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Abstract—

We describe in this paper an optimal control strategy for
shaping a large-scale swarm of particles using boundary global
actuation. This problem arises as a key challenge in many swarm
robotics applications, especially when the robots are passive
particles that need to be guided by external control fields. The
system is large-scale and underactuated, making the control
strategy at the microscopic particle level infeasible. We consider
the Kolmogorov forward equation associated to the stochastic
process of the single particle to encode the macroscopic behaviour
of the particles swarm. The control inputs shape the velocity field
of the density dynamics according to the physical model of the
actuators. We find the optimal actuation considering an optimal
control problem whose state dynamics is governed by a linear
parabolic advection-diffusion equation where the control induces
a transport field. From a theoretical standpoint, we show the
existence of a solution to the resulting nonlinear optimal control
problem. From a numerical standpoint, we employ the discrete
adjoint method to accurately compute the reduced gradient
and we show how it commutes with the optimize-then-discretize
approach. Finally, numerical simulations show the effectiveness
of the control strategy in driving the density sufficiently close to
the target.

Index Terms—Swarm Control, Underactuated Passive Agents,
Optimal control of PDEs, Bilinear control systems, Distributed
systems, Density control, Finite Element method, Adjoint prob-
lem

I. INTRODUCTION

ARGE-SCALE underactuated robotic systems in the

form of particle swarms are increasingly finding ap-
plications in robotics. Micro-robots driven by the uniform
magnetic field generated by a Magnetic Resonance Imaging
(MRI) system are foreseen to be used in medical applications
[1], [2] to control swarms of robots for drug delivery in the
human body.

Particles swarms find also application in distributed space
robotics. A large-scale system of reflective particles is envi-
sioned to replace continuum monolithic apertures for advanc-
ing the current state of the art space telescope technology
[31, [4], [5] where a cloud of reflective particles is deployed
and kept in shape by external electromagnetic actuators; the
conceptual design, feasibility analysis and working principles
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have been studied in [6], [5], [7]. A fundamental advance in
the field of micro-robotics appeared very recently in [8] where
a remote laser-controlled actuation system has been developed
together with a method to mass produce a swarm of robots in
the order of millions of agents.

In this paper, we provide a method to control such large-
scale and underactuated systems by steering the macroscopic
density dynamics of the particles using methods from optimal
control theory, where the state dynamics is described by a
partial differential equation. This framework allows us to find
the boundary actuation time history that steers the swarm
towards a given target distribution. The velocity vector field
in the state dynamics is determined by boundary controls
according to the actuator physical model that ends up in a
linear combination of control functions. As a consequence, the
control functions enter bilinearly in the state equation, making
the Optimal Control Problem (OCP) nonlinear.

The robotic swarms that we consider cannot perform any
onboard computation and moves according to external stimuli.
We model the robot as a particle subjected to a velocity
field that can be externally modulated as a function of the
boundary actuation. Therefore, all the particles are subjected
to the same control field. The control authority is limited
to the boundary of the workspace and cannot be modulated
arbitrarily in space and time to guide and control each single
particle. From the control-theoretic perspective, this results in
a largely underactuated system where we aim at controlling
the macroscopic density instead of following the dynamics of
each single particle.

A. Literature survey on control of swarms of particles

The existing literature on density control of large-scale
multi-agent systems is mostly based on robotics swarm, where
each agent is able to directly exert actions to control its
motion. Since the control problem becomes intractable as the
number of individual robots gets large, control laws based on
macroscopic models of such systems have recently become
an attractive alternative to classical optimal control and path
planning methods [9]. The main idea of these methods is to op-
timize the macroscopic behavior based on a density evolution
model that takes the form of an unsteady Advection-Diffusion
(AD) equation. In [10] Pontryagin’s Minimum Principle is
used to recover optimal density motion and task allocation
in a stochastic hybrid automation one dimensional setting.

In [11], [12], the necessary optimality conditions were es-
tablished using methods from Calculus of Variations, and then
numerically solved for the case in which the control functions



are null at the boundary. In [13], [14], the same problem
is tackled from the perspective of functional analysis stating
some well-posedness and existence results. The controllability
of the Advection-Diffusion equation using the velocity field
as control input was addressed in [15] where finite-time
and path controllability are proved for unconstrained velocity
control fields. A similar PDE macroscopic model is analysed
in [16] and general well-posedness and existence results are
obtained adapting a classical proof from [17]. Besides robotic
applications, the problem of controlling the advection field
for a steady Advection-Diffusion equation is also considered
in [18] where a regularized least-square identification problem
is solved for an unknown divergent-free velocity field. A one-
dimensional OCP in the advection field is considered in [19]
for an unsteady Advection-Diffusion equation with Dirichlet
boundary conditions, for which the control field is allowed to
vary both in space and time. A divergence free, space-time
dependent control vector field is tackled more recently in [20]
where an existence theorem for L? controls is provided in
the case of Dirichlet boundary conditions, then an efficient
conjugate gradient method is also developed for the numerical
solution of the problem.

All the previously mentioned approaches are indeed at-
tractive for robotic systems where the local controllers can
follow without constraints on the optimal velocity vector field.
However, in our case, the velocity vector field is constrained
before-hand and is generated by boundary actuation, making
the previous methods not suitable. Boundary global actuation
is considered in [1], [2] for positioning a system of two
particles using magnetic actuation. The particles are confined
into a two-dimensional squared workspace and are subject to
a uniform global control input, each particle experiences the
same displacement and the symmetry is broken by assuming
that particles pushed against the boundary remains still. How-
ever, this method does not scale well when the number of
particles increases.

On the other hand, the reformulation as a density control
problem allows us to remove such a boundary constraint
and to develop a control algorithm that is independent of
the number of particles. In this paper, we will just assume
that the particles cannot leave the domain considering no-flux
boundary conditions. A numerical optimization algorithm is
then able to find the actuation history that drives the density
towards the target.

Compared to control strategies that make use of a PDE
model, in our case the space dependence of the velocity vector
field does not arise as an approximation of the control field as
in [11], [12], but it is imposed by the physical model of the
actuators. In particular, the velocity field v depends on a set
of control functions that allow us to ensure a nonnegativity
constraint stemming from the physical nature of the actuators.
These latter can only provide unilateral actions, thus limiting
the control authority on the induced vector field.

Finally, we note that an existence result for a similar OCP is
shown in [21], where the velocity field is affine in the controls,
however, for a Fokker-Planck equation involving Dirichlet
boundary conditionswhile Neumann no-flux boundary con-
ditions are considered in [22] where, however, the control

vector field nullify at the boundaries and the cost functional
is linear in the state variable thus simplifying the form of
the adjoint equations. Building on this work, we extend the
existence result considering a Kolmogorov equation equipped
with Neumann boundary conditions where the velocity vector
field is induced by control functions defined at the boundary
of the workspace.

B. Main contributions and paper organization

The main contributions of this paper, compared to the
existing literature, are threefold:

1) a suitable PDE model of the density evolution that is
consistent with the particles dynamics is analysed;

2) an OCEP to steer the probabilistic density of the particles
towards a target distribution is set up. The boundary
control field determines the velocity that drives the state
dynamics. The existence of an optimal control in space
and time is proven under box constraints imposed by
the actuation model, then a set of first-order necessary
optimality conditions is derived. Afterwards, a numerical
approximation with respect to both space and time leads
to a discrete set of state and adjoint equations;

3) the discrete adjoint method is then used to efficiently
compute the reduced gradient, and is shown how it
commutes with its discretized continuous counterpart.
Numerical simulations are finally performed to show
the effectiveness of the algorithm considering different
target functions of increasing difficulty.

The paper is organized as follows. In Section II, the density
dynamics is established together with its dependence on the
control functions. In Section III, the OCP is set up, and
an existence theorem is proved. Then, a set of first-order
optimality conditions is derived. In Section IV, numerical
approximations of the system of optimality conditions is
carried out in view of the numerical solution of the OCP. Then,
the discrete adjoint method is compared to the “Optimize then
Discretize” approach. Numerical results are then shown in
Section V, while some conclusions then follow in Section VI.

II. DENSITY DYNAMICS: THE STATE PROBLEM

In this section we establish the single particle stochastic
model providing in detail the actuator layouts and their effect
on the motion of the particles. Then, the density dynamics
in the form of a time-dependent Advection-Diffusion partial
differential equation is derived, and some properties of the
solution of this equation are proved.

We consider a simplified two-dimensional layout given, for
the sake of simplicity, by the unit square, where the swarm
of particles is confined as shown in Figure 1. The actuator
stacks are positioned at each of the four sides and exert their
action in the orthogonal direction with vanishing intensity as
the distance from the relative source grows. The same layout
was considered in [23] and in [24], although in these works
the modeling was carried out at the discrete level from the
beginning. Under the influence of the force field generated by
the actuators, we assume that the particles motion follows the



U3((L’1, t)

I's
U4($2, t) F4 ].-‘2 ’U,Q(iE2, t)
|
q
T2
Q
Z1 Fl
[ || ]
> U1 (:131, t)
Figure 1. Layout of the control system, the actuators on the four sides

generate a velocity field that determines the evolution of the density inside
the workspace. The control functions are the intensities of the actuators. The
boundary actuation induces a velocity field on all the particles located in the
respective row or column.

stochastic differential equation (SDE) of a reflective diffusion
process [15].

