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Control theory in a nutshell

Feedback Control = Sense + Compute + Actuate
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y(t)

Goal = Stability + Performance + Robustness



• Complex systems from applications have been constantly
challenging the classical control paradigm

Complex systems: from one to many



• How can we orchestrate in real-time the collective behaviour 
of a large-scale multiagent system?

1. Whom do we sense?

2. Whom do we control?

3. What do we compute?

• We want the control to be distributed,
and to be computed on-line

Controlling complexity

Feedback Control = Sense + Compute + Actuate



• We need to “close the loop” across different scales

A multi-scale problem
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• To achieve this goal we can act on 
1. the agents  
2. the links interconnecting them 
3. the topology of the network structure itself

• Each of these approaches yields different types of problems

• e.g. controllability, observability, proving stability and 
convergence, control design etc.

How to control



• Let’s have a look at two representative applications

Applications

patterning [26]. Researchers also moved to implement adhesion mechanisms using auto-
transporters [35]. Early attempts at both strategies suffered from lack of specificity and diversity,
making it difficult to achieve more complex patterns, especially those that span different length
scales or exhibit symmetry breaking [36].

The greatest challenge of engineering microbial consortia, however, has proven to be managing
the composition of the entire consortium. At its core, this challenge is the collision of engineering
and the competitive exclusion principle, which states that two noninterbreeding populations
competing for the same ecological niche cannot coexist [37]. Because many of the currently
engineerable microbes utilize the same nutrients, simply placing them in the same tube will
cause the faster growing population to completely overtake the slower growing population.
Solutions to this issue have largely approached the problem through the lens of symbiosis.
One of the most promising early examples was the discovery of mutualism among commonly

Key figure

Categories of control in microbial consortia

Integrated
control

Temporal
control

Community
control

Spatial
control

TrendsTrends inin MicrobiologyMicrobiology

Figure 1. While control strategies of microbial consortia often cross these boundaries, they can generally be categorized into
three groups: (i) temporal, (ii) spatial, and (iii) community compositional. Temporal control generally encompasses those
strategies linked to dynamic responses to environmental changes. Spatial control encompasses those strategies
determining community-wide patterning and morphology. Community compositional control encompasses those
strategies modulating relative population ratios within the community. While true integration of these strategies has been
rare thus far, the future of synthetic microbial consortia lies at the intersection of these strategies.

Trends in Microbiology

Trends in Microbiology, Month 2021, Vol. xx, No. xx 3



• Following the COVID-19 outbreak in
Lombardy a strict national lockdown 
was enforced in March 2020

• All regions were shut down 
independently of their epidemic
status

• A hot debate ensued..

Controlling the pandemic in Italy



What intervention strategies? 10

21st April 2020

19th April 2020

A hot national debate!
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Si riunirà in giornata la cabina di regia tra il governo, le Regioni
e i Comuni, convocata dal ministro per gli Affari regionali Francesco
Boccia per coordinare le decisioni e valutare le scelte da compiere in
vista della "fase 2" della ripartenza. Alla riunione dovrebbe prendere
parte il ministro della Salute Roberto Speranza.

"E' assolutamente impossibile oggi dire che il 4 maggio è una data
sicura" per la riapertura di tutte le attività oggi sospese per il
coronavirus, ha detto Vito Crimi, capo politico di M5s a In viva voce,
su Radio Rai. "Credo che dobbiamo aspettare per vedere come
evolve la situazione, dobbiamo sentire il parere del comitato tecnico-
scientifico, il parere delle parti sociali ed economiche, e la politica a
quel punto decide avendo come obiettivo prioritario la tutela della
salute; una riapertura affrettata avrebbe conseguenze
eccessivamente negative".

CAMPANIA - C'è "chi preme per affrettare la ripresa di tutto ma
dobbiamo avere grande senso di responsabilità". Lo ha detto il
presidente della Giunta regionale della Campania, Vincenzo De
Luca, nel corso di una conferenza per fare il punto
sull'emergenza Coronavirus. "Se dovessimo avere corse in avanti
in regioni dove c'è il contagio così forte, la Campania chiuderà i suoi
confini. Faremo una ordinanza per vietare l'ingresso dei cittadini
provenienti da quelle regioni", ha proseguito De Luca.

