

i(θ, t)dθdt+

β

∫ T

0

v2(t)dt+ η

∫ T

0

v(t)Ψ(N(t))N(t)dt+

+δ

∫ T

0

∫ θm

0

c(θ)v(t)Ψ(N(t))i(θ, t)dθdt,

(4.1)

where the rescaled variables i(θ, t) = Γ (θ)u(θ, t) and N(t) depend upon v(t) through the state system
(2.9). The different terms in (4.1) account for different costs weighted by the constants α, β, η, δ. Namely,
the first term in (4.1) is a measure of the social cost of the disease: our strategy is, above all, designed

Figure 2. The case of a constant strategy v(t) ≡ v. The cost function (4.1) is plotted versus
the screening strategy v (arbitrary scale). For each value v the cost function Φ(v) is evaluated
after a numerical computation of the state function i(θ, t) and of the total population N(t),
both depending on v. Parameters values are shown in (4.3) and (4.4).

to keep the number of infectives as low as possible; then, the second and third terms are a measure of
the cost of the screening program, including a fixed cost related to the screening offer and the cost of the
actual screening procedure, i.e. the cost of individuals actually tested; finally, the last term in (4.1) gives
the cost of the treatments, which is related to the number of infected individuals found by screening.
We note that the fixed cost (the second term in (4.1)) is not a linear function of the screening offer v(t)
because the effort to reach a large number of people may involve extra expenses that are not necessary
when the goal is a low number. Here we have chosen a classical quadratic form borrowed from mechanics,
but any increasing function would not imply changes in the mathematical approach presented in Section
5 and in the numerical treatment performed in Section 6.

Our purpose is to minimize the total cost functional over the set of functions v(t) satisfying

0 ≤ v(t) ≤ vm, (4.2)

19
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where vm is the maximum sustainable effort for screening purposes. As an example, in Figure 2 the cost
function (4.1) is calculated in connection with a constant strategy v(t) ≡ v and represented as a function
of v. The values of the parameters used in the simulations are chosen as

model parameters : θm = 0.1, T = 1, vm = 1000, c = 105;

cost function parameters : α = 3150, β = 0.05, η = 1, δ = 10 .
(4.3)

while, for the functions we used

Ψ(x) =
1

1 + x
, Γ (θ) = 1−

θ

θm

ω(θ) = 10−3 (0.8 + θ (10 θ − 1.3)(5.4− 100 θ))

ν(θ) ≡ 0.1, φ(θ) ≡ 0.8

(4.4)

We may note that, in the case considered in the simulation, the cost is decreasing at low values of v, but
it is increasing for large ones. Actually, at large values of v, the social goal of damping the infection is
reached and any further effort only has the effect of rising the cost. In the next Section we consider the
problem of existence of an optimal strategy.

5. Existence of an optimal strategy

Here we consider the problem of existence of an optimal strategy to the screening problem introduced in
the previous sections.

More specifically we look for v∗ in the convex set

K = {v ∈ L∞(0, T ) | 0 ≤ v(θ) ≤ vm} ,

and such that
Φ(v∗) = min

v∈K
Φ(v). (5.1)

As a preliminary step we prove that the solution of the state system (2.9) satisfies some basic estimates,
independent of the function v ∈ K. Towards this goal we consider the total number of infectives (3.12)
and note that multiplying the second equation in (2.9) by Γ (θ), and integrating with respect to the
variable θ, we get the following equation

I ′(t) = −

∫ θm

0

Γ (θ)
∂u

∂θ
(θ, t)dθ − I(t)+

−

∫ θm

0

[ν(θ) + v(t)φ(θ)Ψ(N(t))]Γ (θ)u(θ, t)dθ

= λ(t)S(t)− I(t)+

−

∫ θm

0

[γ(θ) + ν(θ) + v(t)φ(θ)Ψ(N(t))]Γ (θ)u(θ, t)dθ,

(5.2)

where we have used (2.8). Then

I ′(t) ≤ λ(t)S(t)− I(t)−

∫ θm

0

ν(θ)Γ (θ)u(θ, t)dθ,

so that, using the equations for S(t) and N(t), we get

N ′(t)− S′(t)− I ′(t) ≥ − (N(t)− I(t)− S(t)) ,
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that implies
I(t) + S(t) ≤ N(t) ≤ 1 + (N(0)− 1) e−t. (5.3)

The left hand side inequality in (5.3) follows because

N(0)− S(0)− I(0) ≥ 0,

while the right hand side one follows from the third equation in (2.9).
Estimate (5.3) implies that all the components I(t), S(t), N(t) are uniformly bounded with respect

to t ∈ [0, T ] and v ∈ K. Consequently we also have that the functional Φ(·) is uniformly bounded on all
functions v ∈ K.