Consider a swarm of N particles that are deployed on the
domain 2 = (0,1)? with boundary I' = 9. The position
of each particle is denoted by X,(¢), where ¢ denotes time
and ¢ the particle’s index. We assume that the position of
each particle evolves according to a stochastic process and
that the particles are noninteracting. Therefore, the random
variables corresponding to the particle dynamics are inde-
pendent and identically distributed, hence, we can drop the
subscript ¢ and consider a single stochastic process X(t) € .
The boundary actuation induces a deterministic velocity field
v(X(t),t) € R?, while the motion is perturbed by a two-
dimensional Wiener process W ().

This model is able to capture simultaneously the stochas-
tic effect due to Gaussian diffusion, the deterministic mo-
tion imposed by the actuators and the reflection due to the
boundedness of the workspace. The equation governing the
microscopic particle dynamics is:

dX(t)
X(0)

(D
where X, € R? is the initial position of the particle, 1(t) €
R is the reflecting function or local time (see e.g. [15]) that
constrains X(¢) to belong to the domain €, p > 0 is the
diffusion constant and n(x) is the outward normal at x €
0f). Equation (1) is the same model used in [13], [14], [15],
[16] to describe the microscopic dynamics of a robotic agent.

Considering the swarm of particles as a continuum, the density
dynamics is described by the following Kolmogorov forward

= v(X(t),t)dt + 2pdW (t) + n(X
= X07

() dip(t)

equation:
Jq
E—FV-(—qu—i-vq):O in Qx(0,7),
(—=uVqg+vqg) - n=0 on T'x (0,7T),
q(x,0) = qo(x) inQatt=0

2
where ¢: Q2 x [0,T] — R represents the probability density of
the particles. Equation (2) is related to the SDE (1) through
the relation P(X(t) € A) = [, q(x,t)d for all ¢t € [0,T]
and all measurable A C (). Note that Neumann conditions
are imposed on the whole boundary, prescribing a no-flux
condition.

Remark 1 Note that the density dynamics is consistent with
the microscopic particle dynamics in the sense that the total
mass is conserved, and the particles are not allowed to leave
Q. Indeed, defining M (t) = [, ¢d as the total mass in the
workspace, we have that

/ dQ) = / =V (=uVqg+vq)dQ

_/ (—uVq+vq) -ndl =0,
r

using the Divergence Theorem and the no-flux boundary
condition. The state dynamics in (2) is a particular case of the
more general conormal derivative problem for linear parabolic
PDEs, see, e.g. [17], [16], [25].

The boundary control field induces a velocity field in the
domain 2. We assume that the actuators have a vanishing
effect oc e™“* where z stands for the distance from the actuator
and ¢ € R is a constant scalar that defines the decay rate. Such
modeling choice is an abstraction of the typical behaviour of
magnetic actuators [26]. However, we stress the fact that the
functional form of the decay rate does not affect the structure
of the problem, and different kind of actuating models (e.g.
laser-based) can be used. Hence, the velocity field induced by
the control functions takes the form:

—c(l—z1)

ug(x2,t)e” Tt — ug(xa, t)e
—c(l—z2) | - (3)

up(x1,t)e”cr2

v(xt) = —ug(z1,t)e
The components vy (x1, 22,t) and va(x1, x2,t) of the velocity
field are linear combinations of the actuator functions defined
on the boundary, weighted by negative exponentials. We note
that the vector field v inherits the regularity of the control
functions uq, ..., u4.

The well-posedness of the state problem can be proved by
adapting classical results found, e.g. in [17], [27], [25].

We will now describe the functional setting for our problem
and prove some estimates that will be used in Section III to
show the existence of optimal controls. We define the space
of controls for each boundary control function as Uyq; =
{uel; st. 0<u(t) <umax ae. on T} with
U; = L2(0,T; L>°(T;)); then we group the boundary control
functions in a vector u = (uq, ... , uy) with associated space
Uad = Uga 1 X Ugg o X Uga,z X Ugq,a endowed with the norm

llull,, = Z?zl Hm”it First of all we show that the norm



of the velocity field is bounded by the norm of the control
field.

Lemma 1 (Estimate on the velocity field) Assume that u €
Uaq. Then, the following inequality holds:

“4)
]

2 2
||V||L2(0,T;Loo(9)2) < 8 lully -
Proof: see the Appendix.

In the remainder of the paper we will rely on the weak
formulation of the state problem (2). This is obtained by
multiplying (2) by a test function ¢ € H'(f2) and integrating
over ). The Divergence Theorem is then applied to handle
the boundary condition so that, for every £ > 0, we obtain the
following problem: find ¢ € H*(0,T; H(Q), H'(Q)*) such
that Vo € H'(Q2), a.e. t € (0,7) it holds that

{ 0 206d0+ [ (1Vq(t) - Vo —v(t) - Vo q(t))d2 =0
q

(0) = qo-
)]
We can now define the bilinear forms associated to this
problem as:

a(q,8) = (g, §)+b(q, &5 v(1)) = / (1Y g-Vo—v(t) Ve q) dO

(6)
where d(q, ¢) := [, #Vq-V¢ dS) is associated to the diffusion
term, while b(q, ¢; v(t)) := — [, v(t) - V$ qdS2 is associated

to the advection term. The details on the derivation of the
bilinear forms (6) is given in the Appendix.

Remark 2 Note that the weak formulation can be expressed
equivalently as: find ¢ such that V¢ € H*(Q), a.e. t € (0,7)

dq(t)
o Ot

+ / (V- v(t)) q(t) & dS2 — / v(t)g(t) nédr =0

¢+ uVq(t) Vo +v(t) VgodQ
(N

and in this form it will be used for the numerical approxima-
tion in Section IV.

The bilinear form a(q, ¢) is weakly coercive, according to
the following Lemma.

Lemma 2 (Weak coercivity of a(q, ¢)) Under the assump-
tions of Lemma 1 and provided 11 > 0, there exists A(t) > 0
such that the bilinear form a(q, ) = fQ(qu V¢ —v(t)-
Vo q)d) satisfies the Garding inequality

a(g,q) + A1) lall 720y = co(®) lallz o)

Sfor some ag(t) > 0. In particular, we can choose \(t) as

2
VOl 02

A(t) = ®)
(t) m
We can also set:
2
o VO @
W= (S { 2 2% ' ®
Proof: see the Appendix. (I

Now, we can prove a series of estimates on the norm of the
state and its time derivative that ensure the well-posedness of
the state equation, and will also be useful when showing the
existence theorem for the OCP in Section III.

Theorem 1 (Well-posedness of the state problem )
Assume that u € Uy, the initial density qo € L*(Q)
and (n > 0 is finite. Then, there exists a unique weak
solution q € L2(0,T; H*(Q)) to the state problem (2)
with ¢ € L*(0,T; H*(2)*), such that the following energy
estimates hold:

16

HQHiW(O,T;Lz(Q)) < el ||QO||2L2(Q) ; (10a)

gl 0 73220y < T ™ flao] 2 gy (10b)

”qui?((),T;Hl(Q)) < 5%0(% + % ||UH§1 e%\luH{j) HQOHiz(Q),
(10¢)

Hqui?((),T;Hl(Q)*)

< (ZZ + 16(1 + @%) |7, e%"llu\li) ||QO||22(Q) » (10d)

where & is the minimum weak coercivity constant defined in
Equation (9).

Proof: see the Appendix. O

III. THE OPTIMAL CONTROL PROBLEM

In this section, we state our OCP and derive a system of
first-order necessary optimality conditions in the continuous
framework, using the Lagrange multiplier approach, without
any approximation on the form of the control functions and
on the resulting state density function. Before doing that, we
provide a mathematical analysis of the OCP by showing the
existence of optimal controls and the differentiability of the
control-to-state map.

The control problem can be framed as finding the boundary
control actuation functions u € U,4 such that an initial density
go(x) is optimally steered towards a target density ¢r(x)
while using as little actuation as possible. Obviously, these
are conflicting objectives since zero actuation would end up
in a uniform distribution due to diffusion. Formally, we can
encode our objectives in a quadratic cost functional and write
the OCP as:

J(g,u) — I}]liun
S.t. |
%+V.(—qu+vq):0 in Qx (0,7T)
(—uVg+vg) -n=0 on T x (0,7T)
q(x,0) = go(x) inQatt=0
and
0 <wui(x1,t) < Upmaz, ©=1{1,3}
0 <ui(x2,t) < Umaa, @={2,4}

Y



where

Taw) = 5 [ (ax.7) = ar(x))? a0
« 4 T
+EZ/O Aui(s,t)zdth.
i=1 i

A. Analysis of the Optimal Control Problem

In this subsection we prove the existence of an optimal con-
trol for Problem (11) and the differentiability of the control-
to-state map. For a fixed initial condition ¢ € L?(Q), we
define ¢ = Z(u) as the control-to-state-map, that is the state
dynamics generated by the control function u € U,4.

