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A COLLISIONLESS SINGULAR CUCKER-SMALE MODEL WITH
DECENTRALIZED FORMATION CONTROL*

YOUNG-PIL CHOI', DANTE KALISE!, JAN PESZEKS, AND ANDRES A. PETERSY

Abstract. We address the design of decentralized feedback control laws inducing consensus
and prescribed spatial patterns over a singular interacting particle system of Cucker-Smale type.
The control design consists of a feedback term regulating the distance between each agent and pre-
assigned subset of neighbours. Such a design represents a multidimensional extension of existing
control laws for 1d platoon formation control. For the proposed controller we study consensus
emergence, collision-avoidance and formation control features in terms of energy estimates for the
closed-loop system. Numerical experiments in 1, 2 and 3 dimensions assess the different features of
the proposed design.
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1. Introduction. Multi-agent systems (MAS) provide a versatile framework for
modelling different challenges arising in Science and Engineering, such as collective an-
imal and human behaviour [46, 47], dynamic networks [39], and autonomous vehicles
[5], among many others. From a mathematical viewpoint, MAS are often modelled as
large-scale dynamical systems where each agent is represented by a subset of states
which are updated via “physical” interaction rules [27, 25] (attraction, repulsion,
alignment, synchronization etc.), or by means of a control/game framework [34, 29].

In this work, we are concerned with the design of dynamic interactions and ex-
ternal control laws for nonlinear MAS representing the physical motion of a swarm
of agents. Our mathematical modelling is inspired by animal collective dynamics,
where large populations of birds and fish normally exhibit self-organization behaviour
such as flocking, swarming, milling, and alignment. Other remarkable examples are
linked to pedestrian behaviour and to platoons of unmanned aerial vehicles (UAVs).
In particular, we are interested in prescribing nonlinear dynamics for the MAS lead-
ing to self-organized flocking and trajectories with collision-avoidance features, the
latter being a fundamental aspect for a realistic model. The emergence of collision-
less flocking behaviour, understood as a configuration in which agents travel with the
same constant velocity, is already a complex dynamic equilibrium of interest on its
own right. However, a flocking regime does not provide a complete account of the
spatial configuration of the swarm, thus limiting its practical interest for applications,
such as pedestrian modelling and UAV control. Hence, it is desirable to endow the
MAS dynamics with additional forcing terms which can also induce the formation
of a given spatial configuration. In this paper, we propose a dynamical MAS model
including collisionless flocking, together with a control law inducing a given spatial
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configuration. The control action we propose is inspired by the literature concerning
string stability for autonomous vehicles, and consists of a decentralized feedback law
requiring a reduced amount of communication between agents.

Let us briefly review the technical aspects of our work and the related literature.
The starting point for our model is the seminal paper by Cucker and Smale [21],
where the authors propose a nonlinear second-order model for multi-agent flocking
dynamics. This work has been later extended along different directions, including
collision-avoidance features [17, 18, 19, 1, 6, 16], forcing terms and control [20, 24,
8, 7, 3, 28], formation control [40, 41], leadership [22] and mean-field modelling of
large-scale swarms [12, 36, 2, 13, 26, 9]. Starting from a Cucker-Smale type model,
we study collision avoidance in the framework of [10, 11, 35, 31], where singular
interaction kernels have been proposed. Such interaction kernels blow-up whenever
two agents are located at the same position, providing an adequate framework for
the study of collision-less control laws. While these works discuss the emergence of
flocking and collision-avoidance features, we focus on the design of additional external
signals enforcing a given spatial configuration for the swarm of agents.

In order to induce spatial configurations over the swarm, we design a decentral-
ized controller [4, 30], similar to those that have been studied in the context of 1D
vehicle platoons [43, 45]. The control strategy uses a low number of new interactions
with respect to the original Cucker-Smale model, in order to achieve arbitrary spatial
configurations. We extend these ideas to formation control in arbitrary dimensions
and illustrate the 2D and 3D cases with numerical examples. Our main result is
the characterization of the set of initial configurations leading to consensus with a
pre-specified spatial pattern under a given decentralized control law, together with a
certification of collision-avoidance along the trajectory. Up to our knowledge, this is
the first work achieving such a design with Cucker-Smale type dynamics under the ac-
tion of a decentralized external signal. In applications, decentralized control schemes
have a clear economical benefit, but they are not necessarily sacrificing performance,
when compared to more complex solutions [5]. Additionally, in higher dimensions, self
organizing agents and their control take relevance if the extra states are interpreted
as a feature of the agent that is prone to be measured and/or used for synchronization
[38].

The control of MAS, and in particular drone and/or robot swarms is an intensive
research topic (see the recent survey [37]), with applications ranging from spacecraft
formation [14, 41], robot self-organization [23], surveillance [44] and localization [15],
to digital media arts [32]. Along this line, in Section 7 we present different numerical
simulations for planar and spatial formations, mimicking the display of UAV swarms
forming the Olympic Rings symbol, as in the Intel project shown at the opening
ceremony of the XXIIT Olympic Winter Games, 2018, in PyeongChang, South Korea
[33]. Full simulation videos can be accessed at https://youtu.be/C7UDGRudsyA.

The rest of the paper is structured as follows. In Section 2 we present our main
system, which is a Cucker-Smale model with singular interactions and a decentralized
feedback control. In Section 3 we introduce a total energy functional E(z,v) for our
system and show that the total energy functional is not increasing in time. Section 4
presents a result concerning the collision-avoidance behaviour of the controlled system,
and Section 5 is devoted to provide a flocking estimate showing the velocity alignment
between individuals as time goes to infinity and the relative positions are uniformly
bounded in time. In Section 6 we show a result regarding the formation control, to
conclude with different numerical experiments in Section 7.
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2. Problem description. We study the dynamics of an n-particle system in
which the position and velocity of the i—th agent, denoted ;(t) € R? and v;(t) € R¢
respectively, evolves according to

dx;t(t) =v;(t), i=1,...,n, t>0,
(2.1) dv;(t -
0 S s (1) (1) — v10)) + M),
j=1
subject to the initial data
(2.2) (2:(0),v;(0)) =: (29,0Y) for i=1,...,n.

