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Abstract— Second-order cooperative systems are second-
order systems in which the forces among agents are non-
repulsive. The celebrated Cucker-Smale model is a well known
example. Depending on the strength of the forces, the free
evolution of such systems is to converge either to a single group
of strongly connected agents, or to clustering.

In this article, we design a simple and robust control strategy
steering any second-order cooperative system to approximate
alignment. The computation of the control at any instant of
time only requires the knowledge of the size of the support and
the Lipschitz constant of the interaction force. Moreover, the
control is sparse in the sense that the (time-varying) support of
the control is a small subset of the configuration space.

Our strategy provides approximate alignment, on the one
hand, for second-order cooperative systems with any number
N of agents, and on the other, for the mean-field limit of such
systems, i.e., when N tends to infinity. Such a limit is a transport
partial differential equation involving nonlocal terms, called a
cooperative Partial Differential Equation.

Keywords: control of transport PDEs, PDEs with nonlocal
terms, cooperative systems, collective behavior.

I. INTRODUCTION

In recent years, the study of collective behavior of a
crowd of autonomous agents has drawn a great interest
from scientific communities, e.g. in civil engineering (for
evacuation problems), robotics (coordination of robots), com-
puter science and sociology (social networks), and biology
(crowds of animals). In particular, it is well known that
some simple rules of interaction between agents can promote
the formation of special patterns, like in formations of bird
flocks, lines, etc... This phenomenon is often referred to as
self-organization.

Beside the problem of analyzing the collective behavior
of a “closed” system, it is interesting to understand what
changes of behavior can be induced by an external agent
(e.g. a policy maker). For example, one can try to enforce
the creation of patterns when they are not formed naturally,
or break the formation of such patterns. This is the problem
of control of crowds, that we address here in a specific case.

* The work was partially supported by the NSF Grant # 1107444 entitled
“KI-Net: Kinetic description of emerging challenges in multiscale problems
of natural sciences”.

1 Benedetto Piccoli is with Department of Mathemati-
cal Sciences, Rutgers University - Camden, Camden, NJ.
piccoli@camden.rutgers.edu

2 Francesco Rossi is with Aix Marseille Université, CNRS, EN-
SAM, Université de Toulon, LSIS UMR 7296,13397, Marseille, France.
francesco.rossi@lsis.org

3 Emmanuel Trélat is with Université Pierre et Marie Curie (Univ. Paris 6)
and Institut Universitaire de France, CNRS UMR 7598, Laboratoire Jacques-
Louis Lions, F-75005, Paris, France emmanuel .trelat@upnmc. fr

From the mathematical analysis point of view, passing
from a huge set of simple rules for each individual to a model
capable of capturing the dynamics of the whole crowd, is
performed by mean-field process, which permits to consider
the limit of a set of ordinary differential equations (one for
each agent) and yields a partial differential equation (PDE)
for the whole crowd.

We focus here on a well-known family of models for
crowds dynamics, called the cooperative systems (or mono-
tone systems, see, e.g., [1], [2]). Such models may reproduce
the behavior of a human or animal crowd, in which each
agent tries to align its velocity with the velocities of its
neighbors. The dynamics of the i-th agent is given by

Ti = v,

| N ;

vy = ﬁZj:I’L/)(mj —J),‘,Uj _'Ui); 1= 1,...N,
where the function 1 : R x RY — R? provides an account
for the influence between two individuals. From now on, we

will require the following condition on 1, that is the natural
definition of a second-order binary cooperative system:

P(x,v) /v Y(x,v) v >0. 2)

For more details on this assumption, see Section II. We will
also assume that

)

and

1 is a L-Lipschitz function. 3)

Under (2), it is easy to prove that the set of velocities is
invariant with respect to the dynamics, i.e.

i i

Jmin vf(8) S vj(t+s) < max vi(t),
for each agent j = 1,..., N, each dimension £k = 1,...,d
and all t € R, s > 0. Nevertheless, this does not imply that
the system converges to alignment or approximate alignment,
in general. In this article, approximate alignment means
that velocities of all agents are in a small neighborhood of
a given value (see Definition 10 further).

Then, it is interesting to understand how an external
controller can enforce alignment. In this article, we define
a simple strategy providing convergence of the system to
approximate alignment. Observe that conditions (2) and
(3) are the only ones that we require to ensure that our
strategy drives any initial data to alignment. No more precise
knowledge of 1) than the Lipschitz constant L is required to
define the control strategy.

We choose a specific action of the control, which can
be extended to the so-called mean-field limit of the system
(1), discussed below. Our control u = u(t,z,v) will be a



Lipschitz function with respect to z,v and it will act as
follows on the system (1):

T = v,

. N

vy = % Z_j:l 7/’@]
+Xw(t)u(t7xi7vi)a

— T, V5 — v;) “)
=1 N.

