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Introduction and Motivation



Controlling complex systems




What do these systems have in common?

1. Large collection of agents
2. Nontrivial interactions
3. Complex network (graph)

T; = f@(t, lt) —|—h,?;(t3 {xJ})

r; €R"  f,:RT x R" — R”

h;, =0 Z aijlg(x;i) — g(x;))

J=1

4. Emergent collective behaviour

L. Torres, A. Blevins, D. Bassett, T. Eliassi-Rad, The Why, How and When of Representations for Complex Systems, SIAM Review 2021



Complex systems vs Classical Control Systems

Feedback Control = Sense + Compute + Actuate
Whom do we sense? m

observability e Distributed

* Real-Time
Whom do we control? * Robust
ili * Stable
controllability
‘ Nodes
What do we compute?
control design @ Controller

— Sensing

—> Actuation



A multi-scale problem

Microscopic description

Macroscopic description

— o o o mm Em Em mm Em mm = oy
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Microscopic scale

M. di Bernardo, Controlling collective behaviour in complex systems, Encyclopedia of Systems and Control, Springer, 2020




A multi-scale control problem
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M. di Bernardo, Controlling collective behaviour in complex systems, Encyclopedia of Systems and Control, Springer, 2020
R. D’Souza, M. di Bernardo, Y. Liu, Controlling complex networks with complex nodes, Nature Reviews Physics, 2023



A distributed control strateqgy

naturereviews physics ~ hups ://doi.org/10.1038/s42254 -023-00566 -3

‘ Controlling complex networks
with complex nodes

——
x @ Network
/ ‘ Controller
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Relevance in applications

Long et al, A comprehensive review of shepherding [...], IEEE Trans. Emergent Topics in Comp. Intell., 2020



A paradigmatic problem



The shepherding control problem

« Here a group of agents, the herders, need to steer the collective dynamics of
another group of agents, the targets, in some desired way
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Deciding the herding behaviour

» Crucial problem: design the distributed control strategy driving the herders

2 4
®
Herders must ¢ :: 0% ¢ .‘.
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sensing and &
decision-making PN Possible solutions:
formation control,

virtual force fields

A Pierson, M Schwager, Controlling noncooperative herds with robotic herders, IEEE Trans Robotics 2018
R.A. Licitra, Z Bell, W Dixon, Single-agent indirect herding of mutliple targets with uncertain dynamics, IEEE Trans Robotics, 2019
D. Ko, E. Zuazua, Asymptotic behaviour and control of “a guidance by repulsion model, Math Models Methods Appl Sci, 2020



Timeline

Collective behaviours from
local rules [Reynolds]

Distributed swarm
control [Steels]

1989

Seminal work on herding
behaviours [Strombom]

First multiscale
modelling [Albi]

First learning-based
solution [GO]

Early shepherding
experiments [Vaughan]

1998

First multi-agent
approach [Lien]

First optimal control
formulation [Escobedo]

Human decision —
making [Nalepka]
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Two key assumptions

Targets' cohesiveness (e.g. flocking)
[e.qg., Pierson et al, 2017]

Herders' Unlimited sensing
[Auletta et al, Auton, Rob., 2022]




Key research questions

Can local feedback rules solve the global shepherding control problem
in the presence of limited sensing and non-cohesive targets?

Under what “herdability” conditions multiple operating herders can effectively
shepherd a group of targets towards a desired state?




Controlling across scales

* The shepherding problem can be solved at different description levels
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A microscopic approach

Andrea Stefano Italo Francesco
Lama Covone Napolitano De Lellis



A minimal shepherding model

« We studied the problem of removing the assumptions of targets’ cohesiveness (e.qg.
flocking targets) and herders’ global sensing

"

T, = V2DN .

. .". . \\\ H.
Hi= 3‘:{? NN GENTHES
w= K" [ - (T +0T7)] T S

Target Selection

A. Lama, MdB, Shepherding control and Herdability in Complex Multiagent Systems, Physical Review Research, 2024



The herdability problem
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Under what conditions on the repulsion zone, the sensing area and the density of the
targets can we achieve herdability of a given number of targets?



Herdability charts

unlimited sensing

What is the minimum number of herders 25
N*(M) necessary to herd M targets?
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Finite sensing effect
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The herdability graph

« We define the herdability graph

Gap(T,$) =1

iflTa_Tbl Sf

10.6

* |f there is a path on G between
a and e the herder is able to
switch from a to e

* Then, herdability can be linked
to the percolation of this graph

A. Lama, MdiB, Shepherding and herdability in complex multiagent systems, Physical Review Research, 2024



A hierarchical learning-based approach

Can herders learn to solve
the problem without a model?