Theorem 2 (Differentiability of the control-to-state map)
The control-to-state map q = Z(u ) is Fréchet differentiable
and the directional derivative z = Z'[ulh at u € Uyq in the
direction h € U,q is the solution of:

%+V (—uVz+vyz) ==V - (vhqg) in Q2 x(0,T)

(—uVz+vyz) -n=—vy-ng on T'x (0,7T)

z2(x,0) =0 inQatt=0
(11 bis)

where vy and vy, are the velocity vector fields generated
by u and h respectively, and ¢ = Z(u).
Proof: see the Appendix. (]

Finally, we show that at least an optimal control exists for
the OCP (11).

Theorem 3 (Existence of an optimal control) Letr ¢y €
L?(Q). Consider the minimization problem of the reduced cost
functional J(u) = J(Z(u),u) over Uyq, where J is defined
in (11). Then, there exists a pair (Q,q) such that ¢ = Z()
and 0 minimizes J on Uyq.

Proof:

We already know that the state problem (11) is well
posed in the space Y = HY(0,T;HY(Q),H(Q)*)
where HY(0,T; HY(Q), HY(Q)*) =
{y € L*(0,T; H () : y € L*(0,T; H*()*)},  that s
for every u € U,q, problem (11) has a unique solution
g = Z(u) € Y and that, thanks to the estimates (10c) and
(10d),

lqlls < Co(llullz) lgoll} 2 q) (12)
where Cy = (_i(%

o
) Jully e
Moreover, the control-to-state map is
Theorem 2).

First of all, inf g wey xu j(q,u) = I > —oo and the set
of feasible points is nonempty since J(q,u) > 0.

For the sake of simplicity, we redefine the weak form of the
state Equation (5) as: find q such that V¢ € H'(Q)

(4(t), @) 1 (>, 11 (@) +d(a(t), ¢)+b(q(t), ¢;u(t)) = 0, (13)

where <q,¢>H1(Q)* H(Q) fQ q¢ dQ.
We start by defining the operators associated to the bilinear
forms d and b defined in Equation (6), then, using the estimates

2
S Jaff ) (22 4 16(1 +
16 ulfz,

F-differentiable (see

on the state equations we prove that they are bounded. The
functional D : H*(Q2) — H(Q)* associated to the bilinear
form d is:

(D q(t), &) a1 () 11 (o) = d(q(t), /Vq -V dQ

Vo € HY(Q). From the definition of norm in the dual space
HY(Q)* we have:
1D gl g1y < 1 lla®)ll g
while squaring and integrating in time we get:
2 2 2
1D all720. 7m0 ) < 1 Nallz20,7:81 )

2
1% 1 8 2 1642 2
<12 (5 + 2 ol ME) oo gy < ©

for some constant C > 0, since ||u|\124 is bounded and
qo € L*(Y). Note that we have used the estimate obtained in

Theorem 1. The functional B : H'(Q) — H(Q2)* associated
to the bilinear form b is:

(B(u(t), q(1)), #) mr ()=, m () = b(q(t), p;u(t))
:/Q—q(t)v(u(t))-v¢dﬂ Vo € HY(Q).

Now we show that B(u,
inequality we obtain:

,q(1)), ¢>H1(Q)* el = [b(q(t), #;u(t))]

) - Vo df2
< IIV( (t ))||L°°(Q)2 gl 20y 191l 2 (0

q) is bounded. Using Cauchy-Schwarz

using the definition of norm in H*())* we have:

[B(u(t), g(O)l v () < V) Lo ()2 l9@) I L2 () 5
while squaring and integrating over time we have:

2
[ B(u, Q)||L2(0,T;H1(Q) ) = Hq”LOO(OT L2()) HV||L2(0 T:L°°(Q)2) *

Finally, we use the estimates found in Lemma 1 and Theorem
1 to conclude that:

2 16
1B, 3200 711 -y < 8 e [lgoll3 2 0 Iuallyy < €

for some constant C' > 0. We can now recast the state equation

in the dual space H 1(9)* by defining:
t
q( ))) (14)

(i) + Da(t) + Blu(t),
Glaw = ( 9(0) — qo

so that the state problem is G(q,u) =0 a.e. t € (0,T).
A minimizing sequence {(qx,ux)} is bounded in Y xU. Let
{u, }n>1 be a minimizing sequence such that lim J(u,) =1
- n—oo

where I = irlllf J(u) and the associated sequence of states
ucllaa

{qn}n>1 such that q, satisfies Equation (14) for the control
w,,. Then, thanks to the definition of U,q, we have that ||uy||,,
is bounded and from Equation (12) we deduce that ||qy,||y is
bounded as well.

The set of feasible points is weakly* sequentially closed
in' Y X U. Given the estimates on q, and U,, there exists a
subsequence such that:



(weakly star) in U
Gn — @ (weakly star) in L>(0,T; L*(Q))

qn — q (weakly) in L? (0 T, HI(Q)) (15a)
G — (weakly) in L* (0,T; H'(Q)*)  (15b)
Dgq, — x (weakly) in L? (0, T, H (Q)*)
B(u,,q,) = A (weakly) in L? (O,T;H (Q)*) .

Note that we have that vy = ¢ and x = Dg. Moreover, from

Equations (15a) and (15b) we have that q, — q in Y and

hence q,(0) — ¢(0) in L*().
Finally we prove that B(u, q)

T
A<Mm®—m@m

=1/ /" ~gv(a) + lim g, v(u,))- Véddr

= A. We can write:

= — lim

[ /Yqvao—qnvmm».v¢dgﬁ

i [ [am

= — lim

u) — v(u,)) - Vo dQdt

— lim / / v(u,)(7 — qn) - Vo dQdt Vo € H(Q).
n—oQ
(16)
Since v(u) = 2?21 b;u; (see Appendix B), we have v(@) —

v(u,) = 2?21 b;(t; — u;n). Hence, for the first term in
Equation (16), we can write:

— lim / /
n— 00

u) — v(uy,)) - Vo dQdt

= nh_)rr;o / / Z bi(uin — 4;) - Vo dQdt A7)

We now prove that the limit in Equation (17) is equal
to zero. b; is an analytic function in Q thus §b; - V¢ €
L2(0,T; LY (Q)) and the domain 2 can be written as the
Cartesian product Ty x Ty = (0,1) x (0, 1) therefore for the
control function uy we have:

T
i [ [ b Vo, -m
n—oo Jq Q
T
= lim / / / (jbl Vgﬁdl—‘g (ulm 71_1,1)d1—‘1 dt =0
n—oo [q I JTy

since, thanks to Fubini’s Theorem, see e.g. [28], Chapter 4,
we have [i. qb1-V¢dly € L*(0,T; L' (T1)) and uy n, = .
The same resoning holds for the control functions us, us, t4.

Note that, thanks to Aubin-Lions Lemma [29], the embed-
ding H'(0,T; HY(Q), H(Q)*) — L*(0,T; L*(Q)) is com-
pact. Thus, {q,} admits a subsequence strongly convergent
to q in L*(0,T; L*(2)). Hence, regarding the second term in

) dQdt

Equation (16), we have:

/OT /Q V() (7 — qn) - Vo dQdt

< ||V(un)||Loo(Q) g — Qn||L2(o,T;L2(Q)) ||V¢||L2(0,T;L2(Q)) )

/OT /QV(“”)(@— ) - Vo dQdt| =

since qn — q strongly and [[v(un)l| gy is uniformly
bounded.