PR

where w is defined as the control set. In other words, for
every ¢ the function u(t,-,-) is a Lipschitz vector field, not
depending on the specific agent. Its action on the i-th agent
is given by the evaluation of u in (z;,v;).

We also impose constraints on the control function. In
particular, we assume that the control strength is bounded:

lu(t, z,v)| <1 (5)
for any ¢ > 0 and that
w = supp(u(t, -,-)) is compact, with |w| < ¢, (6)

where ¢ > 0 is a small, fixed parameter, and |w| is the
Lebesgue measure of w. This constraint models a sparsity
property of the control, that is the fact that the control can
only act on a small part of the configuration space (see [3],

[4], [5D.

We now present the mean-field limit, describing the be-
havior of the system (1) when the number N of agents
tends to infinity (see Section II-B). The crowd at time ¢ is
then represented by the density of agents p(¢,z,v), and its
dynamics is given by the transport PDE

8tM+U'VzM+Vv'(‘I’[M]M)=O7 (7

with W [u] = Jpaypa ¥y — 2, w — v)du(y, w). This
velocity ﬁeld 1s non-local since its value at some point
depends on the value of p in a whole neighborhood of it
(see Section II-A). The controlled version is given by

Oep+v-Vopu+ V- ((V[p] + xoult,--) f) =0, (®)

The fact that the mean-field limit of (4) is (8) uses the specific
form of the control u introduced in (4). Indeed, w is Lipschitz
and independent on the agents, hence it passes to the mean-
field limit (see Section II-B).

Our objective is to treat the control of both (4) and (8)
in a unified way. We will first prove that our strategy drives
the finite-dimensional system (4) to approximate alignment.
Then, a mean-field limit argument will provide the result for
the mean-field limit (8).

Theorem 1: Let v* € R? and ¢ > 0 be arbitrary.

Let (21(0),v1(0),...,zn5(0),vn(0)) be a given initial
data for (4). There exist a time 7" > 0 and a control u
satisfying (5)-(6) defined on a time interval [0, 7] such that
the corresponding solution of (4) satisfies |v;(t) — v*| < e,
for every : =1,..., N and every t > T.

Similarly, let 1(0) be a given initial data for (8) with
compact support. There exist a time 7' and a control u
satisfying (5)-(6) defined on a time interval [0, 7] such that
the corresponding solution of (8) satisfies supp(u(t)) C
R? x B(v*,¢) for every t > T.

The interest of controlling cooperative systems, both in
finite and infinite dimension, was motivated by some specific
examples, such as the Cucker-Smale model for flocking of
birds (see [6]), the finite-dimensional version of which was
studied in [5], [7] and its mean-field limit in [8], [9]. Here,
this is the first time that the control problem is treated
with a unified approach. In contrast to [9, Section 3] where
our control results for the Cucker-Smale model were deeply
rooted in precise estimates of the dynamics, in the present
paper only a rough knowledge of the dynamics is required,
then providing a more robust control strategy. The drawback
is that our alignment result is slightly weaker than consensus
for the Cucker-Smale models (see Remark 11).

II. COOPERATIVE SYSTEMS

We consider the system (1), that is a second-order system
with binary interactions.
In general a system @ = f(x) is said to be cooperative

if af > 0 (see, e.g., [2]). In the particular case of binary

1nteract10ns this would glve l >0foralli,j=1,...,N

>0fori# jork #I.

-, d, and & ?
Simple computations show that th1s would imply M’(z v —
and the condition (2).

Here, in our study, we only keep the condition (2), showing
that it is sufficient to achieve control to alignment. This is
why, in order to underline the difference, we have used the
wording “second-order cooperative system”.

Given an initial data (21(0),v1(0),...,zx5(0),vx(0)) for
(1), the Lipschitz property of i guarantees existence and
uniqueness of the solution of (1) for all positive times.
Moreover, (2) implies that the set of velocities is invariant,
in the following sense.

and all k£, = 1,..

Proposition 2: Let

V=LV x V277 % x VLT ©)
be a box such that v;(0) € V for every ¢ = 1,..., N. Then,
the solution of (1) satisfies v;(t) € V for every ¢ > 0.

Proof: It suffices to prove that the set R% x V) is invariant
for the dynamics (1), which is proved by noticing that (2)
implies that:

o for each agent i satisfying vF = V* for some k =
1,...,d, we have 1'11’9 >0;

o for each agent i satisfying vF = Vk for some k£ =
.,d, we have 0F < 0.

