COMMUN. MATH. SCI. @ 2023 International Press
Vol. 21, No. 6, pp. 1655-1677

FOKKER-PLANCK MODELING OF MANY-AGENT SYSTEMS IN
SWARM MANUFACTURING: ASYMPTOTIC ANALYSIS AND
NUMERICAL RESULTS*

FERDINANDO AURICCHIOT, GIUSEPPE TOSCANI¥, AND MATTIA ZANELLAS$

Abstract. In this paper we study a novel Fokker-Planck-type model that is designed to mimic
manufacturing processes through the dynamics characterizing a large set of agents. In particular, we
describe a many-agent system interacting with a target domain in such a way that each agent/particle
is attracted by the center of mass of the target domain with the aim to uniformly cover this zone. To
this end, we first introduce a mean-field model with discontinuous flux whose large-time behavior is
such that the steady state is globally continuous and uniform over a connected portion of the domain.
We prove that a diffusion coefficient, guaranteeing that a given portion of mass enters in the target
domain, exists and that it is unique. Furthermore, convergence to equilibrium in 1D is provided through
a reformulation of the initial problem involving a nonconstant diffusion function. The extension to 2D is
explored numerically by means of recently introduced structure preserving methods for Fokker-Planck
equations.
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1. Introduction

Manufacturing consists in goods transformation and industrial equipment produc-
tion, generating 16% of the world’s-GDP (gross domestic product) and almost 15% of
the European GDP . However, despite the huge effort in digitalisation (e.g., industry
4.0), today’s manufacturing is still a sequential, human-in-the-loop process, optimised
just for well-defined conditions and well-established supply chains. The resulting process
is neither resilient nor robust for extreme or unforeseeable environmental conditions.

Along this line of thinking Additive Manufacturing (AM) technologies have intro-
duced significant flexibility in production processes, also establishing the concept of
nearly unconstrained design freedom; however, AM still has limitations, in particular in
the presence of unforeseeable conditions or with respect to production of large compo-
nents, which are still out of reach.

Swarm manufacturing may then represent an even more significant change in per-
spective and an exciting field that might overcome limitations of the currently available
AM technologies by means of highly flexible and robust solutions. The core idea beneath
swarm manufacturing is to combine traditional robotic tools with swarm intelligence,
extending manufacturing towards more distributed, hence more robust, processes. The
potential applications of such a technology are manifold, from aerospace to naval in-
dustry, from civil engineering to space constructions; as an example, this technology
can be used to produce large structural parts, too complex or even impossible to realise
by means of standard processes. The application in industrial processes of principles
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of self-organizing systems represents a very fascinating field towards the practical im-
plementation of swarm robotics, where a swarm of manufacturing interacting agents
are designed for the production of complex components, see e.g. [3,9,19,20]. Among
the main advantage of this new approach, the flexibility and robustness in production
processes constitute key features when dealing with complex tasks subject to unpre-
dictable changes. Indeed, the swarms are typical examples of distributed intelligence
where possible defection of part of the swarm does not weaken the assigned control
protocols. Furthermore, they have recognized potential for the in-site construction in
remote or inhospitable areas, in which traditional equipments cannot be carried in [1].
Recently, several research teams are trying to apply the paradigms of swarming to 3D
printing technologies, see e.g. [25]. However, the design and the control of a swarm
of moving, autonomous robots is not a trivial task. Therefore, models can help the
designer in predicting the swarm behaviour given a predefined environment and a set of
process constraints. Accordingly, the development of effective models is of fundamental
importance.

In recent years, we witnessed an explosion of new applications of kinetic and mean-
field equations describing the collective behavior of large particles’ systems. Particular
attention has been paid to self-organizing systems and their emerging patterns in bi-
ology, social sciences, traffic dynamics and robotics. Without intending to review the
huge literature on these topics, we point the readers to [8,10,11,13,17,34]. In these
works Langevin-type equations are designed to produce several patterns stemming from
interaction forces. Typical examples are synchronization, milling, flocking and swarming
behavior and their shape can be suitably modified through external controls [5,14].

In particular, Vlasov-Fokker-Planck-type equations have been developed to rep-
resent the evolution of the particles’ distribution. These equations can be derived
from microscopic particle dynamics in the limit of a large number of agents, see
e.g. [2,6,7,12,18,23,26,28] and the references therein. Indeed, it is worth to mention
that microscopic modelling approaches for interacting systems suffer from the so-called
curse of dimensionality, becoming rapidly unaffordable when the number of agents be-
comes large. On the other hand, mean-field and kinetic models represent a very effective
strategy for the dynamics of aggregate quantities.

In the present work, we concentrate on Fokker-Planck-type models suitable to de-
scribe the action of a large swarm on a fixed domain D CR?, with d>1. The simple
task of the swarm is to spread uniformly over its surface, which can be interpreted as
the deposition of a single layer in standard additive manufacturing technologies. This
goal can be classically obtained by resorting to a Fokker—Planck equation with a con-
stant diffusion term and a suitable drift which senses the distance from the boundaries
of the target domain D and, as soon as it enters in D, each particle of the swarm
starts a random exploration of the domain. A direct inspection of the model allows to
easily verify that the explicit asymptotic distribution profile is a weighted combination
of a uniform distribution inside D and a Gaussian distribution in D\R?. However,
the unusual presence of a steady—state solution with a constant value inside D makes
it difficult to understand whether and at what time rate this stationary solution can
actually be reached.

