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On optimally devising a two-shot vaccination rollout through MPC

Francesco Parino1, Lorenzo Zino2, Giuseppe Carlo Calafiore1, and Alessandro Rizzo1,3

Context - The ongoing COVID-19 vaccination campaign has
highlighted the complexity of optimally designing a two-shot vac-
cination campaign. Mathematical modeling, which has already
proved to be key in other aspects of the management of the pan-
demic [1], can again be utilized to assist public health authorities in
the planning of the vaccination rollout [2]. To this aim, we propose
a novel epidemic model, which incorporates the effect of nonphar-
maceutical interventions (NPIs) and a two-shot vaccination cam-
paign. Then, nonlinear model predictive control (MPC) is used to
devise the optimal vaccination rollout (i.e., scheduling first and sec-
ond shots), taking into account both the healthcare needs and the
socio-economic costs associated with the implementation of NPIs.
A case study, calibrated on the 2021 COVID-19 vaccination cam-
paign in Italy, is discussed to illustrate the proposed method [3].

Model - We propose a discrete-time deterministic epidemic
model that generalizes a standard SIR compartmental model [4] by
incorporating a two-shot vaccination campaign, in which the sec-
ond shot should be administered at least L time-steps after the first
one. In our model, the population is partitioned into a set of com-
partments, which comprises susceptible (S), infectious (I), hospi-
talized (H), recovered (R), dead (D), and fully vaccinated (V ) in-
dividuals. A further set of compartments is included to represent
people that have already received the first shot since ` time-steps
(F̀ , ` = 1, . . . ,L− 1), and people that are waiting for the second
shot (W ).

Susceptible individuals become infected upon interaction with
infectious individuals with time-varying rate β (t), as detailed be-
low; such a probability is reduced by σ for those who are partially
vaccinated (W ), while we assume that vaccinated individuals are
fully immunized. At each time-step, a fraction µ of the infected
individuals recovers, and a fraction γ is hospitalized; among the
hospitalized, a fraction ν recovers, while a fraction λ dies. Vacci-
nations are modeled through two control actions, u1(t) and u2(t),
which represent the first and second shots that are performed at
time t, where B(t) is the total number of vaccines that are available
at time t, and Y (t) is the supply at time t, which is assumed to be
known. Finally, a parameter α is included, to model the velocity
of loss of partial immunity, after the first shot. Hence, the system
evolves according to the following recursions:

S(t +1) = S(t)−β (t)S(t) I(t)
N +αW (t)−u1(t)

I(t +1) = (1−µ − γ)I(t)+β (t)(S(t)+∑ F̀ (t)+(1−σ)W (t)) I(t)
N

H(t +1) = (1−ν −λ )H(t)+ γI(t)
R(t +1) = R(t)+µI(t)+νH(t)
D(t +1) = D(t)+λH(t)
F1(t +1) = u1(t)
F̀ (t +1) = F̀ −1(t)(1−β (t) I(t)

N ), `= 2, . . . ,L−1
W (t +1) = (1−α)W (t)+FL−1(t)(1−β (t) I(t)

N )

−(1−σ)β (t)W (t) I(t)
N −u2(t)

V (t +1) =V (t)+u2(t)
B(t +1) = B(t)+Y (t)−u1(t)−u2(t) ,

where the time-varying infection rate β (t) is designed as a feed-
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Figure 1: State transitions characterizing the epidemic process.

back mechanism based on the size of the hospitalized compart-
ment, to mimic the realistic implementation of NPIs during the
course of an epidemic. Specifically, we dynamically set

β (t +1) = βNPI +(β0 −βNPI)

(
1+

1
2

tanh
(

κ
H(t)− H̄

H̄

))
,

where 0 < βNPI < β0 are two limit values, corresponding to the
maximum level of NPIs and their absence, respectively, H̄ is the
critical hospitalization threshold, and κ is a parameter that cap-
tures the speed of reaction of the population. A schematic of the
compartments and the state transitions of the model are illustrated
in Fig. 1.