This means that the dynamics is pointing inwards the box

domain. We prove the first condition, the second being

completely equivalent. We have (z; — z;,v; — v;) =

&(z; — x4,v; — v;) (vj — v;), where £ is a nonnegative

function due to (2). Let now the agent i satisfy vF =

Kk: then v;? — vf > 0 for every 5 = 1,..., N, hence
V() —xi,v) —v;) - eF = E(xj — wiv5 —v;) (vk—v ) >0,
and thus of = & Z;V:N/)(fj — x;,v; — v;) - ¥ > 0. The
result then follows by Cauchy uniqueness. [ ]



Corollary 3: Let

X0) =X, X x XL X x...x [XI. XY (10)

and V given by (9) be two boxes such that (z;(0),v;(0)) €
X(0) x V for every i = 1,..., N. Then, the solution of (1)
satisfies x;(t) € X(t) with

X () XDtV X iV (X2 V2 X 4V
s (X4 v X4 v, (11)

Proof: This follows from Proposition 2 and from the
fact that #;(t) € V for all times. |
In the following, the lower index ¢ = 1,..., N refers to
the i-th agent, while the upper index k = 1,...,d refers to

the k-th coordinate in R

A key property for the class of systems (1) is their
invariance under translations. Consider a translation in the
position variables at time ¢ = 0, such as y;(0) = z;(0) + a
with @ € R? Then, the solution (z(t),v(t)) of (1)
with  initial  data  (21(0),v1(0),...,zx(0),vN(0))
and the solution (y(¢),w(t)) with initial data
(41(0),v1(0), ..., yn(0),vn(0)) satisfy y;(t) = zi(t) + a
and w;(t) = v;(t) for all times and all agents. Similarly,
consider a translation in the velocity variable at time ¢ = 0,
such as w;(0) = v;(0) + a, then the solution (z(¢),v(t)) of
(1) with initial data (21(0),v1(0),...,2x(0),vn(0))
and the solution (y(¢),w(t)) with initial data
(z1(0),w1(0),...,zN(0),wn(0)) satisfy y;(t) = z;(t) + at
and w;(t) = v;(t) + a for all times and all agents.

A. Transport Equations with non-local velocities

In this section, we present a general theory for transport
equations with non-local velocities, of which (7) and (8) are
particular cases. Let P.(R™) be the space of probability
measures in R™ with compact support, endowed with the
weak-star topology. In the following, we will take m = 2d.
We recall that py — p if [ fdun — [ fdu for every
f € C(R™). Let us recall the definition of the Wasserstein
distance in P.(R™) (see [10], [11]).

Definition 4: Let p,v € P.(R™) be two measures.
A transference plan from g to v is a probability den-
sity in P.(R?™) satisfying [o.. (f(2) + 9(y)) dr(z,y) =
Jom f(x)dp(z) + [ g(y) dv(y) for all functions f,g €
C°(R™), i.e., m has marginals p,v. The Wasserstein dis-
tance is defined by

Wp(’u, l/) - rreli‘lrbf; v)

T — y‘pdﬂ(x7y))1/p} )

{ (o

where TI(u, v) is the set of transference plans from p to v.

A crucial property of the Wasserstein distance is that it
metrizes weak convergence in a compact space.

Proposition 5: Let p,, € P.(K) with K compact. Then
pn — p if and only if W, (1n, ) — 0. Moreover, in this
case we have p € P.(K).

Proof: The condition above is a particular case of [11,
Thm 7.12]. It is also clear that 4 € P.(K): indeed, for any

function f with support outside K we have [ fdu, = 0,
hence [ fdu=0. [ |

The fundamental result for existence and uniqueness of
solutions of

O+ V- (®[p, t]u) =0

is then stated in terms of the Wasserstein distance (see [3],
[12], [13], [14]).

(12)

Theorem 6: We assume that
PAR™) xR — C’l(Rm) N L (R™)
D |, t]:
1] { (wt) = @l
satisfies:

o ®[u,t] is measurable with respect to t;

o ®[u,t] is uniformly Lipschitz and with sublinear
growth, i.e., there exist £, M not depending on p,t,
such that |® [u,t] () — @ [u,t] (y)] < L|zr — y| and
[P [, 8] (2)] < M(1 + z), for all p € P(R™),t €
R,z,y € R™;

e & is a Lipschitz function with respect to p, i.e., there
exists K not depending on ¢ such that || [u,t] —
D [v,t][lco < KWp(p,v).

For every pgp € P.(R™), there exists an unique solution ()
of (12), i.e., a curve in P.(R™) continuous with respect to
time and satisfying (12) in weak form. Moreover, for all
initial data pg,v9 € P.(R™), the corresponding solutions
p(t),v(t) satisfy Wy(u(t),v(t)) < e*ETOMW, (uo, o)
(continuous dependence of solutions).

Clearly, (7) is a particular case of (12), with ®[u] =
(v, ¥ [u]) T, independent of . Moreover, if the control func-
tion X, u(t,x,v) is measurable with respect to time and
Lipschitz with respect to (x,v) with Lipschitz constant
independent of ¢, then (8) is as well a particular case of (12),
with @ [p1, ] = (v, ¥ [u]+xu) T For both cases (7) and (8),
the assumptions of Theorem 6 are satisfied with p = 1. While
first and second conditions can be checked directly, the third
condition is a consequence of the following estimate:

H( ‘P[u]ixu)U>_<‘P[V]ixw )’

= (1 [u] = O[] [|(2,v) < LWi(p,v),

(.13,1}) =

which follows from the Kantorovich-Rubinstein duality for-
mula (see, e.g., [11])

LW (u,v) = sup

[ =)
fELip(R24),| f|Lip <L

Hence we have existence and uniqueness for (7) and (8).