As we shall see in the forthcoming Section 2, the ad-hoc drift operator in the Fokker—
Planck equation generating the desired equilibrium profile is obtained from a potential
that is not convex, so that the actual existing mathematical results on the exponential
convergence towards equilibrium for the classical collisional equations [24, 31, 32], and
for the Fokker-Planck equation with irregular coefficients [21], are no more valid. To
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guarantee convergence together with a uniform covering of the domain D, we thus
adopt a different path that is based on a reformulation of the problem in terms of a
new Fokker-Planck equation that, while possessing the same stationary distribution of
the previous one, is based on a different balance between the drift and diffusion terms,
where the drift is now derived by a quadratic potential, and the diffusion term has
a variable diffusion coefficient [16]. In dimension one, a suitable regularization of the
new diffusion function permits then to rigorously prove, by means of a Chernoff-type
inequality [15], that the solution to the new Fokker—Planck equation converges towards
the steady state solution at a rate that is, at least, polynomial in time. We mention
recent efforts in this direction in case of subcritical confinement potential [33].

The extension to 2D problems is to date an open problem and we address this ques-
tion by means of a numerical test based on recently introduced structure preserving
numerical methods [27] that guarantee positivity of solutions and an accurate approxi-
mation of the large-time trends.

In more detail, the paper is organized as follows. In Section 2 we introduce a classical
Fokker—Planck-type model for manufacturing, mimicking the interaction of a system of
agents with a given portion of the domain. We then rigorously study the structure of the
equilibrium profile together with its relevant features in one and two dimensions. Section
3 will be devoted to the study of the convergence of the solution towards equilibrium.
To this aim we will resort to a new Fokker—Planck-type equation possessing the same
steady state but different drift and diffusion operators. Explicit results are established
in the 1D case together with trends characterizing convergence. Finally, in Section 4 we
propose several numerical examples in 1D and 2D to test the features of the model and
the convergence rate. The consistency of the proposed numerical approach is tested
through the comparison with classical particle methods, namely by investigating the
convergence to equilibrium of a system of particles whose distribution corresponds to
the introduced new Fokker-Planck equation.

2. Fokker-Planck model in manufacturing processes

We are interested in a system of N > 1 particles interacting with a space domain D C
R¢. To simplify computations, and to concentrate on the main mathematical properties
of the model, we start our analysis by assuming that D is a d-dimensional sphere of
center xo and radius 6 >0. Hence D={x€R?:|x—x(| <6}, where |x—y|>0 is the
Euclidean distance between the points x,y € R%. The system of particles is such that
each particle senses the direction of motion, moves towards the center of the sphere D,
and it starts to randomly explore the target domain D uniformly as soon as the particle
enters in it.

We indicate by f(x,t)dx the probability of finding a particle in the elementary
volume dx around the point x C R? at time ¢t>0. The mesoscopic model translating
the aforementioned dynamics can be described by a Fokker—Planck-type equation with
a constant diffusion and a discontinuous drift [29], which can be suitably written in
divergence form as

O f(x,8) = V- [1h(x,%0) f(%,8) + 0> Ve f (x,1)] - (2.1)
In Equation (2.1) the function ¢ characterizing the drift is expressed by

0 |x —xq| <9

(2.2)
X—Xo |x—Xg|>0.

1/1(X,X0):{

Consequently, particles move subject to the simultaneous presence of the drift and
diffusion operators, unless they are in the target spherical domain D, where only the
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diffusion operator survives. It is immediate to show that the solution to Equation (2.1)
is mass preserving. Thus, without lack of generality, we can assume that the initial
distribution fy(x,t) is a probability density, so that, at any time ¢ >0

f(x,t)dx=1. (2.3)
Rd

The (unique) steady state of unit mass of the Fokker—Planck-type Equation (2.1) is
formally obtained by solving the differential equation

2V f(%,t) = =1 (x,%0) f(%,1). (2.4)

As we shall see in detail in the next section, the solution to (2.4) is given by

mi (x—x¢)? _
e
50 () — 2.
7 () i\ (25)
- if [x — .
mQ(F(d/Z—&—l)) if |[x —xg| <8

The values mq1,ms >0 are not new parameters and later on it will be shown that they
are determined by imposing that the total mass of the steady state f>°(x) is equal to 1,
together with the continuity of the steady state at the boundaries of the target domain
D.

The steady state is a continuous function resulting from the weighted combination
of a Gaussian density (outside D) and a uniform density (inside D). Formally, the same
equilibrium configuration (2.5) can be obtained by resorting to other Fokker-Planck-
type equations [15]. Among others, one is the following

O f(x,1) =V [(x—x0) f(x,1) + Vx (k(x) f (x,1))] (2.6)

In Equation (2.6) the continuous function x characterizing the diffusion coefficient is
expressed by

21 8 L P kx| <

g — — — X — X X —X

K(x)= 2 9 0 0
o2 |x —xq|>4.

(2.7)

The introduced choice of non-constant diffusion function (2.7) is such that the steady
states of equations (2.1) and (2.6) are equal, since the differential equation (2.4) can be
equivalently rewritten as

(x=%0) f(%,8) + Vx(r(x) f(x,1)) = (x =%0) + Vxr(¥)) f (x,) + £(X) Vi f (%)

Hence, at variance with (2.1), the Fokker-Planck equation describes a system of par-
ticles such that each particle senses the direction of motion, moves towards the center
of the sphere D, and it starts to randomly explore the target domain D adapting its
diffusion to the distance from the center xy of the domain, according to (2.7), as soon
as the particle enters in it.