Does spontaneous cooperation emerge
without any explicity rule?

Environment
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|. Napolitano et al., Emergent Cooperative Strategies for Multi-Agent Shepherding via Reinforcement Learning, Eur. Control Conf, 2025
S. Covone et al., Hierarchical Policy-Gradient Reinforcement Learning for Multi-Agent Shepherding Control, |IEEE CDC, 2025




Driving policy

rp = —k1 ||T = H|| = k2 [|T]| Liteaey — k31 (Heqs) — k4 ||ul]

Steering phase

Approaching phase

ra
ra
5}

4

Control effort

Goal region
avoidance

A"
\
1
1
" ’
r ®
1 7 """\
i b i -
1
1
1
1
I
I
I
1
!
1
!
’
’
’
.
,
¢

Y Position
e

-10 |

-10 0 10 20
X Position

26



Decision-making policy (decentralized)
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Towards a scalable solution

» The trained policy is extended to large-scale systems through topological sensing.
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Experimental validation and further tasks
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15 ¢ e
i T
E 4
Z 0 1N %
ol ¢ B
=3 to fee ¢
-10 ‘,. se
-15 ¢
20 -10 0 10 20 =Y
X Position

S. Covone, |. Napolitano et al. A hierarchical machine learning approach to solve the shepherding problem, IEEE Trans. on Robotics, 2025 29



To sum up

« Control laws can be designed to solve the
shepherding problem

» Herdability requires a minimum target density
if herders possess limited sensing

« Herders can learn to cooperate and self
organize to be successful

« How can we prove convergence?

« What about more sophisticated shepherding
goals, e.g. achieving a desired density?
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Bridging microscopic and macroscopic scales

« We need to work at a different description level

/i /
/ MJ /

‘ Crucial problem: how to incorporate decision-making in fields equations?




A macroscopic approach

Beniamino
Di Lorenzo

Gian Carlo
Maffettone




From micro to macro

 As is typical in mean-field, given stochastic equations of the agents dynamics:

;= V2Dn+ F; =v2Dn+ Y Fj;
JEN;
« We consider average forces acting on each “particle”

Fy= )  Fji— (F(2)) :/ F(z,y)p(y) dy /q
JEN; B(z)

« We obtain a PDE describe the evolution of the agents’ densities:

Oip(x,t) +V - [(F)p] (2,t) = DV-p(,1)

You et al, Nonreciprocity as a generic route to traveling states, PNAS, 2020



Shepherding in the continuum

T, =V2DN + 3> (A—I|di)d

1EN,

/W {(‘%pT + V- [—oszVpH} = DV?p!

H; =~k [H; = (T;(€) + 0T ) | + V2DN

A. Lama, MdiB, S. Klapp, Nonreciprocal field theory of decision-making in multi-agent control systems, Nature Communications, 2025



Density evolution

Opl + V- [—oszVpH} = DV?p!
dp™ +V - [ (5, 6,2)p" p" |+ va(7,8,2)p"Vp"| = DV2p!

t =0.50010

A. Lama, MdiB, S. Klapp, Nonreciprocal field theory of decision-making in multi-agent control systems, Nature Communications, 2025



Macroscopic control design
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Leader-follower density control

» We can formulate shepherding as a more general density control problem
O™ () {v@[(vl(%& z)p" + (7,6, w)VpT)]] = DV?p" M /
Orp* (x,1) + V- [p" (z, t)v H (2,1)] = DVZp" (2, 1)

v (x,t) = (fx p")(x.1)

/ ph(x )+ p(x )] dx=M" + MT =1
Q2

. )
« We wish to design the control field to achieve INEFEE :
ENACECRET i 22 A
_?,Twﬂ ‘L | Q ﬁ\\i i

GC Maffettone et al, Leader-Follower Density Control of Spatial Dynamics in Large-Scale Multi-Agent Systems, |IEEE TAC, 2025



Feasibility conditions (herdability)

 We derived a condition on the leaders’ mass needed for a feasible solution

Theorem: the LF density control problem admits a feasible solution if and only if
M < M7 <1
where
—~ D D
MY = mjx{—WDgl(f’?) + 7;—292(55) - QLC;}