B. Mean-field limits

Definition 7: Let (y1,%2,...,yn) € (R™)Y be a vector
representing the position of N particles in R”*. The empirical
measure is defined as uy = & Zf\il 0y, € Po(R™).

Definition 8: Consider a family of finite-dimensional
models describing a system of NV particles. Given a trajectory



(yN(t),...,yN(t)) of the system, consider the correspond-
ing empirical measure pn(t). The family of models indexed
by N converges to a mean-field model (to be defined) if
for any sequence of empirical measures indexed by N and
satisfying pn(0) — w(0), we have pn(t) — u(t), where
w(t) is the solution of the mean-field model starting at 11(0).

Let us now prove that the mean-field limit of the sys-
tem (1) is (7). If the initial data for (7) is p(0) =
un(0) = %Zfil O(2:(0),0:(0))» an empirical measure of
N agents, then the solution at time ¢ of (7) is the
empirical measure pun(t) = %Z@Z\; O(as (#),0: (1)) Where
(z1(t),v1(t),...,zn(t),un(t)) is the unique solution of
(1) with initial data (x1(0),v1(0),...,2zn5(0),un(0)). By
density of the empirical measures in the space P.(R2?)
with respect to the convergence of measures, and continuous
dependence of solutions to (7) with respect to the initial data,
we obtain that the PDE (7) is the mean-field limit of (1) (see,
e.g., [15], [16] for more details on mean-field limits).

Similarly, the mean-field limit of the family of control
systems (4) is the controlled PDE (8). The key observation
is that u(¢, -, -) is a Lipschitz function, not depending on the
specific ¢-th agent (see [4], [9]).

The same technique allows one to extend several results
established for the finite-dimensional system (1) to the mean-
field limit (7). In particular, Proposition 2 and Corollary 3
yield the following result.

Proposition 9: Let X' (0),V given by (9)-(10) be boxes
such that supp(u(0)) € X(0) x V. Then the solution of (7)
satisfies supp(u(t)) C X(t) x V for every ¢t > 0, with X'(t)
given by (11).

The invariance properties described above for the finite-
dimensional system (1) are as well valid for the mean-field
limit (7). We do not provide any details.

C. Approximate alignment and consensus

Definition 10: A solution of the finite-dimensional sys-
tem (1) or of the mean-field system (7) is said to be e-
approximately aligned around v* € RY from time 7 if, for
every t > T, we have

o for (1): v;(t) € B(v*,e) foreveryi=1,..., N,

o for (7): supp(u(t)) € R? x B(v*,¢).

The concept of approximate alignment is weaker than the
concept of consensus. In the finite-dimensional case, we
recall that a crowd of agents converges to consensus (or
flocking) if there exists X such that |z;(t) — z;(¢)] < X
for every ¢ > 0 and |v;(t) — v;(t)| = 0 as t — o0, for all
i,j=1,...,N.

Remark 11: Approximate alignment does not imply uni-
form compactness of the position variable for ¢ > 0. More-
over, approximate alignment does not provide convergence
of velocities to v*, as it is the case for flocking.

We recall that we require only weak conditions on
the dynamics for (1); as a consequence, even an e-
approximately aligned system with € very small can result

in non-compactness of the position variables and in non-
convergence of the velocity variable. As a degenerate exam-
ple, choose no interaction among agents, i.e., ¢ = 0. This
is similar to the difference between stability and asymptotic
stability for dynamical systems.

III. CONTROL OF COOPERATIVE SYSTEMS (4) AND (8)

In this section, we define a strategy driving any initial data
of (4) or (8) with compact support to approximate alignment.
We first perform the analysis for the finite-dimensional
system (4), and then for the mean-field limit (8).

Following the arguments of Proposition 2 and Corollary 2,
we have the following result on the evolution of the support
of solutions of (4), provided that the control vector points
inwards along the boundary of the velocity support.

Proposition 12: Let wu(t,xz,v) be a control for (4),
and X(0),Y be boxes defined in (9)-(10) such that
(2;(0),v;(0)) € X(0) x V for every i = 1,...,N. We
assume that, if v satisfies v = Kk (resp., v = Vk) for some
k, then u(t,z,v) - ek > 0 (resp., u(t,z,v) - € < 0). Then,
the solution of (4) satisfies (x;(t),v;(t)) € X(t) x V for all
t=1,...,N and t > 0, with X'(¢) given by (11).