From the mathematical point of view, the main difference between the two models
is that in Equation (2.6) the drift is obtained from a strongly convex potential, while
in (2.1) it is not. Hence, as we shall detail in the next section, the convergence to the
equilibrium configuration (2.5) of the solution to this second model rests on sound and
rigorous mathematical results [15].
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2.1. Large-times behavior. We start our analysis by studying the main math-
ematical properties of the common equilibrium of the Fokker—Planck-type equations
(2.1)—(2.6) in the one dimensional case d=1, and we will deal with the relaxation pro-
cess of the solution towards it. Further, we will discuss the possibility to extend the
analysis to the 2D case.

2.2. 1D case. Let d=1. Then, the stationary distribution of (2.1) solves the
differential equation

U(a,a0) f+0%0: f =0,

or equivalently

(z—20)f*(2) +0°0, f*(x)=0, x¢D

020, f>°(x) =0, zeD.
Hence, if ¢ D, there exists a portion of mass of the equilibrium distribution that
behaves like a Gaussian density, solution of the classical Fokker-Planck equation with
quadratic potential and constant diffusion.

On the other hand, if z€ D the steady state distribution is a constant. In full

generality, the continuous equilibrium distribution can be written as the one-dimensional
version of (2.5), expressed by

mi (17—930)2} .
exp{— if | —xo| >0,
oo V2no2 202
fe()=4 V2mo 7

ma
20
The values mi,ms >0 quantify the percentages of mass of the Gaussian and uniform
parts, respectively. It is immediate to verify that these values can be determined by

imposing mass conservation and continuity of the steady state at the boundaries of the
target domain. From condition (2.3) we get

mp (a:—xo)Q}
expqy ————— rdr+mo=1,
V2mo? /|x—zo|25 { 202

which can be rewritten in terms of the erf function as

- (1_erf(¢§?>):1_m2.

Next, by imposing continuity of the equilibrium density at the boundaries of D gives
the condition

(2.8)
if | — xo| <0.

mi 52 mo
eXpY —=—5 ¢ = ——=-
vV 2mo2 P 20’2 20
Therefore, for any fixed diffusion coefficient 02 and any § >0 we get precise information
on the mass fraction entering in D by solving the linear system

mi (1—erf<\/;?>)+m2=1 29)

m 0T me
\/27{'0‘2 *P 20'2 20 -
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with respect to the pair (mq,ms). Since

1)
1—e1rf72 1
K=det| 2052 L | <0
Voro2? CXP{_%?} 2

for any ¢ >0, system (2.9) has a unique solution. Furthermore, the values of the solution
to (2.9) are positive, consistently with their introduction in (2.8).

A further interesting question stemming from system (2.9) is related to the pos-
sibility to fix in advance the percentage mo of mass of the steady state located in D,
and to find consequently the value of o which does the job. Indeed, when considering
the system of interacting agents, this corresponds to control in advance the goal of the
manufacturing process. The question is essential to control possible errors in exploring
the target domain.

To this aim, let us fix mo and let us rewrite system (2.9) in terms of the unknown

5 . .
my and = NeTER System (2.9) is equivalent to

my [1—erf(x)]=1—maq,

2
ﬂJcexp{—:132} =ma.

N

Hence, letting m, =1—ms from the first equation of (2.10) we have

(2.10)

My
1—erf(z)

and substituting this value on the second equation we get

mi =

2 zexp{—2®} 1-m.
VT o l—erf(z)  m.

We may observe that the function on the left-hand side of the last equation is strictly

2 2
increasing. Indeed, if H(z)= 7 Ipre{r ; (fc)} we have
T 1—
lim H(z)=0, lim H(z)=+o0
z—0t T—>+00
and
d 2 exp{—z?} 9 2 9
L H(r)= =PV T T (1 242)(1—erf Z_exp{—
@)= = (120 (1 —ext(a) + —Zexp{=a%} .
>0 G(z)

where G(x) is a positive strictly decreasing function such that G(0)=1 and
lim, 4 0o G(2) =0. Indeed we easily observe that

%G(;ﬁ) =—4z(1—erf(x)) <0

for all z€R,. Since H(z) is a strictly monotone increasing function in [0,+00), there
1-m
. Therefore, o2 and m; >0

exists a unique value Z € (0,+00) such that H(Z)=

are uniquely determined as

2 (52 1—m2

7%y "™MT I af@)
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In Figure 2.1 we depict the steady states defined in (2.10) for several choices of mq
and where we considered as target domain D= {:L' eR:|x—xo| < %} with zo=0. On
the right plot we report the obtained diffusion coefficient o2, for several choices of ma,
solution to (2.10). We can observe how o rapidly decays for increasing values of my.
This behavior illustrates that, to guarantee prescribed mass values inside D and given
error levels, represented by the tails produced by the distribution outside D, it is possible
to prescribe uniquely the diffusion coefficient.

1 —— 4
; | | —my =05
0-9¢ my = 0.6
0.8F '7 —mg = 0.7 |
——mgy =0.8
0.7r — my=0.9 ]
0.6F
5
g 0o —
b |
0.4 i
| I
0.3+ | I
| I
0.2F | |
| |
0.1F | |
| |
0 Lo . . . . ! T
D 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

x my

F1c. 2.1. Left: We represent the steady state (2.8) where D=[—6,6], zo=0 and §= % We fized

the value of ma and we solved numerically (2.9) to determine o2. Right: Values of o2 determined
from (2.9) for several values of ma € [0.2,0.9].