Optimization problem - Our objective is to optimize the
scheduling of the two shots u1(t) and u2(t), under some con-
straints of nonnegativity u1(t) ≥ 0, u2(t) ≥ 0, maximum capac-
ity (u1(t) + u2(t) ≤ C), and budget (u1(t) + u2(t) ≤ B(t)). The
main goal is to reduce the number of hospitalizations and limit
the need of adopting NPIs. Hence, fixing a time-horizon T , the
control variable is defined as a 2T -dimensional nonnegative vector
u = (u1(0), . . . ,u1(T −1),u2(0), . . . ,u2(T −1)), and we define the
following cost function

J =
T

∑
i=1

(
H(t)
Hmax

)2

+
T

∑
t=1

(
β0 −β (t)
β0 −βNPI

)2

,

where the first term represents the healthcare cost (with Hmax being
the maximum number of hospitalizations in the absence of any vac-
cination campaign), and the second one models the socio-economic
cost associated with the implementation of NPIs.

The cost function J, the constraints, and the dynamical system
defined in the above yield a nonlinear optimization problem, which
is then leveraged for control purposes in the MPC framework [5].
Specifically, the solution of the nonlinear MPC is based on the iter-
ative, finite-horizon optimization of the cost function. At each time
t, the following procedure is implemented: i) the cost-minimizing
control strategy is numerically computed for a fixed time-horizon
(shorter than T ), ii) the first step of the control strategy is executed,
iii) the system evolves to a new state at time t +1, and the calcula-
tions are repeated from item i) from the new current state.



Figure 2: Optimal vaccination rollout for different velocity of loss of partial immunity, α .

Results - The model is calibrated on the COVID-19 outbreak
in Italy, with a specific focus on the Spring 2021 vaccination
campaign. Specifically, we identified the epidemic parameters of
the model using reported epidemic data during the second wave
(September 2020–April 2021) [6]; then, we calibrate the parame-
ters of the vaccine (minimum delay between first and second shot
T , effectiveness of first shot σ , and its duration α) utilizing clinical
data for the two vaccines that were mostly adopted in Italy dur-
ing the Spring 2021 vaccination campaign, that is, Pfizer and As-
traZeneca [7, 8], and using officially reported data on vaccinations
to determine the constraint C and the supplies Y (t) [9].

Our findings suggest that determining the optimal vaccination
strategy is nontrivial, as it is strongly dependent on the efficacy
and duration of the first-dose partial immunization. Interestingly,
we find that a (partial) herd immunity that is effective in avoiding
resurgent waves might be obtained by prioritizing first shots in the
early stages of the rollout, for vaccines with a sufficiently effica-
cious first dose and a long duration of the partial immunity (e.g.,
AstraZeneca [8]). On the contrary, for vaccines with a shorter mini-
mum delay between the shots, an alternate vaccination strategy that
minimizes the delay between the two shots seems to be preferable.

We extend our analysis by investigating the role of the model pa-
rameters on the optimal vaccination rollout. In particular, we focus
on the role of α , which represent the velocity at which the partial
immunity gained with a is lost. Note that, due to the limited amount
of clinical data, there is still not an agreement on a reliable estima-
tion for the parameter α in the scientific community. The results
of our what/if analysis, illustrated in Fig. 2, show that the param-
eter α plays a key role in shaping the optimal vaccination rollout.
Predictably, if partial immunity has a short duration (α = 1/6), al-
ternating solutions are obtained, in which second shots are done as
soon as possible. Interestingly, a longer duration of the partial im-
munity (α = 1/24) results in a nontrivial solution, with phases in
which first shots are prioritized, thereby delaying the second ones.
Such a strategy tends to accumulate individuals in the compartment
W (with a reduced infection rate), keeping new contagions under
control and avoid resurgent epidemic waves and the need of severe
NPIs.

Outlook - Our novel epidemic model and optimization ap-
proach provide a tool that can be adopted to help public health au-
thorities in devising the current COVID-19 vaccination campaign.
Furthermore, our analysis has highlighted the flexibility of our ap-
proach, which enables to test several what/if scenarios, demonstrat-

ing its potential use in future stages of the COVID-19 vaccination
campaign, and to increase preparedness for future epidemics. In
our current research, besides investigating the role of the other
model parameters in shaping the optimal vaccination strategy, we
are planning to consider further real-world features. Specifically,
a key issue that has been observed during the ongoing vaccination
campaign concerns the stochasticity of the supply. We are currently
working toward incorporating such a source of stochasticity with-
ing our optimization framework, and investigate its impact on the
device of the optimal vaccination rollout.
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