We are going to design a control satisfying the assump-
tions of Proposition 12. Using the invariance properties of
the system, we focus on alignment around v* = 0 € R4
and we assume that X = 0. Also, without loss of generality,
we assume throughout that VF =0 and V" > 0 for any
dimension k = 1,...,d. Indeed, if V/ < 0 < vV’ fora given
dimension j and one wants to achieve approximate alignment
around 0, one can use the following strategy:

1) Define the translated variables

vl (8) = (8) =tV

k_ _k k_ .k
Yy = Ty, w; =1

wl(t) = v (t) — V7,

7 LA

for k # j,

and note that they follow the dynamics (4);

2) Control this system to approximate alignment around
0 in dimension j with precision id + Zj , with the
strategy described below, then reducing the support
of velocities of the original system to [Kj,ﬁ) in
dimension j;

3) Define the reversed variables

T4 — i) = o) €
yi (t) = —x;(t) v (t) = —vj (t) + NG

k_ .k
i = Ui

for k # j.

They follow the dynamics (4) with (z,v) =
—1p(—x, —v), which satisfies (2)-(3). The support of
velocities in dimension j is contained in (0, —Kj—&—ﬁ].
4) Control this system to approximate alignment with pre-
cision 2%. Then, the support of the original velocities

—k k
Yi = T;, w

v; in dimension j is contained in (—%; ﬁ), ie.,
we have achieved approximate alignment around 0 in
dimension j with precision %.
Repeating the same strategy for each dimension, we obtain
e-approximate alignment around O.



To simplify notation, we denote X = X and V =V
in what follows. Using Proposition 12, the solution satisfies
(x;(t),v:(t)) € [0, X +tV] x [0, V] foralli=1,..., N and
t>0.

The control strategy is based on the repetition of a funda-
mental step, until reaching approximate alignment. In Section
II-A, we define the fundamental step of our strategy, and we
establish precise estimates of its action on the dynamics (4).
In Section III-B, we apply the fundamental step repeatedly
on a 1D system, and we prove that it yields approximate
alignment. In Section III-C, we prove that the use of the
strategy on the sequence of dimensions k£ = 1,...,d yields
approximate alignment for (4). Finally, in Section III-D, we
prove that our strategy yields approximate alignment for the
mean-field limit (8).

A. The fundamental step

We assume that d = 1. In Section III-C we will show how
to deal with any dimension d.

To define the fundamental step, we only need to know
three parameters': the Lipschitz constant L of 1, and the
values X and V' (support of the initial data).

Remark 13: It is interesting to observe that one does not
need to know the precise values of the parameters X,V, L,
but only upper bounds. Indeed, having the knowledge of
upper bounds, the control strategy given below drives the
system to approximate alignment, with a possibly larger final
time T'. For this reason, the strategy presented below is very
robust to perturbation of the parameters and/of the dynamics.

We now define the fundamental step of the control strat-
egy, based on three parameters [,7, W to be chosen later.
We set A=[X,X +1] x [n,V] and

d((ﬂf:;)ﬂ)) 7

where d is the Euclidean distance. The function % is non-
negative, %-Lipschitz, and is equal to 1 in A. Note that
u(z,0) = 0, i.e., @ is zero for the target velocity. Now, we
define the control function by

(z,v) = max (O, 1- (13)

u(t,z,v) = —ﬂ(x—l—tVV,v)%, (14)
for ¢t € [0, T] with
X +1
T=—", 15

The control function w is well defined, even for v = 0, since
t(x,0) = 0. The control strategy is based on the following
idea: at time ¢ = O the control u coincides with %. Then, the
same function is shifted to lower values of positions with
velocity W, until the value of u at X 4 reaches the minimal
value of the position variable, that is larger or equal than 0.
Note that u satisfies the assumptions of Proposition 12.

'In general, one also needs to know the minimal values X, V' to perform
translations.

The support w(t) of u at time ¢ is the rectangle
wt)=[X —n—tW, X +1+n—tW]x[0,V+n].

We have |w(t)| = (I+2n)(V +n). Note that the control x.,u
is a Lipschitz vector field at each time, as required to ensure
existence and uniqueness of solutions of (4) and (8).

Remark 14: It is possible to perform the same strat-
egy with a more regular control, by replacing @(x,v) by
f(@(z,v)) with f(a) = sin® (Zz). The control is then a
function in C>°(R¢ x R%) for each time.