"Se manteniamo il rigore che abbiamo avuto finora, a metà maggio
potremo dire di aver sconfitto in Campania il Coronavirus", ha detto
De Luca. Ha analizzato i dati del contagio dei primi giorni di aprile
sottolineando che a questi ritmi si "sarà fuori a metà maggio". Nei
prossimi giorni, ha proseguito sempre De Luca, saranno intensificati
i controlli nelle strutture che ospitano gli anziani.

"Stiamo già distribuendo 3 milioni di mascherine perché dal 3/4
maggio l'uso delle mascherine sarà obbligatorio", ha detto ancora.
Le mascherine (in confezione da due), arriveranno, ha spiegato De
Luca, nelle case dei campani, grazie ad una intesa con le Poste
Italiane. Al momento è stata avviata la distribuzione alle categorie a
rischio. 

LOMBARDIA - Sulle Rsa "credo proprio che non abbiamo
assolutamente sbagliato niente". Così il governatore Attilio
Fontana al Tgr Lombardia sul ricovero nelle strutture di pazienti
Covid. "Abbiamo fatto una scelta - ha detto Fontana -, l'Ats doveva
controllare le condizioni delle delibera, ossia l'isolamento in singoli
reparti e dipendenti dedicati esclusivamente a quei pazienti, e, sulla
base delle risultanze tecniche, abbiamo portato avanti il
provvedimento". Lo rifareste? "Certamente, in quel periodo
drammatico che stavamo vivendo. Abbiamo liberato posti in
ospedale".

"Nell'ipotesi in cui l'evoluzione del virus dovesse andare in senso
positivo e ci fossero le condizioni, noi il 4 maggio dovremo essere
pronti per la riapertura, purché non prescinda mai dalla sicurezza dei
nostri cittadini e lavoratori", aveva detto il governatore in mattinata in
collegamento con Mattino Cinque. "La condizione ineludibile per
parlare di riapertura è che ci sia il via libera della scienza. Se la
scienza ci dirà bisogna stare chiusi staremo chiusi, però allo stesso
tempo non possiamo farci trovare impreparati", ha aggiunto
Fontana. 

Per quanto riguarda il capitolo delle inchieste sulle Rsa, le Case di
riposo e degenza per anziani, dove il coronavirus, anche a detta
dell'Oms ha compiuto "un massacro", Fontana, a Mattino5, risponde:
"Io aspetto con estrema serenità l'esito". E alla domanda 'se pensa
che dalle indagini della magistratura sui contagi e i decessi per
Coronavirus nella case di riposo possano emergere 'errori gravi' da
parte della giunta lombarda', ha risposto: "Noi abbiamo fatto una
delibera che è stata proposta dai nostri tecnici. Sono stati i nostri
esperti che ci hanno detto che a determinate condizioni - e cioè che
esistessero dei reparti assolutamente isolati dal resto della struttura
e addetti dedicati esclusivamente ai malati Covid - la cosa si poteva
fare".

"Noi abbiamo fatto questa proposta - ha proseguito - e le case di
riposo che avevano queste condizioni hanno aderito. Non bisogna
dimenticare che la scelta è stata fatta perché non avevamo più posti
negli ospedali per ricoverare la gente che non poteva più essere
curata a casa. Però sono stati i nostri tecnici che ci hanno fatto la
proposta, che hanno valutato le condizioni delle singole case di
riposo e noi ci siamo adeguati".

La Lombardia "in questo momento ha una condizione
epidemiologica di particolare gravità - ha detto Walter Ricciardi,
rappresentante italiano nell'executive board dell'Oms e consulente
del ministro della Salute al giornale ilcaffeonline.it. -. Certamente in
miglioramento ma di particolare gravità. Tra i paesi europei è la
regione che in questo momento ha maggiori problemi. Non l'Italia,
ma la Lombardia. Mi sembra non saggio immaginare delle aperture
a prescindere da valutazioni oggettive delle condizioni
epidemiologiche". 

VENETO - "Il trend positivo sui positivi ci fa preparare bene alla
ripartenza: il lockdown non esiste più", ha detto il governatore del
Veneto Luca Zaia. "Stiamo lavorando alacremente - spiega - per
presentare un progetto di messa in sicurezza per la ripartenza". "Se
dipendesse da me riaprirei tutto il 4 maggio con gradualità e senso
di responsabilità".  