Since I'; is bounded for i = 1...4, the weak star
convergence of un; in L?(0,T;L>(T;)) to some i; €
L2(0,T; L°(T;)) implies weak convergence of u, to u in
any L*(0,T;LP(T")), 1 < p < oo, and in particular in
L2(0,T; L3(T")). Then, exploiting the fact that q, weakly
converges to § in L*(0,T; H'(Q)) and that J(q, ) is convex
and continuous in L?(0,T; H'(Q)) x L?(0,T; L*(T)), we
conclude that:

so that:

lim
n— o0

J() < lim inf J(u,) = I;

n—oo

thus, the pair (@,q) is an optimal pair for the considered
optimal control problem. (|

B. Optimality conditions

We now derive a set of first-order optimality conditions
using the Lagrangian method [30]. Using this idea, we obtain
an explicit expression for the gradient of the cost functional
in the continuous setting. The Lagrangian functional £ :
YV xU x W* — R is defined as

L(q,u,p) = J(u,q) + (p, G(q, 1))

where V = HY0,T;HY(Q),HY(Q)*) and W =
L2(0,T; H'(Q)*) so that state, control and adjoint variables
are considered independently. Therefore, the set of first-order
necessary optimality conditions consists of imposing that the
Gateaux derivative of the Lagrangian with respect to the triple
(¢, u,p) along an arbitrary variation (¢, h, ¢) is equal to zero.
In our case, the Lagrangian takes the explicit form

T
5 0
L= J(u,q)*/g/ afgp+v-(*uvq+vq)p dQdt, (18)
0

where p:  x [0,7] — R is the adjoint variable relative
to the dynamic constraint. In order to derive the adjoint
system fulfilled by p, it is useful to rearrange some terms
of the Lagrangian so that we can express the portion of the
Lagrangian relative to the dynamic constraint as:

T aq
/ / aer V- (—uVq+ vq)p dQdt

/ q(x, T)p(x,T) dQ2 — / (x,0)p(x,0) d2

/ / I 4taer + / / (1Vpq) - ndtdl
+// —,uqudtdQ—// v - Vp dtd).
QJ0 QJ0



The adjoint dynamics is obtained by imposing /3; [¢] =0,
hence

o /( (x.T) - qr(x)) $(x, T)

// < ,uAp——p—v Vp) P dQ2dt
—// uVp-ny dtdl
rJo

- /Q $(%, T)p(x, T) d2 = 0

where 1(x,0) = 0 since the initial condition on ¢(x,t) is
fixed. The adjoint dynamics thus reads:

—%—MAP—V-VPZO in Qx(0,T)
Vp-n=0 on T x (0,7T) (19)
p(x,T) = q(x,T) — qr(x) inQatt="T.

Note that the adjoint problem is backward in time, and a
final time condition is imposed. We also highlight that the
velocity field v appears with an opposite sign compared to the
state equation. Furthermore, even if the velocity field varies
in space (that is V - v # 0), this dependence does not directly
affect the adjoint equation. Finally, the boundary conditions
of the adjoint problem are of homogeneous Neumann type
while in the state equation we had Neumann no-flux boundary
conditions. Up to now, we have not taken into account the
explicit dependence of the velocity field v from the set
of control actions (i.e. the dependence v = v(u)) that is
formalized in Equation (3). Interestingly, this dependence does
not affect the derivation of the adjoint equation. The reduced
gradient is obtained by imposing £,,[h] = 0. The gradient
relative to each control function is derived by taking a variation
along that direction only. For the sake of clarity, we rewrite the
terms of the Lagrangian that depends on the control functions

as:
4
[0
+*/ /ul xi,thI’dt
5 T; . (w4, 1)
T
+// v - VpqdQdt
QJo
o 4
2
+§/Z/‘Ui($i,t) dl’ dt
// qU1

where, substituting the form of v; and vy in Equation (3), we

have:
0
+ quo— P ot

//‘““ O

_ (1 dp
- t)ecmr t)e— (=21 ) 2 qQdt
/Q/O q | ua(za,t)e ug(z2,t)e )8:51

Jp
dQdt
+ qua— 97s

T
, dp
t)e " — t)e=c(=m2) ) == Q.
+/Q/0 q(ul(xl, Je ug(z1,t)e )5'£E2

The Gateaux derivative with respect to the control function
along the direction h; is:

T
ﬁ;l[hl}:a/ /ul(xl,t)hl(xl,t)dtdl“
0 I

T
L
QJo

In our case, = (0,1)? and the function u;(z1,t) : [0,1] x
[0,T] — R is a function of the xz; variable only, thus, the
integral in (20) can be split and simplified as:

, T 1
Eul[hl]:oz/ / ulhldazldt
e
1
:/ / {aul—‘,-/ qe*m@d@ hy day dt
0 0 0 8$2

T 1
:/ / VJl(xl,t)hl(xl,t) dl’l dt,
0 0

for any variation of the first control function hj(z1,t). We
have identified the reduced gradient of the cost functional J
with respect to the control function wu; as:

(20)
(1‘1 s )det

hl d:z:l daig dt

op(x1,xa,t)
3332

The gradients with respect to us,us and u4 are obtained in
a similar way. In the continuous setting, the set of first-order
necessary conditions that the optimal triple (¢*,u*,p*) must
satisfy is given by:

1
VJi(x1,t) = auy(x1,t) +/ qe 2 dxs.
0

o the optimal state dynamics:

9 . «

Fy A(=pVg F+veg*) =0 inQx(0,T)
(—pVq* + vurq*) - n=0 on T x (0,7T)
q*(x,0) = qo(x) inQatt=0

« the adjoint dynamics:
Ip* x «
~ — pAp* — vy - Vp© =0 i Qx(0,T)
Vp* -n=0 on T x (0,T)
p(x,T)=q"(x,T) — qr(x) nQatt=T
2D
and the variational inequalities:
1 T
// VJi(u —u)) depdt >0 Yi=1,...,4 Yu € Uy
o Jo

where k = 1 for ¢+ = {1,3} and k = 2 for i = {2,4}.
Note that the vector field v,, depends on the control vector as
shown in Equation (3); see the Appendix B for further details.
The functional relationship v = v(u) affects the expression
of the gradient of the reduced cost functional while does not
influence directly the form of the adjoint problem.

Remark 3 (Controllability issues) The controllability prop-
erties of the Kolmogorov forward equation with no-flux



boundary conditions have been studied in [15] obtaining
weaker conditions on the target and initial densities. [31]
considers the controllability problem around a nominal tra-
jectory where the control vector field is defined in a compact
region of the workspace, as stated in the paper their derivation
strongly relies on the Dirichlet boundary conditions and results
concerning a no-flux boundary are yet to be established. Very
recently, [32] established asymptotic controllability with a
scalar control in the diffusive term and no-flux boundary
conditions. In these works the control vector field is the
velocity field itself, either in the whole domain or in a compact
subset of it. In our case, the control actions are defined
along the boundary of the domain and are mapped to the
velocity field though a function that depends on the actuation
mechanism. The rigorous controllability analysis for our case
is left to future work but we show through numerical test cases
that relatively complex target densities can be approximately
reached. As can be intuitively guessed, closed shapes cannot
be reached with sufficient accuracy.

IV. NUMERICAL APPROXIMATION

In this Section, the control functions are approximated
with one-dimensional Radial Basis Functions (RBF) while the
PDE:s arising from state and adjoint dynamics are discretized
in space with the Finite Element Method (FEM) thus pursuing
an “Optimize-then-Discretize” (OtD) approach. Afterward, we
reformulate the control problem in the so-called “Discretize
then Optimize” (DtO) framework and we draw some similari-
ties between the resulting control problems obtained following
either strategies.

A. Optimize-then-Discretize
The space of continuous functions in which the set of control

functions is taken is approximated in space with a finite
number of basis functions as:

Ne
ur(z,t) =Y () (t); (22)
i=1
under this choice applying Theorem 1 is straightforward if we
take an appropriate set of basis functions ;(x1). The form
of the adjoint Equation (21) is unchanged, we just need to

specialize the form of the vector field v determined by the
approximation of control functions uy, in its expression as:

_ 9
ot

dp

—uAp—V-Vp=—§—uAp

Ne
= 2 wton) (e —ua 707 5 <0,

whereas to recover the form of the gradient it is easier to
modify the term in the cost functional that weights the control

actions as:
o [T N
_ ¢ 2
J. = 2/0 SOl () dt

k=11=1

This change makes sense since we have no control on the ;
basis functions that had been chosen beforehand. The reduced
gradient is recovered by taking a variation along each wuq ;.
We will derive the optimality conditions for the generic set of
basis functions v; and then adapt it to a specific choice later.
The reduced gradient for the control coefficient related to the
1-th basis function of actuator 1 is:

0
VJLZ'(t) = aul,i(t) +/ ¢¢(ZL‘1)6_C$2 q al
Q Z2

ds),
while the other components are obtained in the same way.
Note that since we have prescribed a fixed spatial shape for the
control functions, the reduced gradients are functions of time
only and measure the sensitivity to variations in the control
coefficients uy; for the i-th coefficients of the k-th control
function. Since there are 4 control functions (i.e. one for each
side) and N, basis functions, we have 4 x N, reduced gradients
as functions of time.

We proceed in the numerical approximation of the OCP
resorting to a Finite Element Method (FEM). The state and
adjoint variables are expressed as linear combinations of a set
of basis functions, using the same basis for both state and
adjoint problems. This choice allows us to draw an interesting
comparison between the OtD and DtO approaches. The state
and adjoint functions are then approximated as:

g 1) = 3 6i(x)ailh), 23)
i=1
Np

p(X7 t) = Z ®i (X)pi (t)7 (24)
=1

where we also choose N, = N,. We select piecewise linear,
globally continuous ansatz functions ¢; (P; finite elements).
The derivation of the resulting system of ordinary differential
equations (ODEs) is standard practice in the treatment of linear
parabolic PDEs with the FEM. However, some care is needed
for the case at hand because the control functions appear in the
Neumann boundary conditions of the state equation. Thus, we
carry out the complete derivation of the ODE system starting
from the weak formulation of the state equation (7).