2.3. 2D case. Let us now consider the case d=2. Proceeding as in Section 2.1
we easily conclude that the equilibrium distribution is given by (2.5), which for d=2
takes the form

mq |x —x0l?
— e _ x—Xo|>4
fe(x)={ 2mo? xp{ 202 } | ol 29,

ma

02
Similarly to the 1D case, the values of my,mo >0 are determined by imposing conser-
vation of the total mass of the distribution and continuity at the boundaries of D. In
details, by imposing [p. f*°(x)dzdy =1 we get

my |x — 0|
27_[_0_2 /lx o|>5 exp {— 20_2 }dxdy—!—mg = 17
—X0

that can be now easily solved in polar coordinates. Furthermore, the continuity at the
interface is obtained by imposing

2
lim ui exp —|X_XO‘ — 2
|x—x0|—8 202 202 82

Therefore, the constants my,mo are solutions of the following system

(2.11)
|x — x| < 4.

62

mlexp{—w}—i—mg:l

m 52 - (2.12)
22 P T2 [T 0
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For given § >0 and o2 we obtain

52 /207 202 52

0 S —
= m2 202+52>

_— 0.
202452 ’

mp=¢e€
As before, we can investigate whether, given >0 and mgy >0, there exists a unique

1)
value for 62 and m; solution to (2.12). Letting z = ——— >0 we may rewrite (2.12) as

2
—T —
mie ——=0,

2
mie " =1—mo
2

from which, setting as before m, =1—ms, we get m; :m*em2. Therefore, we have

1-m
2= x.

My

Hence, there exists a unique Z € (0,+00) solving the above equation, and my,02 >0 are
uniquely determined as

2 07 z’
g :ﬁ, mp =€ M.

Note that the computations in the 2D case are simpler than the computations of Section
2.1.

my = 0.6
—my =0.8
Db

1.5+

0.5+

0 . . . . .
0.2 0.3 0.4 0.5 0.6 0.7 0.8

ma

Fic. 2.2. Left: Steady state defined by (2.11) for two fized values of m2=0.6,0.8, and for the
domain D={x€R?:|x—xo| <6} with §=1 and x¢=(0,0). The values of m1,02>0 have been de-
termined as the numerical solution to (2.12). We plot the marginal distributions [p f>°(x)dx and
Je o (x)dy on the planes xz and yz. Right: Values of 2 >0 solution to (2.12) for several values of
ma €[0.2,0.8].

In Figure 2.2 we depict the steady state (2.11) for two choices of me =0.5,0.9 where
we considered the target domain D= {x€R?: |x —xo| <1} with xo=(0,0). Fixing ma >
0 and § =1 we solved system (2.12) numerically to get the unique values of m; >0 and
02 >0 that guarantee continuity at the boundaries of D and conservation of the total
mass. On the right plot we depict the resulting values of o2 for my €[0.2,0.9]. We may
easily observe how, similarly to the 1D case, the value of 0% >0 rapidly decays of large
mao.
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3. Trend to equilibrium

In this section we restrict our analysis to the simplest case d=1. We aim to dis-
cuss the validity of the choice of resorting to the Fokker—Planck-type Equation (2.1),
characterized by a constant coefficient of diffusion, in relation with the possibility to
rigorously study the relaxation to equilibrium of its density function solution f(z,t),
t>0, z€R. The Fokker-Planck Equation (2.1) is characterized by constant diffusion
and by the confining potential

52

5 |z —x0| <0
POZ s

L Jr—a| >,

2

that is not differentiable in x =x¢ 4+ 4. The equilibrium density of a Fokker-Planck model
is related to the confinement potential by the formula [29]

fe(z)=Ce P,

The rate of convergence of the solution of (2.1) towards equilibrium has been deeply
studied for several classes of functions ¢ (x,z¢). In particular, a rigorous proof of ex-
ponential convergence to equilibrium is restricted to strongly convex potentials, i.e.
d?/dz®P(z)>¢>0 [24]. Hence, these results are not directly applicable to Equation
(2.1). A possible strategy could rely in a suitable correction of the potential to obtain
convexity, but this method will destroy the possibility to have a steady state with a flat
profile inside D, which is exactly the goal of the model. A second possibility is to resort
to the Fokker—Planck Equation (2.6) which, while maintaining the same steady profile,
is characterized by variable diffusion coefficient and a drift derived by a strongly convex
potential.
In 1D, the Fokker—Planck Equation (2.6) has the form

Ouf (x,t) =0y [(x —x0) f(x,t) + Oz (K(2) f (,¢))], (3.1
where k(z) is a continuous non-constant diffusion function of the form

2+52 l(x w0)?  |z—x| <9
o't ——=(z— -
k(z)= 2 2 0 0

o? |x —x0| > 0.

(3.2)

It is immediate to verify that Equation (3.1) has the same stationary solution (2.8) of
the original Fokker—Planck Equation (2.1). We may observe that the diffusion coefficient
k(z) is not differentiable at the points z=xq+4.

To proceed, we introduce a C?(R) regularization k.(r), e<1, of (3.2) such that
ke(z) =k(x) in the domain D, =z —z¢|<d—¢, and k.(x) — k(z) uniformly for e—0F.
More details on its possible form will be discussed in the next section. Thanks to the
considered regularization, we consider the following surrogate model

O fe(w,t) =0y (2 —w0) fe(w,t) + O (ke () fe(,1))], (3-3)

whose large-time distribution of unit mass is now f>°(z). We outline that the shape
of the equilibrium is heavily dependent of the introduced regularization .(z), and it is
generally not known. However, by construction we know that its profile is flat in the
domain D, C D. The equilibrium density is the solution to

(& —wo) + ke (2)) fe(@,t) + Fie(x) Oz fe(a,t) = 0. (3-4)



1664 FOKKER-PLANCK MODEL IN SWARM MANUFACTURING

The following result holds.