Here, 7;; denotes the Euclidean distance between ¢ and j-th individuals at time ¢, i.e.,
ri;(t) == |z;(t)—z;(t)], and K and M are nonnegative constants. The first term on the
right hand side of the equation for v; in (2.1) represents a nonlocal velocity alignment
force where the discrepancies between the velocities of the agents are averaged and
weighted by the communication function v in such a way that closer individuals have
stronger influence than further ones.

Let us discuss the choice of the interaction kernel 1 (r). In the original Cucker-
Smale model [21], the regular weight function ¢ (r) = 1/(1+4r2)%/2 is considered with-
out a control term, i.e., the system (2.1) with M = 0. Depending on the exponent 3
which determines the short/long-range interaction regimes, conditional /unconditional
flocking estimates were obtained in [21], and later refined in [13, 26]. Inspired by the
recent work [11], here we consider a singular influence function ¢ : (0, 400) — (0, +00)
given by

In [11], a critical value for the exponent « leading to global regularity of solutions or
finite-time collision between individuals is obtained. More precisely, if o > 1 and the
individuals are placed in different positions initially, then there is no collision between
them when governed by the system (2.1) with M = 0, and this immediately provides
the global existence and uniqueness of solutions to the system (2.1) in the absence of
control. On the other hand, as shown in [42], for a € (0,1) the particles may collide
and even stick together in a finite time.

The second term on the right hand side of the equation for v; in (2.1) is an external
control signal u := (uy,--- ,u,). The design of external control actions acting over
the free dynamics on a prescribed way constitutes a challenging topic on its own right.
In this context, we focus on the design and analysis of a control signal able to induce
a desired spatial configuration for the swarm. For this, we make the following choice:

up = —d(|ry — 22 — Z1|2)($1 — T2 — 21),
Up = O(|Tn_1 — Tp — 2n-1*) (Tn_1 — Tn — Zn_1),
u; = ¢(|viy — @i — Zi71|2)(1'i71 — T — 2i-1)

= oz — ip1 — 2zil*) (@i — i1 — 20),

for i € {2,---,n — 1}, where z; € R%, i = 1,--- ,n — 1 determines a relative posi-
tioning of the agents based on the desired spatial configuration, and ¢(r) is a regular
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communication weight of the form

1

P(r) = (TS B> 0.

While the choice for the controller may seem arbitrary, it has two appealing
features. First, the signal is a feedback control, as its computation is based solely on
the current state of the system and predefined parameters. Second, the control signal
is decentralized: its update for a single agent only requires information concerning the
state of a reduced number of individuals (in our case only two predefined agents) rather
than the knowledge of the full swarm state. Overall, the proposed design achieves a
prescribed formation in a robust and economic way. In the following sections, we
carry a thorough analysis and computational validation of the different properties of

the resulting controlled dynamics.
For notational simplicity, we set

n n
1
|w||? := lwi|> and  we:=—Y w,
n
i=1 i=1

for w = (wy,- - ,w,) € R™,

3. Preliminaries: A priori estimates. In this section, we present a priori
estimates of the average quantities and total energy, which will be significantly used
for the flocking estimate.

We first set the total energy functional

1 ) M n loi—1—@i—zi—1]?
B\(0) + Bala) = 5ol + 5 Y [ o(r) dr.
=2

and its dissipation rate

n

D(z,v) := K Z (1) v — vj\Z.

ij=1

LEMMA 3.1. Let T > 0 and {(x;,v;)}1"_, be a smooth solution to the system (2.1)
in the time interval [0, T]. Then we have the explicit from of the averages:

Ze(t) = 2.(0) + v.(0)t, ve(t) = ve(0),
and the non-increasing total energy estimate:

d d
%El(v(t)) + aEg(a:(lt)) + D(x(t),v(t)) =0,

for0<t<T.

Proof. By the definition of the average quantities together with the fact that the
symmetry of the communication weight function ¥ and u. = 0, it is simple to get

dz.(t)
dt

dv.(t)
dt

=wv.(t), and =0.
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We next estimate the kinetic energy. A straightforward computation yields

n

1d d’Ul‘
szl = z_:<vdt>
(3.1) _zn:<vi,§zn:¢(7‘ij)(vj U¢)+MUi>

J=1
= Il + MIQ,

where (-,-) denotes the standard inner product in R?. Here, by substituting indices i
and j, and using the symmetry of the weight function ¢, I3 can be easily estimated
as

K n
(32) h=-5- > W(rig)loi = v* = =Dz, v).
ij=1

For the estimate of I, we obtain

n—1
Iy = (uq,v1) + (Ui, v3) + (Un, V)
i—2
n—1
= (up,v1) + ¥ d(|wic1 — 2 — zim [*){@im1 — 2 — 2121, 05)
i=2
n—1
= bz — i1 — z*) (@i — wigs — 2, 00) + (Un, vn)
i—2
n—1
(3.3) = (u1,v1) + Z O(|zicr — wi — zia ) (wicy — @i — Zim1, 04)
i=2
n
- Z O(|zig — xi — Zi71|2)<xi71 — X — 2i—1, Vi—1) + (Up, Un)
i—3

n
= *Z¢(|$i—1 — Xq — Zi—1|2)<517i—1 — X — Zj—1,Vi—1 — U1'>

|1 —xi—2zi— 1|
= _5%2/ ¢(r) dr.