EMILIA ROMAGNA - Per quanto riguarda la 'Fase 2' il presidente
della regione Emilia Romagna Stefano Bonaccini rinvia invece al
governo l'ultima parola.  "È il governo che ha l'ultima parola sulla
ripartenza delle fabbriche. Le regioni possono solo fare proposte
sulle filiere strategiche nel loro territorio", afferma in un'interbista a
'La Repubblica'. Sulla ripresa "bisogna continuare a gestire
un'emergenza sanitaria che resta difficile. Non ho intenzione di fare
polemiche, voglio invece dare una mano per arrivare presto a un
Piano per il Paese. Di cui c'è bisogno". Su una possibile ripartenza
in base alle aree geografiche, aggiunge: "Penso non sia il momento
delle divisioni. Serve unità. Né mi permetto io di indicare quale sia la
strada giusta per le altre regioni. Il governo ha giustamente l'ultima
parola. Per parte nostra vogliamo dare una mano a definire un Piano
Paese: costruire accordi territoriali per una ripartenza sicura. In
Emilia Romagna abbiamo deciso con le parti sociali che metteremo
a punto un progetto per far ripartire gradualmente le filiere a valenza
internazionale e i cantieri delle opere pubbliche".

TRENTINO ALTO ADIGE - Il governatore altoatesino Arno
Kompatscher ha chiesto, durante una videoconferenza delle
Province e Regioni autonome con il viceministro all'Economia Laura
Castelli, la sospensione del contributo della Provincia autonoma al
risanamento del disavanzo statale. Si tratta di un contributo annuo di
476 milioni di euro. Kompatscher ha giustificato questa richiesta con
il mancato gettito fiscale causa emergenza coronavirus. "Per
garantire servizi essenziali, prevedere bond regionali", ha aggiunto.
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• Do we need to shut down all regions concurrently 
independently from their epidemic status?

• Can we envisage regional lockdown strategies to mitigate 
the COVID19 epidemic…
• … where each region automatically enforces or releases 

mitigating measures according to some indicators?
• Are such regional measures effective and do they cause 

lesser economic costs?

Our research questions back then 11



Modeling Italy as a complex system 12

Figure 1: Network structure of the epidemic model representing the flux fi j between neighboring regions, each
represented by a vertex of the graph.

As done in [?], we focus on equations (1a-1b) and start by recasting them in vector notation. Namely
we define S(t) = [S1 S2 . . . SM]T and I(t) = [I1 I2 . . . IM]T . Then, to find the basic reproduction numbers
(regional and national), we study local stability of the equilibrium point (S∗,I∗) with S∗ = [N1 N2 . . . NM]T
and I∗ = [0 0 . . . 0]T corresponding to an healthy population in all nodes. Specifically, letting dS ∶= S−S∗ and
d I ∶= I− I∗ be small perturbations away from the equilibrium of interest, linearizing we obtain:
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• Links among compartments suggested from data analysis

• We set

• Ansatz: parameters constant over time intervals Tk
(no duration fixed a priori)

• We want to find parameters’ values and when they change

Regional models (nodes) 13
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• Once each region has been modelled and identified we 
introduced fluxes among regions and their effects

Modeling the edges 14
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Figure 1: Network structure of the epidemic model representing the flux fi j between neighboring regions, each
represented by a vertex of the graph.

As done in [?], we focus on equations (1a-1b) and start by recasting them in vector notation. Namely
we define S(t) = [S1 S2 . . . SM]T and I(t) = [I1 I2 . . . IM]T . Then, to find the basic reproduction numbers
(regional and national), we study local stability of the equilibrium point (S∗,I∗) with S∗ = [N1 N2 . . . NM]T
and I∗ = [0 0 . . . 0]T corresponding to an healthy population in all nodes. Specifically, letting dS ∶= S−S∗ and
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The resulting network model 15

When investigating intervention strategies, we consider the discretized version of the above model given
by:

Si(t +1) = Si(t)− M�
j=1

M�
k=1

r jb jfi j(t)Si(t)fk j(t)Ik(t)
N p

j
(8)

Ii(t +1) = Ii(t)+ M�
j=1

M�
k=1

r jb jfi j(t)Si(t)fk j(t)Ik(t)
N p

j
−(gi+ai)Ii(t) (9)

Qi(t +1) = Qi(t)+aiIi(t)−(hi+zi)Qi(t) (10)

Ri(t +1) = Ri(t)+giIi(t)+hiQi(t) (11)

Di(t +1) = Di(t)+ziQi(t) (12)

Hi(t) = qiQi(t) (13)

Given the resolution of data available to us, in the discretized model we consider a discretization period of one
day.