The previous estimate (5.3), drives also other important estimates. Namely, using (5.3) in (2.8), we
have first

λ(t) ≤
cω+

N(t)
I(t) ≤ cω+, (5.4)

which, used in (2.10) with (5.3), gives also

|u(θ, t)| ≤ M1 = max

{

sup
θ∈[0,θm]

|u0(θ)| , cω+ (1 +N(0))

}

, (5.5)

and, from (2.9,a) and (5.3)

N(t) ≥ S(t) ≥ S(0)e−
∫

t

0
(1+λ(s))ds ≥ S(0)e−(1+cω+)t. (5.6)

Furthermore, using these estimates in (2.9) and (5.2), we also get

|I ′(t)|+ |S′(t)|+ |N ′(t)| ≤ M2, (5.7)

where M2 is a constant independent of t ∈ [0, T ] and v ∈ K. Finally, since

λ′(t) = −
cN ′(t)

N2(t)

∫ θm

0

ω(θ)Γ (θ)u(θ, t)dθ+

+
c

N(t)

∫ θm

0

ω(θ)Γ (θ)
∂u

∂t
(θ, t)dθ =

= −
N ′(t)

N(t)
λ(t)−

c

N(t)

∫ θm

0

ω(θ)Γ (θ)
∂u

∂θ
(θ, t)dθ − λ(t)+

−
c

N(t)

∫ θm

0

[ν(θ) + v(t)φ(θ)Ψ(N(t))]ω(θ)Γ (θ)u(θ, t)dθ =

= −

(

1 +
N ′(t)

N(t)
−

cω(0)

N(t)
S(t)

)

λ(t) +
c

N(t)

∫ θm

0

ω′(θ)Γ (θ)u(θ, t)dθ+

−
c

N(t)

∫ θm

0

[γ(θ) + ν(θ) + v(t)φ(θ)Ψ(N(t))]ω(θ)Γ (θ)u(θ, t)dθ,

we use (5.3) - (5.7) to derive
|λ′(t)| ≤ M3, (5.8)

where M3 does not depend on t ∈ [0, T ] or v ∈ K.
The previous estimates allow us to prove existence of an optimal strategy. Let us consider a minimizing

sequence vn ∈ K,
lim

n→∞
Φ(vn) = inf

v∈K
Φ(v),

and the respective variables from the state system (2.9), where v is replaced by vn,

Sn(t), Nn(t), un(θ, t),
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In(t) =

∫ θm

0

Γ (θ)un(θ, t)dθ. (5.9)

The previous variables are also related each other by

un(θ, t) =







u0(θ − t) for θ > t

λn(t− θ)Sn(t− θ) for θ ≤ t







× E(θ, t; vn, Nn) (5.10)

where we have used (2.11) and

λn(t) =
c

Nn(t)

∫ θm

0

ω(θ)Γ (θ)un(θ, t)dθ. (5.11)

Now, since vn(t) ≤ vm, the sequence vn(t) is uniformly bounded in L2(0, T ) and by estimates (5.7),
(5.8) the sequences Sn(t), Nn(t), In(t), λn(t) are uniformly Lipschitz continuous, then we can extract a
subsequence such that

vn → v∗ weakly in L2(0, T ).

and
Sn(t) → S∗(t) uniformly in [0, T ],
Nn(t) → N∗(t) uniformly in [0, T ],
In(t) → I∗(t) uniformly in [0, T ],
λn(t) → λ∗(t) uniformly in [0, T ].