Combining the estimates (3.1), (3.2), and (3.3), we conclude the desired result. d

Remark 3.2. Since the velocity average is conserved in time, i.e., v.(t) = 0, the
time derivative of the kinetic energy can be rewritten as

d n
“r ; :
FTARAUIL 4ndt Z Juit ®F

1,j=1

This yields that we can rewrite the total energy estimate appeared in Lemma 3.1 as

LSS ) = v ()2 + Baa(t) | + Da(t),o(t)) = 0.

4,5=1
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Then we obtain the following uniform-in-time estimate:

B o(0) = = 3 loit) = vg ()P + Bale(t) < 1= D of = ol + Ba(a(0)) = B,

i,j=1 i,7=1

In particular, we obtain

n

g () = 5O < ) 3 (0 = (0 < 2nEe
1,]=

Remark 3.3. If v.(0) = 0, then v.(t) = 0 for all ¢ > 0, and this subsequently gives

n

Ei(t) = S > lvi(t) —v;()]* forall t>0.

ij=1

Without loss of generality, throughout this work, we may assume that v.(0) = 0 and
2.(0) = 0. If necessary, we may consider the translation frame (x;,v;) = (z; —v.t, v;).
This implies

(3.4) z.(t)=0 and wv.(t) =0,

for all t > 0.

4. Non-collisional behavior: Global regularity. In this section, we study
the non-collisional behavior of the system (2.1) based on the work [11], when a > 1.
This fact together with Cauchy-Lipschitz theory implies the global existence and
uniqueness of smooth solutions to the system (2.1)-(2.2).

THEOREM 4.1. Suppose that « > 1 and the initial data xy satisfy

Tij (O) > 0.

min
1<i#j<n
Then there exists a global smooth solution to the system (2.1)-(2.2) satisfying

i () >0 t>0.
1sr££ljr‘1§nr”() Jor t=

Remark 4.2. In [17], the repulsive forcing term is added to the original Cucker-
Smale model to avoid collisions between particles. In contrast, we extract a repulsive
forcing effect by taking into account the singular weights in the velocity alignment
force.

Remark 4.3. From the perspective of applications, the existence of a global-in-
time minimal distance between the agents is often desirable. Theorem 4.1 does not
ensure its existence, since the minimum inter particle distance min<;;<n, 74;(t) can
be equal to zero when T' = +o00. To circumvent this issue one may consider the CS
model with an expanded range of singularity 1s(s) = (s —49) for s > J. It was shown
in [11] that the Cucker-Smale model with weight 15 and singularity o > 2 admits a
global-in-time minimal distance between the particles, mini<;z;j<y, 74;(t) > 6. System
(2.1) with weight s is expected to exhibit similar behaviour. Evidently, we should
set |z;| > ¢ for all 4 in the control signal u, whenever § > 0.
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Proof of Theorem 4.1. We first fix a time T' > 0, and we will show that there is
no collision between particles until that time. Since there are no particles colliding
at the initial time, there exists a to € (0,77 such that the smooth solution uniquely
exists until that time. Let us assume that g < T, i.e., tg is the first time of collision
of any particles. We then set [I] to be the set of all indices j € {1,--- ,n} where the
j-th particle collides with the I-th particle, i.e., r;;(t) — 0 as t — to for all j € [I] and
rj(t) > 6 > 01in [0,%o) for all j ¢ [/] and some positive constant ¢ > 0. Due to our
assumption, [[I]| > 1. We set

lelln® = |3 feilt) =2, @F, olly( S Juit) — v ()12,

i,j€[l] i,5€[l]

and

llwll @) > i) —uy (1)

i,5€l]

Note that by definition ||z||;;(t) — 0 as t — to—. Our goal is to show that this cannot
happen, thus to > 7. We now analyze the evolution of ||z||;;(¢) and [|v||y(t). We can
first easily estimate

d, , d
(1) Sl < 2ellgliol, i | llelln| <ol

We now estimate ||v|p(t) as

||U||[z] 2y < vj, [f;w(m)(w—vi) - waw)(vk—w)D

i.jell] k=1

+2M Z — U5, U — Uj)
i,j€ll]

b 5 | e~ e~ )

" i,5,k€[l]  i.5€L
é[l]
+2M Z — U5, U — Uj)
i,5€[]
= Il —|— Ig + Ig.

o Estimate of I;: By exchanging the indices ¢ and k, we find

K
2N vl v )

i,7,k€[l]
K K
= Z Y(rei)(vi — vy, v —v;) + - Z Y(rgi) (Ve — vj,v; — Vg)
i,5,k€[l] i,5,k€[l]
K
= Z Y(rgi) (Vi — Vg, v — U;)
i,5,k€ll]

K\ Il
= Z(/) x; — xj])|v; — vj|2.

i,5€(l]
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In a similar fashion as the above, we get

(4]
—= Z V(res)vs = vy vp —v5) = == > W) vi — v
i,7,k€l] i,5€[l]
This together with the fact that |z; — x;| < ||z for all i, j € [I] yields
2K[1]|
1< 2K S il — w2 < 2000l ol
s.3€ll]

where Cy := K]|[l]|/n.
o Estimate of I5: A straightforward computation gives

Z Y(rik) (Vi — vj,v5 — ‘>+% > @(rin) = ¥(rse)) (v — v, vk — v;)

n
i,j€[l] i,7€[l]
kg[z] k(1]
il — ol + 2 ST (@) — wr0) (v — v, 6 — v5)
n
i,j€[1] i,j€[l]
k(1] k¢[l]
9K Ly
< — D Ko = vj, v = vj)||zi — 1,
i,j €[]
k¢(l]

where Lj is the Lipschitz constant of ¢ in the interval (d,00). On the other hand, it
follows from Remark 3.2 that

max |v;C —v;] < 2y/nEy.