First of all, we substitute in Equation (7) the state approxi-
mation (23) and the form of v in Equation (3) with the spatial
control approximation in Equation (22). We rename w the
test function and we assume it belongs to the same finite
dimensional space, that is w = Zf\i’l ¢; w;. The state equation
(7) must be satisfied for each basis function ¢;. Carrying out
the substitutions we obtain the usual mass matrix M, whose
elements are defined as:

<Mm=4mwmwm,

and the diffusion matrix A whose elements are:

(A);j = /qu¢j (x) - Vi (x) dQ.



The pure transport term is somewhat more involved and

need to be split as:
gk odns [
Oxq Q

/V'qu)idQ: vzﬁ@an
Q Z2

for the v; term we have:
Jq
— ¢; dS2
U1 D1 )

—CIT —c(l—x a
e — up(wa, t)e ! 1))8751@‘619

4($27 t)
e*Cl’l

:/Q(u
=/Quél(xg,t)
/UZ t)e

ﬂ@. dQ

(22, t)e~cm0) 2 8q ¢z dQ

/QZZM @ 60 d9) s (1)g; (1)

k=1j=1

/QZZw 070 2 6,40 (1) )

k=1j=1

We define the matrices By ; and Bs j, as:
—ep, 005(%)
cxy J . dQ
= [ ey e 2 g ),
) 00;(x)
—c 1 zl I dQ
[ gi(as)e S i)
Carrying out the same substitutions, the vo component deter-
mines the matrices By and Bg .

Now we examine the reaction term generated by the diver-
gence of the velocity vector field:

/(v v) g i dQ = /avlngz o+

regarding the v; term we note that:
(91)1 - 8
8301 8351
and thus:
81}1
o 01

:/ —cv1q¢; d
Q
/ *C(U4(5'327t)67m1 - U2($2at)@7c(17x1)) q¢; dQ

/QZZ e e 0y 6, 9) sk (1)g; (1)

k=1 j=1

/Zz—cwke c(1- r1)¢] ¢)ldQ) ug, i (t)g; (1).

Qp—=1j=1

(Ba,k)ij

(Ba,k)ij =

8@2

<u4(x2,t) e ’U/g(.fg,t)e_c(l_$l)> = —cuy,

q¢; d2

We define the matrices Cy j, and Cy y, as:

(Cak)ij Z/Q—Clﬂk(xz)e_cxl ¢;(x) pi(x) dQ

(Cak)ij Z/Q—C%(m)e_c(l_xl)(bj(x) bi(x) d

With the same idea we carry out the derivation of the matrices
C1,r and C3j, regarding the vy terms.
Finally, we treat the term generated by the boundary con-

ditions:
/ —vq-n¢;dl’
r

:/—U1N1Q¢idr+/—1}2n2q(bidr§
r r

regarding the v; term we have:

/ —ving quwdl’
r

_ / ~ (wala, )™ — us(s, e~ 0 )y g
I

/ZZ ~t(wa)e 5 dim dT s (1) 1)

k:l]l

/F ZZ —n(w2)e g Giny dT ) (1) (1),

k=1 j=1

and we define matrices L4 j, and Lo j, as:

(La)i / i(e2)e "y (%) di(x)ma (x) AT (25)

(Lz,k)ij:/F—¢k(xz)675(17m)¢j(x) ¢i(x)ny(x)dr.

Similarly, for the vy term we define the matrices L and
L3 .

Grouping the unknown time-dependent coefficients of the state
in a vector q = [g1,...,qn,] we obtain the following system
of ODEs arising from the spatial discretization of state and
control functions:

{ M+ Aq+T,(u)g=0 |,
q(0) = qo
RNaxN.

€ (0,7)

where T';(u) € 7 is defined as

Ne

[y(u) = Z {M,k (34,k +Cu+ L4,k>

+U1k(B1k+C1k+L1k)

—usp (
(

— U2,k

(26)
3k+C’3k+L3k)

sz+02k+1l2k)}

that is, a bilinear control system with state q(t) € RV« and
control inputs u.x(t), ¢ =1,...,4and k = 1,..., N.. The
discretization (in space) of the problem data is denoted by an
overline (e.g. qg corresponds to the given initial condition).

Lemma 3 (Properties of the B,C,L. matrices) The matrices
Bc,k; Cc,k; Lc,k satisfy:
Bep+ Bl +Cep+ Loy =0 (27)

for any choice of FEM ansatz functions ¢;, control basis
functions Yy, k=1,..., N, and actuator side c=1,...,4.



Proof: We will just prove it for L. The results for
all the other matrices are identical. Recalling the definition
of (Lag)ij in Equation (25) and defining {i(x1,22) =
Vi (z2)e™ %1, using integration by parts we get:

(Lawiy = [ ~vnlaa)eo1;(x) 6:(xym () T

r
~ [ x5 ) dx0m )
r

- /Q . (1/3'@ (x)¢;(x) @(x)) 0

¢’ 2 Gy a2 - / 6‘% s d0
aw’“ O i 42 = ~(Ba)yi — (Basdi — (Cuehiy
and thus:
(La)ij + (Bag)ji + (Ba)ij + (Car)ij = 0.
0

With the same reasoning and definitions for the state and
input matrices the FEM discretization of the adjoint equation
reads:

{ ~Mp+Ap+Ty(u)p=0 , te(0,7) 8)
p(T)=a(T) —ar
where the matrix I'), € RNe*Na is defined as:
Ne
Iy(u) = - Z {U4,kB4,k + w1,k Bk
k=1 29)

—u3 pBs — Uz,sz,k}-

Note that the matrices C, ; and L, do not appear in the
adjoint equations while the matrices B, related to pure
transport terms appear with opposite sign. Note also that, due
to Lemma 3, we have —B, j, = B(Ik +Cok+ Lok, Coy and
L i being symmetric. It is possible to show that:

Lg(u)" =Ty(u). (30)

From its definition in Equation (26) we get:

NC

T =3 {uan(BL + Coi+ LT)
k=1

— U3,k

5

+U1k<B k+Clk+L1k)
( 3,k+03,k+L3,k)

Ne

= - E {U4,kB4,k +u1 x Bk
k=1

—uz B3 — U2,kB2,k} =Tp(u),

where we have used the symmetry of the matrices C' and L
and Lemma 3. Equation (30) will be useful to investigate the
interconnection between OtD and DtO approaches.

The gradient can be expressed as:

VJik(t) = auy g( / Y (z1)e” "2 %dﬂ

q P

)+ [ ntee s 3305 apy e OO

i=1 j=1

:ozulk

= aUl,k(t) + q(t) Bl,k p(t)a

where we have
Vo, (1), Vs k(1)
same way.

The discretized (in space) set of optimality conditions result
in a Two-Point Boundary Value Problem (TPBVP) for a
coupled system of ODEs with time as independent variable. In
order to fully solve the problem, we follow a standard iterative
procedure to compute the reduced gradient [33]. We resort to a
second-order time discretization to solve sequentially the state
equation forward in time and the adjoint equation backward
in time. Then, we evaluate Equation (31) to get the reduced
gradient.

The fully discretized problem is obtained by applying the
Crank-Nicolson method to the resulting system of ODEs. We
partition the time interval [0, 7] in N sub-intervals of equal
size At = % and denote by t; = tAt i =0,..., N the discrete
time instances. Furthermore, we denote the approximation of
the unknown variable in the ODE system at time ¢; as q(t;) ~
q;. The Crank-Nicolson method for the state equation gives:

definition
are obtained in

replaced the
and  VJy ()

of Bl,k~
the

M M
R (A Ty s = [ 5~ 3 4+ Tyt
o = qo,
for i =0,..., N — 1. Defining the discrete transition matrices
as:
- M
Avtw) = |53+ 5 1A+ Tyfa]
M (32)
A —-—={A+T
() = | 5y - 5 {4+ T )]
we obtain the compact form:
Ay (W) =A_(wj)q; , i=0,...,N—1
+(u7+1)q +1 (ui)a v (33)
90 = 9o-

In the same way, we define the discrete adjoint transition
matrices

Avto) = | 55+ 1A+ Tyfa)]
A-w) = |55 - 3 A+ Tytn]

so that the compact form of the adjoint dynamics reads as:

{ A+(uz‘)Pi = A—(ui+1)Pz‘+1
PN =dn —Qr

., i=N-—1,...,0

(34)
that has to be integrated backward in time.