THEOREM 3.1.  Let fc(x,t) be the solution to (3.3) and let ||k ()|~ <C. If fo(2,0) €
L3(R) then f.e€ L*(R x [0,+00)) for any e>0 and

1 fe@®1F2 < e* || FO)]] 2
Proof.  'We multiply (3.3) by 2f.(z,t) and we integrate over R

d
GO = [ 260, (@ —20) o+ Oucla) £ d
:/Qfe [fe+(x_xO)azf5+ag(H€(x)fe)] dx
R
=213 +2 [ e —a0)0ufuds+2 [ £0E (o) o)
R R
Noticing that

2 / fol— 20)dy fod = — / fdr=—|f2,

and that
[ £ (o) o < ~Clo. ]
R
we have
@73 <2002
dt ellf2 = € L2
and thanks to the Gronwall inequality we conclude. ]

For the classical Fokker-Planck equation, where k.(z) =1, the steady state of unit
mass is the Gaussian density

g<x>=\/;7exp{—“‘;'”2}.

In this case, if the relative Shannon entropy between the solution f.(-,¢) and the equi-
librium density g, given by

f(zt)
(1 0lg)= [ faos 2
is bounded at ¢t =0, then this quantity decays exponentially in time towards zero ensur-
ing convergence towards equilibrium in L!(R) with an explicit exponential rate [24]. Few
results about convergence to equilibrium are available in the case of non-constant dif-
fusion coefficients. These results make use of new differential inequalities, like Chernoff
inequality [15], and generally exponential convergence to equilibrium is lost.

To enlighten the understanding of the mathematical methods which allow to study
the convergence in time of the solution to Fokker—Planck-type equations like (3.3), let
us briefly summarize the analysis of [15,30].

In detail, let us rewrite Equation (3.3) for the quotient Fi(z,t)= fc(z,t)/f(z)

OiF (x,t) = ke (2)O*F (2,t) — (2 — 20) Op Fe(2,1). (3.5)
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We recall the following result.

THEOREM 3.2 ([15]). Let us consider the smooth convex function ®(x), x €R;. Then
if Fe(z,t) is the solution of (3.5) and c< Fe(x,t)<C, for 0<c<C and any €>0, the

functional
— [ = @aF (e t)ds
R
is monotonically decreasing in time and

SOE(1)=—To(F(1)

where the entropy production term Ig is given by

Io(F.(1) = /R (@) £2° (@) (F(2,4)) |0, F () > dar > 0.

Since the relative Shannon entropy is obtained by choosing ®(x) = xlog(x), Theorem
3.2 implies that the entropy production can be written as

Is(F.(t) = / m(m)f:%x)ﬁ|axFE<x,t>|2dx

= Ke(2) 20 (2 fel@,t) 2 x
4 [ k@) (o) (am fgo(x)> d.

If now we consider the convex function ®(x)=(y/z—1)?, the functional ©(F,(x,t))
coincides with

/f‘>O V. (z,t)— 1)2dx=/R(\/fe(x,t)—\/fgo(x))zdx

namely with the square root of the Hellinger distance

i (f,9)= ( | (viw- M)Q)m. (3.6)

Hence, applying Theorem 3.2 to ®(z)= (/7 —1)?, we conclude that the Hellinger dis-
tance is monotonically decreasing [15]

d

2 (fe.f7) <0 (3.7)

Following [15], we now resort to an inequality relating the differential expression of the
stationary solution of the Fokker—Planck Equation (2.6).

THEOREM 3.3 (Chernoff with weight [15]). Let X be a random variable with density
f°(x), x €R, where & is the solution to

Op (K fO0(2)) + (x —20) f2° () =0, zcR.

For any given absolutely continuous function (x), z€R, and Var[y(X)] < +oo

Var(y(X)] <E[r(X) (¥ (X))?].
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Applying Chernoff inequality with ¥ (-) =~/ fc(-,t)/ () we thus obtain

4 (1— ( /R de)) <4 /R k() £2° ()00 (2) Pda = Ts (fe, £2°).

We can now relate the left-hand side of the inequality above with the Hellinger distance
by resorting to the following argument. For any pair f,g of probability density functions
we have the inequality

dh(.0)= [ (70)+9(e) -2y Falala)de) da
:2<1—Amdx>§2<l—<4mdx)z>.

Indeed, by Cauchy-Schwarz inequality we have

/R VI@ ez <1.

Finally, we have the bound

23 (fe, &) < Is(fer ),
and the decay of the Shannon relative entropy coupled with the previous bound implies

d

S H(fo f) = =I5 ) < =243 (£ ).

Integrating with respect to time from 0 to co we get

2 / @2y (for f°) e < H(S.(0), 1),

which shows that d% € L'(R,). Furthermore, since dy is monotone in time, see (3.7),
we have shown that

d%(fe,fe‘x’)zo(t_l)7 t— +o0.