Consider an initial data (x1(0),v1(0),...,2x5(0),vn(0))
for a N-particle system (4). Assuming that (z;(0),v;(0)) €
[0, X]x[0,V] foreachi =1,..., N, we want to estimate the
solution to (4) at time 7" defined by (15) with the control u
given by (14). In particular, we want to prove that the interval
of velocity variables is reduced to a set [0,V'] C [0,V].
Considering the ¢-th particle in (4), we have

v =

N
1
N Z¢($j — (Ei,’l}j — ’U7;) + ’Uz(t,iti,Ui)

j=1
X
< N 231 L(v; —v;) +u(t, i, v;)
=
< LV =) +ult, z, v;),

where we used that ¢(z,v) < 9(z,0) + Lv = Lv. By
applying the Gronwall lemma to v; — V', we get that

vi(T) < e HT(v;(0)=V)4+V

< (16)
T
+67LT/ w(t, x;(t),v;(t)) dt.
0

We now have two cases. First, assume that v(t) > n for
every t € [0,T]. Then u(¢,z;(t),v;(¢t)) = —1 in an interval
of length [ in the space variable, hence in a time interval at
least Wl_ > since the relative velocity of the particle with
respect to the moving control is smaller than . Then (16)
gives

vi(T) < e ET(0;(0) = V) +V — efLTL.

w

The second case is when there exists ¢ € [0,7] such that

v;(t) < m. If such a condition is satisfied for any ¢, then

v;(T") < n. Otherwise, consider the maximal time ¢ for which

v;(t) = n and note that v;(s) —v;(s) <V —n for s € [¢,T],
thus v; < L(V —n), hence

7)

vi(T)<n+ LV —-—n)(T—-1t)<n(l-LT)+ LVT. (18)
We now merge the two cases. For all agents, we have

v;(0) =V <0, hence v;(T) € [0, V'] with

e LT

vV =
w

maX{V— ,n(l—LT)+LVT}.(19)

Note that the support may actually be smaller, but the esti-
mate given here is sufficient to prove approximate alignment.



B. Proof of Theorem I in 1D

Let us prove e-approximate alignment of a solution of (4)
around 0 in 1D. The proof is constructive and the strategy
follows a sequence of fundamental steps (i.e., a sequence of
W,1,n) steering the system to approximate alignment.

We denote by [0,X°] x [0,V°] the box containing
(2:(0),v;(0)) for every & = 1,...,N. We apply the fun-
damental step with parameters W°, 1% n° for the time T°
given by (15), with W° > V9. The corresponding solution
of (4) satisfies (x;(T°),v;(T°)) € [0,X] x [0,V1] for
every ¢+ = 1,...,N. We then reiterate the same strategy,
with parameters W1, ' n! for the time T, and iteratively
for K times (to be chosen), until reaching ec-approximate
alignment around 0. The objective of this section is to design
an appropriate choice of W, 1% n¥ with k =0,..., K —1.
The index z* represents here the k-th step of the algorithm.

The key observation is that, as a consequence of (19) and
X <V, it holds

e—LT"‘lk
Vk+1 = max Vk — W 5
n"(1— LT*) + LVFT"} | (20)
pdan Xk 4 TRy (21)
Now, we define
kE+1 c
ko= X1 o = 22
kE+4VE 22)
1 c 1 3
k : k k
= — Vv
g mm{k+4vk’k+4 102 }

wk =

max{aL(Xk —|—lk),ak+ 1_c },

k+4(VEk)?
until reaching VFk < e. Here, a > 2 is arbitrary. Note that

Wl = + 2Ry (v 4ty < EXDEED)

STkt a)? (23)

We have LT% = LX A" < 1 Using e =7" <1 - LT* +

k
LQ%, we infer that

1
a

k
efLT lk

Wk
<1 —LTF 4+ 17
3

—LVkTk @V’“ >

1 LTk (Tk)2 3
‘fk [2 [Tk
<1_O+_ T4 _402)>—

Vk* *LVka*’I]kZVk*
(TF?\ k41 ¢ (k+4)(VF)?
2 k+4VE a(k+1)c

« 4

NN

Since o > 2, the maximum in (20) is always reached by the
first term, and

(24)

k+1 N

The sequence V* is then decreasing and thus has a limit
V*. If V* = 0, then we have approximate alignment for any
precision € > 0.

We study this limit in two cases. First, assume that Wk =
i (phyz for an infinite number of indices k;. For such
indices, using e LT > 1 _ LTk, similarly to estimates
for (24), from (25) we get

ykith < yki (1—1+12) < Vki (1—1).
a o« 2c

Since for the other indexes the sequence is decreasing, we
have VFit1 < Vki (17 i) hence lim;_, Vki = 0,
and thus limy_,. V¥ = 0. Hence we have approximate
alignment for any precision € > 0.

In the second case, we assume to have a finite number of
indices for which W* = a%ﬁ. Then, there exists kg
such that Wk = oL(X* + [¥) for every k > ko. We also
have TF = i

Let us now establish, by contradiction, that limy_, VEk =
0. Assume that limy_,.o V¥ = V* > 0. As a first conse-
quence, we have limy_,o, ¥ = 1* > 0. Let § < V* and note

that there exists k1 > ko such that

V*—§
alL

V4o
XFH Xk ThyE ¢ (X"“ + X4 Z ) . (26)
Q

for every k > ki. In particular limj_,., X* = +00. As a
consequence, limy_,o, W* = 400, hence from (25) there
exists ko > k1 such that

L

k+1 k
Vi s VE—gm s <

(27)
for every k > ko, with constants r1,72 > 0 computed with
limits. Note that X*+F2 < X*2 4 (V* 4 §)k, due to (26).
Then, from (27), we have

k
T2

Vk+k2 < sz _ - .
- ;X‘ﬂ2+(V*+6)j

But the right-hand side tends to —oo, since

> — = 400,
JZOX]“2+(V*+5)] _]—; J

with J > % and r3 = V’;—ié. As a consequence, we have
limg, V¥ = —co < V*, which is a contradiction.