We note that, as a consequence we have

∫ θ∧t

0

vn(t− σ)Ψ(Nn(t− σ))φ(θ − σ)dσ →

∫ θ∧t

0

v∗(t− σ)Ψ(N∗(t− σ))φ(θ − σ)dσ

a.e. in (0, θm)× (0, T ) so that (see (2.11))

E(θ, t; vn, Nn) → E(θ, t; v∗, N∗) a.e. in (0, θm)× (0, T ),

and we can pass to the limit in (5.10) obtaining

un(θ, t) → u∗(θ, t) a.e. in (0, θm)× (0, T ),

with

u∗(θ, t) =







u0(θ − t) for θ > t

λ∗(t− θ)S∗(t− θ) for θ ≤ t







× E(θ, t; v∗, N∗). (5.12)

Moreover, using (5.5), we can go to the limit in (5.9), (5.11), (2.9, i), (2.9, c)

I∗(t) =

∫ θm

0

Γ (θ)u∗(θ, t)dθ,

λ∗(t) =
c

N∗(t)

∫ θm

0

ω(θ)Γ (θ)u∗(θ, t)dθ,

S′
∗ = Λ− λ∗(t)S∗(t)− µS∗(t),

N ′
∗ = Λ− µN∗(t)−

∫ θn

0

ν(θ)Γ (θ)u∗(θ, t)dθ,

so that S∗, N∗, u∗ is the solution to (2.9) corresponding to v∗. Finally from (4.1) we have

lim
n→∞

Φ(vn) = Φ(v∗),

so that v∗ satisfies (5.1).
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6. The optimality system

For the optimal screening strategy (5.1), we introduce the formal Lagrange function

L(v, S, u,N, p, q, r, z) = Φ(v) +

∫ T

0

(S′(t)− 1− λ(t)S(t)− S(t))p(t)dt

+

∫ T

0

∫ θm

0

(
∂u

∂t
+

∂u

∂θ
+ [1 + ν(θ) + v(t)Ψ(N(t))φ(θ)]u(θ, t))q(t, θ)dtdθ

+

∫ T

0

(N ′(t)− 1 +N(t) +

∫ θm

0

ν(θ)u(θ, t)dθ)r(t)dt+

∫ T

0

(i(0, t)− λ(t)S(t))z(t)dt

with multipliers p ∈ L2((0, T )), q ∈ L2((0, T ) × (0, θm), r ∈ L2((0, T )) and z ∈ L2((0, T )). Let us now
consider the variables v, S, u,N, p, q, r, z as independent and compute and set equal to zero the derivatives
of L, with respect to the seven last variables. After some computations we obtain:







































































a) −p′(t) = λ(t)(p+ q(0, t)) + p(t),

b) −
∂q

∂t
−

∂q

∂θ
+ [1 + ν(θ) + v(t)Ψ(N(t))φ(θ)] q(θ, t) =

−α− δc(θ)v(t)Ψ(N)− ν(θ)r(t)

+
c(θ)

N(t)
ω(θ)S(t)(p(t) + q(0, t)),

c) r′(t) = r(t) +
λ(t)

N(t)
S(t)(p(t) + q(0, t))

+ηv(t)(Ψ ′(N)N + Ψ(N))

+

(

δ

∫ θm

0

c(θ)u(θ, t)dθ +

∫ θm

0

φ(θ)u(θ, t)q(θ, t)dθ

)

Ψ ′(N)v(t),

(6.1)

complemented by the transversality conditions

p(T ) = 0, q(θ, T ) = 0, q(θm, t) = 0, r(T ) = 0

in addition to the state equations (2.7). System (6.1) supplemented by the transversality conditions is
called the adjoint system of the optimal control problem.
When computing the derivative of the Lagrangian with respect to the first variable, we obtain the gradient
of Φ.

∇v(Φ) = 2βv + ηΨ(N)N

+

(

δ

∫ θm

0

c(θ)u(θ, t)dθ +

∫ θm

0

φ(θ)u(θ, t)q(θ, t)dθ

)

Ψ(N)
(6.2)

Based on (6.1) and (6.2) we can approximate the optimal screening strategy using a discretization of
the following algorithm:

– Step 0 Choose a control v(t) randomly.
– Step 1 Compute the solution of the state equations (2.7).
– Step 2 Compute the solution of the adjoint equation (6.1).
– Step 3 Compute the gradient of Φ, by (6.2).
– Step 4 Compute the new control using a nonlinear gradient method.
– Step 5 Project the control on the admissible domain (constraints).
– Step 6 If the norm of the gradient of Φ is less than some tolerance then stop; else return to step 1.
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Figure 3. The optimal strategy v(t) for different forms of the functional response Ψ(N).
Other parameters and functions are as in (6.3) and (6.4).
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Figure 4. Total infectives relative to the different screening strategies shown in Figure 3

