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Control theory in a nutshell

Feedback Control = Sense + Compute + Actuate
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Control Process

Goal = Stability + Performance + Robustness




Complex systems: from one to many

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

T; = fi(t, ;) +us(t, X;)
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Controlling complexity

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

Feedback Control = Sense + Compute + Actuate

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




A multi-scale problem

* We need to “close the loop” across different scales
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How to control

* 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 eftc.



Applications

* Let’s have a look at two representative applications

Temporal
control

Spatial
control

Community
control

Integrated
control




Controlling the pandemic in ltaly

* Following the COVID-19 outbreak in -

Lombardy a strict national lockdown &t ¢~
was enforced in March 2020

 All regions were shut down
independently of their epidemic
status

The 20 Regions of

* A hot debate ensued.. the Republic of taly ~ Goa8

Sicilia




What intervention strategies?

A hot national debate!

18th April 2020
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Conte annuncia: «In Italia
Coronavirus, De Luca: 'Pronto a chiudere riaperture da.l 4 magglo,
i confini della Campania' entro domenica un piano
differenziato per zone»

Coronavirus, scontro Nord-Sud sulla riapertura

differenziata. Zaia: “Noi trattati da untori, ma la
Campania fa meno tamponi del Veneto”

la Repubblica 19th April 2020

"Piano nazionale omogeneo per tutte le regioni”, dice il premier.
* Le reazioni Fontana: "Dannosa una
ripartenza per regioni”. E lancia i Lombard

bond




Our research questions back then

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?



Modeling Italy as a complex system

The 20 Regions of

the Republic of Italy e

Sicilia




Regional models (nodes)
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Links among compartments suggested from data analysis
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Ansatz: parameters constant over time intervals Tk
(no duration fixed a priori)

We want to find parameters’ values and when they change




Modeling the edges \ 14

« Once each region has been modelled and identified we
introduced fluxes among regions and their effects




The resulting network model
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Data-driven parameterization
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Estimating the fluxes

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
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Automatic breakpoint detection

« We identify automatically timepoints where parameters
significantly change
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Example 1: Lombardy

0,499 0,020 0,050 0,026 27 Feb — 2 Mar 0,15

0,038 0,032 0,034 2 Mar — 21 Mar

0,043 0,027 0,030 21 Mar — 8 Apr 1,21
0,052 0,018 0,019 13 Apr - 21 Apr 0,63

CORONAVIRUS

ZONA ROSSA

27/02/2020






Example 2: Campania \ 11

o pp e v | T
0,009 0,070 0,000 0,014 27 Feb — 2 Mar

0,007 0,000 0,020 2 Mar — 21 Mar
0,013 0,013 21 Mar — 22 Apr

North -> South Flux




Controlling the epidemic spread

« 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%)



Campania

Lombardia

Valle d'Aosta

>
(@)
O

e

©

—

/p)
©

-
Q

(@)
)

-
d

)

e

-
=

-

el
D
O

<




A distributed regional strategy
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Comparison with nationwide lockdown

Table 2 Comparison of each of the simulated scenarios.
Simulation Total cases Total deaths Maximum Days over Regions over Economic cost
hospitalized hospital's hospital's [M€]
capacity (nation) capacity
All regions but Lombardy 10,550,000 £146,084 1,196,063+97,122 137,640+10,249 758+27 3 503,355+ 0
are locked down (Fig. 2)
Intermittent regional 1,986,601+ 76,184 173,637 £ 3911 2801£170 00 0 509,142 £ 6606
measures (Fig. 3a, b)
Intermittent national 2,162,539 £194,929 205,261+10,854  4481+277 00 3 562,373 £12,809
measure (Fig. 3¢, S4)
Intermittent regional 1,590,459 + 69,118 128,644 + 2690 2057 £102 00 0 366,514 £12,258
measures with increased
testing (Fig. 4)
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ARTICLE [ crokisroas

A network model of Italy shows that intermittent
regional strategies can alleviate the COVID-19
epidemic
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The press

11 Ottobre 2020
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Remarks ‘ 57

« 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 3@ 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)




Multicellular Control ‘ 28

« Complex systems are often large-scale

« E.g. engineering controlled cell consortia in Synthetic
BlOlogy Communication Mechanism
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Controlled microbial consortia

« 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
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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




Multicellular Control Strategy

Controller Target
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Modelling the Signalling To Targets




Modelling Target cells

Controller




Modelling the Signalling To Controllers
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Multicellular Regulation
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Large-scale complex systems

« 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? \ J
\\[ Control ]/




From ODEs to PDEs and back

 Using tools from statistical mechanics such as mean-field
methods might be the key to close the loop across scales...
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A crucial problem

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

 But...

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

« Controlling some of the agents
In real-time does precisely that...

 Lots of opportunites for exciting
research




Conclusions

* 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