In both the continuous-time and discrete-time version of the model, we assume that the population size in
each region is constant and is given by

Ni = Si(t)+ Ii(t)+Qi(t)+Ri(t)+Di(t)
and given that fkiNk represents the total population that goes from vertex k to verted i, we define

N p
i = M�

k=1
fki(t)Nk.

The network structure is shown in Fig. 1 and models both short distance and long distance flows between
neighboring and farther regions (in the figure, the graph of geographical proxmity between the regions is
shown).

Note that the model describes the infection spreading when people move from region i to other regions j
(including region i itself) and come back to region i.

The number of people permanently migrating from one region to the other is neglected over the timescale
of interest as it is in general a much smaller number compared to the number of residents in the region where
they travel to. We assume therefore that this effect can be neglected and that the influx of people moving from
region i to region j permanently does not change Nj, although contributing to the temporary increase in the
number of susceptible in that region. For the specific situation considered here, this assumption is not restrictive.
Indeed, from the data analysis (see Section ***) we found that the number of people performing one-way
travels was .... and hence it could be neglected when compared to the total populaion of the regions.

We use the proposed model to analyse the COVID-19 spread across the country.

2.1 Regional and National Basic Reproduction Numbers

We derive next the basic reproduction number for the network model we proposed by considering two
distinct problems, that of characterizing an epidemic outbreak at the regional level by definining regional
basic reproduction numbers R0,i and that of looking at a single R0 for the entire network. We recall that in
mathematical epidemiology the epidemics phase is associated to R0 being greater than unity.

3

representing the fraction of people moving from region i to region j. We consider two regions connected if they
share a border or their main cities are usually travelled on a daily basis by a huge portion of the population
resident in at least one of them. We also consider longer distance routes between regions and include major
ferry connections between insular regions and the italian shore.

The dynamics of the disease in each region is captured by an extended SIQR model that captures the
dynamics in that region of the numebr of susceptibles (S), infected (I), quarantined (Q) and recovered (R)
individuals as a function of time. An additional state models the evolution of the number of deceased (D) while
a static output function used to assess the effect of the intervention strategies computes the number of people
hospitalized (H) at any given time.

Taking inspiration from the SIR-network model proposed in [?], we model the COVID-19 dynamics within
and across each italian region as:

Ṡi = − M�
j=1

M�
k=1

r j(t)bfi j(t)Si
fk j(t)Ik

N p
j

(1a)
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Ḣi = yIi−hHHi+kQi−z(Hi�T H
i )Hi (1d)

Ṙi = gIi+hQQi+hHHi (1e)

Ḋi = z(Hi�T H
i )Hi (1f)

(1g)

In the above model, b is the infection rate and it is assumed to be the same for all the regions. This choice has
been motivated by the fact that, since COVID-19 is transmitted from person to person and there is no parasite
vector nor evidence of environmental parameters able to alter significantly its infection rate. Also, since there is
no difference in how people react to the virus, also the other parameters in the model are assumed to be the
same for the whole country, providing: g,a,hH ,hQ,z(⋅),q (recall that g is the recovery rate, a is the rate of
infected moving into quarantine, hQ is the rate of quarantined who recovered and q is the rate of quarantined
that need to be hospitalized in intensive care). Finally, in the model: (i) N p

j is the population in region i; (ii)
z(⋅) is the mortality rate (this is an increasing bounded function, such as a sigmoid function) that depents on
T H

i is the maximum number of intensive care patients that can be treated in region i.
Differently from what done in [?] we model interventions or changes in the population flows among regions

by means of time-varying flux variables fi j(t), u representing the effects of the intervention strategies on
the flux between i and j. Also we consider the parameter ri ∈ [0,1] to model the effect of social distancing
measures in region i. In particular, in the model b j ∶= r jb . That is, we consider a baseline infection rate intrinsic
to the disease. This parameter is rescaled by r j, which is region-specific. Physically, the parameter r j models
the effects of social distancing in the j-th region: if no social distancing measures are taken, r j = 1, while it is 0
in the extreme case where there are no social interaction within the population.
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Figure 1: Network structure of the epidemic model representing the flux fi j between neighboring regions, each
represented by a vertex of the graph.