We have actually used this procedure to run some numerical simulations and illustrate the effect of age-
disease structure on the optimal screening strategy. More specifically, in discretizing the algorithm just
described, we used a semi-implicit scheme on the characteristic lines to solve the state equations; the
nonlinear renewal equation for the infected population was solved explicitly. Besides, the cost function
was discretized using the trapezoidal rule and a discrete Lagrange function was also obtained by using
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the trapezoidal rule and the discretized state equation. From this discretized Lagrangian we derive, in
the discrete context, a discrete adjoint equation that we use in the computations (this means that we do
not obtain the discrete adjoint equation directly from the continuous one). The numerical parameters
used to produce Figures 3 and 4 are:

model parameters : θm = 0.1, T = 1, vm = 1000, c = 105;

cost function parameters : α = 3150, β = 0.005, η = 0.1, δ = 10 .
(6.3)

while, for the functions we used

Ψ1(N) =
1

1 + 10N
,Ψ2(N) =

1

1 + 0.1N
Γ (θ) = 1−

θ

θm

ω(θ) = 10−3 (0.8 + θ (10 θ − 1.3)(5.4− 100 θ))

ν(θ) ≡ 0.1, φ(θ) ≡ 0.8

(6.4)

In Figures 3, 4 we see the effect of the population screening response on the optimal control strategy. We
see (Figure 3) that for Ψ1(N) the optimal strategy prescribes no screening in the middle of the campaign
, while for Ψ2(N) there is no screening at the beginning. Moreover, the optimal screening is never at
the maximum allowable value vm. In Figure 4 we see that for Ψ1(N) the epidemics persists while for
Ψ2(N) it disappears. In Figure 5, we examine the effect of the disease detectability, choosing different
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Figure 5. The optimal strategy v(t) for different forms of the function φ(θ)

age-dependent functions φ(θ), with equal mean, and keeping the other choices as in (6.3), (4.4). Namely,
we consider the following cases

φ1(θ) ≡ 0.08, φ2(θ) = χ(0.02,0.1)(θ), φ3(θ) =
4

3
χ(0.04,0.1)(θ),

and we see that with φ1(θ), when the disease detectability is possible for all ages, the optimal screening
strategy has no screening at the beginning. Instead, when detectability is not possible for small ages, the
screening effort should mainly concern the beginning and the end of the campaign.
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Finally, in Figure 6, we examine the optimal screening strategy with respect to different disease-age
infectiveness functions, ω(θ), with equal mean value, while the remaining parameters are still chosen as
in (6.3), (4.4). Thus, in addition to the function ω1(θ) = ω(θ) defined in (4.4), we consider the following
options

ω2(θ) ≡ 8 10−4, ω3(θ) = 0.04 χ(0.02,0.1)(θ), ω4(θ) = 0.02 χ(0.04,0.1)(θ)

For ω1(θ) and for the constant function ω2(θ) we have a very similar optimal screening strategy, starting
from zero at the beginning of the program, increasing to a maximum screening effort, and then decreasing
to zero at the end of the program. For the two other examples, ω3(θ) and ω4(θ) we have some very similar
optimal screening strategies, both suggesting a strong effort at the beginning of the campaign.
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Figure 6. The optimal strategy v(t) for different forms of the infectiveness ω(θ)

7. Conclusions

We have presented a model for investigating optimal screening strategies within the context of diseases
characterized by appreciable duration of the infectiveness period and by variability of the transmission
risk. The analysis of the model showed that disease endemicity is possible even when a high screening
effort is exerted. Then a cost function (including both social cost and economical spending) was intro-
duced in order to find an optimal screening campaign minimizing the cost. We proved that an optimal
strategy does exists and we set up a numerical method to explore different situations due to different
shapes and parameter ranges in the structure of the model. In fact, Figures 3-6 show that the popula-
tion response to the screening offer (namely function Ψ(N)), the disease detectability together with cure
and/or prevention efficacy (namely function φ(θ)) and the disease progression and infectiveness structure
(namely function ω(θ)), strongly infuence the optimal screening campaign. The numerical simulations
may produce different strategies, in some cases suggesting a non-uniform intervention and, in all cases the
effort does not reach the maximum a priori designed as an upper bound. A general conclusion that may
be drawn from this study is that a model based on class-age may be better fitted to approach diseases
with long incubation and/or latency periods. In fact, in the simulations we see that the differences in
the optimal strategies are due to the different dependence of the functions upon class-age. Functions and
parameters introduced in the model are only based on theoretical assumptions, but they could be de-
signed in correspondence with specific diseases. The case of the HIV-AIDS infection could be realistically
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approached if sociological data and clinical information could be quantified to give the model a realistic
shape.
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