1<k,5<
Thus we can estimate I as
4K\/ EOL5 Z
|Uz

i,5€[l]

kel
AK/EyLs(n —|[I]])
= Tn > o= vjllwi - =

<20 ||v|lig [l

[2 Uiji —.’L'j

1,5 €[]

where Cs > 0 is given by

2KV/EoLs(n — |[1]])
NG .

o Estimate of Is: We first notice that for any ¢ € {1,...,n}

n n
il < |wkey — @kl + Y |2kl
k=2 k=2

CQ =

n n
<vn Z e A Z |2k—1]
k=2 k=2
< V/nl(x) + |z]p,
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where

n n
Z |z; —x;? and |z]p = Z |2k—1]-
k=2

ij=1
On the other hand, we get

%F(ﬂf(t))2 < 20(2z()A(v(t)) and  —T(2(t)) < A(v(t)),

where

Afv(t)) = \J Z [0i(t) = v ()]

Since A(v(t)) < 2v/nE, for all t > 0, this yields
I(z(t)) < T'(2(0)) + 2v/nEoT.
Thus we find
[us(t)] < VAT (2(8) + 2l < Vi (D(2(0)) + 2V/nEoT) + [2]n =: G5 >0,

and furthermore we obtain

lullyg < (2 ) (il + Jug|?) < 2Cs][1]]-
i,j€[l]

Hence we have
I3 < 2M vl llullp < 4Cs|[IM |[v]lg =: 2C4][v]y-
Combining all of the above estimates, we find
d
%Ilv\lﬁ] < 2019 (lzllm) IIITy + 2C:lolimllzlly + 2Callv]ly-
Since

[/l () < T(x(t)) < T(x(0)) +2v/nEoT,

if we set
Cs = Cy (I‘(x(O)) + 2\/nE0T) + 0,

then we get

d

vl < =2C1¢ (ll=lly) vl + 2G5 vy,

ie.,

d
%”UH[” < —Cvd (lzlly) llvlly + Cs,  a.e. on (s,tg)
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with 0 < s < tg. We now apply Gronwall’s inequality on the time interval (s, o) to
obtain

t
ol (8) < ol (s)eC f;w(\|m\|[l](7))dr+c5/ o—C1 Lzl (e) do g
(4.2) .
< CeCn f;w(\|x|\[1](7))d7+c5/ e=C1 J1 el (@) do g

S

due to [[v/[(£) < A(v(
1

)) < C3 < Cy < C5. Let us denote by ¥ the primitive of .
Then we find from (4.1) t

t
) that
ellelig )] = | [ S0l dr + (sl o))

= | [ wttstinn (el ) (i + Wl
< [ vty @l dr + ety )

We now estimate

t
J(t,s) 1=/ =l (P)lvllp (7) dr
S
Note that if J is bounded from above by some constant J, > 0, then we have

[ (|2l )] < Je + T(||z]ly(s))].

This leads to a contradiction since the right hand side of the above inequality is
bounded, however |¥ (|2 y(t))] — +oo as s < ¢t — to—, and this gives [[]| =0, i.e.,
there is no collision between particles until time 7" > 0. Thus in the rest of proof, we
show the boundedness of J. For notational simplicity, we set

b(t,s) := exp (—01 /:wnxmv))m) :

Then it follows from (4.2) that

56,9 < [ wllelio() ) (b + [ b1 do ) dr =5 h(t.9) + o).

Note that b(¢, s) has the following properties:

0ib(t, s) = —C1(|||| (¢))b(t, s) and  b(t,7)b(7,s) = b(t,s) for s<7 <t
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By using these properties, we estimate J;(¢,s),i = 1,2 as

Cs [t C C C
Ji(t,s) = _Fi/ d:b(r, s)dr = _6? (b(t, s) — b(s, s)) = 6? (1—b(t,s)) < Fi
t Tb(T,s
hft,s) = Cs [ wllaly() [ 575 doar
t T 1
= 05/8 Y(||z]|p (7))b(T, 5) (A bos) dU) dr
- 05 t T 1
= —a/s 0:b(1, s) (/s 71)(075) do) dr
o 05 ¢ 1 05 ¢ b(T, S)
=) [ it o | e i
Cs
< —(t—s).
< Gt-9)
Hence we have
Cs
< 2
J(t,s) Cl (1+7),
and this concludes the proof. 0

Remark 4.4. Tt is worthwhile to note that the only property of u that is required
for the proof of Theorem 4.1 is its boundedness in the phase space. Indeed, the main
idea behind the proof is to divide the particles into two groups: a group A of particles
colliding at ¢y and a group B of particles that do not collide with particles from
A. Then the interaction within group A is singular and it outweighs any interaction
within B and any interaction between A and B. Similarly, any effect of additional
bounded forces is negligible compared to the singular interaction within A. Then, the
interaction within A, after it outweighs all other influences, is used to prove the lack
of collisions.

5. Flocking behavior. In this section, we provide a rigorous flocking estimate
for the system (2.1). The proof follows a similar idea to the one used for a regular
communication weight 1. In the regular case, we conclude that ||v[|? — 0 from the
fact that ||v]|? is integrable on [0, 00). However we may do it only since we know that
||v]|? is sufficiently regular, which is ensured by the regularity of . In the case of
singular ¥ we need to put some additional effort into proving sufficient, uniform-in-
time, regularity of ||v||2. We do it by showing that the derivative of ||v||? is a sum of
an integrable function and a bounded function, which implies that ||v||? is a sum of
an absolutely continuous function and of a Lipschitz continuous function. Therefore,
|v]|? is a uniformly continuous function and its integrability ensures that [v]|? — 0
as t — oo.