As done in [?], we focus on equations (1a-1b) and start by recasting them in vector notation. Namely
we define S(t) = [S1 S2 . . . SM]T and I(t) = [I1 I2 . . . IM]T . Then, to find the basic reproduction numbers
(regional and national), we study local stability of the equilibrium point (S∗,I∗) with S∗ = [N1 N2 . . . NM]T
and I∗ = [0 0 . . . 0]T corresponding to an healthy population in all nodes. Specifically, letting dS ∶= S−S∗ and
d I ∶= I− I∗ be small perturbations away from the equilibrium of interest, linearizing we obtain:
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Data-driven parameterization 16
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Hi(0) = Hi,0

R
M
i (0) = R

M
i,0

Di(0) = Di,0
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• For fluxes not much freely available data [ISTAT 2011]

• Since then, high-speed train travel increased substantially 

• We estimated fluxes by using publicly available data on 
trains, air traffic and capacity, key ferries routes

• We used a simple mobility model to estimate missing data

Estimating the fluxes 17



18

• We identify automatically timepoints where parameters 
significantly change

Automatic breakpoint detection

fitted

parameters 
change



Example 1: Lombardy 19

𝑯%
0,15

1,23

1,21

0,63

𝝆𝜷 𝜶 𝝍 𝜻 𝑻

0,499 0,020 0,050 0,026 27 Feb – 2 Mar

0,268 0,038 0,032 0,034 2 Mar – 21 Mar

0,081 0,043 0,027 0,030 21 Mar – 8 Apr

0,047 0,052 0,018 0,019 13 Apr - 21 Apr

27/02/2020



Example 1: Lombardy 20

𝝆𝜷 𝜶 𝝍 𝜻 𝑻

0,499 0,020 0,050 0,026 27 Feb – 2 Mar

0,268 0,038 0,032 0,034 2 Mar – 21 Mar

0,081 0,043 0,027 0,030 21 Mar – 8 Apr

0,047 0,052 0,018 0,019 13 Apr - 22 Apr

𝑯%
0,15
1,23

1,21

0,63

8/03/2020

⇣i

Ri

Hi

Di



Example 2: Campania 11

𝝆𝜷 𝜶 𝝍 𝜻 𝑻

0,009 0,070 0,000 0,014 27 Feb – 2 Mar

0,231 0,007 0,000 0,020 2 Mar – 21 Mar

0,061 0,057 0,013 0,013 21 Mar – 22 Apr

North -> South Flux



• Goal: introduce automatic feedback measures to avoid 
saturation of the regional health services while mitigating the 
epidemic spread

• When its regional health system becomes under pressure, a 
region enforces a lockdown and prevents travel to/from 
other regions 

• e.g. when the number of patients requiring ICU treatment 
crosses a certain threshold (we set to 20%)

Controlling the epidemic spread 22



A distributed regional strategy 23



and modelling approach can be easily extended to other levels of
granularity, e.g., countries in a continent or counties in a state, and
adapted to any other nation where regional heterogeneity is
important and cannot be neglected; notable examples are coun-
tries with a federal state organization such as Germany or the
United States of America.

Future work needs to address further aspects as, for example,
exploring how the structural properties of the inter-regional
network can influence the dynamics of the epidemic or adopting
more sophisticated cost functions to design more effective region-

specific mitigation strategies in other contexts or for other
purposes.

Methods
Regional and national model. As a regional model of the COVID-19 epidemic
spread, we use the compartmental model shown in Fig. 5, which we found from
data analysis and identification trials to be the simplest model structure able to
capture the real data. Specifically, we constructed the model by testing how dif-
ferent configurations of the links among its compartments affected the model
ability to capture the available data.
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Fig. 3 Intermittent regional measures. a Each of the 20 panels shows the evolution in a different region of the fraction in the population of infected (blue),
quarantined (magenta) and hospitalized requiring ICUs (red) averaged over 10,000 simulations with parameters sampled using a Latin Hypercube
technique (see Methods) around their nominal values set as those estimated in the last time window for each region as reported in Supplementary Table 4.
Shaded bands correspond to twice the standard deviation. Dashed red lines represent the fraction of the population that can be treated in ICU (TH