\

0(a) = [log(")],,  g2(0) =log(s") O~ [ log(i")da



Macroscopic Control Strategy

-

T
=T —H H _’P
P |Herders' reference| P € Macroscopic U | Herders'and

generator Q Herders' controller Targets' mixture 7
P
No feedback on the targets!
Theorem: in a feasible scenario, if V - [p" (x.t)u(x.t)] = —Kye!' (x.t) and

o (), <2

the error dynamics globally converges to 0 almost everywhere

~




Numerical validation

 Desired density:. von Mises distribution with zero mean

« Parameters: M =04,L = ,D = 0.03

convergence
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Reference governor strategy
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GC Maffettone et al, Leader-Follower Density Control of Spatial Dynamics in Large-Scale Multi-Agent Systems, |IEEE TAC, 2025
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From macro to micro (discretization)

« We now have a macroscopic controller but need to
Implement the strategy at the microscopic agent level

' ’ I
PR
K n’o’ SR

c no ‘
u t
cO"O‘O’O’Q¢‘ Clori

V- p(x.Hhu(x.t)] = —Kye (x.t)

Microscopic control inputs can be computed by the
agents via spatial sampling:

U.-Z'(f) = U(Hh t)

This can also be extended to higher dimensions



Numerical and experimental validation
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B. Di Lorenzo et al, A Continuification-Based Control Solution for Large-Scale Shepherding, European Journal of Control, 2025 (in press)
G.C. Maffettone et al, Mixed Reality Environment and High-Dimensional Continuification Control For Swarm Robotics, IEEE TCST, 2024 43



A possible limitation

V- p"(x tHu(x.t)] = —[\’HF?H(XJL)] >

Macro control Micro control

e To compute u; each herder needs to know the positions of all other herders

. NH
70 =S K- H) |

 Solution: estimate the density using a distributed density estimation strategy
to compute the microscopic control input

B. Di Lorenzo et al, Decentralized Continuification Control of Multi-Agent Systems via Distributed Density Estimation, CSS Letters, 2025



Distributed Density Estimation

» We consider a distributed density estimation scheme based on Pl consensus

Interaction layer
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B. Di Lorenzo, et al, Decentralized Continuification Control of Multi-Agent Systems via Distributed Density Estimation, CSS Letters, 2025



A fully decentralized strategy

* By using the online kernel-based density estimation strategy we can solve the
shepherding problem in a fully decentralized manner

Herders communicate on a N7 =140. NT =360
10-nearest neighbors topology
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Continuification-based control

Continuification  Continuification

\ * Mean field
I |
Requirements _E X i
I :
|
i

E « Graphons

—

O « Macroscopic control design
* in domain

o e i * boundary

'.' >< l

E | i « Discretization

i COStI;(])Elled E « Spatial sampling

N W « Finite differences schemes for

Diserehzanan index-dependent PDEs

Nikitin, D., et al, A continuation method for large-scale modelling and control: from ODEs to PDE, a round trip, IEEE TAC, 2021
G.C. Maffettone et al. Continuification control of large-scale multiagent systems in a ring, |EEE Control Systems Letters, 2022



Conclusions and Open Challenges



Conclusions

« Controlling complex systems requires bridging the gap between different scales
* Shepherding is a great paradigmatic example.. -~

+ ..where emerging behaviour needs to arise so
that a distributed control task can be solved

Requireme ¢ljuirements

« We saw both microscopic control solutions and
macroscopic solution

 Field equations where derived in the presence
of decision-making controlled agents

* The problem was formulated and solved as a \ Discretization
density control problem and then discretized v
(continuification-based control)



Challenges and open problems

« How do we engineer local rules of interaction for
more complex tasks than shepherding?

« What if the targets actively escape from herders?
« What if the herders actively search for targets?

« How to obtain field equations (continuify)
more complex microscopic control laws?

« Can we use macroscopic descriptions and
continuification for other large-scale systems?

 Are there better ways to discretize macroscopic
control laws to obtain microscopic control inputs?




Harnessing complex systems for control

Can we engineer the emerging collective behaviour of a

complex multiagent system to solve a distributed control task?

—
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Why this matters now?

 Large-scale complex systems abound (drone swarms, cells, smart cities etc)

+ Traditional methods are too expensive and inefficient to control these systems:
scale, emergence and nonlinearities are uniquely entangled

« We need complex systems to control their own behaviour and self-organize to
solve distributed control tasks




Agents Positions

x107

D. Salzano

G. C. Maffettone

... and maybe one day..
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Thank you for your attention
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