THEOREM b5.1. Suppose that Ey < 0o, a > 1, and the initial data xo satisfy

i i:(0) > 0.
2o, i (0)
Then there exists a unique smooth solution to the system (2.1)-(2.2). Furthermore,
we assume that one of the two following hypotheses holds:

(i) B<1;
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(ii) B> 1 and

(5.1) Z/I o(r) dr > ﬁ 3 ol — 002,

‘ 0 0, |2 =
i=2 V|22 —zi1| i,j=1

Then we have

ngfwlg?)énr”(t)<oo and 151?)<{n|vl()—vj(t)|—>0 as t— oo.

Remark 5.2. For the flocking estimate, we only need conditions for ¢ like bound-
edness, positivity, and the above assumption (5.1), which is automatically satisfied if
¢ integrates to infinity on any interval [c, 00).

Proof of Theorem 5.1. Uniform boundedenss of r;;: It follows from Theorem
4.1 that

i i (t) >0 T t>0
(Sl ) > 0 for 12

and from Lemma 3.1 that
Es(x(t)) < Eo,
i.e.

n |i 1 () =z (t)—2i_1]?
62 X o) < i Zlv ul for t20.

4 0 _,0_. |2
i=2 v lef_ =z} —zia]

On the other hand, under our main assumptions, we can find some constant dp; >

|29 | — 29 — z;_1] such that
n di{ 1 n

(5.3) / o(r) dr = 00 — 02,
z‘z:; [20_) —2f—zi1|? 2Mn vz; ' ’

This, together with (5.2) yields

n

d3,
> /| o(r) dr >0,

zio1 () =i (t)—2zi1]?
thus, we get
(5.4) |zi—1(t) — zi(t) — zi—1| < dp for i=2,...,n.
This further implies

j—1
i — ;| < ekl + (G — i),
k=1

for any 1 <7 < j < n. Hence, for t > 0, we have

rij(t)Sn( max |zk|—|-dM> =: Cj.

max
1<i#j<n 1<k<n-1
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Subsequently, we obtain

1
5.5 m (= min s — > 0.
(5.5) 02 56[0,00]1/}( ) = o

Time-asymptotic velocity alignment behavior: It follows from Lemma 3.1 and
Remark 3.2 that

which implies that
(5.6) / D(x(t), o(t)) dt < Eo,

due to £ > 0. Furthermore, we obtain

Ky,
(5.7) D, <—Aﬂf§jm—wﬁ——waw%
i,j=1

thanks to (5.5) and the zero momentum condition (3.4). Thus we get

(5.8) me/ o(t)|2dt < / D(@(t), v(t)) dt < Eo.
0
This together with the estimate in the proof of Lemma 3.1 and (5.7) gives

(5.9) D(z,v) + MIy < —Ktpy||v]|? + MI,.

2
ol =
On the other hand, I can be estimated as

n
<D b(lmicy — 2 =z @iy — @i — 21,01 — ;)
=2

S ClM Z |’UZ‘,1 — Uil S CdMH’UH S CdM\/ E(O),
=1

|12

for some C' > 0, due to (5.4) and the energy estimate. Thus I is bounded on [0, o).
Now we come back to (5.9) to see that the derivative of ||v]|? is a sum of an integrable
function (—D) due to (5.6) and of a bounded function MI,. Hence we have

v 2: t— Tr(s),vis S ' 2(8)as v 2
(o) 2A<zx<m<>»d+2lﬂﬂw>d+uwm,

=:f1 =:f2

where f; is absolutely continuous and f5 is Lipschitz continuous. Both absolutely
continuous and Lipschitz continuous functions are uniformly continuous and thus
||v]|? is uniformly continuous. After recalling from (5.8) that ||v||? is also integrable,
we conclude that ||v]|? — 0 with t — oo. d
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Remark 5.3. It is clear from Theorem 5.1 that
max {0, |z;| —dp} <|z; —zip1| <zl +dy for i=1,...,n.

Furthermore, we find

j—1
rij(t) = sz —(j—i)dy for i<y,
k=i
ie.,
i i > — _
<25 rij (t) 1<rlfiljn<n sz (n—1)du,
for t > 0.

Remark 5.4. As a direct consequence of Theorem 5.1, we have

%Eg( (t ))‘ = MIy(t) < MCdy|v(t)] =0 as t— oo.

6. Pattern formation. In this section we prove that if the particles do not
collide asymptotically then they form a pattern induced by the control. We briefly
discuss the problem with asymptotic collisions in Remark 6.3.

We first provide an enhancement of Young’s inequality that will be significantly
used later for the spatial pattern formation estimate.

LEMMA 6.1. Let ay,...,a,_1 be a set of vectors in R%. Then

n—1 n—2 n—1
= a0 aiain) < =6 ail?,
i=1 i=1 i=1

where 6 € (0,1) is a sufficiently small number.

Proof. Let § > 0 be a small number to be specified later. We take e; =1 — 4§ and
use Young’s inequality with €; to obtain

(a1,a2) < (1—08)|as]* + |as .

4(1—9)
We take ¢; = 1 — 6° — 1/(4¢;_1) for i > 2. Then it is easy to prove by induction
that (1 4+ 6%)/2 < ¢ < 1 — ¢ provided that § is sufficiently small (for example
d = 1/4). Thus, by the recursive definition of ¢;, for all i = 1,...,n — 1, we find
0<e +1/(4e;—1) <1 —06" Hence, by Young’s inequality, we have

n—2 n—2 1
Z<ai;ai+1> < Z €i|ai\2 + Te'ai+1|2
i=1 i=1 ¢

n—1
1
_ 2 . |2
=er|a1]® + 1:22 (ez + 4€¢—1) |a;|
n—1
(1= Jail*.
=1

This provides the desired result. 0

IN
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We are now in a position to state the asymptotic spatial pattern formation result.