Summing up, the strategy yields lim;_,o, V* = 0. Hence,
for every € > 0, there exists K such that VK < ¢, and
then the algorithm terminates. Moreover, since Tk < ﬁ
the total time of the algorithm is finite, bounded by %, and
the space variable satisfies X% < X0 4 Voﬁ.

Finally, note that the control is a Lipschitz func-
tion for each time, with Lipschitz constant bounded by
maux{ni,c \ k:O,...,K—li



C. Proof of Theorem 1 in dimension d

We still focus on the system (4), but now in dimension d.
Without loss of generality, we assume that (x;(0),v;(0)) €
X(0) x V for every i = 1,..., N, with X(0),V defined by
(9)-(10). In what follows, we use the double index z7* to
denote the j-th dimension at the k-th step of the algorithm.

To reach e-approximate alignment around 0, we first
achieve \jg-approximate alignment in the first coordinate.

We define the sequence (1'%, nlk W1k) by

M= %% (28)
= min{ki4vf7k7 k}r4vl’k’4§42vl’k}’
Wbk = max {ozL(XU€ + [LR)d a’]zii (Vf,c)g}
where ¥ = ey TR D
We define the sets
Alk [Xlk Xlk llk] nlk Vlk}

1 oy
BY RX[O X2F 4 VQ] [o X3”“+2V3’k]
{Xd’wr de]xRx[VQ’ +1].. [V 1],

and the functions

1y ALk
@t*(z,v) = max (0, 1-— —((3: ,7;)1 i’ A )) ; (29)
a*(z,v) = max|0,1— d((z,v), B*)
’ ’ min {3, ;45 i )

where (2!, v') are the coordinates in the first dimension of

(x,v). We define the control u by

1

. v
utF(t,z,v) = —abF (@ F W R v)alF (z,v) — E (30)
where e! is the unit vector in the first dimension. The control

set w is the support of w'*. Similarly to (23), we have

(ll,k + 2771’k)(X2’k + VQ’k) o (Xd,k + Vd’k)
(VIR gt My (v2h 1) (v 1) <

Note that, at each step, the support of any uncontrolled
variable passes from X% to XJF 1 = X9k 4 1yik a5 a
consequence of the fact that, for each step of the algorithm,
the final time T"* is bounded by 1 < 1. Hence, if
(7;(0),v;(0)) € X(0)x V, then (z;(T+*),v;(T**)) € BLk,
hence the value of the control function u depends only on
the coordinate (z!,v?).

The main difference with respect to the 1D case is that,
here, the limit of I%* is W, whereas in the previous
section the limit of [* was T

We now prove that a finite number of fundamental steps
ensures approximate alignment in the first variable. The
idea is to repeat the proof of the 1D case, by highlighting
the differences due to the change in [VF WL  First, it is
easy to prove that estimates equivalent to (20)-(26) hold for

Wl <

XUk YLk TLE too, since they hold for any positive value
of ¢'*. This also implies that (24) holds, hence (25) can be
rewritten as

1,k
e~ LT 11,k

WLk

As in the 1D case, the sequence V'F is decreasing and
has a limit. We study this limit in two cases. First, assume
that Wk = aZii iz for an infinite number of indices
k;. This implies that V1Kt < V1A (1
limy, oo VIF = 0.

In the second case, we assume to have a finite number of
indices for which W1* = a’zii Vcl 'k Then, there exists
a ko such that Wh* = o L(X1F 4+ ’)C
We also have T1F = (%L

Let us establish, by contradiction, that limy_, vk =0.
Denoting by V* > 0 the limit, we have X"* > r k and

WHE > ry(X1F) for a sufficiently large k and constants

V17k+1 — VLk _ (31)

1
— »), hence

4 for every k > kg.

1,72 > 0. Since X7*H! = X7k 4 Lyik gnd yiktl —
VIk for j =2,...,d, we have
.
lim k4=lelh = ¢ >0, lim kU= S S0

It follows that

Tgll’k T4

Wik XLk’

for some constants 73, 74. This implies convergence of V1:F
to —oo similarly to the 1D case, raising a contradiction.