B. Discretize then Optimize

The Discretize then Optimize (DtO) approach casts the
OCP as a Nonlinear Programming Problem (NLP) where the
dynamics is considered as a constraint. The set of constraints
is already given by Equation (33) and we just need to fully
discretize (i.e. both in time and space) the cost functional.
Since the control functions are approximated in space with
the RBF basis functions the cost functional reads as:

Ne

a [T
7= 3 [t -y e+ 3 [0S 50 o

k=1 1=1

Substituting the FEM approximation in space and approx-
imating the integral in time with the trapezoidal method,
that is consistent with the Crank-Nicolson method used to
approximate in time the system of ODEs, we get:
- 1 B B
J=5lax —ar) " M(an - ar)
N-1
a At
+ 273 (Z 2u; u; + ug ug + uLuN> ;
i=1

note that .J = j(qN, up,...,uy) is a function of the control
vector at each time instant and of the final state qy. This
latter is also a function of the control vector through the fully
discretized dynamics expressed in Equation (33). Therefore,
the OCP can be cast as the following Nonlinear Program:

min j(qN,uo, co,up)

st Ay(wigp)aipn = A (w)q, i=0,...,N—1
qo = Qo
0 S u; S Umazx

i=0,...,N.

We now use the discrete adjoint method [34] to eliminate
the dynamic constraints and to recast the NLP in the control
unknowns uy, . .., uy only. We define the discrete Lagrangian
function as:

N
L=TJ-At {Z<A+(Ui+1)qz'+1 — A_(w)qi; Pit1)
i=0
(35
where p; are the discrete adjoint variables associated to the
dynamic constraint. Equation (35) can be rewritten as:

N N-1
L=J-At {Z<A+(ui)Qiapi> - <A—(Uz‘)%7pi+1>} :
i=1 =0 (36)
The gradient of the reduced cost functional .J(qx(u),u) is
equal to the partial derivative of the discrete Lagrangian with
respect to the control variables. This derivative for internal
time instants (i.e. ¢ # 0, N) is:

oL
6‘ui

— At

=Atau;

0
8u,;

{<A+(ui)Qi7pi> - <A*(ui)qi7 Pi+1>} :

In general, computing the derivative of aiuifhr(ui) might
be an involved task, yielding a tensor. However, the matrix
/Lr(ui) is linear in the control components and the derivative
can be carried out term by term. Denoting u; 1 the control
component relative to the k-th basis function of actuator 1 at
time instant ¢ we obtain

0A (wy)) 0 [M 1
(“)ui,l,k - 8ui’1’k At + 2{A+Fq(uz)}

o 1 1
=— T, (u) = f{B L },
6’&1‘,1,1@ 5 q(u ) 5 1,6+ Cl,k + L1

then resulting in a sum of constant matrices. The same results
hold for the actuator sides 2,3, 4. The {i,1, k}-th component
of the reduced gradient of the cost function is:

oJ oL
Ouirr  Ouiqp

—q/ (B[k+0[k+LIk.)

= At (Oé Ui 1,k

(Pi + Pi+1) )
2

and, using again Lemma 3, we obtain:
aJ

37
Ou; 1k Gn

(Pi + Pit1) )

= At (a w1k +d; Bix 5

The components of the gradient for the control variables
corresponding to the actuator sides 2,3,4 are obtained in
a similar way. The components of the reduced gradient are
readily obtained once we have the state and adjoint vectors q;
and p;. The discrete adjoint equation is obtained by imposing
that the derivative of the discrete Lagrangian with respect to
the state vector q; at each instant vanishes, that is:

oL '

Paw = M(ay —ar) — At A (uy)py =0,
anN
ST

o —At { AL (w)pi — Af(ul)plﬂ} =0.

The previous equations give the adjoint dynamics:

Al (u)pi = AT (w)piys i=N-1,...,1
(38)

_ M B
Al (un)py = ~z(av —ar)

C. Comparison between DtO and OtD approach

DtO and OtD do not commute in general unless the dy-
namics is linear and the cost functional is quadratic [30], [35],
[34]. For the case at hand, the cost functional is quadratic, but
the dynamics is bilinear since the control input multiplies the
state. The bilinearity is present in the continuous setting in
the state dynamics given by the combination of advection and
reaction terms v - V¢ + (V - v)g. The FEM discretization is
consistent with the PDE model and results in a bilinear system
of ODEs since the matrix I'; depends linearly on the control
components. Since the problem is almost linear we can show
that the DtO and OtD almost commute. We start drawing a
comparison between the adjoint dynamics obtained with the
two different approaches. The adjoint dynamics of the OtD
approach is given by Equation (34) while the DtO counterpart



is given by Equation (38). Using Equation (30) it is
show that:

easy to

AI(U) = Ay (u).

Indeed, from its definition in Equation (32) we have:

AL(w) = []‘g F3{AT+ rq<u>T}]
- [+t n)
= {fﬁ + % {A+ Fp(u)}} = Ay ().

Hence, the two different formulations of the adjoint dynamics
in Equations (34) and (38) differ only at the time instants at
which they are evaluated. The reduced gradients obtained with
the two approaches in Equations (31) and (37) only differ for
the time instant which the adjoint is evaluated at. In the OtD
formulation, everything is continuous in time and each variable
is evaluated at the same instant when the time is discretized.
In the DtO approach, the adjoint is evaluated at the midpoint
between two successive time instants, while state and control
functions are evaluated at the same time instant.

The main result that allows to establish the quasi commu-
tation of OtD and DtO approaches is Lemma 3 that allows to
prove Equation (30)). Thanks to this it is possible to infer that
the semi-discretization in space fully commutes. The semi-
discrete adjoint equation arising from the OtD method is
Equation (28) while it is possible to recover the semi-discrete
adjoint equation arising from the DtO method with a passage
to the limit. Starting from the adjoint algebraic Equation (38)
and using the definition of A (u) we obtain:

AT(“z‘)PiH - AI(ui)pi

i+1—Pi 1 1

At 2 2
in the limit At — 0 we formally have = p and
Pi+1 =~ p; = p and thence the semi-discrete adjoint dynamics
resulting from the DtO method is:

Pi+1—Pi
At

—Mp + Ap + FqT(u)p =0.

Therefore the two approaches fully commute (in space) due
to Equation (30) whose proof relies on Lemma 3.

V. NUMERICAL SIMULATION

In this Section, the OCP is fully discretized in time using
the Crank-Nicolson method and the resulting Nonlinear Opti-
mization Program (NLP) is stated. The discrete adjoint method
is then used to compute the gradient of the reduced objective
function and to set up the optimization in the control space
only.

The control coefficients at each instant of time and for
each basis function are stacked in a single vector U =
[wg,...,uy] € RNe(NH+D In the same way. we define
the stacked state and adjoint vector Q = [qg,...,qQn] €
RNa«(N+1) and P = [py,...,qn] € RN?V,

The resulting optimization problem has the form:

min J(U)
v (39)
0 < U< Upga.
Problem (39) is a NLP subject to bound constraints only.
The procedure to numerically compute the exact gradient
VJ(U) is given in Algorithm 1.

S.t.

Algorithm 1 Reduced Gradient

1: Given U = [ug, ..., un]

2: Solve state Equation (33) for Q = [qo, ..., qn]
3: Solve adjoint Equation (38) for P = [p1,...,pn]
4

. Evaluate Equations (37) for V.J(U)

We make use of a MATLAB interface [36] to the NLP
solver TPOPT [37] to solve the NLP (39). We provide the
solver with the reduced gradient obtained from Algorithm (1).

In the next subsections we will show the numerical results
obtained for two different test cases. For both of them the main
parameters of the simulation are summarized in Table I, so that
the time instants are N = 40, while, selecting N. = 10 basis
functions, the stacked control vector U has dimension 1640
while the state Q and adjoint vectors P have 29192 and 28480
elements respectively. All computations were conducted on a
Dell XPS15 desktop PC with an Intel Core i7-10750HQ CPU
and 16 GB RAM running Ubuntu 18.04. The computational
time is roughly 3 hours for both cases.

A. Test case 1

As a first test case, we consider the problem of driving an
initial uniform density to a combination of three disjoint radial
basis functions. Figure 2 presents a snapshot of the control
system where the spatial intensity of the actuator stacks is
shown together with the induced vector field.

Parameter Value
T 0.1
At 0.0025
« 0.0001
o 0.1
FEM nodes 712
Table 1

MAIN SIMULATION PARAMETERS.

The target density consists of a combination of Radial Basis
Functions with unitary total mass so that they represent a
probability density. The contour plot of the target density is
shown in Figure 4. The density at the final instant from the
solution of the OCP is shown in Figure 3.

Figure 5 shows the difference between the target and the
density reached at the final instant demonstrating that the
optimal control algorithm is able to reach the target.

Finally, the optimal control space-time history of the actua-
tion in the vertical and horizontal direction is shown in Figure
6 and Figure 7, respectively. It is interesting to notice that the
maximum actuation effort is needed from the left portion of
actuator uj. Most of the space-time domain intensity of the
actuators is close to zero due to the minimum energy feature
of the optimal control problem.