i =Ni).
Regions adopt lockdown measures in the time windows shaded in red while relax them in those shaded in green. During a regional lockdown, fluxes in/out
of the region are set to their minimum level. b National evolution of the fraction in the population of infected (blue), quarantined (magenta) and
hospitalized requiring ICUs (red) obtained by summing those in each of the 20 regions adopting intermittent regional measures. c National evolution of the
fraction in the population of infected (blue), quarantined (magenta) and hospitalized requiring ICUs (red) when an intermittent national lockdown is
enforced with all regions shutting down when the total number of occupied ICU beds at the national level exceed 20%, reopening when it goes back below
10%. Regional dynamics corresponding to this scenario are shown in Supplementary Fig. 4. All plots are shown with a double scale. The scale on the left
vertical axis (in red) applies to the hospitalized requiring ICU and the ICU beds capacity threshold, while the right vertical axis (in black) applies to the
infected and quarantined. The time scale, on the horizontal axis, is given in days.
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Comparison with nationwide lockdown

The full model equations describing the dynamics of susceptible (Si), infected
(Ii), quarantined (Qi), hospitalized (Hi), recovered (Ri) and deceased (Di) are

_Si ¼ "ρiβ
SiIi
Ni

; ð1Þ

_Ii ¼ ρiβ
SiIi
Ni

" αiIi " ψiIi " γIi; ð2Þ

_Qi ¼ αiIi " κHi Qi " ηQi Qi þ κQi Hi ð3Þ

_Hi ¼ κHi Qi þ ψiIi " ηHi Hi " ζ i Hi " κQi Hi ð4Þ

_Di ¼ ζ i Hi; ð5Þ

_Ri ¼ γIi þ ηQi Qi þ ηHi Hi ð6Þ

where β and γ are the infection and recovery rate, respectively, which are assumed
to be the same for all regions as COVID-19 is transmitted from person to person
and there is no parasite vector or evidence of environmental parameters
significantly altering its infection rate, ρi ∈[0, 1] is a parameter modelling the
effects of social distancing measures in the i-th region, αi is the rate of infected that
are detected and quarantined, ψi is the rate of infected that needs to be hospitalized,
ηQi is the rate of quarantined who recover, ηHi is the fraction of hospitalized who
recover, κQi is the rate of hospitalized that is transferred to home isolation, κHi is the
rate of quarantined who need to be hospitalized, and ζi is the mortality rate that
was shown from data analysis (see Supplementary Notes) to be a function of the
ratio between Hi and the maximum number, say TH

i , of patients that can be treated
in ICU at the hospitals in i-th region. Ni is the actual population in region i, i.e., the
resident population without those removed because they had been quarantined,
hospitalized, deceased or had recovered.

Extending previous approaches for modelling Dengue fever in Brazil28, we
obtain the national network model of the COVID-19 epidemic in Italy as a network
of twenty regions (see Fig. 1a) interconnected by links modelling commuter flows
and major transportation routes among them.

The network model of Italy we adopt in this study is, for i= 1, …, 20,

_Si ¼ "
XM

j¼1

XM

k¼1

ρjβϕij tð ÞSi
ϕkj tð ÞIk
Np
j

; ð7Þ

_Ii ¼
XM

j¼1

XM

k¼1

ρjβϕij tð ÞSi
ϕkj tð ÞIk
Np
j

" αiIi " ψiIi " γIi; ð8Þ

_Qi ¼ αiIi " κHi Qi " ηQi Qi þ κQi Hi; ð9Þ

_Hi ¼ κHi Qi þ ψiIi " ηHi Hi " κQi Hi " ζ Hi=T
H
i

! "
Hi; ð10Þ

_Di ¼ ζ Hi=T
H
i

! "
Hi; ð11Þ

_Ri ¼ γIi þ ηQi Qi þ ηHi Hi ð12Þ

Np
i ¼

XM

k¼1

ϕki tð Þ Sk þ Ik þ Rkð Þ ð13Þ

where in addition to the parameters and states described above, we included the
fluxes ϕij(t) between regions; ϕij tð Þ : R ! 0; 1½ ' denoting the ratio of people from

region i interacting with those in region j at time t, such that
P

j ϕij tð Þ ¼ 1: Note
that, as a result of the identification procedure illustrated in Supplementary Notes,
in Eqs. (10) and (11) the mortality rate ζ is expressed as a function of the saturation
of the regional health systems whose expression is given in Supplementary Notes.