As a consequence, after a finite number K of steps, we
1 . .
have V1K < %, and the total time to reach approximate

. . - 1 .
alignment is T' = Zf:ol Tk < K- Then, the solution of

Vl,k+1 < VLk _ — Vl,k _

(4) at time T satisfies, for everyt=1,..., N,
z(TY € [0, X"+ VM x [0, X%+ V2T
x ... x [0, X4+ vITY,

1 € 2 d

v(T") € [O,\/a>x[O,V]x x [0, V4.

Now, we achieve id-approximate alignment in the second
coordinate by defining [%%, n2* W2k A2F 42k similarly
to the previous case. This control strategy yields approxi-
mate alignment in K2 steps, with finite total time 7. The
key observation is, due to invariance of the velocities, this
strategy does not expand the velocity set in the first variable,
. v} (T +T?) € [o,f

Repeating the same process for all other dlmensions, we
have a total final time 7% = T! + T2 + ... + T, that is
finite, and the solution of (4) at time 7T satisfies

forevery i =1,...,N.

[0, X1 + VIT*] x [0, X% + V?T*)
x [0, X4+ VeiT*],

wu(T) € [0, \ja)d

for every ¢ = 1,...,N. In particular, |v;(T*)| < ¢, as

required.



Finally, note that the control is a Lipschitz function for
each time, with Lipschitz constant bounded by

i,k i:17...7d7
maX{Q’V A }*

1 i=1,...,d }
max q — S . (32)
{nlvk | K*-1

k=0,...,

Remark 15: The control that we have designed is piece-
wise smooth with respect to ¢, and for each ¢ is Lipschitz with
respect to (x,v). This is exactly what is required to pass to
the mean-field limit, by letting the number N of particles
go to infinity. Indeed, for the mean-field limit, we need
regular flows of the ODE, and then L' regularity in time,
and Lipschitz in (z,v), suffices to have Filippov solutions.
As said in Remark 14, we could design a control that is
smooth in (z,v). We could also have smoothness in time,
by designing a control moving fast left and right (1 positive
and negative), but then this would be at the price of having
a larger time to reach approximate alignment.

U=

D. Proof of Theorem 1 for the mean-field model (8)

In this section, we prove that the strategy yielding approx-
imate alignment for the finite-dimensional system (4) also
yields approximate alignment for the mean-field model (8).

The crucial observation is that the control strategy does
not focus on a specific i-th agent, but focuses on agents that
are in a given subset of the space. In this sense, the limit of
the control strategy “passes to the limit” with respect to the
mean-field limit from (4) to (8). Another key property is that
the definition of the control strategy is based on the size of
the support of the solution X**, V*F that are quantities that
are well defined for the finite-dimensional and the mean-field
dynamics.

Consider an initial measure I N) and a sequence of
empirical measures f1n(0) = = ;11 O(z;  (0),05.x (0)) SAL-
isfying supp(un(0)) C supp(u«(0)) for every N and
limpy 00 W1(pun(0), 4(0)) = 0. Such a sequence is built
for instance by space discretization. Let X¢, V' be such that

[0, X1 x [0, X?] x
x[0, V1] x [0,V?] x

x [0, X9
x [0, V4.

supp(u(0)) C

For a fixed e, define the strategy to achieve c-approximate
alignment of a finite-dimensional system (4) with support in
such a set. Note that the strategy does not depend on N, and
that all parameters [*, n* W are completely determined by
the size of the support at step &, that is in turn completely
determined by the size of the support at step & — 1 thanks
to (20)-(21). As a consequence, the strategy is completely
determined by parameters X',..., X% V1 ... V% for the
initial support. Moreover, the final time 7 is given, and the
control is a Lipschitz function for all times, with Lipschitz
constant L’ given by (32).

We now study the solution of (8) on the time interval
[0, 7] with the control x,u given by the strategy, hence not
depending on p or on py. For any initial data p(0), un(0),

the solution p(¢), punv (¢) exists for ¢ € [0, 7] and is unique,
and supports of u(t), un(t) are contained in

[0, X'+ VIT*] x [0, X% + V2T*] x

x[0, X4+ VIT*] x [0, V] x [0,V?] x ... x [0,V9].

These properties follow from Section II-A. Moreover,
continuous dependence for solutions to (8) implies
that limy_oo Wi (p(T*), un(T*)) = 0, and therefore
un (T%) = pn (T%).

Now, note that the solution of (8) with initial data
un(0) = N ZF ),vi.n (0)) 18 the empirical measure
N (E) = % YoImy O(as n (0).0e x (1) Where (i (), vi v ()
is the solution of the finite-dimensional system (4) with N
particles and control x,,u. The results of Section III-C imply
that supp(un (7)) C A* with

AY =

I1N

[0, X' 4+ VIT*] x [0, X2 4 V2T

d
£
Vd ) '
Since A* does not depend on NN, Proposition 5 implies that

supp(u(T™)) C A*, ie., u(T*) is c-approximately aligned
around 0. This proves Theorem 1.

x [0, X 4+ VIT*] x {o,
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