Vector Field Layout - Time = 0.0875 [s]
1.2

Figure 2. Layout of the control system at ¢ = 0.0875 [s]. The actuator stacks
spatial intensity is shown according to the colormap on the right. The induced
velocity field is represented by black arrows in the workspace together with
the level-set curves of the density.
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Figure 3. Test Case 1. Density reached at final time 7" = 0.1 [s] by the
optimal control algorithm.
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Figure 4. Test Case 1. Target Density consisting of three normalized disjoint
radial basis functions.

B. Test case 2

As a second test case, we consider the problem of driving an
initial uniform density to a complex target function shown in

Target density difference
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Figure 5. Test Case 1. Pointwise difference between target density g (x) and
the optimal density ¢* (x,T") reached at the final instant by the optimal control
algorithm. The L? distance between ¢*(x,T") and qr(x) is [ (q*(x,T) —
qr(x))% dQ2 = 0.001.
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Figure 6. Test Case 1. Space-time intensity of actuators wi and wug that

generates a velocity field along the x2 axis in the positive and negative
direction respectively.

Figure 8. The control algorithm is able to drive the density to
the target as shown in Figure 9. The simulation parameters are
the same as for Test Case 1. We note that the control effort is
significantly lower as shown in Figures 10 and 11. This is due
to the fact that the target density, despite being more complex,
it is more evenly distributed in the workspace and it is closer
in the L2 sense to the initial uniform distribution. Finally,
we report in Figure 12 a comparison between relative cost
iterations. The initial guess for the control UV is the zero vec-
tor. Note that the initial condition go(x) is a uniform density
and it is an equilibrium distribution for the zero control case.
Therefore, the value of the cost functional at the first iteration
JU is the FEM approximation of & [, (g7 (x)—go(x))? d€2 that
is half the L? distance between ¢r and go. The relative cost
iterations are slightly faster to converge for Test Case 1 thus
showing that Test Case 2 represents a more difficult problem.
The initial cost is decreased of 99.4% and 99.1% respectively.
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Figure 7. Test Case 1. Space-time intensity of actuators us and ug4 that
generates a velocity field along the x1 axis in the nevative and positive
direction respectively.

Target density distribution

€1

Figure 8. Test Case 2. Target Density consisting of a complex horseshoe-
shaped function.

VI. CONCLUSIONS

In this paper we have showed how to contain and control
a large scale swarm of underactuated particles. Actually, the
method presented assumes an infinite number of passive par-
ticles. The macroscopic dynamic model encodes the physical
layout of the actuators and automatically takes into account
the limited control authority. The PDE model arising from a
Kolmogorov forward equation is used as state dynamics to
set up an optimal control problem. The state dynamics and
the optimal control problem are thoroughly analysed. A series
of estimates is provided for the state dynamics that allowed
to prove an existence theorem for the optimal control vector.
The necessary conditions for optimality for this problem
are analytically derived in closed-form expression. From the
continuous formulation, the two main numerical approaches
(i.e. DtO and OtD) are investigated and the resulting discrete
equations are compared. By exploiting some properties of
the resulting matrices, it is shown that the two approaches

[
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Figure 9. Test Case 2. Pointwise difference between target density g (x) and
the optimal density ¢* (x, T") reached at the final instant by the optimal control

algorithm. The L? distance between ¢*(x,T") and qr(x) is [ (q*(x,T) —

qr(x))% dQ = 0.0015.
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Test Case 2. Space-time intensity of actuators w1 and us.
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Test Case 2. Space-time intensity of actuators ug and u4.
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Figure 12. Iterations of the NLP solver for both test cases. Each cost is
normalized by the initial value of the cost functional and the abscissa axis
is in logarithmic scale. For Test Case 1 we have JO = 2.14, while for Test
Case 2 we have JO = 0.66.

almost commute. In addition, we note that the numerical
procedure is general in nature and can work with any kind
of control basis functions. Compared to previous works [12],
[11], our method allows the control basis function to be not
necessarily null at the boundary thus improving the flexibility
of the resulting systems. The adjoint sensitivity analysis used
to compute the gradient of the reduced cost functional in the
DtO approach allows for an exact and fast way to compute
the sensitivity. Compared to similar results in the literature
[34], we used the more accurate Crank-Nicolson method for
the time discretization, carefully taking into account the state
transition matrices resulting from the fully discretized system.
The numerical simulation showed the effectiveness of the
resulting method. Future research will mainly focus on two
aspects. On the one hand, the link between macroscopic and
microscopic dynamics will be further investigated considering
a finite number of particles subjected to the optimal velocity
field obtained. On the other hand, a mechanism to encode
more complex particles behaviour such as repulsion will also
be considered.

APPENDIX

A. Derivation of the bilinear form (6)

The bilinear form a(q, ¢) is defined as

a(q,6) = /Q V- (—uVq + vq)dde,

using integration by parts and the boundary conditions we can
show that:

/V~(—qu+vq)¢)dQ:/qu~V¢—vq-V¢dQ.
Q Q

Indeed:
/V-(—qu+vq)¢dQ:/qu~V¢>dQ
Q Q
—/qu~n¢dQ+/V-(Vq)¢dQ:/qu~V¢dQ
r Q Q
—/qu~nqbdQ+/v~nq¢dQ
r r
—/qv-ngdQ:/qu-ng—qv-V(bdQ
Q Q

+/(—uV

so that the bilinear form can be equivalently written as:

q) -nodl

a(q,gb):/QWq-vqu~V¢.

B. Proof of Lemma 1
We define:

R
1= e—cx2 |’ by = e—c(l—z1) |’
0 0
bs = [6—6(1—$2)] » ba= [e—cx1‘| )

hence, we can express v(t) as:

4
v(t) = Z by ().

For every ¢ > 0, we thus have:

4

4 4
<D Ibiwi(®)ll ez < D i)l ey
i=1 i=1

V)l oo ()2 =

LOO(Q)Z

Squaring and integrating in time between 0 and 7'; we obtain

T
2 2
V122 0.0 ) = / IV e
T 4 2
< [ (Zhuliee,)
=1

4 T
2 2
<8 [ IOy = Sl
i=1

where we iteratively used Cauchy inequality (a+b)? < 2(a?+
b?). Then, turning to the definition of norms we finally obtain:

2 2
V20,7500 (2y2) < 8llallyy -



C. Proof of Lemma 2

Using the definition of a(q, ) and Cauchy-Schwarz in-
equality we have

2 2
a(q(t),q(t)) + A@) [la@) 720y = £ IVa®)] 20
= VOl Lo 2 IVa@ 220
> (1= () IVa() 1720
||V(t)||2L°°(Q)2 2
+ (00 - ) ez
Note that we have used Cauchy’s inequality (see e.g., [25]),
that is ab < ea® + § b for a,b,e > 0 so that we have:
IVa@®)ll 220y (VO )2 Ta®L2())

2 2
||V(t)||Loo(Q)2 HQ(t)HL2(Q)
4e

we need to choose A(t) such that

2
< ellVa(®)llg2q) +
Then, setting €(t) = &,
At) >

IV oo 2 .. .
#; hence, it is sufficient to select

2
V)L~ 02

At) = .

v 2 ;
Finally choosing g (t) = min {’5, W} we have

a(q(t),q(t) + A1) la()]1 720
> L IVg®720) + IU!;@@ la®)ll 20y

2
> ao(t) [la() g1 (@) -
We are now ready to prove Theorem 1.

D. Proof of Theorem 1

1) Existence and uniqueness: From Lemma 1 we have that
v € L2(0,T;L>°(2)?); from Lemma 2, the bilinear form
a(q, ¢) associated to the weak formulation of the problem (5)
is weakly coercive. a(q(t), ¢(t)) is continuous in H*(§2) for
a.e. t € (0,7 since

laa(®), ()] < (HHIVO (a2 ) 12Ol 20y 16D e

and t-measurable for fixed ¢(t),¢(t) and v(t). Thatis a : t —
a(q(t), ¢(t)) is in L*(0,T). These assumptions guarantee the
well-posedness of the state problem and thus the existence
of a unique ¢ € L?(0,T; H*(2)) which solves (2) with ¢ €
L2(0,T; HY(Q)*), see, e.g., Chapter 7 in [38].