PROPOSITION 6.2. Suppose that the assumptions of Theorem 5.1 are satisfied.
Assume further that

(6.1) hggg)lf |zi(t) —z;(t)] > 0,
foralli,j € {1,...,n}. Then there exists a limit lim; o x(t) =: z°° satisfying
(6.2) P =x0 — 2z forall i=2,... n.

Proof. For notational simplicity, in the rest of the proof, we denote
¢i = ol — Tiy1 — z[?).

Observe that by assumption (6.1), there exists a minimal distance between particles
p > 0 on the time interval [tg, 00) for sufficiently large to. Thus we have

rij(t)>p forall 4,j=1,...,n,
for all ¢ € [tg, 00). Consequently, this implies
Y(rij) <C(p) in [to,00).
Let us first show that
(6.3) Ti — Tiy1 —> 2; as ¢ —» 00,

foralli=1,...,n— 1. It follows from the equation for v; in (2.1) that

d n—1
T > il — wit1 — 2,00 — viga)
i—1

n—1 n—1
=23 ¢ilwi — mip1 — 20,00 — vig1)” D Gilvi — viga|?
i=1 =1
n—1 n n
K K
+ Z; bi <$i — Ti+1 — 2 . ;w(rij)(vj —v;) — n ;¢(T(i+l)j)(vj - Ui+1)>
1= 1= 1=

n—1
+ MDY bilwi — Tig1 — zi, Ui — Uig).
i=1
We then estimate each summand on the right-hand side separately. Clearly, we get
n—1
Z Gilvi — vig1|? < 2E1.

i=1

Furthermore, by using Young’s inequality with € > 0, we get

n—1 112 n—1
2 Z Ory — i1 — i, v — ’Ui+1>2 < 6q|§((bdlj\j) Z dilri — 21 — Zi|2 + C(e)Ey
=1 =1
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and
n—1 n n
K K
pLY <xi T T T & > (i) (v —vi) = o D blran;) (v - Uz‘+1)>
i=1 j=1 j=1
n—1
e Z bilzi — zip1 — 2| + Clp, €) En,
i=1

for any € > 0. We finally estimate the term including the control u as

n—1
> bilwi — miga — 20 — uig1)
i=1
= *2¢%|$1 — T2 — 21|2 +(P1(z1 — 2 — 21), Pa2(22 — 23 — 22))
n—2
+ Z Gi(T; — Tiv1 — 2,
i=2

¢i—1($i—1 — Ty — Zi—l) - 2¢i(Ii — Tiy1 — Zz) + ¢1’+1(-75i+1 — Tiy2 — Z¢+1)>
+ ¢n—1<xn—1 — Tp — Zn—1,

¢n72($n72 —Tp—-1— Zn72) - 2¢n71($n71 — Tn — zn71)>

n—2 n—1

=2 ($i(@i = @ip1 — 22)s Gis1 (a1 — T2 — 21)) — 2 ) O lws — wiga — 2
i=1 i=1

=: L.

By Lemma 6.1, there exists a positive constant § > 0 such that

n—1 n—1
2M
MES*QMén E qf)?‘mi*IH_l*Z”QS*qﬁ(d )6n E ¢i|xi*$i+1*2i|2~
i=1 M)

Combining the above estimates with suitably chosen ¢ > 0, we end up with

dnfl M n—1
4) — (T = Tigp1 — 25, Vs —Vig1) < By ———=d" iz — mip1 — 2z
(6.4) dt;¢<x Tit1—2i,vi—vig1) < C(p) By D) ;d’\x Tit1— zi

By (5.8), the kinetic energy Ej is integrable and by the following inequality

n—1

> il — wit1 — 2,00 — viga)| < Cdy/Eo,
i=1

for some C' > 0 independent of ¢, the left-hand side of (6.4) is a derivative of a bounded
function. This implies that 2?2—11 Gilri — 2441 — 2|? is also integrable in [ty, 00), and
thus we conclude that Z?:_ll |#; — w11 — 2]> = 0 as t — oo, since it is Lipschitz
continuous. Hence, (6.3) is proved. This, together with the fact that we fixed 0 as
the center of mass (recall (3.4)) and the help of basic linear algebra implies that x;(t)
is convergent with ¢ — oo, and its limit «$° satisfies (6.2) for all ¢ = 1,--- ;n. This
completes the proof. ]

Remark 6.3. It appears that the impossibility of collisions between particles, en-
sured by Theorem 4.1, plays a role in pattern formation and is the reason for the need
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of assumption (6.1). Indeed, if we consider the simplest case of two particles on a line,
with z; = —1, then, the resulting pattern has to be of the form z5° = x¢° + 1 > z{°.
However, if initially z1(0) > z2(0), at some point the particles change order, and
thus collide, which is impossible due to Theorem 4.1. It is also clear intuitively: the
particles are forbidden from colliding and if the control would result in a collision, the
singularity of the communication weight 1 prevails and the pattern cannot be formed.
We numerically investigate this issue, see Figure 7.4 below. The one-dimensional case
is special in the sense that the collisions are unavoidable if the order of the particles
has to be changed. It is however a much more complex question in d > 2. See Figure
7.5 and the corresponding discussion for a particular 2 dimensional case.

A full discussion of the a priori assumption (6.1) is outside the scope of this paper.
In fact, as mentioned above, Theorem 4.1 implies that there is no collision between
particles for all time when o > 1, thus the assumption (6.1) excludes a possible
collision at ¢ = oco. On the other hand, based on the argument in Theorem 5.1, we
provide a class of initial data leading to a global-in-time minimal distance, which is
strictly positive, between the particles, and thus by Proposition 6.2, to the desired
pattern formation. Such a class of initial data can be roughly described as follows:

(A) If the initial energy Eo and all |29_; — 29 — 2;_1]|, for i between 2 and n, are
sufficiently small compared to min;; )ch;i zk‘, then there exists a positive global-in-
time minimal distance between the particles and the pattern forms.