In particular, since the previous argument holds for any value € >0, the solution to
(3.3) converges in time towards its steady state f°(z), given by (3.4), and the rate of
convergence is at least linear in time. We highlight how, as shown in [30], to which the
interested reader is referred for details, we can always lift both the initial value and the
equilibrium solution of the Fokker—Planck-type Equation (3.3) to rigorously apply the
previous strategy, and subsequently remove the lifting without loosing the convergence
rate.

4. Numerical results

In this section we investigate numerically the trends to equilibrium of the introduced
models. We remark that the model with nonconstant diffusion (3.1), with the diffusion
function k(x) defined in (2.7), is equivalent to the initial model (2.1) with discontinuous
drift (2.2). In particular, we will concentrate on the regularized problem embedding
a precise form of k.(x) for which we have no information on the analytical form of
the large-time behavior for each ¢ >0. Hence, we apply a class of recently developed



AURICCHIO, TOSCANI, AND ZANELLA 1667

structure preserving (SP) schemes for Fokker—Planck-type equations, see [27]. These
methods are capable of reproducing large-time statistical properties of the exact steady
state with arbitrary accuracy, together with the preservation of positivity of the solu-
tion and a consistent entropy dissipation. This class of schemes has been extended to
models with nonconstant diffusion matrices in [22] and to preserve positivity of stochas-
tic Galerkin reformulations of linear problems in [35]. In order to be self-consistent, we
summarize the main features of SP methods in 1D. The extension to higher dimensional
problems will be treated later.
Let us rewrite the original Fokker-Planck model (3.1) in flux form

atf(xvt) :azf[.ﬂ(x,t)?
where

Flf(@,t) =C(a) f () + ke (2)0u f (2,1). (4.1)

is the flux, and we introduced the drift function C(x) = (x — ) + .k (z). Hence, intro-
ducing a uniform discretization of the domain {xl}fvzl with Az =x;,1 —x; >0 constant,
and denoting ;12 =x; +Ax/2, we define the following conservative discretization

if,;(t) _ fi+1/2[ﬂ(t)A_xfi—lﬂ[f](t)’ i=1...N.

In particular, choose the numerical flux of the form

Fi+1/2[f]:éi+l/2.fi+1/2+He(xi+1/2)fi%;fia (4.2)

where fiﬂ /2 18 a convex combination of the values of f in two adjacent cells ¢ and i+1,
i.e.
fz‘+1/2 =(1=6i1/2) fir1+0ir1/2fi,

being ;11,2 suitable nonlinear weights and C~i+1 /2 a numerical drift that are obtained
in such a way the method yields nonnegative solutions and preserve the steady state of
the problem with arbitrary accuracy. Setting, in particular

Corrjo= Ke(Tiy1/2) /wi+1 (z — o) + Ophic ()
+1/27 Az - Ke(x)

dz, (4.3)

i

since the numerical flux vanishes, we obtain, equating the ratios f;11/f; and
f(ziz1,t)/ f(z,t) of the numerical and exact fluxes, the following definition of nonlinear
weights

1 1
T N2 T—exp(higy2) 4.4
. Axéi+1/2 . .
with \j1/2=————. In details, the following result holds:
Keit+1/2

PROPOSITION 4.1. The numerical flur (4.2) with éi+1/2, div1/2 defined in (4.3)-
(4.4) wvanishes when the analytical fluz (4.1) is zero in the cell [x;,x;11]. Moreover
div1/2€10,1] for any i=1,...,N.
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For a detailed proof we point the interested reader to [27]. The introduced method

admits an equivalent entropic formulation based on the entropy dissipation principle.
In this case, the numerical flux should be defined as

- Civ2  logfip1—logf;
.7"5’_1/2 :K/e,i+1/2fz€-1/2 ( / + )

Ke,it1/2 Ax
where
fiv1—fi
= ————— fin1#fi
fE,p=1logfis1—logf;
fir1 fiv1=1s,

being C~,;+1/2 defined as in (4.3).

4.1. Convergence towards equilibrium. In this section, we provide numer-
ical evidence of the convergence of f., solution to the model (3.3), towards the steady
state (2.8) corresponding to the equilibrium solution to (2.1)—(2.6). We use the following
regularization £(z), € >0, of the function x(x)

o? |z — x| >0+€
e(r) = p(z) ] §—e<|rx—mo|<d+e (4.5)
‘ o2+ 5 Lz —20)? |z—mo|<—¢
p(x) —d—e<|r—mxo|<—0+e€

being p(z)=alz —xo|3 +blz —x0|? + c|xr — 20| +d, and a,b,c,d €R are solutions of the
linear system

that follows by imposing continuity of p and of its derivatives at the boundaries.

In Figure 4.1 we represent the obtained C!(R) regularization of the local diffusion
function k(x) provided by k(x) for several values of e >0. Defining the regularized
diffusion coefficient k.(x) we focus on the approximation of the equilibrium distribution
(2.8) by means of the surrogate model (3.3). Since in this case the large-time solution
is unknown we apply structure preserving numerical methods for Fokker—Planck-type
equations, see [27]. We consider as initial distribution

f(@,0)=Blexp(—c(z+2)) +exp(—c(z—2))],  ¢=10, (4.6)

with >0 a given parameter such that fRf(x,O)dmzl. Hence, we introduce a dis-
cretization of the domain [—L,L], L=5, obtained with N =81 gridpoints such that
Az=2L/(N —1), and a uniform time discretization with At=Axz?/L?. The time inte-
gration has been performed with a standard RK4 method. In Figure 4.2 we represent
the obtained numerical approximation of f°(z) for several e >0 and the evolution of
the relative error

(e,
Errore(t)—/R 7o) dz, te[0,7).
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Fic. 4.1. Regularization ke(z) €C'(R) of the local diffusion function k(x) defined by (4.5). We
considered xo =0 and §=1, 02 =1 and several values of € > 0.