2) Proof of Estimate (10a) and (10b): Substituting ¢(t) as
test function in the weak formulation in Equation (5) we have:

94(t)

ot q(®)dQ +a(q(t),q(t)) =0 a.e. t€(0,T),

that can be rewritten equivalently as

1d

5 77 14OIZ2 (@) +ala(t).q(t) =0 ace.t € (0,T). (40)

gl 2y + AE) g 720

From Lemma 2, Equation (40) gives:

S a0 0y + ala(t), a(1)

1d
> 2 a2 + a0 el o = MO O

which implies:

1d

5 77 140220 + a0 @ a7 ) < XD 2720y -

Integrating between 0 and ¢; we obtain

1 1 t
S 1020 — 5 o)) + / o) 47 3y 7
t
2
< / ) a(r) 2 dr

so that

(41)

t
la(®)2 0 < lollZ e + / 20(7) () 22 e

Applying Gronwall Lemma (see, e.g., [25]) we have

2 Lo X(T)dr 2
lg®) 1720y < o 22T lgo]| 720 (42)

We now look for a bound on the term fot 2 \(7)dr. From the
proof of Lemma 1, we have that:

4
2 2
VO )2 <8 i) oer
i=1

recalling the expression of A(¢) found in Lemma 2 we have:

g
; Z:: [ us (2 HLoc(r )

2
VOl

At) p

and hence

T
8
/u dT</ znm ||Lxr)dwf||uuu

We can then bound the terms in Equation (42) from above as:

2 16 2
la@®)l72(q) < e el l90l| 72 - (43)

The definition of norm in L°>°(0,T; L?(Q)) gives:

H(I”LOO(OT r2) S € Wl ||qOHL2(Q

while squaring and integrating between 0 and 7 finally yields

9 16 || |2 2
||qHL2(O,T;L2(Q)) <Te» Il HQO”H(Q) :



3) Proof of Estimate (10c): From Equation (41) we have:

T
/0 ao() la()% g dt
T 2
< / A 90 e

which implies

1
5 (T )||L2(Q) + 5 ||‘10||L2

T T
/0 ao(t) llal: g dt < / M) a2y i ol 2
(44
From Equation (43) and the expression for A(¢) in Equation
(8) we have:

4
8
2
A la®z0) < 3 @)z e B 6o 12, g

i=1

then, integrating between 0 and 7"

T
/0 A Na(®) 2y dt < > ||u\|ue 190 g )25 0 -

Plugging this result into Equation (44) gives:

T
2
/0 co(®) lla®)Is o dt
1
< (5 + 5 Il e ) aol g

Using the definition of &g in (9) we have:

T T
_ 2 2
o / la(t)]13: g dt < / ao(®) lla): i dt
1 8 2 16 2 2
< (54, Il e #115) aol g
and thus we obtain

2 1 /1 16 {[ 4|2 2
lall 220,01 () < 570<§ = |ullz e ”u”“) lgoll72(q)

O
4) Proof of Estimate (10d): Using the duality pairing
formalism we recast the state equation as

(Q(t), ®) 1)+ (o) +alq(t),9) =0 Vo € H(Q).

From the continuity of the bilinear form and Cauchy-Schwarz
inequality we get

(d(t): @) (o= m o] = lala(t), )

< ulVa®ll 2o VAl 12 (a)

+ IVl Lo )2 12N 220) VOl L2

< (,U HQ(t)HHl(Q) + Hv(t)HLw(QP ||Q(t)||L2(Q)) ||¢||H1(Q) :

Note that we have (V| ;2 q) < [|6]/f1(q)- From the defini-
tion of the dual space norm, we have:

1)1y < (001 i) HIVE Lo N9 e )-

Squaring, integrating and using Cauchy inequality we have:

r 2
G )+
0

T 2
< [ (Ol iy + 18O e Oy )t
T
2 2
< / 20 a(t)|1 )t

T
2 2
4 / 2 V()2 e D]y

2
< 2u? lall 220,701 )
+2||VHL2(0TLOO(Q ||Q||L°°0TL2(Q))
1 /1
2 - (2, ° 18 1jul|
< 2= (5 5 Tl 18 ) ol
2 16|42 2
+ 16 [ul7 e Ml o172 g -

Finally, we obtain
.12
||QHL2(0 T;H(Q)*)

(— + 16(1 + L ) [ull

ul|? 2
EIIE) goll 32 -

|
5) Proof of Theorem 2: Let us consider Equation (11 bis),
define the vector field f = vy q. Its weak form reads:

/Qaz()qsdQ

+ [ 09a) - Vo - 20 valt) Voda = [ ) - Vo0

(45)
that is,

/Qaz”asdm (a(t). 6)

:/f(t)-V¢dQ Vo € HY(Q), a.e. t € (0,T).
Q

Subtituting ¢ = z(t) and using the weak coercivity of a(q, ¢),
Cauchy-Schwarz and Cauchy inequality, we obtain, for every
e >0,

/ 0z(t)

o Ot
+(ao(t) = ) 2D gy <

Choosing ¢ = ag(t) we have

0z(t) 1
<
L, ot z(t) dQ

T dao(t)
< LRy + A 20 oy
= 1ag L2(2) L2(2)

2(t)d€ — A(t) HZ(t)llizm)

||f( 22

£z 02 + A®) 2D 72 (0

(46)
Equation (46) can be rewritten as:

1d
2dt (¢ )HL? @ = dag ”f( )||L2 @2 At) ||z(t)||iz(9)~

Integrating in time between 0 and ¢, and considering that
z(0) = 0, we obtain:



=Dl Z2(0

; t
1 2 2
S/o ﬁ ||f(T)||L2(Q)2 dT+/0 2X(7) HZ(T)HL?(Q) dr

then applying Gronwall’s Lemma and the expression for A(t)

in (8) we get:

t
2 ¢ T)dT 1 2
=0y < B2 [ e dr
1
2ag

(47
16 2 2
< e lullz ||f||L2(O7T;L2(Q)2) .

Integrating in time between 0 and 7" we finally obtain:

T 16 2
2 611y 2
HZ”LQ(O,T:,LQ(Q)) < Ee w lall HfHL2(O,T;L2(Q)2)'

We need to find a bound on Hinz(O 7.12()) Dased on the
norms of state and control functions. Recalling the definition
of f = vpq, we have:

T
2 2
MM%@H@%ZA|WWmeﬁ

T
2 2
Sté Vi ()2 e (B2 e
2 2
< vallz2 o, )2) 19l 0,7:22(0)) 5

then, using the results obtained in Lemma 1 and Theorem 1,
we have:

2 2 16 || 441|2 2
€117 20,72 () < 8 Illzy e M flgo 72

so that, finally, we obtain

2
||2HL2(0,T;L2(Q))

4T | 162 2 2 2 2
< 570(6 w190y 10172 ) Iz = C([lallz,) I -

Proceeding in a similar way as for the state equation, the
following estimates hold:

||Z||L2(0,T:,H1(Q))

8 2 16 2 2 16 16 2 2
< — |h|}, ex llullz HqUHL2(Q) (1 + —en Il ||uHu)’
ag M
112
12122 0, 7,102y
32 2 1642 2
< = |7 e M go| 7.
a2 u L2(Q)

16

(16100 #1074 4l @ + 1+ )

In order to prove that the control-to-state map ¢ = Z(u) is
Fréchet differentiable with directional derivative z = Z'(u)h,
we define R = Z(u + h) — =(u) — z where Z(u + h) and
E(u) are weak solutions of (5) with control actions u + h
and u, respectively, whereas z solves Equation (45). As a

consequence, R satisfies a.e. on ¢t € (0,7T):

OR(t)
/Q 5 6d

+ / UV R(t) - Vo d — / Varn(OR() - VodQ  (49)
Q Q

= / 2(t)vp(t) - VodQ Vo € HY(Q).
Q
Since Equation (49) has the same form of Equation (45), it
holds that:
2
IR 20,72 (0))

< le%lluﬂll\i HVh||2Lz(

2
200 0,T;L>(Q)2) ||Z||Loc(o,T;L2(Q)) )

while from Equation (47) we obtain

9 4 7 16)4q2 ) 2 2 2
120 07522020y = 670(6 wl ““) YA e
hence we have:
2
1Rl 720,7:02(0)

16T 16 usn)? [ 26 qu)2\2 1o 14 2
< ?%eﬂ u-+h2 (6 L ||uuu) Il 0l 72 g -

Proceeding in a similar way we obtain
2
||R||L2(0,T;H1(Q))

32 2 16 2\ 2
< 2 llqoll3z (o (e u Huuu)
0

2 16|1y+h|?
S+ bl I
" u

o112
IRl %20, 11 (0)%)
128 12\ 2
< G llg0ll72(q) (e " Hu““)

2 16y 2 242
(5 (8l e emlic (SR 1) 4 25 ) 1) ml
Qo e7] Qo

that can be compactly written as:

2 4
HR||L2(O,T;H1(Q)) < Ci([lully » [l Rl

and

: 4
IRNZ2 0.1 () < Calllully » [ll) Il
so that finally:

2
IR e 0,000 (2,17 ()%

5 )
= 1Rl 220,711 02) T HR||2L2(O,T;H1(Q)*) (50)

< Cnly,.

where C' = max{C1,C>} and has a finite value as |h|,, —
0. As a consequence, from Equation (50), we have that
IR 11 0,711 (2,17 (2)+) — O as [[h]l,, — 0, thus implying
the Fréchet differentiability of the control-to-state map. (|
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