Model parameterization from real data and model validation. We divide the
model parameterization into two stages. Firstly, we estimate from the available data
the parameters of each of the twenty regional models; then, we use publicly
available mobility data in Italy to estimate the fluxes among the regions.

As a compromise between the estimates reported in the literature on COVID-
192,14 in Italy (see Supplementary Table 5), we set β= 0.4 and γ= 1/14 [days−1]
for all regions. We make the ansatz that parameters remain constant over time
intervals Tk but do not assume the number or duration of such intervals known a
priori. Therefore, we set the problem of estimating the parameters values and when
they change in each region (as a likely result of national containment measures).
We start estimating the parameters in each region from the first date when the
number of deceased and the number of recovered is greater than or equal to 10.

Note that the official data for the COVID-19 epidemic22, as collected by the
Dipartimento della Protezione Civile—Presidenza del Consiglio dei Ministri (the
Italian Civil Protection Agency), includes for each region the daily numbers of
quarantined (~Qi), hospitalized ( ~Hi), deceased (~Di) and the daily number of
individuals that recovered from those who were previously hospitalized or
quarantined, say ~RO

i . To fit the model to these data, we discretize and rewrite Eqs.
(1)–(6) for each region (i= 1, …, 20) as (dropping the subscripts to the parameters
for notational convenience)

Ŝi t þ 1ð Þ ¼ Ŝi tð Þ " ρβ
Ŝi tð Þ̂Ii tð Þ

Ni 0ð Þ " ~Qi tð Þ " ~Hi tð Þ " ~Di tð Þ
ð14Þ

Îi t þ 1ð Þ ¼ Îi tð Þ þ ρβ
Ŝi tð Þ̂Ii tð Þ

Ni 0ð Þ " ~Qi tð Þ " ~Hi tð Þ " ~Di tð Þ
" γÎiðtÞ " τ ÎiðtÞ ð15Þ

Ĉi t þ 1ð Þ ¼ ~Ci tð Þ þ τ Îi tð Þ ð16Þ

Q̂i t þ 1ð Þ ¼ ~Qi tð Þ þ αÎi tð Þ " ηQ ~Qi tð Þ " κH ~Qi tð Þ þ κQ ~Hi tð Þ ð17Þ

Ĥi t þ 1ð Þ ¼ ~Hi tð Þ þ ψÎi tð Þ " ηH ~Hi tð Þ þ κH ~Qi tð Þ " κQ ~Hi tð Þ " ζ ~Hi tð Þ ð18Þ

R̂O
i t þ 1ð Þ ¼ ~RO

i tð Þ þ ηQ ~Qi tð Þ þ ηH ~Hi tð Þ ð19Þ

D̂i t þ 1ð Þ ¼ ~Di tð Þ þ ζ ~Hi tð Þ ð20Þ

where measured quantities are denoted by a tilde and estimated state variables by a
hat and τ:= α+ ψ. Here, Ci ¼ Qi þ Hi þ Di þ RO

i represents the total number of
cases detected in region i as daily announced by the Protezione Civile.

We notice that, exploiting the available data, the predictor can be split into two
parts so that two different algorithms can then be used to estimate the parameters
of each part. An ad hoc identification algorithm estimates the parameters of Eqs.
(14)–(16) and automatically detects the breakpoints where notable parameter
changes occur, while an ordinary least squares method is then used to identify the
parameters of Eqs. (17)–(20), as described in detail in Supplementary Notes. Note
that, as the actual number of infected is not known9,29, we include the number of
infected at the beginning of each time window as a parameter to be estimated by
the algorithm used for the nonlinear part.

The results of the identification process also show the presence of a statistically
significant correlation (p-value equal to 0.071) between the value of the mortality
rate, parameter ζi in model (1)–(6), and the saturation of the regional health system

Table 2 Comparison of each of the simulated scenarios.