We may easily observe the consistency of the approximation of the large-time solution
in terms of €>0. In particular, for small e >0, the surrogate model with r.(z) € C*(R)
is capable of correctly approximating the analytical steady state (2.8).

In Figure 4.3 we report the evolution of the Hellinger’s distance dp defined in (3.6)
for several values of ¢=0.05,0.1,0.25,0.5. The distance dy has been computed with
respect to a reference steady state corresponding to the case of a domain D={z€R:
|z| < 3}. The diffusion coefficient o >0 has been determined as solution to (2.10) with
mo=0.6. In particular, we considered the numerical large-time distributions f.(x,T),
T =10, for each € >0, computed with N =641 gridpoints. In particular, for sufficiently
small values of >0, we get an approximation of f*°(x) in (2.8) obtained through the
surrogate model with nonconstant diffusion (3.3) whose solution converges towards an
e-dependent equilibrium.

In Figure 4.4 we represent the evolution of the quantity dy computed as above
with respect to a reference large-time solution obtained at time 7'=10 with N =641
gridpoints and for two choices of the constant my=0.7,0.8. As before, the domain D
corresponds to the set {x € R:|z| < 3}. We recall that mo >0 is an input data of system
(2.10) and determines the fraction of mass in D, we value of 0% >0 is determined as
the (unique) solution of this system. We can observe that for increasing values of mao,
and therefore for vanishing values of 02 >0 (see Figure 2.1), the rate of convergence
decreases.
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F1G. 4.2. Top and bottom left: Evolution of fe(z,t) for e=0.5 (top left), e=0.25 (top right) and
€=0.05 (bottom left) and obtained through the SP scheme for the problem (3.3) over the time interval
[0,5] and initial distribution (4.6). We considered the domain [—5,5] discretized by N =81 gridpoints
and At=Axz?/L%. Bottom right: Comparison of the large-time numerical solution of (3.3) at time
T =10, i.e. fe(xz,T), with the analytical steady state f°°(z) of the initial problem.
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F1G. 4.3. Right: Evolution of the Hellinger distance dg over the time horizon [0,3] for several
choices of €>0 and computed for the problem (3.3) with D={zeR:|z|< %} and m2=0.6. Left:
Evolution of L' relative error for several values of € >0.
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F1G. 4.4. Evolution of the Hellinger distance dg over the time horizon [0,3] for several € >0 for
the problem (3.3) and m2=0.7 (left) or ma=0.8 (right).
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F1G. 4.5. Evolution of the numerical large-time solution of problem (4.7) for several e=0.5 (top
row) and e=0.05 (bottom row). We considered [—L,L]?, L=5, and a discretization of Ny =N, =81
gridpoints in each dimension, At=Ax/L?. We visualize the target domain D={x€R?:|x —xo| <5},
6=1, xo=0 in red.

4.2. Extension to 2D. In this section we explore numerically the convergence
towards equilibrium of the 2D surrogate Fokker-Planck problem

Or fe(x,t) = Vi - [(x = x0) fe (%, ) + Vi (ke (%) fe (x,1))], (4.7)
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where k(%) is a suitable regularization of the radially symmetric discontinuous diffusion
function (2.7) in 2D.

In particular we will consider the radially symmetric regularization defined in (4.5).
For the 2D case, an extension of the SP scheme can be defined based on a dimensional
splitting approach. In the description of the scheme we avoid € subscript of the density.
In particular, we introduce a uniform mesh (z;,y;) € [~L,L] x [-L,L] CR? with Az =
Tit1—2; >0, Ay=y;11 —y; >0. Denoting with f; ;(t) the approximation of f(z;,y;,t)
we consider the discretization

if, (t)= ]:i+1/2=j[f]7}-i—1/2,j[f] +fi,j+1/2[f]7ﬂ,j—1/2[f]
dt”’*? Ax Ay
where
5 = fiv1,;— fij
]:z'+1/2,j[f]:Ci+1/2,jfi+1/2,j+Iie($i+1/2,yj)$
g £ Jij+1—fij
‘EJJrl/Q[f]:Ci,j+1/2fi,j+1/2+He($iayj+1/2)$
and we set
C~' A:Ke(a:iJrl/Q’yj)/:Di+1 (X_XO)_FaxHe(xvyj)dJ?
i+1/2,5 Az ., l“ﬂe(fﬂ,y)
¢ Be@iyiri2) / (x—%0) +Byhe(zi,y) |
R Ay Yj /fe(x,y) Y

fi+1/2,j =(1=0i41/2,5) fis1,5 +0it1/2,5 i
figrrie= =08 j41/2) fij+1+0i 112 i

with nonlinear weights defined as follows

5 SN 1

i+1/2,j Nip1j2,  L—exp(Aip1)2,5)
5 SN 1

h,j+1/2 i1z 1—exp(N;j1/2)

AYCi ji1/2
He(xnyjﬂ/z)

AlL’éH_l/QJ'

He(xiﬂ/z,yj)
We consider as initial distribution

being Ai+1/2,j = and )‘i,j+1/2 =

_ C(e—p)? (y—p)? 1 C(@—pe)® (gt m)?
L e { 202 202 [ gre2 &P 202 202
1 (x+pa)?  (y—py)? 1 (z+pa)®  (y+py)?
* 802 eXp{ 207 202 | T 8np2 P 207 202 (48)
with p, =3, py,=-3, 62=0.2. We introduce a uniform discretization of the domain