We provide the above statement explicitly in the case of 8 € (0,1).

COROLLARY 6.4. Let 8 € (0,1). Under the assumptions of Theorem 5.1 with the
initial data satisfying for all pairs 1 <i < j<n

Jj—1 2 j*i Q—ﬁ
6.5 St 41—
69  [Xa > () e
X ((L=B)C5+ )77 =1+ > ey —af — 2
k=i+1
with

* 1 - 0 02
Co = oMn Z lvi =57,

i,j=1
there exists a global-in-time minimal distance between the particles. Therefore the
particles converge asymptotically to a pattern as indicated in Proposition 6.2.

Proof. Applying the triangle inequality to (5.4) we deduce that

j—1

>

k=i

rij(t) = —(j—ddpm for i<y,

and ¢t > 0. It remains to fix 1 <7 < j <n and prove that
2

(6.6) > (j —i)%d3,.

j—1
>
k=i
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The starting point is the definition of djs in (5.3), which implies that

j
(G —D)®(di) <Co+ Y @laf_y —af =z,
k=i+1

where @ is the anti-derivative of ¢ with ®(0) = 0, ie. ®(s) = 25(1+5)'F -
ﬁ. Note that the anti-derivative ® is positive, increasing and concave on [0, 00).
Moreover, C§ > 0 belongs to the image ®([0,0)). Set C3* := ®~1(Cf). Then, by
concavity of ®, we have

i—i \T7 4 j—i 2
: [ L <23
(6.7) <<j+1—i> dM>_j+1—i (dr)

< O(CE*) + Zi:iﬂ (|29, — 2% — z_1]?)

- j+1—i
<P Co" + Z?c:iqL'l |$2—1 _ wg - Zk71|2 '
o j+1—13

To see the left-most inequality in (6.7), let us consider the function
fe(s) = e®(s) — @(cﬁs) for s >0 and ¢ € (0,1).
Clearly, f.(0) =0 and

Fi(s)=c(l+8) P —cTF(1+cTrs)b.

C

Moreover, f. > 0 is equivalent to
1 _ 1 1
14+s<cP T8 (14 cTFs),

which is the case, since for 5 € (0,1), we have

l—;<0 and 1_ ! + ! =0
g (1-p)s B Q-8B 1-8

Thus, by monotonicity of ® in (6.7), we have

)

, _
Jj—1i 1= 2. < CS*—’_ch:i-&-l‘xg—l — 2 — 21
j+1—i M= j+1—i

which implies that (6.6) holds, provided that

. 2 . .
i j—i 7 ~ 0 0 2
k| = (j-i—l—l) (G+1-9|C5" + Z |zp—1 — ap — 21" |
k=1 k=i+1
Recalling that C}* = ®~1(Cy) we finish the proof. u]

Remark 6.5. When 3 > 1, then the general statement (A) still holds, but the
explicit assumption, similar to (6.5) becomes significantly more convoluted. The main
problem is that the left-most inequality in (6.7) fails and needs to be compensated.
However, a direct calculation leads to a condition similar to (6.5) in the spirit of (A).
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Fic. 7.1. Trajectories and collision detection for a bird-like pattern

7. Numerical experiments. In this section we present simulations for planar
and spatial configurations with the studied model.

Bird-like pattern. We consider a bird-like flocking pattern in the 2 dimensional
space with n = 10 agents. The parameters are chosen as K = 10, M = 50, = 1.1
and 8 = 0.5. If we consider the average velocity of the flock, which remains constant,

) = vu(0) = ().

Uy

ve(t) =

n

i=1

we define the angle 8 of travel with respect to the x axis, that is, 8 = arctan(v, /v;).
If we chose the desired inter-particle spacings, z;, to be

2fen(o-5) sm(0-3)) < [2
2(es(o-Fome-3) o= [3]

the control should achieve a bird-like pattern in steady state. Figure 7.1 left shows
the trajectories followed by the agents on the x — y plane. Figure 7.1 right shows
the plot of min, ; |z;(t) — x;(t)|. A few particles are initially very close to each other,
but the plot, and its zoomed in view, reveal that no collisions occur. In Figure 7.2
we show the energy decomposition of the system and its dissipation. It can be noted
that the second part of Lemma 3.1 is satisfied.

A single circle. Now, we consider a set of inter-particle alignments z; in the
control term that achieves a circular formation pattern with a single agent at the
center. Figure 7.3 left shows the trajectories for n = 50 agents on the plane, with the
model parameters as in the previous example. The initial conditions are such that

P =
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Fi1G. 7.2. Energies (left) and dissipation (right) for a bird-like pattern

some agents are close to each other and about to collide. Figure 7.3 right shows the
plot of min; ; |z;(t) — x;(t)| over time, illustrating that the singular influence term
causes collision-avoidance. However, there is at least one pair of agents involved in
near misses in two opportunities.

Collistions in finite time. Here we consider an example to illustrate that, even
when collisions are expected from the initial conditions and desired final formation,
the singular influence prevails and no collision occurs in finite time when o > 1. In
particular, we consider 4 particles in the 1 dimensional space. Their initial positions
and desired final formations are such that in the steady state they must crossover
(and therefore collide). In the following we consider 4 cases: Regular weight ¢ (r) =
(14 r)~* and singular weight ¢ (r) = r—%, both with o = {0.5,1.5}.