Simulation Total cases Total deaths Maximum
hospitalized

Days over
hospital’s
capacity (nation)

Regions over
hospital’s
capacity

Economic cost
[M€]

All regions but Lombardy
are locked down (Fig. 2)

10,550,000 ± 146,084 1,196,063 ± 97,122 137,640 ± 10,249 75.8 ± 2.7 3 503,355 ± 0

Intermittent regional
measures (Fig. 3a, b)

1,986,601 ± 76,184 173,637 ± 3911 2801 ± 170 0 ± 0 0 509,142 ± 6606

Intermittent national
measure (Fig. 3c, S4)

2,162,539 ± 194,929 205,261 ± 10,854 4481 ± 277 0 ± 0 3 562,373 ± 12,809

Intermittent regional
measures with increased
testing (Fig. 4)

1,590,459 ± 69,118 128,644 ± 2690 2057 ± 102 0 ± 0 0 366,514 ± 12,258

Metrics to evaluate the impact over 1 year of each of the simulated scenarios are reported showing the effectiveness of the intermittent regional measures shown in Figs. 3 and 4 in avoiding any
saturation of the regional health systems while mitigating the impact of the epidemic. We report the average values ±1 standard deviation calculated over 10,000 repetitions of each simulation, where the
parameter values are sampled using a Latin Hypercube technique centred at the nominal parameter values reported in Supplementary Table 4.
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share of the Italian National Health Service. Here, we show that heterogeneity between

regions is essential to understand the spread of the epidemic and to design effective stra-

tegies to control the disease. We model Italy as a network of regions and parameterize the

model of each region on real data spanning over two months from the initial outbreak. We

confirm the effectiveness at the regional level of the national lockdown strategy and propose

coordinated regional interventions to prevent future national lockdowns, while avoiding

saturation of the regional health systems and mitigating impact on costs. Our study and

methodology can be easily extended to other levels of granularity to support policy- and

decision-makers.
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The press 26



• Our work convincingly showed the benefits of regional rather 
than national NPIs to deal with the pandemic
• This is precisely the idea behind the strategy adopted in Italy 

since 3rd November 2020
• In this problem, a set of local control actions deployed on the 

nodes and edges is used to reach a desired target state
• The resulting strategy can be seen as a distributed nonlinear 

switched feedback control action
• All sorts of open problems (local vs global, controllability, 

observability, distributed optimization, adaptivity, robustness 
etc)
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• Complex systems are often large-scale

• E.g. engineering controlled cell consortia in Synthetic 
Biology

Multicellular Control 28

Memory Oscillator
Gene Regulatory Networks

Communication Mechanism

Community Composition
No interaction

Commensal M utualistic

Commensal



• We proposed the use of engineered cellular consortia to 
achieve the control of a phenotype of interest

• The idea is to achieve modularity by splitting the feedback 
control loop across multiple cells

Controlled microbial consortia

reference output
SystemActuationController
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input
Controllers Targets

output

reference

time
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output readout

time
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Fiore, G. et al, ACS synthetic biology, 2017; Shannon et al, ACS synthetic biology, 2020; Salzano et al, IEEE Control Systems Letters 2021 
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Multicellular Control Strategy
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Modelling the Signalling To Targets 



Modelling Target cells



Modelling the Signalling To Controllers 



Multicellular Regulation
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time
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Matyjaszkiewicz A. et al, ACS synthetic biology, 2017l Gorochowski, T. et al, PLoS One, 2012



• Cells are just an example of 
large-scale complex systems

• How can we go beyond the 
state-of-the-art.. 

• .. and devise strategies to 
orchestrate the collective 
behaviour of large 
ensembles of interacting 
agents?

Large-scale complex systems



• Using tools from statistical mechanics such as mean-field 
methods might be the key to close the loop across scales…

From ODEs to PDEs and back

D. Nitikin et al, Automatica, 2021



• Finding ways to merge  PDEs/Stochastic Control with 
methods from statistical Physics to achieve the control of 
large-scale complex systems

• But…

• Controlling some of the agents
in real-time does precisely that…

• Lots of opportunites for exciting
research

A crucial problem

“if particles could think Physics would be much harder”
M. Gell-Man (1969 Physics Nobel Laureate)



• We discussed the problem of controlling complex systems

• We looked at two different application examples

• In both cases the problem becomes that of devising 
strategies at the microscopic level able to induce desired 
collective properties at the macroscopic level

• The crucial problem is how to close the loop across these 
two scales

• A promising solution might be to look at ways of using 
methods from statistical physics but the very presence of 
control makes existing methods not always viable

Conclusions