[-L,L] x[-L,L], L=5, obtained with N, =N, equally spaced gridpoints such that
Ax=Ay=2L/(N —1). The time integration is performed through a standard RK4
method with At=Ax2/L?. The evolution of the density f. is presented in Figure 4.5
where we considered e =0.05,0.5 and we represent the 2D distribution at times ¢t=1 and
t=10.
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(c) e=0.1 (d) e=0.05

F1G. 4.6. Comparison of the numerical large-time solution of problem (4.7) for several € >0 with
the analytical one defined in (2.5). We considered [—L,L]?, L=5, and a discretization of Ny = Ny =81
gridpoints in each dimension, At=Ax/L?. We visualize the numerical solution through the black mesh
at time T'=10 and the analytical equilibrium with the yellow surface.
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Fic. 4.7. Left: Comparison of the marginal of f°(x) with the marginals f]R fe(x,T)dx obtained
from the numerical solution of (4.7) at time T =10. Right: Evolution of the Hellinger’s distance (4.9)
computed through a reference large-time solution produced with Ny =N, =641 at time T=10. The
positivity of the solution is guaranteed by keeping At=Ax?/L2.

In Figure 4.6 we represent the large-time solution of the surrogate model (4.7) for
several €e=0.05,0.1,0.25,0.5 compared with the equilibrium distribution f*°(x) in (2.11)
with 02 =0.2555, § =1 and x¢ = (0,0). Furthermore, in Figure 4.7 (left plot) we represent
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the obtained marginal distributions at time T'=10, i.e. [ fe(x,T)dz, compared with
the analytical marginal distribution fR f°(x)dxz. We may easily observe how for small
€ >0 the large-time solution of the surrogate problem is capable of approximating the
analytical one.

Finally, in Figure 4.7 (right plot) we compute the evolution of the 2D Hellinger’s
distance

G (£t = [ (V<D - Va0, (49)

for several € >0. The distance dy has been computed with respect to the reference
large-time solution of (4.7) with N =641 gridpoints in both space dimensions at time
T =50. Hence, we considered g= f¢(x,T) computed on the introduced refined grid.

——¢ = 0.05
—=e=0.5
0.8} — >, my=0.8 08k -= e e e e e = -
0.6 0.6
041 0.4+
——e=0.05
0.2+ 0.2 —e=0.1
—e=0.25
—e=05
0 0 .
-4 2 2 4 0 1 2 3 4 5
T time

Fic. 4.8. Left: Comparison between the theoretical f°°(x) for ma=0.8 and the density recon-
struction of the particles’ system (4.10) in 1D at time T=5, N=10%, where D={z €R:|z| < %} We
considered two values of €=0.05,0.5 and the regularization of the diffusion function ke(z) in (4.5).
Right: Evolution of the mass fraction in D for several e > 0.

4.3. Convergence of the particles’ system. In this section we investigate the
convergence of a system of particles whose distribution corresponds to the introduced
surrogate Fokker-Planck equation with the regularized diffusion weight k.(x) defined in
(4.5). In particular we consider the system of SDEs describing the particles’ position
x;(t) given by

dx;(t) = (x0 —X;)dt + /2K (x)dW?, (4.10)

where i=1,...,N. In (4.10) we denoted by {W!}Y, a vector of N independent d-
dimensional Wiener processes. We recall that the transition to chaos for the particle
system (4.10) follows from the arguments in [4,6,7]. We evolve over the time interval
[0,T], T=5, the introduced system by means of the Euler-Maruyama method with
At=10"2. We are interested in the approximation of the large-time behaviour of the
particles’ distribution that is here reconstructed by means of a simple histogram in
the domain [—5,5] discretized with N, =101 gridpoints. In the following we will fix a
mass fraction ms =0.8, meaning that, on average, 80% of the particles must lie inside
the domain D. In Figure 4.8 we depict the reconstructed distribution of the particles’
system (4.10) of size N =10° for two choices of ¢=0.05,0.5. The initial positions of
the particles is sampled from (4.6). We may observe that for decreasing values of € we
approximate correctly the theoretical distribution f°°(z) defined in (2.8) of the domain
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F1G. 4.9. Evolution of the particles’ system (4.10) in the 2D case and for N = 102 particles in the
case ma2=0.8. We highlight in red the domain D={x€R?:|x| < %} The initial positions are sampled
from (4.8) .

D={z€R:|z|< 1} and relative to the choice s =0.8. The parameters characterizing
diffusion and continuity at the interface, i.e. ¢2>0 and m >0, have been determined
as solution to (2.10). In the right plot of Figure 4.8 we present the evolution of the
number of particles in D for several values of e >0. As expected, for large times and for
vanishing values of € >0, the number of particles approximate the theoretical level mqo =
0.8, meaning that the effective number of particles in D coincides with the theoretical
one.

Analogous results are obtained in the 2D case. In this direction, in Figure 4.9
we consider a 2D particles’ system of the form (4.10) composed by N =103 particles.
We assume D={x€R?:|x|<1} and my=0.8. The parameters o%,m; >0 have been
determined as solution to (2.12). The evolution of the system is presented for t =0,1,2,4
and has been obtained with an Euler-Maruyama method with At=10"2. The initial
positions have been sampled from (4.8) with , =—p, =3, 62 =0.2.
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