Figure 7.4 shows the position of the 4 particles over time for the aforementioned
cases. In particular we chose every parameter as before, except for «, and the initial
conditions x;(0) = 0.5i for i = 1,2, 3, 24(0) = —1, v;(0) = (—1)% /4 for i = 1,2,3 and
v4(0) = 1. The desired formation is given by the selection z; = —2 for all ¢, which
should put the agent with position z4(t) ahead of the rest, considering the initial
conditions. It can be noted that the only case where the agents do not collide is for
the singular weight with @ = 1.5. In that case, the particles are collapsing together
but never really colliding, since Theorem 5.1 prohibits collisions in finite time.

We provide animations of these cases at https://tinyurl.com/yapwy924.

Degenerate Cases. The previous 1D case can be considered degenerate and it
will be impossible to have a successful pattern acquisition, given the initial conditions
when o > 1. In higher dimensions, as mentioned in Remark 6.3, the situation is
harder to assess. For g = 0.5, « = 1.1, K = 60 and M = 50, we consider 4 agents in
the 2 dimensional space with initial positions given by z1(0) = (—1,0), 22(0) = (0, 1),
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F1c. 7.3. Trajectories and collision detection for a circle formation with an agent at the center
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F1G. 7.4. Positions over time of 4 particles on a line

23(0) = (1,0), and 24(0) = (0, —1), that is, the agents are positioned at the vertices of
a square. We will consider that the agents are initially at rest and the desired spatial
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F1G. 7.5. 4 Particles starting on the vertices of a square and their trajectories. Crosses: Initial
particle positions. Circles: Desired final pattern. Squares: Final particle positions. Black dashed
vectors: Initial accelerations of the particles.

formation is encoded in the selections z; = (1,1), 22 = (1,-1) and z3 = (—1,—1).
The control will then try to switch the agents in a diagonal fashion, since v; = (0, 0)
for all i, and we expect that the agents will end up in the positions z$° = (1,0),
x5° = (0,—1), 25° = (—1,0), and z23° = (0,1). However, as seen in Figure 7.5 left, the
agents collide in pairs, at the middle points of two sides of the square. Switching the
initial positions of agents 3 and 4, and again forcing them to swap positions diagonally,
we observe that the agents do reach the desired formation.

The key difference resides in the symmetry of the initial accelerations, which in
this case are completely determined by the control (as every agent starts at rest). It
can be easily checked that for the first case u1(0) = u4(0) = —0.5(uz(0) + u3(0)) # 0
and given the symmetry of the initial conditions, the controls and the influence term,
the vectors d(vy(t)4+v4(t))/dt and d(ve(t) +v3(t))/dt will remain in the same direction
for all ¢. We can observe in Figure 7.5 that, due to the symmetry of the acceleration
terms and initial conditions, r12(t) = r34(t) and ri3(t) = ra4(t) for all t. Additionally,
the symmetry also suggests that x1(t) — x2(t) — 21 = x3(t) — x4(t) — 23 for all t. With
this, the center of mass of the pair of agents with indexes 1 and 4 will stay on the line
that crosses the origin with slope 1. The only option for the agents to try and reach
the desired pattern is for them to collide in pairs somewhere on this line.

On the contrary, in the second case u;(0) + us(0) = —(u2(0) + u3(0)) = 0 but
all initial accelerations are different. The centre of mass of agents 1 and 4 travels
along the x axis (and the centre of mass of agents 2 and 3 travels along the y axis),
but since the initial accelerations of these agents force them to different hemispheres,
they can switch positions. The only possibility for collisions would be among particles
that are not switching places, which is avoided by the lack of symmetry in the initial
accelerations.

These particular cases are easily avoided by small perturbations on the initial
conditions, or with selections of the control that take into account the initial config-
uration of the agents. In applications, where sensors and actuators are imperfect, it
is unlikely that these exceptions could occur. However, if velocities are reaching con-
sensus but the agents are still not close to the desired formation, the values z; could
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t=200[s]

F1G. 7.6. Snapshots at different times for an Olympic rings pattern

be perturbed slightly in orthogonal or random directions, in order to avoid cases such
as this example. In a similar vein, the presence of more agents or higher dimensions
would also tend to decrease the likeliness of such degenerate cases. Considering the
several different cases that we have experimented with, it seems that condition 6.1 is
satisfied most of the time.

The Olympic Rings at PyeongChang 2018. In Figure 7.6 we present time
snapshots of the trajectories followed by a system of 50 agents in the 3 dimensional
space. The parameters are chosen as before but with the sequence z; selected to
obtain a final spatial pattern that describes the Olympic Rings. At each snapshot we
plot the position of every agent as points and their instantaneous velocities as vectors.
Initially, the agents are located at random positions and satisfying v.(0) = 0 € R3.
Moreover, we plot the desired final pattern, the Olympic Rings formation, as empty
circles on the plane with the third coordinate equal to 0.

It is possible to observe for some agents that at ¢ = 0.5[s] the magnitudes of their
velocities are greater than their initial ones. This is not, however, inconsistent with
dv.(t)/dt = 0. For t = 5[s] the agents are approaching the plane where the final
formation resides in, although the projection of all of the agents positions on this
plane is not the desired formation yet. At ¢t = 200[s] we observe the desired pattern
with the velocities of the agents vanished almost completely. We invite the reader
to watch a full animation of the trajectories (with some time scaling for brevity) at
https://youtu.be/CTUDGRudsyA.
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Conclusions and future work. We have presented a decentralized feedback law
for formation control over a singular Cucker-Smale type model. By using a reference
vector between agents, we are able to enforce pattern formations by means of decen-
tralized control action. An energy analysis shows the collision-avoidance feature of the
closed-loop dynamics in dimensions higher than 1. There are different extensions of
the present work we are currently addressing: the design of collision-avoidance control
laws for the non-singular Cucker-Smale model, the study of alternative decentraliza-
tion strategies (e.g. by sparsification of a centralized controller), the stabilization
towards time-dependent reference trajectories, and the understanding of formation
control at a mean-field level.
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